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ABSTRACT

Heating fuel is one of the most critical issue related to an improvement on fuel atomization
and evaporation. The current study focus on the electromagnetic energy heating inside injector
to heat the fuel flow and this system is called “Local-contact Microwave-heating Injector”
(LMI). This scheme is expected to improve evaporation of fuel spray for enhancing combustion
performance and reducing exhaust emissions of the internal combustion engine.

Spray characteristics of ethanol injected from LMI injector was experimentally investigated
using High Speed Camera, CMOS camera and Laser Dispersion of Spray Analyzer (LDSA).
It was found that local heating of fuel has the significant impact on droplet diameter of ethanol
fuel. Droplets size (SMD) were reduced around 50% when the temperature increased around
boiling point of the fuel. Spray visualization analysis also showed the significant improvement
on liquid particle size and ligament components of the heated spray. This heating scheme also
enhances the droplet velocity during injection and become one of the advantageous of the LMI
system on improving spray performances. However, microwave heating process inside the
specific zone of LMI system is still unknown. Therefore, simulation study is proposed to
predict phenomena related to microwave heating process on this system that are difficult to
evaluate in experimental study.

Combination phenomena of electromagnetism, heat transfer and fluid dynamics were
simulated using COMSOL Multiphysics. Domain simulation was discretized in to small
elements size and solved the transient equations applied using Backward Differentiation
Formulation (BDF) solver. The results show that radiation heating of electromagnetic has
significant impacts on temperature distribution of the fuel. Temperature of ethanol was rapidly
increased after imposing electromagnetic wave. This result is agree with the direct
measurement in previous studies. Electromagnetic field intensity is sensitive to the geometry
and shape of heating area and influences the temperature distribution. A little changed on the
inner conductor diameter has significant effect on the behavior of electric field and leads to
change the electric polarization and temperature distribution. Advance design on LMI system
especially inside the heating area is expected for further development and optimization of the
heating system.

Key words: Microwave heating, ethanol, heating zone, LMI system and dielectric properties.
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Chapter 1

Introduction

1.1. Background.

A large number of internal combustion (IC) engines are recently utilized as power source
for transportation and industrial applications. IC engines mainly use fossil fuel because of high
energy density, relatively low cost, and transportable fuel. However, combustion of fossil fuels
can generate several pollutant emissions that are extremely undesirable for the environment
and for humanity, therefore regulated. Exhaust emissions from the engine consist of CO, which
is highly contributed to global warming. US environmental Protection Agency (EPA) reported
that more than 90% of greenhouse gas emissions come from the combustion of fossil fuel [1].
In the future, exhaust emissions from transportation sector become significantly increased
because passenger car will be markedly growing. According to Word Energy Outlook [2],
vehicle passenger will be increased doubled to around 1.7 billion in 2035. Consequently the
fuel consumption become increased. On the other hand, the availability of fossil fuels are very
limited, hence, the development on clean technology and efficient combustion of automotive
industry is strongly required [3].

Recently many countries turn their attention over the alternative fuel especially bio-
energy fuel such as ethanol. Bio-ethanol fuel is a form of quasi-renewable energy that can be
produced from agricultural feedstocks such as sugar cane, potato, cassava and corn. Recent
development is cellulosic ethanol that can be produced from a diverse array of feedstocks such
as wood pulp from trees or any plant matter. It is well known that ethanol is promising
alternative fuel for gasoline in order to reduce emission and dependency on petroleum fuel [4].
This fuel has high octane rating and high oxygen content which can possibly run engine with
less knocking, high performances and low emissions [5-6]. However, Ethanol fuel has lower
energy density (LHV = 26.8MJ/kg) compared with gasoline (LHV = 44.6 MJ/kg) and high
viscosity as well as high latent heat vaporization [7]. These properties can possibly generate

some problem when it is introducing into combustion chamber [8-11].



Ethanol-gasoline blended fuel for gasoline have been studied intensively to find out the
best performance efficiency and the emissions reduction. Mostly of the studies recommended
5-10 % of ethanol in blended fuel [12-15]. Therefore, in some countries like UK, China, India,
etc., gasoline already contains 5% bio-Ethanol (E5) or 10% in others country (e.g. Germany),
without modification of the engine [10]. The use of the existing proportion of ethanol in
gasoline has been established to significantly reduce the level of emissions particulate in the
atmosphere. Cleaner burning of this fuel leads the pressure to increase ethanol content in much
higher proportions (E85 or E100). However, at high Ethanol content blended, several issues
may arise mainly at cold-start engine conditions due to lack of fuel volatility [16]. The lower
volumetric energy density of ethanol can pose further challenges for the engine calibrator in
terms of controlling the injector pulse width.

Temperature of the fuel should be increased to accelerated evaporation and mixing with
oxygen inside combustion chamber. Evaporation of fuel is important in determining burning
characteristics such as ignition delay, flame stability and completeness of burning. The droplet
forming by atomization simultaneously evaporate and accelerate in combustion chamber to
give good combustible mixture between fuel and air. Several studies in [17-19] proposed
technical solutions on improving evaporation fuel by heating evaporation chamber or directly
heated fuel flow inside injector. The new feasible method for increasing temperature of fuel
flow inside injector is using microwave heating. Microwave heating received considerable
attention from researchers for a wide range of applications due to offering some advantageous
such as rapid heating and uniform heating [20-22]. Microwave heating is mainly occurred due
to polarization and ionic vibration inside the material and generate volumetric heat [23-24].

Current study uses microwave heating system to generate heat for fuel flow inside
injector. This system aim to add energy equivalent to the fuel flow inside injector and this
called “Local-contact Microwave-heating Injector (LMI) system” [25-27]. In this system,
heating area was created inside head injector and connected to magnetron of microwave heating.
Heat is generated inside heating area due to the interaction between electromagnetic wave and
dielectric properties of fuel. Fuel flow experienced heating in that area before injected and it is
expected to increase temperature immediately during heating. This advantageous can offer the
potential used of bio-ethanol fuel which usually has some problems at cold start conditions.

This study aims to develop of LMI system performances through numerical simulation
analysis. Several complex phenomena related to the heating generating system inside heating
area are still unknown. This simulation also aim to improve performance of LMI system in

general. Moreover, because of the physical difficulties on measuring the fuel temperature
2



distribution inside the small area, then this simulation is expected to approach the problem by

solution of partial differential equation of several physics interaction in LMI system.

1.2. Objectives

The primary focus of this study is to simulate heating generation system inside heating
area of LMI and evaluate the effect of heating fuel on the spray characteristics. The specific
objective for achieving the main goal are:

1. Simulation study to investigate the heating generation inside the heating area of LMI
system. Uniform temperature generated by microwave heating is expected for enhancing
evaporation of injected fuel.

2. To analyze the temperature effect on the spray characteristic of injected fuel. Images
analysis on spray was also conducted to investigate the heating effect on the spray structure

and the droplets distribution.

1.3. Scope of study

LMI system was develop a new method of heating fuel flow inside the injector. This
system was designed for lower operating pressure at 0.3MPa, an approach condition operation
of gasoline PFI engine. Microwave heating was operated at constant frequency of 2450MHz.
Material fuel used in this study is Ethanol (95.5%) that produced by Kanto Chemical Company
in Japan. For the desire temperature of fuel injected, the electric power input of 60Watt was
applied. Furthermore, Injection and heating timing of the system were controlled. Spray
characteristics of injected fuel were observed and analyzed. Temperature of fuel injected was
also measured at tip of injector.

Numerical simulation of the heating characteristics inside the heating area was
developed and validated with the experimental data. A coupled model between
electromagnetic field, heat and mass transfer, and fluid flow was simulated in COMSOL
Multiphysics to determine heating characteristic of microwave energy system within the
material. The effect of convective heating system on the flow of ethanol inside heating area
was also simulated in COMSOL and ANSY'S Fluent. The result of this simulation then compare
with the microwave heating system simulation and experimental data.

This study also consider the performance of the system in terms of spray characteristics
of fuel injected from the device. Direct measurement and imaging system were conducted and
analyzed. Spray characteristics such as droplet size, spray angle, spray component and particle

distribution were the main parameter in this analysis.
3



1.4. Organization of Dissertation

The structure of this dissertation is mainly consist of my research during study in

Kanazawa University in Japan. The three main part of this dissertation consist of numerical

simulation on the heating area of LMI system, an imaging analysis of spray fuel from LMI

system and spray characteristic of LMI system fueled with ethanol fuel. This dissertation

consist of the following parts.

Chapter 1 consist of introduction, numerical simulation, objective, scope and organization
of dissertation.

Chapter 2 consist of Literature review of heating system and basic theory of
electromagnetic wave.

Chapter 3 consists of simulation study of electromagnetism, heat transfer and fluid dynamic.
Convective heating was also described. Two different model of inner cable shape, square
and round shapes, were also compared.

Chapter 4 consist of the analysis of spray performance of Local-contact Microwave-heating
Injector (LMI) system. Spray characteristics of SMD and droplet velocity were analyzed
and discussed.

Chapter 5 Consist of spray characteristic of Local-contact Microwave-heating Injector
fueled with ethanol.

Chapter 6 consist of summary and recommendation for future development.

The appendices contain an additional information relating to various part of the dissertation.



Chapter 2

L iterature review

2.1. Review of literatures

Microwave heating is widely used at domestic and industrial applications such as food
processing industrial, chemical and material processing, and many other industrial processes.
In contrast to conventional heating, microwave heating generated volumetric heating inside the
material. Microwave heating process also reduces time heating and more effective used for
several application. In this heating process, the wave of electromagnetic field polarizes the
dipole molecular in dielectric materials and creates heat by to rotation of the molecules at high
frequency [23].

Heating fuel inside injector using microwave heating is the main consideration of this
study. Microwave heating applied in this system aims to add some energy equivalent to the
ethanol flow in order to improve the atomization and evaporation of the injected fuel. This
system is called Local-contact Microwave-heating Injector (LMI). An in-house injector
development was used to heat fuel flow using radiation of electromagnetic wave energy. A
heating area created inside head injector was connected to magnetron of microwave heating
using coaxial dielectric material of PTFE (Teflon). Electromagnetic energy is propagated into
material through this coaxial cable and generates volumetrically heat distribution due to
molecular friction mechanism. Polarization of electromagnetic wave in this system can
increase fuel temperature rapidly after imposing power into the microwave generator. Heating
process in this system aims to improve fuel evaporation and reduce droplet size of fuel spray
during injection [27].

In the recent years, several study conducted to evaluate the effect of dielectric properties,
size and shape of material on temperature characteristic of heated material. One problem
related to this heating system is also lack of the uniformity of temperature distribution inside
material. Complex phenomena of scattering and reflecting as well as the absorption of
electromagnetic wave could be main sources of the problem [28-29]. This phenomenon can
also be generated by several factors such as dielectric loss, penetration depth, thickness, shape

5



and size of the product [30-31]. Hossan and Dutta [32] investigated the effect of dielectric
properties, physical structure and incident wave frequency on the temperature distribution and
concluded that slight changed in length of the object can significant change in temperature.
Controlling heating process to obtain the desire temperature distribution inside material
is still remains challenging task in microwave heating application. Several physical phenomena
cannot be observed through the experimental study. Due to the complexity process, numerical
simulation has been widely utilized to study microwave heating process and their interaction
with material properties [33-35]. Computer simulation can assist to optimize design of the

object to improve quality and temperature distribution.

2.2.Microwave heating
2.2.1. Microwave heating applications

Microwave heating occurs in dielectric material because of the polarization of water
molecule with electromagnetic radiation. Electromagnetic radiation transfer energy to the
vacuum or no medium by the oscillation of electric field and magnetic field. In the vacuum
space, the electromagnetic wave moves at constant speed of 3x10®m/s. Microwaves are
electromagnetic waves at frequency ranging from 300 MHz to 300 GHz with wave length
between 1m and 1mm. Recently microwaves are widely used in some areas such as

communication (Satellite, radio, TV and wireless cable system), radar for navigation and
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Figure 2.1. Electromagnetic spectrum (Source: D.M. Pozar: Microwave Engineering [36])
Industrial, scientific and medical applications etc. [37]. Microwave heating is the heating
process using electromagnetic wave radiation inside the materials and it is widely used in

domestic and industrial application as a source of thermal energy. Compared with conventional



heating methods, the advantages of microwave heating include time and energy saving, rapid
heating rates, selective heating, considerably reduced processing time and temperature, unique
microstructure and properties, improved product yield, environmental friendliness, and so on
[38]. The different characteristic of microwave heating over the conventional heating is
volumetric heat generation, a special heating behavior of microwave, dealing with the ionic
motion and dielectric of the material heated. Moisture content inside material behave as a polar
component that vibrates in molecular level at microwave frequency. lonic vibration and dipole
polarization due to the electromagnetic wave create heat and enhance internal energy of
material heated. It has been established that microwave heating can significantly reduce the
heating time and the energy cost. In microwave heating, the heating performance depends on

the interaction between the dielectric properties of materials and the microwave frequencies.

2.2.2. Microwave heating characteristics

Recently, microwave heating become popular used in many area such as industry and
household applications. The main used of microwave heating is warmed food in microwave
oven. In this device the microwave is radiated, transmitted and reflected inside the metal box
of to generated heat inside object heated (such as food, cake, etc.). Compare with conventional
heating, microwave heating have some advantageous such as rapid heating, high thermal
efficiency heating, direct and uniform heating.

Microwave generated heating rapidly in object due to oscillation of electric and magnetic
field that generated heat inside material. This mechanism is different with conventional heating
which transfers heating by conduction. Microwave heating does not need time to penetrate heat
(heat conduction) into object heated because the heating generated inside the material.

Microwave oven convert parts of electrical input into microwave energy. High thermal
energy of microwave heating is due to minimum losses of energy into ambient air or furnace.
Heat directly generated inside material so high efficiency can be obtained.

Uniform heating in microwave can be achieved since the heat comes at the same time in
all part of heated object. This phenomenon can generate uniform heating even in the relative
complex material. Microwave heating also has high speed response because of the

electromagnetic wave propagate very fast into material to generated heat.



2.2.3. Standing wave.
Outline of standing wave can be seen in Figure 2. If the reflected wave moves in the

opposite direction of the incident wave with same amplitude and frequency the standing wave
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is occurred. It result from the superposition of two traveling waves moving in opposite
directions and become coincide in one line. Standing waves produce for a particular physical
system at its resonance conditions. Resonance occurs when a system oscillates at the natural
frequency of the system. Standing wave resonances occur when the wavelengths of the exciting
frequencies match those allowed by the physical boundary conditions of the system. In a string
fixed at both ends must have nodes at each end and such a string has resonant frequencies for
the length of the string to be A/2, A, 3M/2, etc., where A is the wavelength. Only certain
frequencies of oscillation can produce standing waves. These frequencies will satisfy the
relation of f = v/A, where v is the velocity of waves in the medium and A is the wavelength

which satisfies the boundary conditions.



In figure 2, fixed boundaries will be nodes and free ends will be antinodes. Node and
antinode are separated by A/2. The equation of a standing wave can be formed by adding the
displacement of the two waves of equal amplitude, period and wavelength which are traveling
in opposite directions.

The equation of wave traveling in the positive x direction can be written as:

t X
= Acos2z| — — — 1
o= Acos2al L] "
and the equation of wave traveling in the negative x directions can be expressed as:
t X
= ACoS2x| — + — 2
Y, |:T /'LJ (2)

Adding these two equations gives the resultant of standing wave equation as follow:

t X t X
= Adcos2z| — — = 27| — + =
Vi + Y, {cos 7Z'|:_I_ /J + cos ”[T + }J} 3)

This equation of a cosine wave whose amplitude varies in time. It is the equation of the standing

wave.

2.2.4. Basic theory of microwave heating.

Microwave field is the electromagnetic wave at specific operational frequency. For
domestic microwave heating, it is usually operated at frequency of 2.45GH. The fundamental
governing equation for electromagnetic field was established by James Clerk Maxwell in 1873,
and it was simply called Maxwell’s equations. The four common Maxwell’s equations in
differential form are described as follow [39]:

oB

VXE:_E 4)

VXH=J+§9 (5)
ot

VeD=p (6)

VeB=0 (7)

Where E is the electric field (V/m), B is the magnetic flux density (Wb/m2), H is the magnetic
field (Wb), J is the current density (A/m2), D is electric displacement (C/m?), and p is the
electric charge density (C/m?3).

The four equations above describe the behavior and interaction between electric and

magnetic field. Maxwell also proved that speed of electromagnetic wave in vacuum is same as



the speed of light which travel at 3000,000 km/s. Therefore, the light is also electromagnetic
wave. The equation (4) describes that the electromagnetic force around a closed path is equal
to the time derivative of the magnetic displacement through any surface bounded by the path.
In the equation (5), the magnetic force around a closed path is equal to the conduction current
plus the time derivative of the electric displacement through any surface bounded the path.
Equation (6) describes that the total electric displacement through the surface enclosing the
volume is equal to the total charge within the volume. And the equation (7) shows that the
magnetic flux density out of the closed surface is zero.

There are three correlations that concerning the characteristics of the medium which the

electric and magnetic fields exist.

D=c¢E (8)
B = uH )
J=0oF (10)

Where ¢, 4 and o are the permittivity, permeability and electric conductivity of the medium.

For the specific case of electromagnetic phenomena in free space, the equations (4)-(7)

become:
vxE=_-B (11)
ot
VxH = D (12)
ot
VeD=0 (13)
VeB=0 14)
Differentiate equation (12) with respect to time then we can write:
M =V x ﬁ (15)
ot ot
Also, since € and p are independent of time
@ =& E (16)
ot ot
@ =& @ 17)
ot ot
So that
2
Vx % _ ¢ 8@ zlf (18)

10



From equation (11) and (17) the following equation can be obtain:

H
VxVsz—,qua— (19)
ot
If we substitute equation (18) into (19) to get
’E
VXV xE=—puex— (20)
ot
Equation (17) can be written in the new form:
2
VXxVXxE=VV-E-V?E = —uex o (21)
. 1
The expression V-E=—V-D =0
&
Therefore equation (21) becomes:
2
V?E = e x 22
With same procedures
0°H
V*H = ue x 23

In the uniform plane wave propagation the wave equation can be simplified where the E and H
are independent of the two dimensions, y and z.

The equation (22) become:

O0°E 0°E
aXZ =HEX aZt (24)
The plane wave equation can be written in terms of the components of E as follow:
0’E, - 0°E, (25.4)
= a
P
O’E, O’E, ’e h
aXZ 'Ll azt ( )
0°E, - 0°E, (250
= .C
ax? T o
In the region of no charge density:
oE ok oE
X + y z _ O (26)
OX oy oz

11



If the wave propagates in the z direction the field components of Ex and Ey vary sinusoidally
in time and space [52].

E, = E, sin[at — fz] (27)
H, :%Sin[a)t—ﬂz] (28)

Eo is amplitude factor and

z,=|*e is characteristic impedance (29)

€o

T . .
= N IS propagation constant (30)
0
Temperature distribution within the system governed by microwave heating can be expressed
as the following equation [40]:
dT
o ——=Ve(kVvT)+Q (31)
dt
The efficiency of dielectric heating also depend on the dimension of irradiated material.
Characteristic distance called penetration depth is defined as the depth at which the power

density decreased to 37% of its initial value at the surface [40]. Penetration depth (d ) of

microwave energy into the material is calculated based on the power density falling into the

sample surface [41].

d, = - \/_ [\/1+tan lr (32)

Where A, is wavelength of microwave at 2450MHz, &' is dielectric constant, and tan ¢ is a

dissipation of electromagnetic energy. For a good conductor the depth of penetration is
simplified to the following equation [42]:

d = (33)

12



2.2.5. Permittivity and Permeability.

Permittivity and permeability are the material properties that related to the interaction
between microwaves and materials heated. Permittivity (&) represents the ability of a material to
absorb microwave, and can be defined as follows:

E =&\, (34)

Where &, is the permittivity of free space (8.854x10-12 F/m), &, is relative permittivity of
material that consist of the real part (&, ) and imaginary part (&, ):

g =& — je, (35)
Where j is the imaginary unit
The real part of complex relative permittivity is a measure of the ability of the dielectrics to store
electrical energy, while the imaginary part of complex relative permittivity represents the loss of
electrical energy in dielectrics. The energy lost from the electric field to the dielectric is eventually

converted into thermal energy or heat. For nonmetallic magnetic materials, such as ethanol, the

absorption of microwaves depends on both the permittivity & and permeability ( 4 ). The
permeability is defined by the following equation:

M= Mok, (36)
where g, is the permeability of free space (4Mx 10-7 H/m) and ur is the complex relative

permeability, which is used to describe the relation between the magnetic flux density and the
magnetic field intensity. The complex relative permeability is also consisted of two components:
the real part of complex relative permeability (ur’), and the imaginary part of complex relative
permeability (ur”). The real part of complex relative permeability represents the ability of the
dielectrics to store magnetic energy, while the imaginary part of complex relative permeability
indicates the loss of magnetic field energy. For the magnetic materials, the imaginary part of
complex relative permeability heavily influences the heating rate under microwave irradiation.

The ratio of the imaginary to real parts of the permittivity and permeability is defined as the loss

tangent (tan &) which is commonly used to indicate the efficiency of conversion of microwave

energy into thermal energy within the dielectrics material.  For nonmagnetic materials, the

dielectric loss tangent is defined as follow:

tans = Zr (37)
E

Where &, is relative permittivity of material (real part) and . is imaginary part of relative

permittivity.
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2.2.6. Incident and Reflection wave power.

The wave propagating into the system is called incident wave. When a plane of
electromagnetic wave is incident on a planar boundary between two homogeneous media, the
scattered waves are also plane waves. One of these waves is radiated back into opposite
direction of incident wave into the space, and this wave is known as reflected wave. The
simplest case of wave reflection is when a uniform plane wave is incident normally on the
planar interface between a perfect dielectric material and a perfect conductor.

The incident wave induces current and charges only on the surface of the perfect
conductor material such as aluminum, copper, etc. Since inside the conductor there is no field,
the scattered field from this wall is same in amplitude as the incident wave field but in the

opposite direction.

Perfect

E',K H',

Reflection wave

H;

Incident wave

Figure 2.3. Incident and reflection wave (Source: D.M. Pozar: Microwave Engineering [36])
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In the phasor form the incident of electromagnetic wave (electric and magnetic field)

propagating in the z direction can be written as follow :

Electric field

E, (z) = Ee u, (38)
Magnetic field

H,(z) = He "*u, (39)

The intrinsic impedance of the medium can be expressed as:

n=E/H=_[% (40)
&

The reflected wave is the can be written in the form’

Electric field

E,(z) =—Ee*"u, (41)
Magnetic field

H, (z) = He""u, (42)

The total field of electric and magnetic field can be obtained as a superposition of the

incident and reflected waves:

E..(2) =Ei(2) +Er(z) =E(e " —e")u, =—2jJEsin Szu, (43)
Hy (2) =H;(2) +H (z2) =H(e " +e"")u, = 2H cos fzu, (44)
The instantaneous value of the two vector can be expressed as:

E..(zt) = 2E+/2sin Bzcos* wt — 7/ 2)u, = 2E~/2sin Bzsinatu, (45)
H,. (zt)=2H \/Ecos,b’z cosatu, (46)

2.2.7. Power absorption

In the microwave heating the energy is transferred to the material through the interaction
of electromagnetic field at the molecular level. For nonmagnetic material, the dielectric
properties determine the electromagnetic field in the material. The resistance of the induced
motions of free or bound charges and rotation of the dipoles during the interaction of microwaves
with the dielectric material due to inertial, elastic, and frictional forces causes losses resulting in
volumetric heating. According to this mechanism, the power absorbed per unit volume P is

expressed as
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P =olE|" = 24f¢,¢, tan S|E|” (47)
Where E is the electric field, o is the total effective conductivity, and f is the microwave frequency.

Equation (above) indicates that the power absorbed in materials strongly depends on the

electromagnetic field and frequency (E and f) and the dielectric properties of loss factor (er”).

2.3.LMI system

A special injector which allow electromagnetically heated fuel is designed for low
pressure injection fuel such development for Gasoline PFI engine operation. The target of this
operation system is traditional port fuel injector engine operated for 300cc displacement at cold
start problem. This device is developed to enhance atomization and evaporation of fuel during
injected into combustion chamber. The injector has one nozzle hole with diameter of 0.3mm.
This system uses microwave heating to increase the temperature of fuel before injected.
Heating area was developed inside the tip of injector of around 200mm?®volume. This area was
connected to the magnetron of microwave heating throughout the coaxial cable at frequency of
2450MHz (Figure 2.5).

Fuel flow inside the area is heated by electromagnetic radiation before injected. Heating
generation aims to increase the fuel temperature to around boiling point for easily evaporating
during injected in to cylinder. Heating area was designed to allow the fuel flow experienced
heating before injected. Heating generation from electromagnetic energy is expected to add
energy equivalent to the ethanol flow for improving atomization and evaporation. Physical and
chemical characteristic of ethanol fuel such as density, viscosity, and surface tension play an
important role on the spray characteristics and atomization quality. As the temperature increase

surface tension become lower and easy to atomize to become small droplet size.

Fuel Inlet

Nozzle orifice

Microwave heating
input

Solenoid

Figure. 2.4. Layout of LMI system
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2.3.1. LMI components

The main part of LMI system consist of heating area, coaxial cable, inner cable and metal
material wall surrounding the heating area. The surrounding parts of heating area consist of
driven part, injector body and solenoid material that mainly metal material. Metal material
mostly can be reflected electric and magnetic field, hence the interaction of electromagnetic
energy wave and dielectric material of heated object can be optimized. Heat is generated from
electric field and magnetic field distribution inside heating area. Coaxial cable of LMI
functions as the electromagnetic guide from magnetron device to the heating area. Coaxial
cable is the dielectric material that can propagate radiation of electromagnetic energy inside

this material. In this system the material of coaxial cable is Teflon (PTFE) material.

Coaxial
connector

Fuel

Solenoid
bo

65.5mm Spring

Figure. 2.5. Schematic LMI components
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2.3.2. Heating area of LMI system
Heating area in Figure 2.5 is created inside the tip of injector of LMI to generate heat

from microwave heating system as a result of interaction between electromagnetic radiation

Thermocouple
(Sheath dia. = 0.3mm)

Heating area

Solenoid coil

Solenoid body 1

i 40
19.9

. Internal conductor

Dielectric

Driven Nozzle
part head

Figure. 2.6. Detail view of LMI head

and the dielectric properties of ethanol. This area has the length of around 4.0mm and radius
of around 2.6mm. This zone is connected with magnetron throughout the coaxial cable
(dielectric material) with frequency constant at 2.45GHz, same frequency used at domestic
microwave oven. Fuel flow inside this zone will experience heat due to the friction and

polarization of electromagnetic wave in the material.
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2.3.3. Coaxial cable

Coaxial cable in Figure 2.6 is one of the most important component of LMI system. In
this cable the electromagnetic energy radiation will propagate into the heating area. Electric
and magnetic field will move and oscillate perpendicular to this coaxial cable. The outside and
inside of coaxial material consist of metallic material that can reflected electric and magnetic
field during propagation inside the material.

Inside the dielectric material is the internal conductor cable. This material is the electric
conductor that can reflected the electric field and magnetic during propagation. Transfer of
electromagnetic wave in this material is affected by the size of this cable. This inner and outer
size are indicated of the cutoff wave length where the wave length cannot propagate. The cutoff

wave length inside the coaxial cable can be obtained based on the following equations:

A =%(di +d,) (48)

Where diis inner diameter and d, is outer diameter of coaxial cable.

Coaxial cable in this following figure has inner diameter of 1.6mm and outer diameter of
5.0 mm. Using equation (39) it can be found that cutoff wave length inside the cable is
5.181mm. The important thing regarding the outer and the inner surface is the reflection of
wave. For easy application it can be done by coating the surface with the perfect conductor that
can reflected electric and magnetic wave during moving perpendicular to the directions of

wavelength.

Dielectric material

Internal conductor

Figure 2.7 Structure of coaxial cable
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2.4. Numerical simulation

Recently numerical simulation is used widely in many field of study and applications.
Simulation study offers some advantageous compare with experimental study due to its faster,
accuracy, and cheaper. Computer simulation also can provide detail and complete information
of several variable expected. In computer simulation we can predict some phenomena that
difficult to access in experimental because of several reason like small dimension, complex
geometry, high temperature etc. However, the results of simulation usually need to validate
with experimental data.

Numerical simulation method has been develop to solve electromagnetic equation over
time. In LMI system interaction between electromagnetic wave and dielectric properties of
ethanol fuel is happened in the heating area. Temperature distribution of fuel during heating is
important for enhancing evaporation and combustion in the engine. However it is difficult to
directly measure temperature distribution inside the area, hence numerical simulation is
performed.

In this simulation study, coupled interaction between electromagnetic wave, heat transfer
and fluid flow is simulated. Domain simulation consist of ethanol fuel and solid material of
wall and dielectric material of Teflon. Electromagnetic wave propagated in dielectric material
will be controlled to provide the appropriate temperature of the fuel. During microwave heating,
some of electromagnetic energy radiation will be absorbed by the fuel and the rest will be
reflected by metallic wall material surrounded the heating zone. Interaction between
electromagnetic wave and dielectric material occurs inside the heating area and generates
heating over the entire fuel flow inside the system. Temperature distribution generated inside

heating zone of LMI system is the main consideration of this simulation.
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Chapter 3

Numerical Modeling of Heating Zone In
Local-contact Microwave-heating Injector
(LMI) System.

3.1. Abstract

Numerical analysis was performed to investigate heating characteristics of ethanol flow
inside heating zone of Local-contact Microwave-heating Injector (LMI) system. In this study,
COMSOL Multiphysics was used to simulate microwave heating radiation inside heating zone
of LMI system. This simulation process solved transient equations of electromagnetic wave,
heat transfer and fluid dynamics of the phenomena inside heating zone. Two models geometry
of the inner conductor, square and round model, were developed and simulated simultaneously
using same boundary conditions. Each model was also varied at three different inner diameter
(12.6mm, 1.8mm and 2.0mm) to evaluate the effect of geometry and shape of heating zone on
the temperature field distribution inside heating region. Results of the simulation study were
analyzed and validated with the experimental data. The result shows some advantageous
predictions of microwave heating in LMI system and the flexibility of the model that allow for
optimization design of heating zone inside LMI system.
Key Words: Microwave heating, convective heating, electromagnetic wave, and LMI system.

21



3.2. Introduction

Improvement on performances and emissions reduction of internal combustion (IC)
engine is recently developed for the environment reason as well as the energy resources
problem. By these reasons, research and development on alternative fuels become essential.
Bio-component fuels become widely attracted attention as an alternative fuel for IC engine in
many countries. Ethanol is the most promising alternative fuel for gasoline. It has high octane
number, oxygenated fuel and heat evaporation which lead to better engine knock resistance as
well as greater thermal efficiency [1]. However, several physical or chemical properties of the
fuel are quite different from based fuel, and can generate some problems mainly for high
ethanol blended fuel.

Injection development is needed for improving mixing and combustion rate particularly
when using bio-component fuel in IC engine. Ethanol, with high latent heat of vaporization,
needs an external energy supply for enhancing break-up and accelerating vaporization during
injected into combustion chamber. The effect of bio-fuel heating on the injection performances
is essential part especially for port-fuel injection application with low operating pressure.
Heated fuel is expected for enhancing engine efficiency and exhaust emissions reduction.

Coaxial
cable

Inner part Solenoid

; Nozzle
coil

orifice

Microwave

input 65.5mm Domain Simulation

—

Figure 3. 1 Schematic structure of LMI system.
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Several studies proposed technical solutions of heating evaporation chamber or directly
heated fuel flow using electric heating [2-5]. Gumus [2] heated the engine block using thermal
storage system and showed the reduction of CO and HC emissions to 64% and 15%
respectively. Kabasin, et.al., [4]Jconducted experiment by heated fuel in injector using electric
heating and concluded that ethanol cold star performance became similar as gasoline. They
demonstrated that the emissions of HC and CO reduced 40% but NOx emission a little bit
increased. Aleiferis and Van-Romunde, [5]conducted experiment to investigate spray
characteristics of several bio-component fuels by heating fuel in injector and explained that
spray formation was sensitive to fuel temperature. Droplets diameter were decreased as the
temperature increased.

The new promising way of heating fuel inside injector is using microwave heating and
this system called Local-contact Microwave-heating Injector (LMI). Microwave heating
applied in this system aims to add some energy equivalent to the ethanol flow in order to
improve the atomization and evaporation of the injected fuel ®. The schematic design of LMI
system can be seen in Figure 3. 1. In this system the heating zone was created inside injector
head (Fig. 3. 2) and connected to the magnetron at constant frequency of 2.45GHz. An optical
investigations of fuel sprayed from LMI system shows the significant improvement on spray

formation of the fuel heated by microwave heating compare with the non-heating fuel as in
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Figure 3. 3. Sauter Mean Diameter (SMD) of heated fuel, the droplet size was significantly
reduced compare with non-heated fuel ”. It was revealed in the previews study 7 that droplet
size can reduce from 80um of non-heating fuel to around 45 pum of heating fuel.

Heating zone is one of the most important part of LMI on the fuel spray characteristics.
Rapid heating in this area is expected for ethanol flow for improving physical and chemical
properties during injection. In general, volumetric heating for material subjected to microwave
heating can generate rapid heating. However, temperature distribution of heated material can
be affected by the dielectric properties as well as shape and geometry [8-9]. Ayappa et al., [10]
suggested to avoid the corner and edge to reduce local heating of the sample. Funawatashi and
Suzuki [11] analyzed the effect of size and geometry of food heated by microwave heating and
identified that the non-uniform distribution of heating based on the size of the object. In smaller
size of the object, interaction between transmission and reflection wave take placed, and for
bigger size rapid decay of incident wave caused the non-uniform heating.

In LMI system, however, the effect of the shape, volume and geometry on the heating
characteristics of the fuel flow is unknown. Therefore, the description of the complex
relationship among these factors should be considered. Moreover these factors are physically
generated some difficulties on controlling the parameters inside heating zone, hence, numerical
modeling is proposed. Simulation study on the microwave heating phenomena inside the area
was the main concerned. Two differences shape of inner part tip were evaluated. This
simulation also performed convective heating in the heating zone to compare with the

temperature profiles of ethanol flow during microwave heating generation system.

3.3. Numerical simulations

A 3-D geometry of heating area inside LMI system was created and simulated using
COMSOL Multiphysics. Model geometry was a representation of the geometrical features of
the utilized model of heating zone in the system. Two different schemes of heating process that
consist of microwave heating scheme and convective heating scheme were simulated. In
Microwave heating scheme, the governing equations of electromagnetism, heat transfer and
fluid flow were solved using Radio Frequency (RF) module coupled with CFD module. In
convective heating scheme, heat transfer and momentum equation were solved in the Heat
transfer module. This study was conducted to investigate the distinction characteristic of
microwave heating and convective heating. Results of simulation were validated with the

measurement data.
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The two schemes heating using in this study have each advantageous as describe below:
For microwave heating scheme, heat is generated from the interaction between electromagnetic
wave and the dielectric properties of material. Heat generation occurred in short time, internal
heating, high efficiency and rapid processing. Propagation of microwave depends on the
dielectric properties of material heated to generate volumetric heating.

However, for convective heating scheme, heat generates from external heating. Heat
transfer is mainly depend on diffusion or conduction and convection heating in material. Rate
of heat transfer is depend on physical and chemical properties of material such as heat capacity,

thermal conductivity, coefficient convection, temperature, velocity, etc.

3.4.Governing equations

In microwave heating simulation, three physics phenomena of electromagnetism, heat
transfer and fluid flow are coupled and solved in the same time. Flow of ethanol will be radiated
by electromagnetic energy heat inside heating area. In this system, the heat transfer between
fluid flow of ethanol and wall of solid material must be also considered. Electromagnetic field
applied to the system is calculated based on the Maxwell’s equation and the following equation
is suggested [12].

VL (VxE)—k2(s, —IZ)E =0 o)

r we

Where E is the electric field, o is electric permittivity of free space. & is the relative
permittivity, ur is the dielectric relative permeability, o is the electric conductivity, o is the
angular frequency and ko is the wave factor of the free space.

Volumetric energy heat generated (Q) by microwave heating can be calculated from the

following equation:
"2
Q=wsge¢ |E| @)

Where &g is the permittivity of free space and ¢ is the dielectric loss in the material, and Q is

the heat generation in the system.
The transient temperature behavior in the heated material is obtained by solving the
following energy equation. Heat generation due to absorption of microwave energy inside the

system can be expressed as [8].

oT
pcpa+pcpu-VT:V-(kVT)+Q 3)
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Where cp is the specific heat, u is the vector velocity, T is the temperature, k is thermal
conductivity. The first and the second left side equation represents the internal energy heat and
kinetic energy of the system, respectively, while in the right side shows the conduction heat
and energy heat generation.

In the Fluid Dynamic module, the Navier-Stoke equation of fluid flow should be
considered. Conservation equations of mass, momentum and energy equation of fluid flow
were solved with time dependent state in the form:

- Conservation of mass:

0
P19 (o) =0 @

- Momentum equation:
M (- V)=V = pl + u(Vu+ (V0) ) =2 u(V-u)l |+F
P+ AU VN= | = pl+ (VU (VU)) =2V U)) |+ ®
- Energy equations

,o(:p%Tercpu-VT:V-(kVT)JrQ+Wp (6)

Where p is the pressure of fluid flow, x is the viscosity of fluid flow, I is the unit tensor on the
fluid flow, F' is the external momentum forces. cp is the heat capacity of material, 7 is
temperature, Q is heat generation and W, is the external energy generated inside the system.

In this microwave heating scheme, all equation solved in time dependent or transient state.

3.4.1. Initial conditions

In the initial of process of this study, the temperature of fuel is assumed in the thermal
equilibrium with the surrounding temperature at 293.15K. This initial temperature conditions
are applied for both of microwave heating scheme and convective heating scheme. Electrical
power propagated into the system was set constant value of 60Watt and frequency of
electromagnetic is 2450MHz.
3.4.2. Boundary conditions

Boundary condition for microwave heating system consists of reflected and transmission
of electromagnetic wave. Port boundary is the inlet of power dissipated into the system. In this
boundary the dissipated power of 60Watt was set at coaxial port inlet. Walls of the heating
zone consist of metallic materials (copper and aluminum), thus, they can be assumed as perfect

conductor (impedance) which mean that electromagnetic field inside the material must be zero.
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Figure 3. 3 Schematic of geometry and boundary conditions

All electromagnetics wave will be reflected from the surface of the material and this allow to
have interaction of microwave energy only inside the heating area.

In this system, it is assumed that the wall is perfect electric conductor of copper and
aluminum, hence the electromagnetic wave cannot penetrate inside the wall. Impedance wall
boundary condition was applied in the simulation by the following condition equations [16].

nxE=0and n-H=0 (7

Ethanol fuel is modelled in microwave heating as the fluid flow and having dielectric
properties as follow: electrical conductivity 1.35e-09 S/m, relative permeability 1.67, and
relative permittivity (real part 24.3 and imaginary part 22.866) [17-18]. Teflon, a dielectric
material, is used as the electromagnetic wave guide from magnetron to the heating zone. Teflon
properties consist of electric conductivity of 1.0e-32, dielectric permittivity of 2.1 and relative
permeability of 1.0 [19].

Electromagnetic wave equation was solved in the simulation at constant frequency of
2.45GHz. The electric power used in inlet port boundary is 60Watt. This power is same as
applied in the experimental study.

Inside the wall of fluid flow the following boundary condition is applied. The velocity

vector of fluid flow at the wall is zero:
Vu=0 (8)
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In inlet boundary condition the velocity of fuel is set to 0.1m/s based on the measurement data
on experimental study on LMI system.
In the outlet of flow, the pressure boundary condition was applied with the following

expression:
Ap=0 ©)
In the outside of the wall, the convective cooling wall was applied with assume that all

outside wall are in contact with the ambient temperature. The following equation was applied

in the boundary:

oT
—~k—=h(T -Ta
po (T -Ta) (10)
Where the k is thermal conductivity of wall, h is the convective heat transfer coefficient and

Ta is the temperature of ambient air.

3.4.3. Solution

The system of non-linear partial differential equation was solved by finite element model
developed under commercial software of COMSOL Multiphysiscs. Microwave heating
coupled with fluid dynamics was solves using Multifrontal massively parallel sparse direct
solver (MUMPS) to calculate heat generation inside ethanol flow. Partial differential equation
developed in the system was solved using implicit method of Backward Differentiation
Formula (BDF) in time dependent solver. This solver is interested since it solves the
information or solution from previous step to calculate the next step. This method might need
a little longer time in solving problem but proposes stability and robust solution with high

accuracy of simulation result.
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Figure 3.4. Two different model simulated

One of disadvantageous of microwave heating is the non-uniform temperature of heated
object. This phenomenon is usually happened with higher temperature along the corner or
edges of material. This is due to difficult in control the electromagnetic distribution inside the
object or because of the geometry, size and volume of object [8-10]. In order to understand the
microwave heating characteristic inside heating zone of LMI system, two models of heating
area were compared as can be seen in Figure 3.5 below. Initial condition and boundary
condition applied in this model were same as applied the previous study at microwave heating
scheme. The main different is the shape of inner cable that can be affect the heating generation
inside the zone. The tip of inner cable was modified into the round shape with radius of 0.5mm.
This modified can change the geometry and lead to change the volumetric absorption of
electromagnetic wave inside ethanol. The purpose of this changed is to achieve better uniform
temperature distribution inside heating area and expected to improve spray characteristic of
fuel during injection.

Instead of tip modification, in this study the diameter of the inner conductor also
considered. Three different size of inner conductor diameter were simulated, 1.2mm, 1.8mm

and 2.0mm. These modified size will affect on the changing size of coaxial cable that covered
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the inner cable material. Consequently the volume of fluid experienced heat in heating zone
will be different and the area of electromagnetic input will also change. The smaller the inner
part, the larger the volume of fluid. The changing the volume inside this area may affect the
heating generating inside the system. The phenomena inside the differences of volume will be
the part of this analysis.

In order to easily construct the geometry of the system, several shapes and sizes of
domain simulation were created in Solidworks software, and imported into COMSOL
Multiphysics for the simulation process. Effect of these models will be the main consideration
of this study. Initial and boundary conditions applied in this simulation were same as the

previous scheme (Microwave heating scheme).

Table 3.1. Mesh types and CFL condition

Type Threshold mesh Total mesh CFL
size (Average)
Normal 0.150 mm 82852 0.0094
Fine 0.140 mm 133799 0.0101
Finer 0.105 mm 243117 0.0134

Table 3. 2. Properties of simulation study.

Description Value
Fuel Ethanol
Fuel temperature 293.15K
Fuel pressure 0.3MPa
Velocity inlet 0.1m/s
Microwave power 60W
Frequency 2.45GHz
Heating time 20ms over 40ms
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3. 5. Meshing

3D Geometry of domain simulation was discretized into tetrahedral mesh and solved in
time dependent state. Mesh resolution and quality are important aspect to be considered to
solve the differential equations of electromagnetism, heat and mass transfer. For microwave
heating scheme where Maxwell’s equation is solving, the time is discretized into small size
mesh to provide an efficient iteration scheme [13]. Mesh size can also influence the

convergence solution of simulation as well as the accuracy of results simulation.

Normal mesh

(Max. 0.78mm and Min. 0.14mm)
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Figure 3.5 Schematic of mesh structure in the domain.

The maximum cell size in the dielectric material is important for solution of the problem

in simulation and it can be evaluated based on the following equation [14]:

. c
Cellsize (AXx) < W (11)
Frequency of microwave system is 2.45GHz and relative permittivity of ethanol is 24.3. By
this equation the mesh size for ethanol material should be less than 2.48mm. This size is bigger
enough than the size of domain simulation that has length of 5.2mm and diameter 7.8mm
respectively. The ethanol which is the subject of heated object has length of 4.0mm and
maximum diameter 2.6mm respectively in the domain simulation. Furthermore, in this
simulation 3D geometry was considered with using tetrahedral mesh that more flexible than
other mesh types such as hexahedron or cube mesh type [Su and Wang 2003].
Figure 3.8 shows the mesh size evaluation effect on the temperature profile in ethanol.
Normal and fine mesh have almost same result and finer mesh has a little bit higher but time

and memory consumed. For reasonable simulation result, the fine mesh structure was used for
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fluid phase with maximum and minimum size of 0.338mm and 0.0637mm respectively
whereas for solid phase normal mesh structure was selected with maximum and minimum size
of 0.78mm and 0.14mm respectively. Total of mesh generated in the domain of 5.2mm length
and 3.9mm radius was 133,799 element meshes. These mesh structures provided finer mesh
enough for solving partial differential equations of electromagnetic wave, heat transfer and
fluid dynamics.

Concerning the propagation of electromagnetic, the time step must be chosen properly to
satisfy the courant CFL conditions of simulation as follow °):

DAL
CFL—<1 (12)

AX
With v is the propagation of electromagnetic in material and can be evaluated from expression

below [13].
1 1

. \/gOIUO \/grﬂr (13)

Using this equation for properties of ethanol with relative permittivity of 24.4 and relative

permeability of 1.67, the propagation of electromagnetic in ethanol is 0.47x10% m/s. This
velocity is large different compare with velocity of ethanol flow inside heating area (0.1m/s).
The average time step length (4¢) for electromagnetic analysis in the ethanol is around 0.03
picosecond. The solution of this calculation is theoretically stable enough since the CFL
condition derived from the mesh size is less than 1 as in Table 3.1. The averages mesh used in

table 1 was derived from the maximum and minimum size mesh type selected in this study.
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3.6.Results and analysis
3.6.1. Geometry effect on heating generation

The effect of geometry and shape of the inner part material on temperature distribution
of the microwave heating was also studied. Simulation was performed at same parameters of
initial conditions and boundary in the two different models. It is the evident that the trend of
temperature distribution can be affected by the shape of material heated even for small changes
of shape or geometry.

In general, high frequency of electric field stimulates the polarization of water molecule
inside the electric material. This polarization produces power dissipation or power absorption
in the material. Distribution of electric field and power dissipated because of the heating
absorption of the system can be seen in Figure 3.14. Heating distribution is mainly affected by
the interaction between electric field and dielectric properties of the fuel. In the square model
the electric field was generated maximum in the corner of inner tip and caused the maximum
power absorption on this area. However in the round model it move to the front of the tip of
inner part and generated maximum heat along the rounded tip of the part. Electric field can be
reached maximum of 9.54e4V/m and 7.72e4V/m for round and square model respectively.
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Figure 3.6. Electric field and power dissipated distribution during imposing electromagnetic
wave power (50msec)
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Power dissipated is the power losses into the system from the incident power propagated
along the system. Heat generated in the system is coming from the ionic vibration at high
frequency of water component inside the ethanol. Dielectric properties and electric field
distribution are important in power dissipated especially in the high frequency of incoming
wave. During the time the electric field and power dissipated are fluctuated and a little higher
in the tip of inner conductor. Power dissipated into ethanol can be reached maximum about
14e0W/m3 and 9.30e9 for round and square model respectively during imposing microwave
heating.

The distinction of temperature field distribution of the two different shapes are illustrated
in Figure 3. 7. In the square tip case, the maximum temperature generates at the corner of the
inner conductor, however, in the round tip case, it moves to the middle of the tip of inner
conductor that very close to the injector orifice. This changing can be happened due to
distribution of electromagnetic wave inside the object heated. It is also can be affected by the
concentration or flux intensity of electric field generated at the corner due to the wave length
oscillation of electromagnetic wave. In 100msec of heating time the temperature can reach
around 400K for the square model and 393K for the round model, however, the distribution
was not uniform and maximum can be reached at the tip of inner conductor where the power

dissipated was optimum.
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Figure 3. 7 Temperature distribution of two differences model simulated during several
time after imposing power into the system.
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In the tip of injector the temperature of fuel was evaluated and compared with the result
of experimental measurement. Both simulation and experiment are in fairly good agreement of
temperature at the tip injector during injection time. Small difference is several point can be
due to the properties of simulation and geometry that simplified from the complex geometry of
real LMI injector. Figure 3.8 shows the time history of temperature distribution characteristic
of heated fuel at the tip of injector. The two model compared shows that temperature at the tip
injector is almost same even though they are different in around the tip of inner cable. This
phenomena can be affected by the different volume of fuel heated after cut in the tip of inner
cable and affect the temperature field distribution. Even the maximum temperature moved to
the tip closed to the orifice injector in round tip (modified), the temperature in inlet is almost
same as in the square tip (original). It is likely that geometry of rounded tip can show the desire
temperature distribution and offering the potential development of LMI system.

In the next figures we can see the effect of different inner part diameter on the
temperature generated inside heating area. The changing of the geometry or size of the inner
conductor can change the volume of fluid flow inside the system. It is also affect the changing
of size of the coaxial cable used for propagating the electromagnetic wave. As the inner cable
decreased, the normal surface area of coaxial cable become larger and leads to change the
behavior of electromagnetic propagating perpendicular into normal area of coaxial cable.
Figure 3.9 illustrates the electric field and temperature field distribution at the specific line. It
was evaluated along the heating zone (4.0mm) and above 0.2mm from the inner conductor
surface. Generally, it can be seen that the diameter of inner part is also very important on the

temperature field distribution of the system. The smaller the inner diameter, the higher the
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Figure 3.8. Temperature of fuel at the tip injector
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Figure.3.9. Electric and Temperature field distribution of different model and diameter of
inner conductor
temperature can be generated inside heating zone. In the bigger distance between the
conductors (for smaller inner diameter) the amplitude of electromagnetic wave become bigger
and hence the temperature of the fuel increases. Along this line the electric field distribution
was vary in each diameter and tend to increase by the increase the distance between the inner
and outer conductor. As the high elelctric field generated, the temperature of the fuel can be
significantly increased. For the square model the maximum Temperature field is 367K, 350K
and 339K for the inner conductor radius of 0.6mm, 0.8mm and 1.0mm respectively. Whereas
in the round model the maximum temperature field is 365K, 347K and 337K for the inner

conductor radius of 0.6mm, 0.8mm and 1.0mm respectively.
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3.5.2. Incident and reflection energy.

Power incident and power reflection are another phenomena that can affect the heating
process inside the LMI system. Energy heat propagated in the system by microwave radiation
will be absorbed by ethanol and another will be reflected out the system. Absorption of ethanol
depends on the characteristic impedance or load impedance (Zr) that can be calculated from

expression:

U
L=y, (14)
Where 1 is permeability of ethanol [H/m] and € is dielectric constant or permittivity of
ethanol [F/m]. Dielectric permittivity can be calculated from the relative permittivity of
dielectric material (ethanol) erand dielectric permittivity of vacuum medium (e, =8.854x 10
12 E/m). Permeability if ethanol can be calculated from relative permeability (pr and dielectric

permeability of vacuum (po = 1.257x107).

Measurement

A). Sauare tip location

B). Round tip

Figure 3.10. Reflective power measurement location at two different model.

Figure 3.10 shows the location measurement of the reflected power in the port of coaxial
cable. The measurement system was based on the power flow reflected over the integration of
normal area of coaxial cable where the electromagnetic wave propagated.
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Figure 3.11 show the input power controlling in the system with power 60Watt is applied.
Figure 3.23 show the result of reflection wave power measured in three different of inner part
diameter (1.2mm, 1.6mm and 2.0mm respectively) at two model simulated. The reflected wave
power were oscillated in the entire area of coaxial cable but this characteristics are a little vary
in different area of coaxial cable during the time flow. It can be seen that the average of
reflected wave power in square model is a little lower than that in the round model at same
diameter and this value will increase in the bigger size of inner diameter. In square model, the
maximum power reflected for inner diameter 1.2mm, 1.6mm and 2.0mm is 29.95W, 29.88W
and 30.06W respectively. In round model, the maximum power reflected for inner diameter of
1.2mm, 1.6mm and 2.0mm is 30.38W, 30.40W and 30.62W respectively.
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Figure 3.22. Power input and injection control in the system
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Figure 3.11 Reflected power measured in in port of two model compared.
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In this simulation, ratio between reflected power and incident power was evaluated for
each model. It is derived from the S-parameter (S11) that represent the power input and output

into the system and can be written as follow:

Power reflected on port
S11= \/ P (15)

Power incident on port

Power flowing out (Sa) on the port of electromagnetic wave is calculated from the time

average of pointing vector on the port.

1 1 2
S, =—Re(ExH)=——n-E
AT (ExH) 22\ | (16)

R
Where E is electric field, H is magnetic field, and Zr is characteristic impedance of the
dielectric material. In the model square, the ratio (S11)? on this port is 0.4527, 0.4439, and
0.4339 for inner part diameter of 1.2mm, 1.6mm and 2.0mm respectively. While in model
round this ratio is 0.4617, 0.4549 and 0.4492 for inner part diameter of 1.2mm, 1,6mm and
2.0mm respectively. Reflecting power can affect the behavior of the incident wave absorbed
by the system. As the reflected power increased, the absorption wave power will reduce and
the temperature can become lower inside the object.

In comparison the procedure in simulation study and experimental investigation it might

a little different in several analysis and assumption between simulation and experimental data.

Table 3.3. Comparison of condition simulation and experiment

Simulation study Experiment study
- Injection duration is constant - Injection duration 5Smsec over 200msec
- Heating time varies same as - Heating time 20msec over 40msec
experiment
- Ethanol (Data base COMSOL) - Ethanol 99.5%
- Time flow of simulation was 0.1sec - Time flow was evaluated at 2.5 sec

The different in simulation and experimental is due to the injection time that too short or
spiky (5msec over 200msec). This condition made the flow time of the simulation become
unstable and the next time injection became zero velocity that made the prediction of
temperature distribution become undesirable. In real condition of engine, the 100msec is

important based on
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the rotational of the engine especially at start condition. Therefore in this simulation 0.1sec is
considered to evaluate the distribution of field temperature during heating by microwave
heating.

Figure 3.12 shows the output of incident and reflected wave power based on direct
measurement using coupler detector. The reflected wave of fuel injection unit were recorded
immediately after passing the microwave incident wave inside LMI injector. From
measurement it was defined that the ratio between reflected power and incident power was
around 40% and this model is same as the model square with inner part diameter of 1.6mm
[23]. This size is the real size of injected using in experimental study. Comparing the simulation
result with power reflected around 50% from the incident wave power, the different can be
coming from the simulation properties or model that simplified from the complex geometry of
real LMI injector. However, the important think of microwave heating system can be explained
during simulation study. Temperature distribution is important for ensuring the spray of fuel
can evaporate properly during injected into combustion chamber. This heating is expected to

improve thermal efficiency of the engine as well as exhaust gas emissions.
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Figure 3.12. Incident and reflected power measured directly in the experimental study
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3.7. Conclusions

Numerical model was developed to simulate microwave heating of ethanol fuel inside
heating area of LMI system. The effect of geometry and shape of the inner part material on
temperature distribution of the microwave heating is also studied. Simulation results were
validated with the direct measurement data. The results of studies can be concluded as follow:
- Volumetric heating in microwave heating offers the advantages for ethanol fuel heat.

Temperature of fuel increased shortly after imposing microwave into the system. Trend of
temperature distribution at injector tip in the microwave heating simulation result agrees
with the experimental data.

- Geometry of the heating zone has significant effect on the temperature characteristics of fuel
heated. It is noticeable that a slight change in the inner conductor can alter the electric field
distribution and leads to change the temperature distribution of the fuel.

- In additional, simulation result of microwave heating can show the flexibility of the shape

and geometry of heating zone for optimal development of LMI system.

Nomenclature

c : Speed of the light in vacuum [m/sec]
Cp. : Specific heat of fuel [J/kg/K]
CO : Carbon monoxide [-]
CFL : Courant number [-]
: Electric field [V/m]
: External momentum force [N/m2]
f : Frequency [Hz]
H  : Magnetic field [A/m]
HC : Unburned hydrocarbon [-]
h : Coefficient convection [W/m?K]
k : Thermal conductivity [W/mK]
ko :Wave factor [-]
NOx : Natrium oxide [-]
P :Power [W]
p : Pressure [Pa]
PTFE: Poly Tetra Fluoro Ethylene.
Q  :Heat generation [J]
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SMD : Sauter Mean Diameter [um]

T  : Temperature of surface [K]

Ta  : Temperature of fluid flow [K]

u : Axial velocity of fuel [m/sec]

Symbols:

A Wave length [m]

o :Angular velocity [rpm]

M Fluid viscosity [Pa.sec]

p : Density of fuel [kg/m3]

er : Relative permittivity [-]

Mr . Relative permeability [-]

eo : Electric permittivity of free space (F/m)

e . Electric permittivity of material(F/m)

e .Dielectric loss in the heated material.(F/m)

w : Dielectric permeability of free space (H/m)

#" . Dielectric permeability of material (H/m)

#7 . Magnetic loss (H/m).

o : Electric conductivity [S/m]

v propagation of electromagnetic (m/s)

Ax : Cell size [m]

At time step size [sec]
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Chapter 4

An Optical Measurement Analysis of Spray
Formation from Local-contact Microwave-
heating Injector.

4.1. Abstract

Injection strategy on the application of bio-ethanol fuel in internal combustion engine is
expected to meet the increasingly stringent on emission regulation. Heating system is the
potential solution for improving atomization and vaporization of ethanol fuel that has some
limitation properties compare with gasoline. The influence of heating system from LMI injector
on spray characteristics of ethanol fuel is the main focus of this study. Ethanol fuel flow was
experienced microwave heating inside heating area before injected. An optical measurement
of fuel injection was conducted using high speed camera. The stability of injected fuel was
first observed in order to easily recognize the spray formation and then images captured were
analyzed. Analysis of spray characteristic such us droplet size, droplet velocity and droplet
quality was processed using images post processing software. Results show the indication of
finer droplets size and faster droplet movement on the heating fuel injected from LMI system.
These characteristics are supposed to improve atomization and vaporization of the fuel
especially for cold start conditions.

Key Words: Spray characteristics, droplet size, heating fuel, microwave heating, and LMI

system.
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4.2. Introduction

Fuel spray characteristics plays an important role in the performance and emission
reduction of internal combustion (IC) engine. Poor performances and high exhaust emission of
the engine are the major problems related to the lack spray atomization and vaporization of
fuel. This phenomena is more critical particularly when uses bio-component fuel for IC engine.
The fuel has been widely recognized as an alternative for gasoline due to the higher octane
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Figure 4.1 Schematic of LMI system.
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Figure 4. 2 Detail view of LMI injector head.
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number, an oxygenated fuel and high latent heat of vaporization that can possibly run the engine
with higher power output, better thermal efficiency and lower emissions [1], [2]. However,
some properties of the fuel such as lower volumetric energy density, higher latent heat of
vaporization and boiling point as well as high viscosity could be the main source problem
especially for the cold start condition [3]. The vaporization of fuel must be good enough to
ignite and burning faster in the combustion chamber for higher thermal efficiency and clean
emissions of combustion engine.

Atomization, evaporation and combustion of the ethanol fuel are still remaining
challenging for using its in engine applications. According to Anand et.al, [4] atomization
process is complex and involves formation of multiple liquid jets especially in the low
operating pressure spray. Injection strategies are necessary for ethanol fuel that has lower
volumetric energy density 33% than in gasoline fuel [5]. Zhang, et.al., [6] investigated spray
characteristics of gasoline, methanol and ethanol fuel using Mie scattering and Laser Induced
Fluorescence. They analyzed effect of ambient pressure and fuel temperature on the
distribution of liquid spray and found that high temperature of the fuel can improve spray
atomization and distribution. However, atomization process of ethanol was a slightly slower
due to the higher viscosity and lower vapor pressure. The raid vapor pressure of ethanol is
17kPa, whereas gasoline is 53.7kPa as in [2]. Therefore, the injection scheme should be
improved to optimize the spray atomization and evaporation process.

Heating fuel flow inside the fuel injection system is one of the possible solution to improve
the spray characteristics under engine cold-start conditions [7]. The temperature of the fuel or
surrounding gas of the fuel sprayed should be increased to accelerate fuel distribution and
vaporization. Pre-heating of fuel can reduce emission from internal combustion engine [8-9].
Several studies have been performed technical solution to increase temperature of fuel. Zajdel
and Skorek [10] conducted experiment on heating the cylinder block engine and found the
significant reduced on fuel consumption (up to 30%). Gumus [9] tryied to reduce cold-start
emissions by heat the block engine, however, it was found that the physical challenging due to
losses heating to several components and the efficiency was become lower. Another
challenging way is directly heating fuel flow inside injector. Electrical heating was the popular
heating way that aim to increase the temperature of injected fuel [11-12]. Aleiferis and Van-
Romunde, [7] conducted experiment to investigate the spray characteristic of several bio-
component fuels by heating fuel in injector and found that spray formation was sensitive to the

fuel temperature.
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More recently study, Enomoto and lida [13] developed new model of heating fuel flow,
mainly ethanol or ethanol-gasoline blended, inside injector. An in-house injector development
was used to heat fuel flow using microwave heating. The main aim of this system is to add
some energy equivalent to the fluid flow and this called Local-contact Microwave-heating
Injector (LMI) system. Heating area was created inside head injector of LMI and connected to
magnetron of microwave heating. Microwave energy can penetrate into material and produces
volumetrically heat distribution due to molecular friction [14]. Polarization of electromagnetic
wave in this system can increase fuel temperature rapidly and lead to reduce SMD of droplet
sprayed even in the early injection starting [15]. This advantageous can offer the potential used
of bio-ethanol fuel for cold start conditions.

The sensitivity of fuel temperature on the pray characteristic of fuel injection such as spray
cone angle, droplet size, and spray tip penetration is the important phenomena and become
main analysis in this study. Many researches have been discussed the fuel temperature effect
on the atomization characteristic of fuel sprayed, however, there is no information so far
regarding the spray analysis of fuel sprayed from LMI system. Spray characteristics of ethanol
heated in LMI system was investigated and we focused on the effects of fuel temperature on
the sprays structure and droplet behavior during injection. Temperature effect on the spray
characteristic is supposed to be significant influencing the atomization and evaporation of
ethanol fuel. It needs to be more accurate analysis and understanding about this phenomena
between heated spray fuel and droplet distribution and dispersion.

In this study, analysis is focus on the images sprayed fuel captured by using high speed
camera. High-magnification of images was produced with proper illuminating of incident light
background from Halide Lamp. Images photos of the spray were processed and analyzed using
post-processing images. The results of this analysis is expected to clearly describe the

relationship between temperature and the spray distribution of ethanol fuel during injection.

4.3. Spray analysis

Spray of ethanol fuel was injected using single hole pressure nozzle of LMI injector with orifice
diameter 0.3mm. The solid view of this injector can be seen in Fig.1. This injector, an in-house
injector designed for special purposes, was operated at constant pressure 0.3MPa, a typical
operating pressure for port fuel injection system. Fuel flow inside the injector was subjected to
the microwave heating in the heating zone before injected into the room temperature. The
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Experimental study was conducted in a state of the art of measurement devices. Injector was
mounted vertical to magnetron of the microwave generator and the schematic of this
arrangement devices with imaging system and droplet size measurement can be seen in Fig. 3
and Fig. 4.

4.3.1. Fuel properties

The commercial grade of anhydrous ethanol (99.5% Ethanol) was used as the liquid fuel
for the current study. Temperature of the fuel was around 293K, thermal condition of fuel
during experiment. Table 4. 1 shows the typical properties of ethanol fuel compare with
gasoline fuel. Composition of 100% ethanol was used in this study.

Table 4.1. Properties of ethanol compare with gasoline [22]

Property Ethanol Gasoline
Chemical formula C2Hs0H Various
Oxygen content by mass (%) 34.8 0
Density (kg/L) 0.79 0.74
Research Octane Number 109 95
Stoichiometric Air-Fuel ratio 9 14.7
LHV (MJ/kg) 26.95 42.9
Boiling point(°C)*) 78.4 25-215
Latent heat (kJ/kg)*) 904 380-500

*) Matsumoto et.al.[5]

4.3.2. Injector and heating zone geometries

A single hole of injector was developed for special purposes of studying the effect of
microwave heating system on the vaporization of fuel. Schematic system of LMI system can
be seen in Fig.1. The injector has orifice diameter D = 0.3mm and the heating zone has
diameter around 4mm and 4mm in length. Heating created inside the tip injector aims to
generated heating of fuel flow by using microwave heating scheme. This area is connected to
the magnetron via coaxial cable as the passage of the electromagnetic wave. Cover of heating
zone consists of metallic material that function as insulator for electromagnetic wave. Fuel flow
inside the system experiences heating that generated by polarization of electromagnetic wave

in ethanol fuel.
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4.3.3. Experimental conditions.

The injector was designed special to operate at lower injection pressure (0.3MPa), the
typical injection pressure for port fuel injection (PFI) engine. Electric power of 60Watt was
imposing into the microwave heating generator that operated at constant frequency of 2.45GHz.

By this frequency the electromagnetic wave can generate heating for ethanol flow. Control of

Table 4.2 Experimental condition

Conditions Description
Fluid (Material) Ethanol
Injection Pressure 0.3MPa
Fuel temperature 293K
Injection interval 5ms over 200ms
(as 600rpm in engine speed)
Heating duration 20ms over 40ms
Power Input 60Watt
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Figure 4. 6 Angle of view of the imaging system of fuel spray; a) is the front view of sprayed
fuel and b) is the side view of spray, 90 degree from the front view.
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heating and injection system was formulated in function generator to provide the proper
temperature distribution of fuel flow inside heating area. The schematic of control system can
be seen in Fig. 5. The injection control system was arranged based on the engine rotation of
600rpm at the normal operation. Heating control was adjusted for obtaining the proper

temperature of the fuel generated inside heating area.

4.3.4. An imaging procedure and droplet sizing mechanism

In this paper, the results of spray distribution from both of measurement devices and images
analysis were explored. Droplet size distribution of the sprayed fuel can be one of important
characteristic between heated and non-heated fuel. Figure 6 shows the photograph of fuel
sprayed at different view angle. Imaging system was assembled to show the spray
characteristic of fuel under different heating scheme: heated spray and non-heated spray.
Droplet distribution was measured using Laser Diffraction of Spray Analyzer (LDSA) at each
injection duration. Laser scattering from He-Ne was used as an illuminating system for high
quality images purposes. The centerline of measurement position was placed at 20mm from
the tip of injector (Fig. 4). The device can measure the SMD and droplet size distribution of
sprayed fuel. Droplet size is one of the most important characteristic of the spray [16].

Optical system of fuel spray was carried out using high speed camera (PHOTORON
FASTCAM SA5). For the appropriate analyzing system, the high speed camera and a source
light were synchronized at 1/30000 fps to produce imaging quality at 512x512 pixels. In order
to optimize the imaging system the source light from metal halide lamp is coupled with the
camera. The images captured in this system were analyzed in image processing software such
as Image-J, Memrecam HXLink and Photoshop.

For the purposes of determining spray angle and droplet size analyzed, the threshold value
was adjusted to distinguish between background noise and fuel spray. Two angle view of
imaging recorded, front and side view, were taken in to account. The different spray angle on
the different view is due to the small deformation of injector orifice during injection.
Binarization of droplet sprayed was performed in Image-J to define area of circularity edges of
the images thresholded. Droplet size of the spray was analyze base on the basic concept of
Sauter Mean Diameter (SMD).
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4.4. Result and analysis.

Spray characteristics of LMI Injector were investigated in order to understand the effect of
fuel temperature on the spray structure. Direct measurement and images analysis results are
presented in this paper. During injection of fuel, particle size and distribution formation of
droplet sprayed was measured by LDSA. Spray characteristics were analyzed from the images
captured with the high speed camera.

Direct measurement results of droplet distribution and droplet size can be seen in Fig. 7
and Fig. 8. It clearly shows that particle distribution of non heating fuel is bigger than that of
heating fuel. In the Fig. 7 it can be seen that peak frequency of droplets distribution of non-
heating fuel moves to the left side of heating fuel. This trend imply that particles size of heating

fuel is smaller in heating than in non-heating fuel. In the preview study [15] the droplet size of
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spray, expressed as SMD, was also reduced significantly in the heating fuel. The reduction of
SMD in the early injection is due to the rapid increasing of fuel temperature after applying
microwave heating into the fuel flow and this phenomena is expected to enhance vaporization
rate of injected fuel into combustion chamber.

Instead of direct measurement analysis, the image analysis of fuel sprayed was also
performed. Figure 9 show the description of binarization steps, an image processing, performed
in the post image processing. Background noise of the images can be eliminated by subtracted
the background and later the threshold value would be adjusted based on the mean of
background pixels to leave a binary image. Subtracted background also makes the distance of
background pixel become plate, thus, it can easily perform binarization of spray photos.
Adjusting threshold number is critical for the droplet size analysis since it is related to the
spatial area and diameter of droplets in the spray images.

Figure 10 compares the number of droplets and number of pixel in the black area of the
three different threshold number. Black images of the thresholded pictures can show the liquid
area where the droplets supposed to be existed. The differences in the spray formation between
heating and non-heating fuel were quantified from the calculation of droplet number and
droplet diameter (SMD). In all threshold adjustment it seems that heated spray of the fuel has
significantly affected by temperature of fuel. However, it is not clear between injection timing

and temperature effect. The images of spray cannot compare the spray pattern as same timing
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injection. The penetration of the sprays is totally different between heating and non-heating
spray.

SMD is the common parameter for expressing the fineness of spray in terms of surface area
of the spray [17]. The sizing information is presented in form of Sauter mean diameters (SMD)
and calculated using expression [17-18]:

SMD = -9 (1)
d?
2

Where d; is the droplet diameter of fuel sprayed, n is the number of particle inside the spray.

Figure 10 shows the distribution of SMD of injected fuel of the two different views. In the
heating fuel spray, the frequency of smaller size droplets is higher than that in the non-heating
spray. This indicates the finer droplet size can be produced by heating the fuel sprayed. High
temperature fuel will reduce the surface tension and viscosity and leads to reduce the droplets
size of the spray [19]. The quantitative measurement of liquid spray is based on the edge
detection on the images. The size of edges detection in this analysis was later convert to the
droplet size of the spray.

On this experimental study, the images was captured with high speed camera, however the
quality of images produced still remain the unclear droplets structure due to the high speed
moving of droplet. As the result, the edges of each droplet in the picture are unclear and the
SMD of droplet became bigger Fig. 12. Further analysis on the imaging process is necessary.
In image processing of injection, watersheld can help to divide areas of droplet spray.
Watershed on the image processing is a way of automatically separation or cut the particles
that are touched. This step is important to convert object overlapping in the images.

In order to deeply understand the watershelf effect on the images analysis, the waterseld
steps on the images of several sprays was considered. Figure 13 can show the effect of
watersheld process on the image structure of fuel spray. Fig. 14 shows the characteristic of
this treatment in terms of SMD distributions. The bigger size of droplet in the image can be

separated by waterseld into small droplet size and leads to reduce SMD of the spray.
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Figure 15. and Fig. 16 show a series of zooming (puffing) photograph in the tip of ethanol
fuel spray. This analysis is proposed to evaluate the liquid component in the spray dispersed
into the small droplets. Thresholded images spray provide clear information of spray structure
between heated and non-heated fuel during injection. In the heated spray, the liquid spray
changes into the finer droplet in the short time which means the surface volume area became
dispersion in to several parts. The liquid fuel of heated spray at the specific location was
completely changed into small droplets component in around 0.5msec. Different characteristic
of spray structure is showed in non-heated fuel. In the histogram analysis of droplets size in
Fig.15, it clearly shows the trend of droplets distribution between heating and non-heating fuel.
In the 0.5msec the number of droplets in the heating spray become higher than non-heating
spray.

Spray characteristics of the fuel injection can also be affected by the jet inertia force,
viscous force, air drag force and surface tension force [20]. Reynolds number and Weber
number are the non-dimensional parameter that usually influence the spray structure. Changing
of temperature of fuel sprayed can influence the Reynolds and Weber number parameters.
Correlation between the fluid properties and velocity distribution of the spray is also considered
in this study. This analysis aim to differentiate between droplet velocity of the heating and non-
heating fuel flow. Figure 17 describes the droplet position in each time exposure of droplets
spray. In this analysis the speed of droplets can be calculated from the images capture based
on the frame information of the photos. Velocity of droplet was calculated using formula:

— 2 1
Ve Y, -Yy) dls'Fance ofs @)
(X = X;)*  piel

The images of spray consists of 512 pixel size with pfs is frame size of imaging system

(1/30.000). X and Y are the spatial position of droplet analyzed in the spray image. Real
distance of photos frame during experimental is 45 mm. In each image spray analyzed, we were
chosen 100 droplets to be considered and analyzed. The same process analysis was performed
in the two different views, front and side view.

Figure 18 shows the velocity distribution between heating and non- heating fuel at two
different view of spray. The averages velocity of droplets indicate the different droplet velocity
under heated and non-heated fuel. In the front view the average speed of non-heating droplets
is 8.7m/sec whereas in the heating fuel is 11.5m/sec. Similar trend appears in the side view
where the velocity of heating fuel is higher than that of non-heating fuel. In heating fuel the

average velocity is 14.6m/sec whereas in non-heating fuel, the average velocity is 13.1m/sec.
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This trends can explain the effect of temperature fuel on the droplet velocity. In the heated fuel
the properties such as density and viscosity become changing and lead to change droplet
velocity. The bigger the density the faster the droplets moves.

Fuel heating process is sensitive to the droplets position and size distributions [21]. For all
images analyzed, strong correlation between heated fuel and number of droplets in the spray
images is observed, which describes the important of heating effect on the atomization and
vaporization of injected fuel. An increasing of fuel temperature can increase the droplets
number in the sprayed structure. The increasing of temperature is also influence the droplets
movement that is expected to improve atomization and evaporation of fuel during injected into

combustion chamber of IC engine.
4.5. Conclusion

An optical analysis on the images of fuel sprayed from injector of LMI system was
investigated. Heating effect on the droplet characteristics such as droplets size distribution and
droplet velocity is the main focus in this study. According to the analysis results the following
conclusion can be obtained:

- Heating system on LMI influenced the spray structure of bio-ethanol. Finer droplets was
found in heated fuel sprayed which is expected to improve evaporation during injection.

- The average velocity of fuel droplets was also affected by the temperature of the fuel. Heated
droplets fuel move faster than non-heated droplets.

- Image analysis results imply the important of heating system on the droplet dispersion and

velocity of ethanol fuel.
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Chapter 5

Spray Characteristics of Local-contact
Microwave-heating Injector Fueled with
Ethanol.

5.1. Abstract

A microwave-heating system is integrated inside port-injector to minimize the cold-start
problems and exhaust emissions of engine. A novel system called local-contact microwave-
heating injector (LMI) is developed to add electromagnetic energy into the fuel flow inside
injector for enhancing atomization and evaporation of fuel. This paper reported the
experimental investigations of spray characteristics and numerical simulation of fuel
temperature inside tip of injector. Experimental investigation showed that LMI can increase
temperature of ethanol near boiling point (351.5K) before injected. Characteristics of fuel
spray were observed using high speed camera, CMOS camera and LDSA. Numerical
simulation was conducted to verify fuel temperature and its effect on spray distribution. 2-D
geometry of domain simulation with finer quadrilateral mesh (56,000 meshes) was solved in
ANSYS Fluent. Conservation equations of mass, momentum and energy were modelled on
time dependent using Pressure-Implicit with Splitting of Operation (PISO) algorithm in
pressure based solver. The result shows good agreement between numerical and experimental
measurement of temperature distribution at tip injector. An increasing of fuel temperature
inside port injector is considerably reducing Sauter Mean Diameter (SMD) of ethanol spray.
Pre-heating fuel system by LMI can improve spray quality and leads to possibly being used at

port injection engine.

Key words: LMI system, Spray characteristics, SMD and Evaporation
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5.2. Introduction

An increasing global concern on air pollution and limited of oil reserves have been turned
intentions on the environmentally friendly fuels. Internal combustion engines mainly use fossil
fuel to generate power for many applications. However, combustion system of this fuel produce
several gas emissions that are extremely harmful for environment and human health. Aiming
at improving combustion efficiency and exhaust emissions, the development of new highly
efficient combustion system especially for alternative fuel is very important.

Energy alternative like ethanol has tremendous popularity recently in several countries in
respect to the clean combustion system and sustainability of this fuel. Comparing the properties
with gasoline, ethanol has high octane number which makes excellent gasoline blending
component in several combustion applications. The high octane number helps to run vehicles
more smooth, knocking resistance and high compression ratio. However, ethanol has higher
heat of vaporization and lower calorific value. Those properties lead to not only poor
vaporization in intake manifold but also wall-wetting problem during operation [1]. Advance
research on this fuel have to develop to exploring bio-ethanol fuel for combustion system.

The new concept of fuel supply system have to optimize the constituent of the fuel-air
mixing inside cylinder for automobile engine. Fuel injection system plays a significant role on
atomization and vaporization of injected fuel especially for ethanol application in gasoline port
injection (GPI) engine which has very low injection pressure (typically 0.25-0.45Mpa) [2].
Injection development should be consider for fuel that has high boiling temperature, lower
energy density and lack of volatility. In spark ignition engine, atomization and vaporization
quality influences the mixture of fuel and air. Improving on vaporization rate has directly
affected combustion performances and engine-out emissions. Therefore, an ideal fuel
distribution is required to accelerate the mixing preparation in combustion chamber [3].

An increasing temperature of fuel before injected is critical for improving spray
characteristic especially for bio-fuels which mainly have high viscosity and low calorific value.
Preheating of fuel flow is expected to change the fuel properties and enhances mixing quality
of fuel and air. This treatment leads to improve thermal efficiency of combustion and reduce
exhaust emission. The increasing of fuel temperature can also help to accelerate fuel
vaporization during start injection at cold start condition [4]. Physical and chemical properties
of the fuel are important characteristic related to atomization and evaporation during injection.
Improving thermal properties of fuel can be done throughout heating process that can make the

fuel easily evaporated.
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Several studies tried to improve fuel vaporization by heated block cylinder of engine or
directly heated fuel inside injector [5-7] , however, the efficiency was not significant due to
several losses and many others challenging conditions. However, research and development on
this field are interested for several researchers in engine advancement. In contrast with electric
heating, Enomoto and lida [8] were developed fuel injection system that using microwave
heating as heating source and this system called Local-contact Microwave-heating Injector

(LMI1). In this system, fuel flow in the port injector is heated by microwave heating generator
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Figure 5.1. Unit measurement system.
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that connected to the coaxial cable inside injector. More recently study, Tran et al. [9]
developed a new model on predicting the droplet diameter of gasoline-ethanol fuel blended
using LMI system. Their analysis was focus on the effect of fuel heating short time before
injected on the spray characteristics and the performance of the LMI system on generate heating
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for fuel flow inside injector. Spray characteristics such as droplet diameter SMD, spray angle
and spray length from injector were analyzed and concluded that the droplets diameter
decreased with the increased of the local temperature of fuel inside the injector.

It is generally understand that atomization quality of fuel spray can be affected by fuel
properties, as well as injector geometry, angular velocity inside the injector and injection
pressure. Perfect quality of fuel spray is recently expected for high performance combustion
and low exhaust emissions of internal combustion engine especially for bio-fuel that become
most attractive fuel in the recent year. This paper describes the effect of fuel pre-heating inside
port-injector on the spray characteristics of ethanol fuel.
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Parallel to experimental investigations, simulation study was used to simulate heat
transfer phenomena inside heating area of injector. Conservation of mass, momentum and
energy was solved using finite volume method in ANSYS Fluent. Result of this simulation
would be validated with direct measurement of fuel temperature at tip of injector.
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5.3. Methodology

The effect of an increasing fuel temperature in port-injector on the spray characteristic
of ethanol fuel was examined in this study. Microwave heating was used to generate heating
of fuel flow inside heating area of injector. LMI system has been develop in-house to
investigate the effect of pre-heating fuel inside injector on spray characteristics. Heating
supply from microwave-heating aims to add energy equivalent on fuel flow for easily
evaporation during injection. Microwave heating contains a magnetron to produce wavelength
radiation at the frequency of 2450MHz. The magnetron is connected to the coaxial cable inside
injector to generate microwave radiation that convert magnetic and electrical current into heat
inside heating area of LMI. In this way the fluid flow inside injector undergoes heat exchange
before injected. Heating area of LMI is located inside the injector head with volume size
around 200mm? (Fig.5.3). This heating process is expected to influence the atomization
process short time after injected into combustion chamber. The working fluid is ethanol fuel
with 99.9% ethanol (anhydrous ethanol).

Figure 5.7. Definition of spray angle.
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Most of the measurement components were controlled simultaneously for the
appropriate injection and heating system. Unit measurements also organized in function
generator for optimum result of spray imaging and measurement. Figure 5. 1 shows the
experimental apparatus of the system. The element of measurement consists of adjustable
injector, control unit and unit measurements. Unit measurements consist of Laser Diffraction
Spray Analyzer (LDSA) and CMOS camera (Fig. 5. 1a) and high speed camera (Fig. 5. 1b).
Spray characteristics of SMD was measured by LDSA. Spray components such as ligaments,
droplets and spray angle were measured by high speed camera while the photographs of fuel
spray with high speed of movement were determined by CMOS camera. In order to provide
the illuminating system for high quality images, strobe light from He-Ne was used for LDSA
and metal halide lamp was used for high speed camera and CMOS camera.

Figure 5. 2 displays the structure of injector using for this experiment. The injector is
produce for experimental purpose with dimension 65.5mm in length and 0.3mm of nozzle hole.
Fuel flow inside port injector was transported from fuel tank by means of high pressure of fuel
pump. Experimental condition of this study can be seen in Table 1. Operating pressure of
fluid flow was fixed at 0.3MPa and it is same as the well-known of operating pressure for fuel
port injection (FPI) engine. Figure 5. 3 shows the components of injector head and the size of
heating area of LMI system. Heating area is located near the tip of injector to minimize the
heating loss through the injector body. The amount of fuel sprayed from nozzle is regulated
by the movement of driven part which controlled by magnetic force from solenoid coil.

Injection duration of fuel as well as heating interval time were controlled simultaneously
for this level of testing. Function generator was installed as a control system for appropriate
condition fuel heating and spray (Fig. 5. 4). Heating time was fixed at 20ms per 40ms while
injection cycle was setting 200ms. Injection interval in each cycle was setting at 5ms. The
electric power impose to the microwave heating is constant at 60W. Respond of signal used
the LMI system for heating and injection is easily controlled during experiment.

Droplet size from ethanol spraying was recorded and measured at some specific locations
along the axis of injector (Fig. 5. 5). The imaging photos of fuel spray characteristic were
recorded at certain location (in each 7mm from the injector tip) by CMOS camera and high
speed camera for spray components. The images of the spray were later analyzed to observe
the spray component of fluid fuel. Spray distribution of droplets was recorded by LDSA at
specific location from injector tip. All photos imaging were processed using post-processing

image software.
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The macroscopic behaviors of the injector spray, such as spray image, spray penetration,
and spray cone angle, were determined from the image obtained at various time after start of
injection. Figure 6 shows the component of liquid spray from injector such as liquid film,
ligaments, and droplets. Figure 5. 7 demonstrates the measurement position of spray angle of
injection which measured at 5mm under the tip injector using CMOS camera.

Temperature of fuel flow inside the nozzle hole was measured at injector tip using K-
Type thermocouple. This device was connected to data logger for recording and analyzing of

temperature effect on fuel spray during experiment.

Table 3.1. Experimental conditions

Description Unit value

Injection pressure 0.3MPa

Injection interval 5ms

Injection cycle 200msec (as 600 rpm in engine speed
Heating duration 20ms per 40ms

Fuel temperature 280K

Ambient Temperature 280K
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5.4.Numerical simulation

Modeling of fuel flow characteristics concerning the heating process inside the port-
injector is finalized to obtain data base result. The operating conditions applied in this
simulation are based on experimental conditions with respect to the optimal result in spray
characteristics. The injector model was simplified to obtain cost-effective solution in CFD
simulation. Two dimensional (2D) geometry of injector tip is using as the computational

domain for this study (Fig.5. 8).

5.4.1. Governing equations.
In this simulation the following Navier-Stokes equations of fluid flow were used.

- Mass conservation
op
E*‘V'(PV):Sm 1)
Where Sn is the mass added to the continuous phase from dispersed phase and any other user

defined sources. However in this simulation this mass is negligible.

For 2D axisymmetric geometry, the continue equation become.

0 0 V.
P (V) +=(pv,)+ B =5, @
X or r

Where x is the axial coordinate, r is the radial coordinate, Vx is the axial velocity and Vr is the
radial velocity.

- Momentum conservation
0
a(pV)W-(pW)=—Vp+V-(r)+pg+F 3)

Where p is the static pressure, 7 is the stress tensor, pg is gravitational force, and F'is the
external body force that contain dependent source term such as porous media and user defined
sources.

The stress tensor () is given by

r= ;{(vv +VVT )—%V -w} (4)

Where u is the molecular viscosity, I is the unit tensor.
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For 2D axisymmetric geometry, the axial and radial momentum conservation equation are

given by the following equations.

0 10 10 op 10 ov, 2
—(pV,)+=—(roV\V,)+=—(rpV.V ———+—— ruf 2—*——(V-V
o PVt g TP+ V) =~ ax{”( x 3 )ﬂ
10 (avx avrj ®)
+——|Tu +— ||+ F,
ror or  oX
and
10 10 6p 10 oV, oV
— +—— rov,\vV,) +——(rpv,v ~ A+ —=
('0 ) (roVVe) r&r( )= or rax[ﬂ(ax arﬂ
6)
10 o 2 V. 24 V2 (
+——|r ' : —2u—+—-—=(V-V)+ +F
rar{'u( or 3 ﬂ r’ 3r ( s
oV, oV, V
VV=—"024+—"—+-"L
Where > or r (7)
- Energy conservation can be expressed as following equation.
0
5 (PE)+V-(V(pE +p)) =—V(Zh;Jj)+S, ®)

5.4.2. Initial and boundary conditions.

In the simulation study, the initial temperature of ethanol is assumed same condition as
the environment temperature at the experimental condition. Temperature of ambient is 280K.
Inlet velocity of 0.1m/s is applied in the inlet boundary condition to supply fuel into the heating
area. In the outlet flow outlet pressure boundary was used with the default of pressure. This
boundary imply that the outlet condition is depend on the condition generated inside the system.
In the wall of fluid the wall boundary condition was used with assumed that there is no fluid
absorbed by the solid wall and the velocity at the wall is zero.

In the heating source wall the thermal boundary condition was applied with input heat
flux in the boundary. Heat flux applied in that wall boundary is derived from the power imposed
into the system divided by the area of the heat source. Area of heat source can be counted from
outer and inner of coaxial cable, inner diameter is 1.6mm and outer diameter is 5mm. Electric
power imposed into this system is 60Watt, hence the heat flux in the heating source is
1.76154x107° W/m?2.
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In the outside of the wall convective boundary was applied with assumed free convection
to the environment during heating. Some of heat generated inside the system will transfer out
to the ambient temperature of air at 280K. Coefficient of free convection of the air chosen at
5.0W/m?K was applied in the boundary to consider heat transfer outside the system.

5.4.3. Meshing.

Domain of simulation consist of 5.2 mm x 3.9 mm in size. The geometry was discretized
using uniform finer quadrilateral meshing (mesh size 0.025mm) in all domain simulations.
Ethanol liquid is used as fluid flow inside injector which has properties of density 790kg/m3,
specific heat 2470kJ/kg-K, thermal conductivity 0.182W/m-K and viscosity 1.2g/m-s.
Conservation equations of mass, momentum and energy of fluid flow were solved using
pressure based solver. The computation of time dependent solution was modelled by Pressure-
Implicit with Splitting of Operation (PI1SO) algorithm. Standard k-e model is used to simulate
the turbulence of fluid flow.

Fluid flow in the inlet domain was setting on initial velocity 0.1m/s and initial

temperature 280K. Heat flux flowing in the heating area was arisen from electric power,

3.0
Axis

1.0

0.2
Qutlet

Unit: mm

Figure 5.8. Boundary condition and grid.

60Watt, imposed into the microwave heating. The wall temperature was setting as coupled for
conjugate heat transfer while the outer wall was setting as insulated wall. In outlet boundary
fluid flow was also controlled to determine the appropriate mass flow rate discharged from the

nozzle. The fuel flow rate in the simulation set as the same as in the experiment. Fuel mass
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flow rate of 8e-05kg/s (0.10mL/sec) was applied in the outlet boundary to control fuel flow
injected from nozzle. Contour of temperature and flow line of fluid flow were analyzed to
predict fuel properties and characteristic inside the injector due to heating effect from

microwave-heating.

Table 2. Simulation properties

Parameter Value
Working fluid Ethanol
Injection pressure 0.3MPa
Input power 60Watt
Fuel Temperature 280K
Ambient temperature 280K

5.5. Result and analysis

Experimental studies were carried out to investigate the effect of fuel heating on the spray
characteristics. Figure 5. 9 exhibits the time histories of fuel temperature at injector tip during
experimental injection. It can be seen that the temperature of fuel increases significantly in the
short time after heating. In the first injection time the temperature of fuel was 280K and
increased markedly to the peak temperature around 350K at around 1.25sec after heating. This
temperature tends to constant during the next injection period which is very close to the boiling
temperature of ethanol fuel (351.4K).

Figure 5. 10 displays the temperature distribution of fuel flowing out the injector in the
simulation result. The temperature was recorded at injector tip same position as done in
experiment. Temperature of ethanol was also increased rapidly during heating and it was quite
similar characteristic of the experimental result. In the first 2 second after heating the
temperature was increased rapidly but in the next time flow the temperature became stable
around 360K. It is appearing that in the heating area the process of heat transfer is critical and

markedly influence the spray from injector.
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Droplet distribution was measured by LDSA at each injection duration. Measurement
position of LDSA was positioned at 20mm from the tip of injector. Comparison of the fuel
droplet size distribution before and after heating can be seen in Figure 5. 11. It clearly shows
the critical effect of fuel temperature on droplet size distribution of ethanol. Particle size
(SMD) of droplets decreases significantly, around 50%, after experienced heating. In the
process of heating, temperature of fuel increases rapidly and leads the changing of droplet
diameter. The different trend in Figure 5. 9 can possibly due to the position measurement of
thermocouple.

Figure 5. 12 explains the trend of droplet distribution frequency of injected fuel before
and after-heating experienced heating. Particle size of droplets injected was significantly

affected by heating. As the temperature increasing, the frequency of small droplets become
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increasing compared with of non-heating fuel.

heated fuel are changed and leads to reduce particle size of droplets.

In LMI system, signal control was highly responsive that can easily adjust the signal for
appropriate heating time and injection interval. However, LMI system has slightly sensitive
on clearance adjustment (0-10pm) between driven part and nozzle head of injector which affect
the volume flow and spray characteristic of injected fuel.
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Fig.5. 13 shows the spray cone angles of the fuel in various injection period. Spray angle
was slightly increased with the increased of injection period as a representative of the increase
fuel temperature. The increasing in temperature tends to reduce droplet diameter and increases
the spray angle. The increase of fuel temperature can also affect the atomization quality of the
fuel spray and accelerates the mixing of air and fuel before ignited.

Spray distribution of droplet fuel injection under various injection time and temperature
is considered in Figure 5.14. The first four figures were shown the longer distance penetration
of liquid film of the spray along the axis. It is also shows that there is a bent penetration
occurred from the axis of injector at the beginning of injection. Fuel ligaments were also seen
dominant in the spray at initial injection especially in the first four injection. However, the rest
injections period were shown reducing the fuel ligaments and at the same time increasing the
droplet quantities. Ligaments of fuel was immediately changed into small droplet even in the
early injection. This may indicate that the higher temperature of fuel can reduce the spray
penetration and droplet size. Heating time is needed to increase the fuel temperature at around

boiling point before injected in order to improve evaporation of fuel.

| — Injection interval 5ms
Fuel '17
injection ! 200ms
I
Microwave '
heating

-
_ _

Figure 5. 14. Spray photos at different injection
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5.6. Conclusions

The present study considered the performance of spray characteristic of ethanol fuel

heated by microwave heating in port-injector. Spray characteristics such as droplet diameter

and droplet distribution size were measured and analyzed. The following conclusions are

drawn from the above analyzed:

1)

Local heating of fuel has the significant impact on droplet diameter of ethanol fuel.

Droplets size were smaller when the temperature of fuel increased at around boiling point.

2) Pre-heating treatment by LMI system can significantly improve the spray characteristics
of ethanol. The increasing of fuel temperature leads to change in properties which makes
the droplet fuel easily breakup in to small droplets.

3) Pre-heating system of LMI seems offering advantageous used for bio-ethanol fuel on port
fuel injection engine. Heat is generated immediately after dissipated power into LMI
system and improve fuel vaporization.
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Chapter 6

Summary and Future Woks

6.1. Brief Introduction

The aim of this study is to investigate the spray performances of LMI system that used
electromagnetic energy to increase the temperature of fuel flow inside injector. Numerical
simulation was conducted in order to develop heating area of LMI for better heating generation.
Model developed in this study was based on the existing LMI model with dimension of heating
area is 4mm of length and 7.8mm of diameter. Model of simulation for microwave heating was
generated in COMSOL Multiphysics to predict temperature profile inside heating zone. We
also conducted simulation of fluid flow and heat transfer in the heating domain using ANSYS
Fluent. Temperature characteristic from simulation study was validated with direct
measurement of tip temperature of injector. An investigation on temperature profile and spray
characteristic of LMI was conducted at Combustion Applied Laboratory of Kanazawa
University. Ethanol fuel produced from Kanto Chemical Company in Japan was used as
working fluid. Direct investigation was completed with compact measurement devices for
achieving the main goal on this study. Measurement devices consist of Laser Diffraction Spray
Analyzer (LDSA), High Speed Camera (PHOTRHON), CMOS camera and K-Type
Thermocouple. The use of optical measurement techniques allowed for measurements with
very high accuracies compared to other techniques found in many papers. For fuel spray with
long tip penetration, an optical setup using CMOS camera was used at different position from
the tip of injector. LDSA was used to measure the droplet size and size distribution of the spray.
High Speed camera was used to record the spray fuel during injection. The image captured at
this device can be used to identify the droplets size and velocity. CMOS camera was used to
characterize the spray component of injected fuel. In addition, all data gained from

measurement devices were collected in data logger for further analyzed.
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6.2. General Conclusion
Several conclusions can be made as follow:

- Temperature of ethanol increases very fast since the imposed of electromagnetic wave
into the heating zone. Volumetric heating from microwave heating offers the advantageous in
generated heat inside ethanol material. Temperature profile in the tip injector was in good
agreement with temperature measurement in experimental study. Furthermore, the simulation
result showed that shape and geometry of heating area is essential for microwave heating
system. The model is allowed for further development and design for high performance heating
of LMI system.

- Direct measurement shows that temperature of ethanol was increased to around its
boiling point temperature in around 1 sec after imposed electromagnetic wave into the system.
The increasing of fuel temperature leads to change in properties which makes the droplet fuel
easily breakup in to small droplets. Pre-heating system seems suitable used for bio-ethanol
fuel on port fuel injection engine.

- Local heating of fuel has the significant impact on droplet diameter. The investigation
on spray performances such as droplets size and distribution were performed during injection.
Results of size histories showed that in the early injection the droplets size became reduced
significantly from around 83 to 42 um of diameter droplets. Moreover, the distribution
characteristic of droplet size also showed a strong effect of fuel heating on the droplet size. The
liquid sheets changed rapidly into droplets as the temperature of fuel increased. It was expected
that the properties of heated fuel became changed and lead to improve atomization and
evaporation of fuel spray.

- Temperature of fuel also affects the distribution of spray components. The spray angle
cone and the spray component such as liquid sheet, ligaments, and droplets were investigated
from the image captured. The images captured from CMOS camera were used in these analyzed.
Results of showed that the spray cone angle almost constant. The spray components were
clearly changed in the short time after heating applied to the system. This is because the heating
fuel can change the properties of fuel such viscosity, surface tension and density that lead to

improve atomization and evaporation during injection.
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6.3. Recommendations for the future works

The result of this study can show the temperature distribution inside heating area of LMI
system. The simulation result can also predict the model for more uniform distribution of
temperature. For further development of LMI system, it is need to advance research and
development on the heating area that can allow for rapid heating and evaporation of fuel.
Injection control is also important for heating resident time inside heating zone, and therefore
it is needed to further develop for high precisions of heating and injection system. Mechanical
adjustment on heating zone size and shape as well as injector holes are also important to be
considered and developed for LMI system.

As development results, it is need to further research and application of this system for
high pressure fuel injection application such using in direct injection engine. However the
injector design is the most challenging one for this application especially for modern engine

that operates at very high injection pressure.
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Appendix 2. Structure of COMSOL and
ANSYS Fluent

A.6.1. Structure of COMSOL simulation
COMSOL Multiphysics is a simulation software for various physics and engineering
applications, specially coupled phenomena or multi-physics.

COMSOL Multiphysics

A 4
Y l Y Y Y
Heat transfer Chemical reaction Plasma,
CFD Module RF Module Module Module Etc.

\

Fluid flow Mlcrov.vave Conjugate heat
heating transfer
Y l \
LMI Simulation LMI Simulation

(Electromagnetic heating) (Convective heating)
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The main structure of COMSOL can be seen as follow:

1. Global definitions: In this section, we can [T Model Build
define several parameters, variables, and s AR
functions. = =T EtE

2. Model: This section consist of several parts 4 % Model 1 Radius 0.8 mm inner FIX 0.1
such as definition, geometry, material, |E GInhaIDeﬁnitinns|

phyS|c study and mesh. e | o
Definitions is the section to define 4 W3 Model 1 (mad1)

= Definitions
parameter, variable and function for _
using in this boundary condition of this > A Geometry T
model. . @8 Materials
- Geometry is the section to create » |EE Microwave Heating (mh)
geometry or import geometry from other + == Laminar Flow (spf]
software. » £ Mesh 1
- Material is the section to define material 4 52 Study 1
for domain simulation. [# Step 1: Frequency-Transient
- Physic that going to simulate such as » [Pe. Solver Configurations
microwave heating, conjugate heat 4 (i Results
transfer, laminar or turbulence flow, etc. . B Data Sets
- Mesh is the section to discretize the BEE Deri
geometry into small parts or elements. o -[;:E:j Yelves
3. Study: this section can define the sort of . [B Temperature (mh)
simulation study going to be solved. Study .\ Velocity (spf
steps and solver used can be define in this
i& Export

part. In study step we can choose transient
or steady state, frequency domain, B Reports
eigenvalue, etc.

4. Results: Simulation result can be explore in

this section such us temperature, velocity,
pressure, density, etc. We can also export
the data of result simulation and get the
report of the simulation completely.
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A.6.2. Structure of ANSYS Fluent simulation

ANSYS Fluent is a computational fluid dynamic (CFD) simulation software for various
application. This software usually used to model flow, turbulence, heat transfer and reaction
system for academic research and industrial application.
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Figure A.2.2. Main windows of ANSY'S Fluent workbench
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@ Meshing geometry
In order to solve problem inside the domain

simulation the geometry is discretized into
small grid or element

w
'8 *.  Fluid Flow (FLUENT)
2 ) Geometry v o,
3 e Mesh v
4 @ Setup v .,
3 % Solution v
6 @ Resuls v
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- Mesh size can be controlled in this section.
- Quality of mesh also can be evaluated in this
section.
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- In this section we can define type and time
in solver simulation.

v - Set the model to be considered (e.g. energy,
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@Post processing of result
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Appendix 3

A.3. Governing equations
A.3.1. Electromagnetic wave equations.

Electromagnetic wave equations that solved in this simulation study to determine
electric field distribution can be expressed from Maxwell’s law as follow:

Vx i (VX E)—k2(e, —3Z)E=0 @

e,

The scattering magnetic field is calculated from Faraday’s law as follow:

1
H=-———V-E (b)
jou
Where & is relative permittivity and i is the relative permeability of material. E is electric
field (V/m) and H is the magnetic field. e is permittivity of material (F/m) and 1 is permeability
of material (H/m), o is angular wave frequency (2xf, rad/sec), ko is the wave factor.

Ko=w,/&o 44, (©)
Relative permeability and relative permeability can be expressed as:

&
S =— and K :ﬁ (d)

€o My

Permittivity of material consist of real and imaginary part and can be written as follow:

e=¢g —J& and Uu=p — ju (e)

The ratio of imaginary part to real part of complex permittivity is called loss tangent. Loss
tangent provides a measure of how much power is lost in material versus how much is stored.
Loss tangent in material can be expressed as follow:

& ,

tano =— and tans = £ ()
g’ Y75

Where ¢ is the imaginary part of dielectric permittivity, o IS permittivity of vacuum and

¢ is the real part of dielectric permittivity. p” is the imaginary part of dielectric permeability
Mo is the permeability of vacuum and p’ is the real part of dielectric permeability.
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A.3.2. Heat transfer equations.

Temperature distribution generated inside material can be derived from heat transfer
equation:

oT
pcpa+pcpu-VT=V-(kVT)+Q ©)

Where p is density of material (kg/m®) and c; is the specific heat of material (J/kgK). T
is temperature (K) and u is vector velocity (m/s). k is thermal conductivity of material
(W/mK), Q is heat generated (J).

A.2.3. Conservation of mass and momentum equations.

Mass conservation and momentum of liquid flow can be derived from the Navier-Stokes equation as

follow:

- Mass conservations:

op

P v (pu)=0

p (pu) )
- Momentum equation:

pgt—“w(u V)u=-Vp +V-[u(Vu +(Vu)') —%MV ' U)I} F

Where p is the density of the liquid (kg/m3), p is the pressure (Pa), f is the momentum
force u is the velocity (m/s), p is the dynamic viscosity of the fluid (Pa.s) and 1 is the unit tensor
that is represent the normal stress in fluid due to the gradient velocity. F is the external forces
that exist in the system (N).
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- Energy equation:

Energy equation can be expressed in integral form as follow.
oT
£C, E+(U»V)T =—(V-qQ)+7:S

_Top(ap , . W
p@T(@t+(u V)pj+Q

The first left equation is the rate change of kinetic and internal energy. In the right the
first equation is the net inflow of kinetic and internal energy, the second is work done by
body force, the third is net work done by the stress tensor and the last is the net heat flow.
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Appendix 4

A.4. Explicit and Implicit method

Differential equations are usually involved the unknown function and derivatives. In order to
solve these problem, the accurate approximation should be used. Exact solution of partial
differential equation is sometimes difficult. Therefore, the numerical solution become
necessary to get accurate approximation of the actual solutions. Two different methods are

popular to solve the partial differential equations, explicit method and implicit method.
A.4.1. Explicit method

Explicit method calculate the state of the system at a later time from the state of the system at
the current time. Explicit method or the forward Euler’s method begins with choosing a step
size or At. This step size will effect on the accuracy of approximation and number of
computations. This method produce a series of line segment to solve the problem.
Let tk, k=0,1,2,...is the order of time and
t,, =t + At (a)
For the partial differential equation of

Ye= T Yy), Y{)=Y (b)
The approximate solution will be Ygat t = tx and exact solution become yx. We can get Yi+1
from (t, Yx) from the differential equation. The Euler method determine the poit (tk+1, Yk+1) by
assuming that this point is exist on the line through (tx,Y«) with slope f(t,Y«). We can determine
the formula of slope of this line by

Y —Y
Tl = F (6, Y)) ©

From equation (b) we can get the value of next state by:
Y =Y + T (g, Y )AL (d)
If the time step decreased, the error between actual and approximation is reduce. But the

reducing the time size will increase time of computation.
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A.4.2. Implicit method

Implicit method sometimes called backward Euler method. This method is solving the
equation by finding the solution of current state and next step one. For the same case of equation

(b) we can get the formula of slope:

Yo, —Y

T Y — £ (t,,¥,.) ©
And

Y =Y, + F(,Y, )AL ()

From this equation we can see that it needs longer time to solve the problem or equations.

And the advantageous of this scheme is more stable in solving equations.

Summary:
Method Advantageous Disadvantageous
Explicit Simple and faster - Sensitive to stability
- Need very small mesh to be
stable
Implicit - More stable (unconditionally | Time and memory consuming

stable)
- More accurate result

- Allow larger time step
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Appendix 5

A.5.1 COMSOL Schemes
In Comsol Multyphysics there are two schemes of solver for solution of equations:

1. Direct method.
2. Iterative method.
A.5.1.1. Direct method s W Spbeps [ prlups ptaes

]
& ..l =1 3

In order to solve partial differential equation S S—

applied in the system the appropriate method should be " i T

. Tere Cependest taber |
chosen correctly for stabilization and converge of the [ D1 ]
solution. In achieving the convergence for multiphysics = H‘“”_”

problem the direct solver method is useful.

Direct solver consist of three specific schemes with each

characteristics as follow:

1. MuUItifrontal Massively Parallel sparse direct Solver (MUMPS). MUMPS has some
characteristics as :
- Robust and faster
- Multi-core capable
- Use complex arithmetic for solving problem
- Avrising from finite element method
- Parallel factorization

2. PARAallel Dlrect linear SOlver (PARDISO) with characteristic as:
- Memory efficient
- Robust and high performances
- Faster
- Multi-core

- Useful for very large three-dimensional system
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3. SParse Object Oriented Linear Equation Solver (SPOOLES) with several
characteristic as follow:
- Solve equations using multifrontal factorization
- Slow
- Multi-core and cluster capable

- Use the least memory.

A.5.1.2. Iterative method

Iterative schemes include a variety approaches but simple. Iterative scheme approaches the
solution gradually. Several characteristic of this scheme are given as:

- Automatically choose iterative setting.

a [Pe, Solver Configurations
Different physics require different iterative 4[] Solverl
ﬁ* Compile Equations: Stationary

setting depend on equation being used.  uww Dependent Variables 1

- Slower convergence but it is depend on the 4 |[7; Stationary Solver1
input conditions. For well-conditioned % Advanced
problem the convergence should be s Fully Coupled 1

. ) Herativel

monotonic (constant), but for ill-conditioned
the convergence become a little bit slower.
- Less memory usage.

Fortunately, In COMSOL we can just go to solve (Compute) because the solver already
has built-in default scheme solver for all physics interface. It means that the software will
automatically detect the physics being solved and choose the scheme solver- direct or iterative
- for that case. It will choose the highest degree of robustness and accuracy to set them up.

However, for specific reason on the problem we can set the solver scheme based on the
purposes and characteristic solver.

In this simulation case, the MUMPS scheme solver was used for microwave heating
simulation. This method was stable to solve the coupled equations of electromagnetic wave,

heat transfer and mas and momentum of fluid flow.
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A.5.2 ANSYS Fluent Schemes

In order to stabilize the numerical solution of equation, the appropriate scheme is
important. In ANSYS Fluent, The discretization value of scalar ¢ transport equation will be
store at cell centers for solving the non-linear system. For solving this problem, the set
of algebraic equation will be linear using Implicit Gauss-Seidel method. This method
require convection terms to interpolate the value at the cell center. This scheme called an
upwind scheme.

Upwind scheme discretizes the partial differential equation using finite difference
to simulate the direction of propagation of information in flow field. This scheme derived
value at specific location from cell upstream relatively to normal velocity.

Several upwind scheme available for solving the problem:

1. First order upwind scheme.

- This scheme is stable and provide accuracy for hyperbolic partial differential
equations.

- This scheme is also more stable if CFL condition less than or equal to 1.

- Often the best scheme to start calculations.

2. Second order upwind scheme.

- This scheme is more accurate than first-order upwind scheme.

- The numerical diffusion become reduced to converge the solution. Basically,
converge the solution first with first-order upwind and then switch to second
order scheme and converge again.

3. Power law scheme.

- This scheme solve problem numerically using the exact solution.

- Convergent is faster and sometime better then second upwind scheme.

- Itis usually used for hydrodynamic flow.

4. QUICK scheme.

- This scheme usually provide for quadrilateral and hexahedral meshes.

- Working based on the second-upwind and central interpolations of variable.

- This scheme is more accurate and stable on many types of mesh structure.
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