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carried out to obtain a suitable induction heater configuration. Numerical simulation
is carried out in two stages, electrical analysis with ANSYS Electronics Desktop software
and thermal analysis with ANSYS Transient Thermal Analysis. A cylindrical inductive
asphalt sample is modeled and subjected to an electromagnetic field by a coil flowed
by a high-frequency AC. As a result, a comparative temperature distribution is obtained
by several current and frequency variations. The difference in current magnitude and

Keywords: frequency that flowed in the coil affects asphalt's heating performance and healing
Induction Heating; Self-Healing Asphalt; capacity. An increase in the frequency configuration results in a more significant
Induction Heating Simulation increase in temperature than increasing the current magnitude in the coil.

1. Introduction

Asphalt is the most used pavement type in the world, and it has several advantages such as noise
reduction, comfortable driving experience, and cost-efficiency [1-3]. Asphalt roads have become the
main part of the transportation system and human life development. The asphalt road network in
Indonesia is estimated to be 516,239 kilometers long. It has become the main role in goods trading
and regional economic development [4]. Every day, asphalt is continuously exposed to various
environmental effects such as rain, chemical fluids, road loads, and varying temperatures that will
damage the surface of the asphalt. As time goes on, the asphalt will begin to crack and cause water
to enter through the cracks that appear [5]. During the last few decades, efforts to reduce the use of
non-renewable natural resources to protect the environment have increased, especially in the
automotive sector and its supporting facilities [6].

Self-healing material can be defined as the ability of a material to heal itself from existing damage
without any external intervention. The goal of self-healing is to reduce the level of damage and
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extend the service life [7]. As shown in Figure 1, conventional material accumulates damage and will
fail after a certain time. While the improvised material has the same principle, there is only a short
additional service life. Whereas self-healing materials may do some minor damage at first but will
extend their service life significantly until they reach total damage and cannot be used more [8].
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Fig. 1. The behavior of the material with time

Since 1960, the self-healing asphalt ability has been researched in several labs. Researchers
believe that closing the microcrack can extend the service life of the asphalt [9,10]. Asphalt can repair
the damage by itself, but it needs certain conditions such as resting from any road load and at a
specific temperature [11]. Several studies have shown that temperature is the most important factor
in accelerating healing performance [12-15]. The self-healing on asphalt works because the viscosity
property of asphalt is inversely proportional to temperature [5,16]. Although asphalt fluid material is
a non-newtonian fluid, it can be a Newtonian fluid at a specific temperature (around 70 °C). At this
moment, asphalt or bitumen can flow with the effect of gravity and fill cracks or gaps in a capillary
flow [17-19]. While the optimum temperature for self-healing is 85 °C, the excessive temperature
will reduce the asphalt healing ratio [13]. Various methods have been studied to achieve the self-
healing phase of asphalt, such as encapsulated rejuvenators [20], microvascular fibers [21],
microwave heating [22], and induction heating [23].

Liu [13] has performed a comparative study using three types of steel fiber with various
diameters. Asphalt diameters (29.6 — 191.1 um, 8.89 — 12.7 um, and 6.38 — 8.89 um). Porous asphalt
samples with 100 mm diameter and 50 mm thickness were heated with a 50-kW induction heater
with a frequency of 70 kHz. The setup that is used is shown in Figure 2. It was observed that steel
fibers with longer lengths but smaller diameters have better heating performance than shorter
lengths and larger diameters. This is due to the contact between the fibers is tighter and results in
higher electrical conductivity. Liu [13] also concluded that the porous asphalt concrete had improved
fatigue resistance and healing capacity, which will improve the durability of the asphalt. After
reaching 85 °C, the porous asphalt has significantly healed after 3 hours of cooling. The
environmental condition also affects the induction heating performance. A day with low wind speed
and a high temperature will have a better result [24].
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Fig. 2. Induction heating setup [13]

2. Fundamental of Induction Heating on Asphalt
2.1 Induction Heating

Induction heating gives a contactless, fast, and efficient heating process in metal or conductive
materials. This technology is one of the most popular heating methods in industrial works. In general,
induction heating is generated by converting power in AC-DC-AC. An AC supplies a high-frequency
alternating voltage to a working coil [25]. This alternating current will generate a magnetic field
around its coil that penetrates the load object. The load object will be heated due to two phenomena,
eddy currents and magnetic hysteresis [26]. The induction heating system is assembled by a working
coil, a power supply, a converter, and a cooling system, as shown in Figure 3. Coil winding, coil
diameter, type of object being heated, the distance between the object and coil, and configuration
of the induction heater may affect the generated heat [27].
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Fig. 3. Main components of induction heating system [27]
The eddy current generated in the workpiece depends on the magnitude of the electromagnetic
field created [28]. The equations of electromagnetic induction heating are Maxwell’s equations,

which can be described as follows:

Ampere’s Law
oD
VXH=]+ Fn (1)

Faraday’s Law

0B
VXE__E (2)
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Gauss Law

V-B=0 (3)
Gauss’s Law

V-D=p (4)

where H is the magnetic field intensity (A/m), J is the electric current density associated with free
charges (A/m?), B is the magnetic flux density (weber/m?), and E is the electric field density (V/m). In
addition, the parameters H, J, B, and E follow these equations:

B= uourH (5)
D = ¢¢,E (6)
J =oE (7)
o=1/p (8)

where ¢ is relative permittivity, u is magnetic permeability, o is the material’s electrical conductivity,
and p is electrical resistivity. The permittivity value in a vacuum is expressed by g0 = 8.854 x 10”7 F/m.
Meanwhile, permeability states the ability of a material to conduct magnetic flux compared to a
vacuum. The value of permeability in a vacuum is expressed by o = 4t x 107 H/m [29].

Induction heating is a process that generates a drastic increase in temperature in a short period,
and extreme temperature changes occur on the surface usually happened due to the skin effect. The
distribution of temperature of a whole body of workpiece can be expressed by the following Fourier
equation:

92T = 9%2T = d%T aT
k(ﬁ%—yﬁﬁ)w—f)% (9)

where k is the thermal conductivity coefficient, Q is internal heat source intensity due to eddy
current, c is the specific heat capacity of the workpiece, and p is density [29,30].

2.2 Mechanism of Induction Heating on Asphalt

Heat is a form of energy that passes from higher temperature to lower temperature, heat transfer
has played an important role in human life today [31,32]. Meanwhile, the temperature is the most
important factor that influences self-healing performance on asphalt, and increasing temperature
directly reduces the time needed for asphalt to heal the cracks. To achieve this condition, induced
heating-healing was studied and developed by Liu [13]. Induction heating can only be used on
conductive materials, and ordinary asphalt is not a conductive material. To solve this problem,
conductive materials must be added to the asphalt mixture. Some conductive filler materials can be
used, but steel fiber is the most common material used as an addition to increase the overall
electricity of the asphalt [13,15,16,33,34]. The systematic overview of the induction healing
mechanism is shown in Figure 4.
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Fig. 4. A systematic overview of induction healing
for asphalt

Some additive materials can be used, such as steel fiber and iron powder. Apostolidis [35]
conducted that the addition of steel fiber gave a more significant increase in electrical conductivity
than iron powder. Using steel fiber also increases tensile strength and extends fatigue life. Apostolidis
[35] also mentioned that the efficiency of induction heating increases directly proportional to the
concentration of additives, but this addition has a certain limit, whereas the temperature will not
increase anymore. The microstructural schematic of the induced healing method is shown in Figure
5.
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Fig. 5. Microstructural schematic of induced healing method (a) Crack surface
(b) Heating process (c) Healing process

3. Methodology

This study was performed by finite element method analysis. As shown in Figure 6, ANSYS
Electronics Desktop was used for electrical analysis, and ANSYS Transient Thermal was used for
thermal analysis [36,37]. Firstly, the electrical analysis using ANSYS Electronics Desktop was carried
out until the desired convergence was obtained, and then the output of this simulation was imported
to thermal analysis. After that, thermal analysis was carried out using ANSYS Transient Thermal
analysis until convergence data was obtained.
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2 | & Geometry v 2 Q Engineering Data  +" 4
3 Setup v o3 @i Geometry v 4
4 fF solution v 4| @ Model v 4
Maxwell 3D Desian &5 @ Setup v 4
6 | @5 solution v' 4
7 @ Results v 4

Transient Thermal

Fig. 6. A schematic process of coupled analysis
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The inductive asphalt and working coil are modeled directly using ANSYS Electronics Desktop
software. To minimize system memory storage and reduce analysis computation time, the
geometrical model of the working coil is simplified. An inductive asphalt sample has been modeled
with 100 mm diameter and 60 mm thickness. A hollow copper tube coil has been modeled with 9
turns, 140 mm diameter, 5 mm width, and 0,1 thickness. The coil was placed 2.5 mm at the top of
the asphalt to assume that the two surfaces have a small gap, as shown in Figure 7. The properties
of inductive asphalt were referenced from a previous study by Apostolidis [35] using 13.27% steel
fiber addition. The parameters of this simulation are shown in Table 1.

s 0 (mm)

Fig. 7. Inductive asphalt and working coil model

Table 1

Simulation parameters for electrical analysis
Material Inductive Asphalt Copper
Mass density (Kg/m3) 2360 8933
Relative Permittivity 6 1

Relative Permeability 1 0.999
Bulk Conductivity (S/m) 2100 58000000

The geometry has meshed before the solution. The eddy current solution is used in electrical
analysis to obtain ohmic loss data. In this calculation, several variations of current magnitudes and
frequencies are applied. The environment of this simulation was set as vacuum volume. The iteration
had been carried out by ANSYS until the solution converged. Since the data is directly linked and
transferred to the thermal analysis, numerical recording data is unnecessary. However, the data
regarding the electromagnetic field and the resulting ohmic loss data are taken to be analyzed in the
next step.

After the electrical part was completed, the ANSYS Transient Thermal setup was initiated.
Geometry and mesh were carried out from the previous simulation. The converged solution from the
electrical analysis is imported as internal heat generation in this process. Several thermal properties
are defined here, such as initial and environment temperature are set as 27 °C. In this part, heat loss
by radiation was assumpted be negligible, there is only convection with natural convection on air.
The simulation was set for the first 900s. The temperature distribution data is obtained to be analyzed
later. The parameters of thermal analysis are shown in Table 2.

Table 2

Simulation parameters for thermal analysis [35]
Material Inductive Asphalt
Mass density (kg/m3) 2360
Thermal conductivity (W/m-°C) 1,58
Specific heat (J/kg-°C) 920

53



CFD Letters
Volume 15, Issue 3 (2023) 48-65

An experiment was carried out to validate the simulation. An inductive asphalt sample with 14%
steel fiber addition is prepared. The sample has 1134 grams of aggregate, with steel fiber addition
that has 0.489 gr/cc density. The mass of the mixture of aggregate and asphalt in one module is 1200
grams. The mixing temperature and the mixing time are important parameters for the preparation
of the sample. The mixing procedure for the sample was based on the method outlined by Apostolidis
[35]. The sample is placed right under the coil until the two surfaces are in contact with each other.
But due to the uneven shape of the coil, there is a gap of up to 5 mm on the outside of the coil. A
cylindrical sample was used to maximize the induced heating potential that occurs which is supported
by the geometry used in the experiment. This sample is heated using a 9 Volt 70 Ampere induction
heater with a frequency of 39 kHz. The experimental setup is shown in Figure 8. The first variation of
simulation will be compared with the experiment result before continuing to other variations. Slightly
different results will be tolerated because the modeling of the boundary conditions cannot be
completely identical.

PSU Working
coil
Induction heater Inductive
module asphalt
@ (b)
Fig. 8. Induction heating experiment setup (a) top view (b) side view
4. Result

4.1 Electrical Analysis

The electrical analysis aims to obtain electromagnetic field and ohmic loss distribution around
the inductive asphalt so that data can be directly used as internal heat generation in thermal analysis
to obtain temperature distribution. The comparison of the distribution of electromagnetic fields at
frequencies of 39 and 70 kHz at currents of 70 and 200 A can be seen in Figure 9 and Figure 10 below.
It can be seen that the electromagnetic field intensity H has a peak value on the center top surface
of inductive asphalt. It is because a higher electromagnetic field penetrates the central surface area
of inductive asphalt than other areas. The higher current produces a greater electromagnetic field
based on Ampere’s Law which states that the magnitude of the electromagnetic field is directly
proportional to the displacement of the electric charge, where current is the product of the electric
charge multiplied by time.
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Figure 11 shows the maximum value of the electromagneticfield generated from all the variations
that have been carried out. It is seen that the difference in frequency used does not produce a
significant difference for the maximum value of the electromagnetic field. The electromagnetic field
increases in proportion to the value of the current that used.
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Fig. 11. The maximum value of the electromagnetic field in all variations

Meanwhile, the ohmic loss has been found higher at the outside top surface of inductive asphalt
as shown in Figure 12 and Figure 13. This is because the outside area is right under the working coil.
It makes the eddy current generated more in this area. The ohmic loss was also getting lower
gradually along with its thickness. The ohmic loss will also increase directly proportional to the
current and frequency value. Increasing the frequency will increase the possibility of power
dissipation in each cycle, the accumulation of this dissipation increases the ohmic losses that occur.
This power dissipation which turns into heat is utilized in the induction heating method.
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Fig. 12. Comparison of the ohmic loss asphalt with a current of 70 A (a) 39 kHz (b) 70 kHz
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Figure 14 shows the maximum ohmic loss that occurs from all the variations that have been done.
It can be seen that the peak value of ohmic loss that occurs at the 70 kHz variation is almost three
times stronger than the 39 kHz variation. An increase in current also increases the amount of ohmic
loss generated. Because the model is not magnetic enough, the heat will be more generated due to
ohmic loss than hysteresis loss.
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Fig. 14. The maximum value of the ohmic loss in all variations
4.2 Thermal Analysis

As elaborated in the methodology, two phases of the simulation were carried out to analyze the
temperature distribution around inductive asphalt. The process of transferring data was done by
ANSYS Workbench. Ohmic loss data is converted being internal heat generation and distributed by
conduction. As shown in Figure 15, it can be seen that heat generated comes from the same area as
the high ohmic loss area. The generated heat will be concentrated in this area before being
transferred along its body in the conduction process.
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Fig. 15. Heat generation in inductive asphalt

In this study, thermal analysis has been simulated using the transient model. So, the change in
thermal can be observed over time. Figure 16 shows the temperature distribution of inductive
asphalt at the first 900 s. It can be seen that the highest temperature reaches 93 °C at the top surface,
and the lowest temperature hits 38 °C at the bottom surface. Due to the low thermal conductivity,
heat is difficult to spread evenly throughout the asphalt body.
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Fig. 16. Temperature distribution in inductive asphalt at
first 900 s

As mentioned in the methodology, a comparison between experimental and numerical was
carried out. Figure 17 shows the temperature profile of the inductive asphalt after being heated for
6 and 10 minutes. It can be seen that the high temperatures are concentrated on the top surface of
the sample before being transferred along its body.

e

Atm. T Atm. T

4

01/01/00
01:51

(a) (b)
Fig. 17. Temperature profile after being heated for (a) 6 minutes (b) 10 minutes
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Figure 18 shows the comparison between experimental and numerical results for 70 Ampere
current with 39 kHz frequency. It can be seen that the error between experimental and numerical
data is below 8,5%. The difference value could be due to differences in boundary conditions where
it was possible. The asphalt sample could have a slightly different property because of the mixing
method of additional materials.

—4—Top surface of asphalt on experiment Bottom surface of asphalt on experiment

Top surface of asphalt on numerical Bottom surface of asphalt on numerical

120
100
80

60

TEMPERATURE (°C)

40 =

20

0 200 400 600 800 1000
TIME (S)

Fig. 18. Comparison between the experimental and numerical results
of temperature distribution

The difference in current and frequency used to affect the heating speed and temperature
distribution of the inductive asphalt. All models and parameters that are used are consistent with the
experimental model that has been done previously. Then, using the exact modeling and simulation
procedures, two frequency setups of 39 and 70 kHz are used. The current was also variated, starting
with 70 until 200 Ampere.

Figure 19 shows the comparison data of temperature and the current flowing in the coil with a
39 kHz frequency. The higher current generates a higher temperature at a certain period. The self-
healing phase (at 80 °C) cannot be reached at the first 20 s on any current magnitude. Variations of
190 Ampere and 200 Ampere can achieve 80 °C on the asphalt surface at the first 40 s. Although
these variations can reach the target temperature quickly, the power required is greater and costs
more as a consequence. The lower current needs longer times to reach this temperature, such as 160
Ampere variation that will reach the target temperature at the first 60 s or 120 Ampere variation that
will reach it at the first 120 s. The lower currents do not require high power and are also cheaper, but
they will take a longer time.
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Fig. 19. Comparison of current and temperature distribution of induction heating on inductive asphalt

with a 39 kHz frequency (a) at first 20 s (b) at first 40 s (c) at first 60 s (d) at first 120 s (e) at first 180 s (f)
at first 300s

Figure 20 shows the same comparison as before with a 70 kHz frequency. As previously analyzed,
higher frequencies produce larger electromagnetic fields, affecting the heat generated to be higher.
With the use of a 70 kHz frequency, reaching 80 °C in the first 20 s only requires a current of 150
Ampere. It is much smaller than the current is needed before. This is because higher frequency
requires a lower period of current oscillation and produces a stronger electromagnetic field around
the coil, thereby maximizing the ohmic loss that occurs. Making an induction heater with a high

frequency also requires a higher cost, but the effect can reduce the power needed with the same
heating result.
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Fig. 20. Comparison of current and temperature distribution of induction heating on inductive asphalt

with a 70 kHz frequency (a) at first 20 s (b) at first 40 s (c) at first 60 s (d) at first 120 s (e) at first 180 s
(f) at first 300s

5. Conclu

sion

This study has proved that induction heating on asphalt can be applied as a technique to reach
the self-healing phase. Simulations were carried out using current and frequency variations.
Considering all the factors, we draw the following conclusions:

Due to the low thermal conductivity, high temperature is concentrated on the top surface
of the asphalt and does not conduct to the bottom of the asphalt. This cause only the top
of the asphalt to melt and become Newtonian fluid. To melt the bottom of the asphalt, a
very high temperature is required at the top, which will damage the asphalt itself.
Overall, this condition can overcome microcracks on the surface, but not enough to heal
the cracks or gaps that occur in the deeper parts.

Some variations are considered less efficient for heating because it takes time too long.
The result shows a higher frequency can produce more heat on the same current.
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IV. A higher current and frequency lead to higher heat as well, but the cost efficiency needs
to be considered as the required temperature only needs to be up to 80 °C.

More research is needed to create inductive asphalt that is easier to be heated by induction

heating so that the high temperature is not concentrated on the surface only.
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