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Abstract: - Heating fuel system becomes an important solution for utilizing bio-ethanol fuel in internal
combustion engine to improve atomization and evaporation of the spray. A novel heating system of
fuel flow inside the injector using electromagnetic heating is applied in LMI system. Comprehensive
study on ethanol microwave heating and it is the effect on spray performances of the LMI system was
conducted numerically and experimentally. Numerical modeling was developed in COMSOL Multiphysics to
simulate the heating performances of ethanol inside the heating zone where the electromagnetic heating process
occurred. The important phenomena of electromagnetism, heat transfer and fluid flow were solved based on the
implicit method using Backward Differentiation Formula (BDF) solver. Electromagnetic heating performances
were evaluated by comparing several parameters design such as geometry, size and shape of the heating zone.
Spray characteristics of fuel injected were experimentally evaluated by measuring the droplets diameter and
distribution. These properties were evaluated by using a laser dispersion spray analyzer (LDSA) and high speed
camera. Spray formation can be evaluated from images captured during injection. Image analysis was
conducted using Images-J to investigate the effect of electromagnetic heating on the breakup of the droplets.
Simulation results indicate the dependency of fuel temperature distribution on the spatial and temporal
distribution of electric field inside heating area. Fuel temperature was evaluated at the tip of the injector and
both simulation and experimental results were found to satisfy the agreement. An increasing of fuel temperature
tends to improve the atomization and provides the small droplet dispersion during electromagnetic heating.
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1 Introduction important issue that must be addressed for
Regulation of exhaust gas emissions from automotive industries.
internal combustion (IC) engine is recently very For the environmental and fuel resource
strict in many countries. Governments are using assertions, blc_)—ethan_ol is a promising alternative
legislation to expedite transition towards a low fuel for gasoline. High oxygen content as well as
emission vehicles such as (SULEV) in Japan and octane number are the main advantages of this fuel
America since 2005, and Euro-5 in Europe that can improve combustion performances leading
countries. Therefore, the urgency for clean, efficient to a higher efficiency, knocking resistance and
and affordable combustion strategies is becoming an lower combustion emissions [1-2]. However, the

utilization of ethanol in IC engine is limited by the
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low calorific value and higher boiling point (Table
1). High ethanol blended in fuel may face the cold-
start problem during combustion due to the lack of
vaporization and boiling point [3-4]. Hence, the
development of injection strategies is essential for
employing ethanol in IC engine to improve fuel
evaporation[5].

Many researchers proposed technical solution to
improve  fuel atomization and evaporation
throughout the direct heating the fuel, using electric

Table 1. Properties of ethanol and gasoline

Property Ethanol Gasoline
Chemical formula C,HsOH Various
Oxygen content (% 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) 26.95 429
Boiling point(°C)®! 78.4 25-215
Latent heat (kJ/kg)rl 904 380-500

Source [5] and [6]
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Fig. 1. Schematic view of LMI system.
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Fig. 2 Closed view of LMI injector head.
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heating, inside injector and/or combustion chamber
[7-9]. However, it was reported that some losses to
another components of the engine can not be
avoided. A new heating process of fuel flow inside
injector is developed using microwave heating and
this is called Local-contact Microwave-heating
Injector or LMI [10-12]. Heating process of fuel
flow occures inside heating zone, a small chamber
created inside tip of injector. Electromagnetic wave
power at frequency of 2.45GHz introduces into
heating zone through the coaxial cable installed
inside injector body (Fig 1 and Fig. 2). This heating
process can heat-up the fuel much higher energy
efficiency and more responsive than conventional
heating since heat is generated due to the
polarization of electromagnetic wave inside material
[13]. Microwave forces the dipole molecule of water
content in the material to rotate in high frequency to
generate heat [13-14]. Initial investigation on
performance spray and mechanical response of the
LMI injector have been reported in ref [15]. The
Injector system was developed to meet the demand
on excellent spray formation, penetration and
evaporation of fuel into combustion chamber [6,
16].

Advance numerical modeling is proposed to
simulate the electromagnetic wave heating process
occured in the heating zone of LMI injector. This
study aims to analyze the electromagnetic heating
characteristics of ethanol and to analyze the effect
of microwave heating on the spray formation of the
injected fuel.

2 Methods

2.1. Numerical Simulation

Numerical simulation on 3D geometry of heating
zone was performed in COMSOL Multiphysics to
solve the electromagnetic, heat transfer and
momentum transport equations. Electric field
distribution in the heating zone is calculated based
on the equations below [17-18]:

Vit (VxE) =k (e, ~1Z JE =0 M
0

r

Where E is electric field (V/m), &, is free space
permittivity (8.854x10%? F/m), &, is relative
permittivity, 4, is relative permeability, O is electric
conductivity (S/m), ko is wave vector number, and
@ is angular wave frequency (rad/s).

Volumetric energy (Q) generated by microwave
heating inside material can be calculated from the
electric field intensity using equation below:
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Q=wss'|E[ )

Energy balance equation of microwave energy

heat can be wused to calculate temperature
distribution as follow:

ar
pcpg+pcpu-VT=V~(kVT)+Q (3)

Where T is temperature (K), 0 is density(kg/m?),
¢"is dielectric loss (F/m),C,is specific heat
(IkgK), U is axial velocity (m/sS) and K is thermal
conductivity of material (W/mK).

Continuity and momentum equation of fluid
flow are solved in transient forms as follows:

Pt p(V-U) =0 @

ou
pE+p(u-V)u =-Vp+uVu+ pg (5)
Where P, £¢, g are pressure (Pa), viscosity (Pa.s),
and gravity (m/s?) respectively.
Schematic of geometry and boundary condition
of this study can be seen in Fig.3. Two models of
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Fig. 3. Schematic geometry and two differences
model of inner part.

Fig. 4. Mesh stucture of simulation domain
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the inner part, square and round model, were
compared and each model varied in diameter of
inner part material of 1.2mm, 1.6mm and 2.0mm
respectively.

2.1.1. Initial conditions.

At the initial process of this study, the
temperature of the fuel is assumed in the thermal
equilibrium with the surrounding temperature at
293K. Electric power imposing into the system was
set to constant value of 60Watt.

2.1.2. Boundary conditions and mesh.

Wall materials of heating zone consist of
metallic material, hence the electric field and
magnetic field can be perfectly reflected from this

conductor material. Boundary conditions on this
wall can be expressed as below [18, 19]:
nxE=0and n-H=0 (6)

Where n is normal to surface of the wall, E is
electric field and H is magnetic field.

Ethanol is used as the working fluid with
operating pressure of 0.3Mpa. Dielectric properties
of the fuel used in this simulation consist of
dielectric permittivity (real 24.3 and imaginary
22.86) and dielectric permeability of 1.67 as in [20].
Teflon, a dielectric material, is used as a guide
passage of the electromagnetic wave from
magnetron to the heating zone. This material has
dielectric permittivity 2.1, dielectric permeability
1.0 and the electric conductivity of 1e-32S/m [21].
Free convection heat transfer with coefficient
convection 5W/m/K to the ambient temperature of
293.15K was considered at the outside cover of
injector wall. An electromagnetic wave equation
was solved at constant frequency 2.45GHz and
power input of 60Watt.

Geometry and boundary conditions used in this
study can be seen in the next Fig.3. Heating area
was developed in cylindrical shape with length of
4mm. The geometry was discretized into finite
volume method and solved in the time dependent
state. For more accurate simulation results, fine
mesh structure was simply used for fluid phase and
normal mesh structure used for solid phase that
provided finer enough mesh for microwave heating.
The fine mesh structure was used for fluid flow
problem to resolve the thin boundary layer along the
fluid boundary. Total mesh generated in the
simulation domains was 133,874 element meshes
(Fig. 4). COMSOL Multyphysiscs provides an
automatic adapted mesh generation for solving
complex algebraic equations applied to the system
[22]. Spatial and temporal heating characteristic
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inside the LMI system are the main focus of this
analysis.

Nonlinear partial differential equations applied in
this study were solved using an implicit method of
Backward Differentiation Formula (BDF) solver.
Multifrontal massively parallel sparse direct solver
(MUMPS) scheme was applied for solving the
transient solution of temperature and other
phenomena related to this heating process.

2.2. Experimental measurement

A comprehensive measurement on temperature
profile at tip injector and spray characteristic of fuel
spray was performed to analyze the effect of
microwave heating on spray formations. Layout of
the experimental apparatus can be seen in Fig.5.
Heating time was adjusted 20msec over 40msec
operation cycle, whereas injection time was set 5ms
over 200ms (Fig. 6). A power source of 60Watt was
imposing into the microwave power during heating.

Temperature of fuel at tip injector was measured
at the tip injector using K-type thermocouple
whereas the spray characteristics of injected fuel
were evaluated using backlight imaging and laser
particle analyzer techniques. Droplet size in term of
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Fig. 5 Schematic of experimental apparatus
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Sauter Mean Diameter (SMD) and particle
distribution of the spray were investigated using
Laser Diffraction Spray Analyzer (LDSA) whereas
the spray components such as liquid shell, ligaments
and droplets were evaluated using imaging system
in high speed camera.

3 Results and Analysis

3.1. Electromagnetic heating

Fig. 7 shows the electric field distributions inside
the heating zone of two model simulated. It shows
that maximum electric field distribution is formed
around the tip of the inner conductor. This
characteristic can happen due to the combination of
incident and reflection wave power from the wall as
well as the penetration depth in the material.
Polarization of electric power at high frequency is
increasing the energy released into ethanol inside
the heating zone [23]. The electric field attenuation
tends to increase the energy absorption which
increases the temperature of ethanol as described in
[24]. The consequence of the electric field
distribution can be seen in the increasing of
temperature generated around the corner of the
inner conductor.

Fig. 8 represents the dissipated energy generated
by electromagnetic wave inside the heating zone.
The contour distribution of power dissipated density
in this system is proportional to the spatial and
temporal of electric field distribution. It can be seen
that power heating is concentrated at the corner of
the tip conductor, reaching maximum values of
14.4e9W/m2 and 9.3e9W/m2 for square and round
model respectively. Tthe total absorption of
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Fig. 7. Electric field distribution.
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Fig. 8. Volumetric energy dissipation during
imposing microwave into the system.
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microwave power from adjacent surfaces of the wall
forming in the edge corner of inner part is expected
to the main contribution on this phenomena. The
distribution characteristics of microwave power
absorption in this model are similar as found in [25].
Distribution of power dissipated remains constant
during imposing microwave into the system.

The distribution of electric field normalization
inside heating area of three differences of inner
diameter can be seen in Fig.10. It was evaluated at
0.2mm from the surface of all inner conductors
along the heating zone. In the square model, the
electric field is mainly generated at the edge of inner
tip and it is increased by the decreasing of inner
conductor diameter. A few differences in the square
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Fig. 10. Electric field distribution along the
surface of inner part.
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model in which the peak of electric fields became
lower and moved a slight far from the tip of the
inner conductor. Moreover the smaller the inner
diameter of the inner part, the higher the impedance
of coaxial cable that probably increases the electric
field intensity inside material.

Temperature field distributions generated in the
different heating zone of two models compared can
be seen in Fig.11. Rapid heating of ethanol is
occurring short time after imposing electromagnetic
power into the system. However, it is obviously that
the uneven distribution of temperature is still
dominant and hot spot appearances in the edge of
the inner part. For square model, hot spot occurs in
the corner or edge of the inner part, whereas for
round model, temperature of the fuel becomes
expanded along the tip surface of the inner part.
This phenomenon can happen due to higher thermal
absorption and flux distribution of the
electromagnetic field at this area [26-27]. The
electric field is concentrated in this place due to the
standing wave of electric field from the metal walls
surrounded the fuel. The oscillation of incident and
reflection wave power from the wall creates the net
of electric field intensity in this region causing the
concentration and produces hotspot at this corner.
The maximum temperature field in the square model
is 367K, 350K and 340K for inner diameter 1.6mm,
1.8mm and 2.0mm, respectively. In round model the
maximum temperature is 365K, 347K and 337K for
inner conductor diameter 1.6mm, 1.8mm and
2.0mm, respectively.

Fig.12 shows the trend of temperature gradient
generated in the sixth (6) differences zone along
heating area. In square model the maximum gradient
temperature derives at zone 5 around the tip of the
inner part, with gradient temperature maximum of
49.2K, 81.5K, and 129.2K for inner part diameter of
1.2mm. 1.6mm and 2.0mm respectively. For round
model, the maximum gradient temperature are
46.5K, 59.5K, and 100.2K for inner part diameter of
1.2mm. 1.6mm and 2.0mm, respectively. The
strength of electromagnetic field inside heating zone
affects the heating characteristics of the model
simulated. The small changing in the size and
geometry of heating zone influences accordingly on
the electromagnetic wave distribution and leads to
the various result of energy dissipation

Fig. 13 shows the comparison result between
experiment and simulation of the fuel temperature at
tip injector during heating. It shows that the trend of
temperature distribution in the simulation result
agrees fairly well with experimental measurement.
Temperature of injected fuel increased rapidly
during imposing electromagnetic energy into the
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system. In 100msec time heating the temperature of
fuel injected measured at tip injector increased
around 22°C. The slight difference in some points,
however, is due to the sensitivity of electric field in
the zone as well as the simplified model simulation
from the complex geometry of LMI system.

3.2. Fuel spray characteristics

Spray performances of the LMI system were
experimentally evaluated using LDSA and high
speed camera. Droplet diameter of fuel spray can be
evaluated directly using LDSA device whereas
spray formation can be seen in the recording camera
(PHOTORON FASTCAM SA5). In order to
understand the spray formation, the images captured
were analyzed using image processing software
(Images-J and Memrecam HXLink).

Fig.14 shows the droplet size in term of SMD
(Sauter Mean Diameter) and the droplet
distributions between heating and non-heating spray.
It is the evidence that microwave heating affects the
properties of fuel, and consequently the droplet size
can be reduced when the ethanol exposed
microwave energy heating. In this experiment, it can
be seen also that droplet size of heating spray
decreases significantly (around 50%) from the
average diameter of 80um in non-heating spray.
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Fig. 14. SMD and droplet size distribution
between heating and non-heating spray.

injection
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imposing microwave into the system
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The smaller diameter observed in heating fuel may
arise from the reducing in fuel density, viscosity and
surface tension due to increasing temperature. Fig.
15 shows the spray component distributions of
ethanol at several time injections. It is clear that in
the early injection the liquid films are dominant in
the spray image and gradually changed into a small
droplets size during increasing the temperature of
the fuel. The amount of small droplets is large in the
next injection as the temperature rises. An
increasing in fuel temperature reduces the viscosity
and surface tension of ethanol and makes easy
breakup the droplet spray. This could offer an
interesting application for atomization of ethanol
and other bio-component fuel in such injector
applications.

Image analysis was also performed to
understand the microwave heating effect on droplet
atomization. Several images captured during
injection were processed in image-J and Memrecam
software. The background noise of the images can
be eliminated by subtracting the images and later
thresholded to extract the droplet size. Subtracted
background also makes the distance of background
pixel become plate, thus, it can easily perform the
binarization of spray photos. Adjusting the threshold
number is critical for the droplet size analysis since
it is related to the spatial area and the diameter of
droplets in the spray.

Fig. 16 explores the droplets distribution of
heating and non heating spray based on the images
analysis. The number of droplets in the heating fuel
is bigger than that in the non heating fuel. SMD
provided in heating fuel can reach 624um while in
non-heating fuel can reach around 895um.

Figure 17. and Fig. 18 show a series of puffing
spray photos extracted from the specific location of
the spray. This analysis is proposed to evaluate the
liquid component in the spray dispersed into smaller
droplets between heating and non heating fuel.
Thresholded images spray provide clear information
of spray formation and dispersion after heating. In
the heated spray, the liquid spray changes into the
finer droplet in the short time which means the
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Fig. 16. Images analysis of droplets size on
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Fig. 17 Characteristic of sprayed droplets during increasing the time of injection.
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Fig. 18 Two different views of droplet structure for heating and non-heating fuel.

surface volume area became dispersed 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 after experienced
microwave heating (Fig, 17). During the time of 0.5
msec the number of droplets in the heating spray
become higher than in the non-heating spray. It
clearly shows the fundamental effect of microwave
heating on the spray breakup model of fuel injected.
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4 Conclusion

A comprehensive studies have been performed to
investigate the microwave heating process of
ethanol as well as the spray characteristics of the
fuel injected from the LMI system. The conclusions
can be summarized as following:

(1). The geometry of the heating zone is important
in the heating performance of the LMI system.
Energy absorption was found to increase when
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the inner part diameter is smaller, where the
electric field density becomes increasing. This
phenomena affect the temperature field
distribution in the heating zone. Slight changes
in the inner part tip affect also on the
distribution of hot spot temperature in the
ethanol.

(2). The electric field intensity of the heating zone
varies considerably with inner part diameter.
Electric field distribution tends to increase by
reducing the inner diameter, which affect the
large amount of fluid volume inside the zone,
and leads to rise the electromagnetic wave
oscillation and to increase the temperature of
the fuel.

(3). Experimental and imaging analysis shows the
critical of microwave heating on the spray
formation of fuel. Droplets of fuel were
dispersed into several small droplets shortly
after imposing elelctromagnetic power in the
LMI system. An improvement on spray
characteristics of fuel heated is expected to
enhance fuel atomization and evaporation for
high performances combustion.

Advance experiment and simulation studies are
important for the fuel stream inside the engine as
well as the engine performances and emissions
characteristics during microwave heating from LMI
system. Further study is also needed for higher
injection pressure of the fuel.
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