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Abstract: In order to study the thermoelectric efficiency of
microwave heating and reproduction of asphalt pavements and
the uniformity of reproduction temperature distribution, a
waveguide excitation cavity is designed and applied to the
structural design of a microwave heater. The structural sizes of
the incentive cavities are determined based on the waveguide
transmission line theory. Using IE3D software, electromagnetic
simulations are respectively carried out in four different
situations, including the distances between the magnetron probes
(antennas) and a short-circuit board, different horn electric
lengths and aperture sizes, different dielectric properties of the
asphalt mixture, and the distances between the asphalt surface
and the mouth cavity. The results show that, when the distance
between the magnetron probe and the short-circuit board is 32.5
mm, it is the best installation site; reduction of aerial length is
the main factor in improving the heating uniformity. When the
aggregate is limestone, the best heating effect can be produced.
Maximum radiation efficiency can be realized by adjusting the
space between the heater radiation port and the asphalt
pavement. The experimental results of asphalt mixture heating
in four different situations have a substantial agreement with the
simulation results, which confirms that the developed
microwave heater can achieve better impedance matching, thus
improving the quality and efficiency of heating regeneration.
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n China, a combination of microwave heating techniques
I and hot in-place reheating regeneration has currently be-
come an important, hot in-place recycling (HIPR) technolo-
gy, and has attracted more and more attention'". A main is-
sue in developing a microwave heating recycling system is
the design of radiation antennas. The antenna should pro-
vide a uniform radiation distribution to achieve uniform
heating on the surface of asphalt mixtures and eliminate tan-
gential hot-spots and cold-spots on the surface. This will in-
crease the efficiency and quality of recycling, and mean-

while achieve optimal matching of impedance'” .
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In practical applications, the microwave source of the ra-
diant heater is generated by a continuous wave magnetron.
The magnetron can directly drive rectangular waveguides
with high transmission efficiency, and have a high load re-
sistance capacity and a high resistance to thermal loads' .
When asphalt pavement is heated by using a magnetron, as
a monopole antenna, the magnetron antenna in the excita-
tion cavity should be used to encourage producing a high-
frequency electric field to radiate the microwave energy'*”’.
Therefore, when the configuration of a microwave radiation
heater is designed, an excitation cavity chamber must be
added to the upper part of the speaker cone radiation angle,
and the excitation cavity forms a rectangular waveguide
chamber with the size of a x b.

1 Structural Design of Excitation Cavity

According to the waveguide transmission theory, the elec-
tric field distribution in the waveguide broadside is shown in
Fig. 1 and its maximum intensity is in a wide-brimmed cen-
ter. There are many wave modes in the rectangular
waveguide and the main mode is TE,,. In order to excite a
basic waveform TE,, mode in the waveguide, the magnetron
(antenna) should be stretched into the center of the
waveguide broadside'”, and in order to make a one-way
microwave transmission in the waveguide, one end of the
waveguide should result in a short circuit. According to the
structure and installation requirements of the magnetron, the
magnetron antenna axis is perpendicular to the asphalt pave-
ment. From the antenna radiation theory, we know that ra-
diation is directional, and the radiation intensity perpendicu-
lar to the antenna axis direction is the highest. Therefore, a
transition metal surface must be designed on the other end to
take the corner reflection of the transmission direction of the
electromagnetic waves reflected to the other end, in order to
achieve its vertical radiation on the pavement. Its transmis-
sion direction is indicated in Fig.?2.
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Fig.1 Waveguide broadside electric field distribution
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Fig.2 Microwave transmission direction in excitation cavity

For a waveguide system used as energy transmission, the
following principles are generally followed to determine the
waveguide cross-section sizes: 1) Single mode operation is
ensured and a band width is as wide as possible; 2) Break-
down power (i.e. power capacity) is as large as possible;
3) Loss or attenuation is as little as possible.

Waveguide cutoff wavelength A _ is defined as

A= 2 (1)
Y (m/a)* +(n/b)’

where m and n are the semi-cycles of the cross-section long
side and short side of the rectangular waveguide, respective-
ly.

According to the first design principle mentioned above,
only a transmission single mode TE,, is considered. On the
one hand, the working wavelength should meet A <A =

2a, which is a pass-through condition of the microwave; on
the other hand, the working wavelength should meet the
first higher harmonic mode A > A, which is a rejection con-
dition. Based on the relative sizes of a and b, the first high-
er harmonic mode may be the mode TE,,, and the corre-
sponding cut-off wavelength is a; the first higher harmonic
mode may be mode TE,, and the corresponding cut-off
wavelength is 2b. In order to make a single mode work-
space band as wide as possible, a=2b should be satisfied,
and by comprehensive consideration, the a and b ranges are

a=0.7A, b=(0.410.5)a (2)

According to the second design principle, the waveguide
transmission power cannot lead to puncture because of insuf-
ficient power capacity; therefore, power capacity must be
considered when the excitation waveguide is designed. The
power capacity of the waveguide transmission of mode TE,,
is calculated as

b abE,, abE; /1 -(A/(2a))’

¢ Az, 480

(3)

where E_ is the strength of the air puncture electric field in
the waveguide and it is equal to 3 x 10° V/m. In order to
ensure that no waveguide puncture is produced and only
mode TE,, is transmitted, 0.5 < A/(2a) <0.9 must be sat-
isfied. Then, we have

0.561 <a< A 4)

According to the third design principle, in order to pre-
vent too much loss in microwave power through waveguide
excitation, the principle of minimum loss or attenuation
must be taken into account. The decay constants formula in

transmission mode TE,, is shown as

CR1+Q2b/a)(A/(2a))’]

120mb /1 = (A/(2a))°

where R, is the resistance of the dielectric surface. Accord-
ing to Eq. (5), b should be chosen to be as great as possi-
ble. Based on the three design principles, a and b can be
chosen as

(3)

Lca<h 0<hb<d, bsd (6)

According to Eq. (6), a =90 mm, b =40 mm are chosen
first. Based on the above-mentioned design principles, two
structural types are designed as follows. One is the modular
style; that is, the surfaces of excitation cavity waveguide
and pyramidal horn radiation are combined to assemble the
two together to form a radiant heat chamber with a modular
configuration as shown in Fig.3(a). The other is the inte-
gral style; that is, excitation chambers are formed into a
whole through a waveguide transition and a pyramidal horn,
with its structural design shown in Fig.3(b).
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Fig.3 Sketch of two structural types. (a) Modular configuration;
(b) Integral configuration

The excitation cavity of the integral configuration can be
designed as an E-plane double-angle-connection off-switch
structure, and a waveguide transition with the length of L is
added in the middle of the waveguide head face in both di-
rections as shown in Fig. 3(b). In order to completely offset
the reflected waves of two waveguide connectivity ports, L
should be equal to the odd multiples of the waveguide wave-
length; that is,

L _2naD,

" n=0,1,2, ... (7)
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where A, is the waveguide wavelength. For a single-mode
transmission waveguide,

A :A (8)

) 4a" - )\’

Taking A =12.2 cm, a =9 cm, n =0 and n =1 into Egs. (7)
and (8), we can obtain L, =4.15 cm and L, =12.44 cm.

The aperture size can take two groups of dimensions,
with the upper limits D, =15 cm and D, =12 cm and the
lower limits D, =12 cm and D, =10 cm; the height of the
radiation chamber ¢ can take a value of 5 to 15 cm. For the
modular structure, ¢ can take its maximum; for the integral
structure, ¢ can take its minimum. After the installation of
the electromagnetic probes, modular and integral actual
structures are shown in Fig. 4.

)
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(a) (b)

Fig.4 Actual structure of two structural types. (a) Modular config-
uration; (b) Integral configuration

2  Geometric Modeling and Simulation Optimization
2.1 Modeling conditions and structural modeling

Correct modeling conditions and appropriate assumptions
should simulate to the greatest degree actual working situa-
tions, which are the basis for simulation optimization:

1) According to the Zeland user’s manual'”’, the cylindri-
cal antenna in the electromagnetic probe can be replaced by
a thin strip antenna, since there is a minimal difference be-
tween the simulation results of these two methods.

2) The distance between the feed end and the grounded
layer is 1 mm, and the actual measured length of the mag-
netron-tube antenna is 22 mm.

3) A 50 Q normalized incident wave source is defined as
a 10 mW incident wave.

4) The relative dielectric constant of the asphalt mixture
g! =5.8, the dielectric loss tans =0. 034 4, the relative per-
meability ' = 1; and the magnetic loss tand, = 0. The
thickness of asphalt H = 120 mm, which is a semi-infinite
flat medium to fill in all the air in the radiation direction.

5) The operation frequency of a 2M210F type magnetron
is 2.455 GHz, so the initial simulation frequency is
2.43 GHzand the end frequency is 2.48 GHz. The simula-
tion frequency step is 0.5 MHz.

6) The highest frequency of discrete parameters is
2.5 GHz. Each wave length has 10 units.

7) The initial distance 7 between the horn aperture and
the asphalt mixture sample is 80 mm. The structural model-
ing of the two types of microwave heaters is shown in Fig.
5.

(b)

Fig.5 Geometric modeling of two structural types. (a) Modular
heater; (b) Integral heater

As there is a second leakage problem in the assembly sur-
faces of the excitation cavity and the radiation chamber of
the modular structure, considering the actual production
process, an integral structure is used in the actual heating
cavity. Therefore, the following simulation optimization
and experiments are carried out on the basis of the integral
structure.

2.2 Simulation Optimization and Result Analysis

2.2.1 CEffects of distances between magnetron probe
and short-circuit board on radiation perform-
ance

Suppose that the characteristic impedance between the
magnetron antenna and the short-circuit board is Z,, the in-
put impedance is Z, , the characteristic impedance from the
antenna transmission direction to the asphalt mixture sample
is Z', and the load impedance from the antenna to the as-
phalt sample is Z, . According to the transmission line theo-

ry, we obtain

Z, = . 9
v _Zin +Z’ ( )

Z,, =jZ tan(Bz) =jZ tan(BI) (10)

where B is the microwave phase shift constant and 8 =27/
A. Then the reflection coefficient is

Z, -Z,
T Z, +Z,

r (11)

Substituting Egs. (9) and (10) into Eq. (11), we can
know that [ is closely related to the distance [ between the
antenna and the short-circuit board. It is confirmed that
when the insertion depth of the magnetron antenna is con-
stant, the minimum reflection coefficient can be obtained
through adjusting distance [ between the antenna and the
short-circuit board so as to achieve the best excitation.

The coordinate system as shown in Fig. 6 is established.
According to the waveguide theory, the maximum strength
of the waveguide broadside will be achieved at the center y
=0 of the electric field, so the magnetron probes can only
move along the z direction. At the same time, when the
space between the magnetron installation location and the
short-circuit board is equal to a 1/4 wavelength, a pure
standing wave will be formed as shown in Fig. 7. There-
fore, the initial simulation position is / =1/(4A), thatis, at
the x-z plane center (0, 30.5 mm). Taking into account the
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surface size and the magnetron assembly mounting-hole
size, parallel movement along the z axis in steps of 2 mm
from left to right is used to determine the best installation
location of the magnetron probes.

x Initial position of feed-port
30.5 mm

Short - circuit board\ Magnetron probe \

Assembly surface Reflector

Fig.6 Location position of magnetron probe

Short-circuit board

1
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1

1
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; z
30,4 |

i

Initial position of feed-port
Fig. 7 Curves of voltage and current vs. impedance at pure

standing wave

The radiation performance of a heating cavity at five
kinds of installation locations is shown in Tab. 1.

Tab.1 Radiation performance of heating cavity at different
installation positions of probes at 2.455 GHz

Installation location //mm

Pattern parameters

26.5 28.5 30.5 32.5 34.5
Input power/mW 1.634 6 1.944 1 1.9922 2.346 4 2.2299
Radiated 1.6346  1.9441 1.9922 2.3464  2.2299
power/mW
Radiation
100 100 100 100 100
efficiency/ %
Lincar gain/dBi  3.4559  4.1716  4.3453  4.1961  4.2319
fficient of Ii
Coefficient of linear —\\ 2y g 11 2849 113521 10,4921 10.7490
direction/dBi
3 dB beam (6.1260, (6.1184, (6.1149, (6.3940, (6.198 3,
bandwidth/(°)  55.7547) 55.6065) 55.9112) 56.9000) 56.040 1)

In the simulation model, an integral heater with [ of
32.5 mm is used, and the distance h between the heater and
the road is 80 mm. According to the simulation results, we
can know that when the incident power is the same, the five
locations can meet a radiation efficiency of 100% . When
the space [ between the installation location of the magne-
tron probe and the short-circuit board is 32.5 mm, input
power and radiated power are at their maximums, and the
linear gain and the coefficient of the linear direction are at
their minimums. When the 3dB bandwidth of the beam is at

its maximum, the position should be the best magnetron in-

stallation location. Taking into account the production

processes, when the installation location is between 31. 5

and 33.5 mm, the requirements can be met.

2.2.2 Effects of different horn lengths and aperture
sizes on radiation performance

Any size heater which satisfies the design principles can
be selected as the basis type. Simulations are carried out for
different horn lengths and aperture sizes, and the results are
shown in Tab. 2.

From Tab. 2, it can be seen that on the premise of con-
stant size of the horn aperture, shortening the horn antenna
length is a key factor in reducing gains, increasing beam
width and improving the heating uniformity. When the aper-
ture size becomes smaller and the antenna length is con-
stant, the standing wave ratio decreases, while radiation ef-
ficiency is increased. Under the same conditions, shortening
the antenna length is better than reducing the aperture size.

Tab.2 Radiation performance of heating cavity of different
horn lengths and aperture sizes at 2. 455 GHz

Shortened horn
length and the
same aperture size

Shortened aperture

Pattern parameters Prototype size and the same

horn length

Input power/mW 1.676 7 1.740 0 1.696 2

Radiated power/mW  1.676 7 1.740 0 1.696 2
Radiation efficiency/ % 100 100 100

Linear gain/dBi 2.1323 2.1282 1.925 3

Coefficient of

lineardirection/dBi 9887 9.723 2 9-6303

3 dB beam (6.576, (17.560, (17.775,

bandwidth/( °) 53.426) 54.262) 54.939)

2.2.3 Effects of different dielectric properties of asphalt
mixture on radiation performance

Microwave heating uses heat dissipation into the material
to realize the temperature rise, and its ability to absorb mi-
crowaves is different when the properties of the materials are
different™, so the dielectric loss should be considered in the
design of the microwave cavity body of a microwave heater.
The bitumen cutting angle of dielectric loss is very low (ap-
proximately equal to 0.001"") and basically does not absorb
microwaves. So, the aggregate-asphalt mixture is only con-
sidered. The radiation simulations of diorite, limestone,
and quartz aggregate asphalt mixtures are carried out, and
the results are shown in Tab. 3.

An integral heater with [ of 32.5 mm is used in the simu-
lation model, and its distance to the road is 80 mm. From
the simulation results, the radiation efficiency of three dif-
ferent aggregates is 100% , and their input power and radia-
ted power are basically the same. The limestone aggregate
has the strongest microwave absorption ability, which leads
to the best heating results. Compared with limestone and di-
orite aggregates, the linear gain and the linear direction co-
efficient of the quartz aggregate are greater, indicating that
its absorption capacity is smaller. It is comprehensively con-
sidered that this kind of heater has a higher frequency band,
which can adapt to the requirements of a variety of aggre-
gates.
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Tab.3 Radiation performance of heating cavity of asphalt
mixture with different dielectric properties

Diorite Limestone Quartz
Patt ) (e'=5.8, (e'=6.7, (e'=4.0,
atiern parameters tan§ = tand = tand =
0.034 4)!1% 0.014 9)1% 0.006 2) 1%
Input power/mW 2.346 4 2.6373 2.3739
Radiated power/mW 2.346 4 2.6373 2.3739
Radiation efficiency/ % 100 100 100
Linear gain/dBi 4.196 1 3.92717 6.1659
Coefficient of
linear direction/dBi 10.492 1 9.716 2 12.411 2
3 dB beam (6.394, (14.795, (5.450,
bandwidth/(°) 56.900) 53.064) 53.482)

2.2.4 Effects of distances between heating cavity aper-
ture and asphalt pavements on radiation per-
formance

For a heating system made up of a magnetron, radiant
heaters, air and asphalt composition, if impedance matching

of the microwave source and the load end is achieved, mi-

crowave reflection will be greatly reduced, and, thereby,

power coupling efficiency will be further increased. Accord-
ing to the generalized transmission-line theory, we will sim-
plify the system to study impedance matching of microwave
sources, and the simplified equivalent circuit is shown in

Fig. 8. In the figure, the distance R from the microwave

source to the heater radiation aperture and the distance h

from the radiation aperture to the asphalt pavement are

equivalent to two different characteristic impedances Z, (A)

and Z, (B), respectively. Z, (C) =Z, is the characteristic

impedance of the asphalt mixture. The normalized input im-

pedance from point B to the load can be indicated as

_Z, +]nptan(Bh)

Z (B) =
(B) M, +]jZ,tan(Bh)

in (12)
where 7, is the constant characteristic impedance of free air.
The normalized input impedance from microwave source A
to the load can be indicated as

_ Z,(B) +jZ tan(BR)
Z,(A) - Z,+jZ,(B)tan(BR)

(13)

where Z_ is the equivalent characteristic impedance of the
heater. Ideally, essential resistance Z  of the microwave
source must match with the input impedance at point A.

= _Z,(B) +jZ.tan(BR)
£ =2 =7 57 (Bywn(BR)

(14)

Fig.8 Simplified equivalent circuit of microwave heating system

According to Egs. (12) to (14), we know that for the
same asphalt materials, i.e., the dielectric constant and the
loss factor are invariant, in the same heating conditions, the
height /& from the heater to the asphalt road surface affects
the impedance matching of the microwave source; that is to
say, it affects the radiation effects of the microwave energy.
Through appropriate adjustments of distance 7 between the
radiation aperture of the heater surface and the asphalt pave-
ment, the maximum radiation efficiency can be realized and
the desired heating effects can be achieved.

Tab. 4 shows the radiation performance changes of heaters
when the distance from the heating aperture to the road sur-
face varies from O to 160 mm. It can be seen from Tab. 4
that when 7 =0 mm, the aperture is completely coated with
road surface and the radiation efficiency is 82. 8%, which is
not the best. When A = 0 to 60 mm, the radiated power
values decrease; when & =60 mm or 2 =120 mm, the radia-
tion efficiency reaches 100% , and the radiated power is
higher than that of the other conditions; when the distance h
exceeds 120 mm, the radiated power values decline gradual-
ly. Thus, according to actual work situations, when the dis-
tance from the aperture to the road surface remains between
60 and 120 mm, it is regarded that better heating effects can
be obtained.

Tab.4 Radiation performance of heating cavity of different distances from aperture to pavement

h/mm
Pattern parameters
0 20 40 80 100 120 140 160
Input power/mW 3.4846  1.0505  1.8747  3.4536  2.3464  2.0323  3.7390  2.306 1 2.2229
Radiated power/mW 2.8872  1.0505  1.8747  3.4536  2.3464  2.0323  3.7390  2.306 I 2.2229
Radiation efficiency/ % 82.8 100 100 100 100 100 100 100
Linear gain/dBi 33099  0.3697 1.1340  5.8671  4.1961  2.8470  5.7332  3.6580  3.2645
fficient of 1i
Coefficient of lincar 8.7051  10.1560  8.4048  10.4840  10.4920  9.7670  10.0060  10.0290  9.7820
direction/dBi
3 dB beam (10.406,  (25.785, (27.147,  (6.611,  (6.394,  (16.216,  (6.373,  (6.991, (7.263,
bandwidth/( °) 63.154)  63.950)  74.216)  50.884)  56.900)  54.347)  33.895)  40.384)  43.409)

3 Experimental Testing and Result Analysis

Experiments were carried out under four conditions, in-
cluding / =32.5 mm, different aperture sizes, different horn
electric lengths and different distances 4. A 2M210F mag-

netron-tube with a working frequency of 2 455 MHz and a
maximal output power of 875 W is used as the microwave
source. Experimental installations are shown in Fig. 9. In
the experiments, the safety of the operators is taken into ac-
count. And the metallic mesh enclosure is made to prevent
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them from being radiated. An AV3941 radiometer is placed
0.5 m away from the experimental device to measure micro-
wave leakage at the periphery of the device. The maximal
microwave leakage is 67 wW/cm’, indicating that the work-
ing environment is safe.

A grid template is made for measuring the temperature of
the sample. The surface of the sample is divided into 8 x 10
grids. After heating 15 min, the temperatures are measured

(e)

using an infrared thermometer''"’ .

By using Matlab software, each of the measured tempera-
ture fields is fitted, and every fitting surface is shown in
Fig. 10.

From the fitting results of the temperature fields as shown
in Fig. 10, we can see that, compared with pyramidal horn
heating, shortening of horn length results in a smoother tem-
perature distribution curved surface of the asphalt mixtures,
while the temperature at the periphery of the horn surface
slightly decreases. In contrast, when the horn aperture size
decreases, the average temperature of the asphalt mixtures
increases, which is associated with more temperature varia-
tions and an apparent temperature ladder. A higher tempera-
ture zone appears in the left-middle portion, but the temper-
ature rapidly decreases when deviating from this area. The
right side of the horn aperture is almost not heated. When
the distance between the horn aperture and the asphalt sam-
ple increases, the heating efficiency decreases, but the tem-
perature uniformity is good. The experimental results are es-
sentially consistent with the simulation results.

150

7/°C
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120
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e R
30+ %5 A
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(d)

Fig. 10 Temperature field fitting of four conditions. (a) Basic type horn; (b) Shortened horn length; (c) Diminished surface size; (d) Extended

distance

4 Conclusion

In this paper, two kinds of open-type microwave radiant
heaters with different configurations are designed, and struc-
tural modeling and optimization of these heaters are carried
out. The effects of the distance between the magnetron
probe and the short-circuit board of the excitation cavity,
different dielectric properties of different aggregates, the
distance between the heater aperture and the pavement, dif-
ferent aperture sizes and horn electric lengths on heater radi-
ation performance are studied, respectively. The asphalt
mixture heating experiments under four different conditions
are conducted, and the experimental results are consistent
with the simulation results. It is confirmed that the devel-
oped microwave heater can result in better impedance matc-

hing and increase the heating efficiency of microwave radia-
tion. All the results can provide a theoretical basis for the
overall development and design of microwave pavement
heating walls.
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