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Abstract: In order to improve the efficiency of heating and the
uniformity of temperature distribution in recycling asphalt
mixtures, a pyramidal radiation heater is designed. The principles
of designing horn surface size and antenna length are established
according to the law of energy conservation and microwave
antenna radiation theory. Modeling and simulation are carried out
using IE3D software. The simulation results demonstrate that,
with a fixed horn surface size, the shortened electric antenna
length is the main factor leading to the improved heating
uniformity. On the other hand, with a fixed antenna length and
diminished surface size, the standing wave ratio decreases with
the improved radiation efficiency. Furthermore, the efficiency of
radiation drops with increased distance between the horn surface
and the asphalt pavement. Microwave heating experiments are
carried out using this type of heater. The temperature distribution
of asphalt samples is obtained by the grid temperature
measurement method, and Matlab simulation is performed. The
experimental results are in good agreement with the simulation.
Key words: asphalt mixtures; microwave heating; temperature
distribution; microwave radiation heater; structural design

n China, a maintenance period will enter corresponding
Ito the increase in mileage and road-age of high-quality
roads. However, due to semi-rigid base asphalt pavement
structure types and the base strong bearing capacity, func-
tional damages to the surface of asphalt pavements such as
formation of cracks, potholes and portrait craze are inevita-
ble over time. It is the most direct and most efficient method
to restore pavement service function by using hot in-place
recycling'"’. Microwave heating increases the temperature of
heated objects through enhancing the movement of the mole-
cules of the material. It is a type of volume heating which
has the advantage of deep penetration, small thermal inertia
and easiness to control' . The combination of microwaving
heating and hot in-place recycling has currently become an
important hot in-place recycling technology, and has attrac-
ted more and more attention.

A main issue in developing a microwave heating recycling
system is the design of radiation antenna. The antenna
should provide uniform radiation distribution to achieve uni-
form heating at the surface of asphalt mixtures and eliminate
tangential hot-spots and cold-spots at the surface. This will
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increase the efficiency and quality of recycling, and mean-
while achieve optimal matching of impedance in order to
maximally improve heating efficiency. In 1978, Boyko et
al. ! developed a microwave repairing engineering vehicle
which could be mounted on the chassis of trucks. This vehi-
cle used for the first time a multi-unit combination micro-
wave source. Openings were made in the trough waveguide
wall to create leaky waves for radiation heating. Afterwards,
Thuéry'” performed studies of heating equipment. Most of
the equipment used high-power industrial magnetron-tubes
which had complex structures. Specially designed protecting
equipment such as circulators was necessary to protect mag-
netron-tubes from being damaged by microwave reflection.
Overall, this type of equipment was not widely used due to
the limited performance-cost ratio. In contrast, pyramidal
horns have an increased opening surface size. The abrupt
change in the characteristic impedance at the peristome was
transformed into a gradual change which decreased the
standing-wave ratio and increased the radiation efficiency
and uniformity. This design has become more and more
widely used in the microwave heating of asphalt pavements.
In this paper, we describe a pyramidal horn type radiation
heater. We design this heater based on the horn antenna radi-
ation theory and the characteristics of common magnetron-
tubes with a working frequency at 2. 45 GHz. We use IE3D
for structural modeling simulation and perform experimental
verification.

1 Structural Design of Radiation Heater

The microwave radiation heater stands above asphalt
pavements, as shown in Fig. 1. D, D, is the surface size of
the horn, / is the height between the horn surface and the
samples, H is the thickness of the samples, and z-direction is
the microwave propagation direction. A coordinate system is
established as shown in Fig. 1. The microwave, emitted by a
magnetron-tube antenna and prompted by a prompting cavi-
ty, produces the required work pattern, comes into the horn
radiation cavity'”, and then accomplishes hot-recycling
through surface field radiation of the horn antenna.
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Fig.1 Schematic of microwave heating recycling
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1.1 Principles of opening surface design

The design of the opening surface of a radiation heater is
based on the following hypotheses: 1) Magnetron-tube output
power as an internal heat source is completely absorbed by
asphalt mixtures; 2) The opening size of asphalt mixtures is
an adiabatic condition; 3) The asphalt mixture sample with a
thickness of H cm is heated in ¢ s to achieve a bulk tempera-
ture increase of AT and reach the recycling temperature of
asphalt mixtures; 4) Physical parameters such as specific heat
capacity and dielectric constants do not change with temper-
ature variation.

The mechanism of microwave heating is that the intrinsic
polar molecules of asphalt mixtures become polarized under
the influence of an external electromagnetic field. During
this process, the microwave power is dissipated in the form
of heat within the mixture which results in a temperature in-
crease of the asphalt mixture'” . Based on the hypothesis, the
magnetron-tube output power is completely absorbed by the
asphalt mixture leading to the increase in temperature. Based
on the law of energy conservation,

Q/t=P, Q=C,M(T-T,) =C,VpAT (1)

where Q is the absorbed heat by the asphalt mixture(J), P
is the power of microwave radiation( W), and ¢ is the heat-
ing time(s). C, and p are the specific heat capacity and the
density of the asphalt mixture, respectively. C, = 0.889 6
J/(g-C),and p=2435kg/m’""". Vis the volume of heat-
ed material, and V = HD, D, ; AT is the temperature increase
in the material( C).

For a magnetron-tube with an input power of P, if we as-
sume that its output power is between P, and P,( W) and use
Eq. (1), the surface size (m*)can be described as

P
-7 1
4.61 x10 tHAT

P2
(2)

<D,D,<4.61 x 1077tHAT

If the standing wave ratio and other heat loss are taken in-
to account, the actual value of the opening size based on Eq.
(2) will decrease.

When a pyramidal horn is used as a microwave antenna,
the higher the directivity and the gain, the narrower the beam
of the antenna. In turn, the electromagnetic energy of the an-
tenna radiation will be more focused and directed, and better
fulfill the design requirementslg]. However, the width of the
beam should not be too narrow in order to decrease the hori-
zontal temperature gradient of the asphalt pavements and im-
prove the uniformity of heating. Otherwise, the distribution
of the electromagnetic field will be overly concentrated rath-
er than being uniform, leading to uneven distribution of the
thermal field in the heated area. Therefore, the design of the
radiation heating device should not be too demanding on the
directivity and gain of the antenna. Nonetheless, when con-
sidering the combination of multiple radiation heaters, the
width of the beam should not be too wide. Otherwise, the
mutual coupling of neighboring antennas will be enhanced
causing decreased efficiency"’.

The width of the beam is defined as the width of a major
valve 26, ;. The width of the major lobe is expressed as the
angle between the two half-power points on the sides of the
maximal radiation direction; i. e. when the power decreases

to one-half of the maximum, the field intensity will decrease

to 1/4/2 of the maximum or 3 dB less than the maximum.
Based on antenna radiation theory, for a pyramidal horn,
with a fixed working frequency and opening size, the width
of major valves 26, 5, and 26, s, are also set. The relationship
can be expressed as

cosys, 1
1-Q2y/m) 2 <)

1 +cosf sgsings, 1 1 +cosf sy
2 2 2
1 .
where ¢, , = TKDI,ZSIHHO.SH,OJE’ K=
ing wavelength.

According to Eq. (3), if the main lobe beam width 26, ,
of the horn antenna is known, the size of the horn surface
can be obtained. By comparison with Eq. (2), the size of
the horn surface can be determined finally by comparison
with Eq. (2) with modification.

ZTTF, and A is the work-

1.2 Principle of heating chamber of pyramidal horn de-
sign

In reality, the average distance between the opening of the
horn and the surface of the asphalt pavement is less than 10
(A/2r), which can be considered as near field radiation.
Based on the analysis above, the requirement for the direc-
tivity of the antenna is not high as long as the main lobe
beam width appropriately increases. The splitting of the main
lobe can paradoxically improve heating uniformity within
the heated region. Therefore, as long as the maximal phase
deviation at the horn opening is within the permissible
range, the design of the horn length can be resolved.

A pyramidal horn surface coordinate system can be estab-
lished as shown in Fig. 2. The center of the pyramidal horn
surface is set as phase zero. The horn surface field can be
expressed as
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Fig.2 Coordinate of the pyramidal horn surface

Based on the above equation, the amplitude of the pyrami-
dal horn surface is in cosine distribution along x, and uni-
form distribution along y,. Phase shifting along x_ and y_ will
occur and be distributed as square law phase

2 2
m(A s
=+ 5
LD (Rl +R2) )
At the rim of the horn surface, x, = D,/2. The maximal
phase deviation within the H plane is

D’

¢2n1/1 = 4/\R1 (6)

Considering cosine amplitude and square law phase distri-
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bution within the H plane, based on the directivity of a py-
ramidal horn, when ¢,,, <, the directivity has no apparent
deterioration. However, when ¢,,, = 3m/2, the directivity
will deteriorate significantly. Therefore, when

2
wD; < 3

T4AR, 27 N

3
T’n < PLomn =

the requirements for the directivity and the beam width of
the horn radiation heating can be met.
For a pyramidal horn, the size of the input end must fit
the size of the waveguide feed. Based on Fig. 3,
R - -
lic — &’ LC — & (8)
a D, b ,

The solution of Eq. (8)leads to

d(g)efid) o

2

The antenna length R, and R, can be deduced via a combina-
tion of Eqgs. (7) and (9).

D,

D,

Fig.3 Geometrical structure size of a pyramidal horn

1.3 Structure of microwave heater

When magnetron-tubes are used for heating of asphalt
pavements, the antenna of the magnetron-tube as a mono-po-
lar antenna can induce excitation within the excitation cham-
ber. The excitation chamber actually forms an ab-sized rec-
tangular waveguide. When the chamber is designed as a rec-
tangular waveguide, we have

%<a<)l,

b<

(10)

N‘Q

It can transform the TEM wave emitted from the magne-
tron-tube antenna into TE ; transmission. Based on the struc-
ture of the magnetron-tube and setting requirements, the axis
of the magnetron-tube antenna is vertical to the surface of
asphalt pavements. According to the antenna radiation theo-
ry, radiation has directivity. Radiation intensity reaches its
maximum along the directions of vertical-to-the-axis of the
antenna. Therefore, the excitation chamber can be designed
as an E-plane biaxial conjunction transition structure. A tran-
sition waveguide with a length of L can be added in between
both ends of the waveguide plane as shown in Fig. 4. In or-
der to have reflection waves from both ends of the
waveguide set off each other completely, L should be equal
to an odd number of the times of the waveguide wave-
length, i. e.

L:(2n+1))ug

1 n=0,1,2, ...

(11)

where A, is the waveguide wavelength. For a single mode
transmission waveguide, A, = 2a)\/«/ 4a° — A7, where A is
the working wavelength and A =12. 2 cm.
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Fig.4 Sketch of pyramidal horn heater structure

2 Modeling and Simulation
2.1 Conditions of model construction

We use Zeland IE3D software to perform modeling and
simulation, the conditions of the model construction can be
ensured as follows:

1) A magnetron-tube cylinder antenna is replaced by a
thin strip antenna. According to Zeland User’s manual'"”,
there is a minimal difference between the simulation results
from the two methods.

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

3) The relative dielectric constant of the asphalt mixture
el =5.8,tand =0. 034 4. The thickness is set as 60 mm. The
material is semi-infinite flat media. Air is filled outwards
along the direction of radiation.

4) The starting radiation frequency is 2.4 GHz and the
end frequency is 2.5 GHz. The simulation frequency step
size is 0. 01 GHz and the number of the simulation frequen-
cy dots is 11.

5) The highest frequency of the discrete parameter is 2. 6
GHz. Each wavelength has 10 unit numbers.

6) The initial distance between the horn surface and the
asphalt mixture sample is 4 =30 mm.

The structural model of the pyramidal horn heater is
shown in Fig. 5.

Fig.5 Structural model of the pyramidal horn heater
2.2 Simulation results and analysis

Based on the design principles, one size heater is selected
as the basic type. Simulation is performed for different horn
lengths, surface sizes and different distances between the
horn surface and asphalt pavements. The results are shown in
Tab. 1.
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Tab.1 Properties of radiation heater under four conditions at 2 450 MHz

Horn antenna in different structures

Pattern parameters When horn length When surface size Basic type
is shortened is reduced h =0 mm h =30 mm h =60 mm h =120 mm
Incident power/mW 10.0 10.0 10.0 10.0 10.0 10.0
Input power/mW 9.24 6.57 5.82 5.58 3.64 2.41
Radiated power/mW 6.92 5.76 5.82 5.58 3.64 2.41
Radiation efficiency/ % 74.9 87.7 100 100 100 100
Antenna efficiency/ % 69.2 57.6 58.2 55.8 36.5 24.1
Linear gain/dBi 8.13 5.05 9.02 3.19 4.39 2.37
Linear directivity/dBi 9.72 7.45 11.40 9.35 8.78 8.54
3 dB beam width/(°) (43.2,60.7) (29.1,64.9) (17.6,61.8) (17.5,66.4) (23.9,64.1) (13.7,45.4)

The simulation results in Tab. 1 show that with a fixed
size of the pyramidal horn, decreased antenna length is a
main factor leading to decreased gain, increased beam
width and improved uniformity of heating. When the horn
surface size decreases while the antenna length remains un-
changed, the standing wave ratio will increase with the im-
proved radiation efficiency. Under the same condition, the
decreased antenna length provides better effects compared
with decreasing horn surface area. When the distance be-
tween the horn surface and asphalt pavements increases, the
radiated power will decrease.

3 Experimental Results and Discussion

Experiments are carried out under four conditions. A
2M210F magnetron-tube with a working frequency of 2 455
MHz and a maximal output power of 875 W is used as the
source of microwave. The experimental device is shown in
Fig. 6. For the safety of operators during the experiment, a
metal web hood is made to shield them from the radiation.
An AV3941 radiometer is placed at 0. 5 m from the device
to measure microwave leaking at the periphery of the de-
vice. The maximal leaking is 212 wW/cm’, indicating that
the environment is safe.
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Fig.6 Microwave heating experiment device

The initial experimental conditions are as follows: thick-
ness H is 8 cm; AC-13 sample is selected with the asphalt-
aggregate ratio of 5. 3% ; the composition of materials in-
cludes mole-seed-tablet 30% ( diorite), little pebble(25% ),
stone-chip (40% ), and slag-powder (5% ).

The dielectric properties are the same as in condition 3)
of the model construction. A grid template is made for
measuring the temperature of the sample. The surface of the
sample is divided into an 8 x 10 grid. After heating 15 min,
the temperatures are measured using an infrared thermome-
ter''"!. The corresponding data are shown in Tabs.2 to 5.

Tab.2 Surface temperature(8 x 10 grid) of asphalt mixtures for the basic type horn T

Surface temperature of sample( ambient temperature is 11. 4 C, initial temperature is 8.2 C)

Average increased

temperature
53.8 65.6 79.4 83.6 92.6 77.8 73.2 71.6 67.0 32.8
72.4 86.0 101.2 103. 4 105.0 92.8 94.8 85.8 82.2 52.0
75.8 100. 2 111. 4 113.2 110.0 107.4 109. 8 109. 8 98.0 53.0
69.2 93.4 101. 4 106. 4 107. 6 111. 4 109.2 109. 4 94.8 60. 2 62.3
55.4 78.2 89.6 93.6 96. 6 95.4 97.2 94.2 80.4 54.4
41.2 53.0 66. 2 71.6 67.2 76.8 74.0 69. 6 53.2 38.2
32.2 39.0 50.2 56.0 57.8 55.4 43.8 43.2 36.2 21.2
20. 4 24.8 28.2 28.0 28.4 27.6 25.2 20.4 15.8 12.6
Tab.3 Surface temperature(8 x 10 grid) of asphalt mixtures for the shortened horn length C

Surface temperature of sample( ambient temperature is 20. 4 C, initial temperature is 18. 8 C)

Average increased

temperature
68.6 70.0 68.2 64.4 68.8 60. 0 55.4 54.2 44.4 31.2
97.6 118.2 127.2 123.2 116.8 99. 4 86.0 76.8 62.6 43.0
118.8 126. 8 128.6 125.2 121. 4 117.2 100. 6 90. 8 78.2 58.4
123.6 129.6 130.0 129.2 123.8 121.2 116.8 98.8 82.4 60. 8 65.4
117.2 123.6 126.2 123. 4 119.8 110.2 102. 6 90. 4 76.8 55.4
106. 6 118.6 117. 8 116.6 113.8 99. 4 89.2 73.8 61.6 46.6
75.4 86.4 89.8 85.4 79.2 68. 4 64.8 49.2 44.8 35.8
31.2 36.4 37.2 38.2 40.2 39.2 33.4 31.6 30.4 29.2
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Tab.4 Surface temperature (8 x 10 grid) of asphalt mixtures for the diminished surface size C
Surface temperature of sample( ambient temperature 9.9 C, initial temperature 7. 6 C) Average increased
temperature
43.0 53.4 68.2 70. 4 74.0 56.6 54.8 55.2 45.2 38.4
72.0 95.4 102.2 100.2 91.4 73.2 68.2 79.2 70.2 47.6
104. 8 131.2 138.4 129.2 117.8 94. 4 95.2 92.0 87.2 57.4
108. 6 130. 4 139.0 130. 4 117.0 102. 8 105. 6 106.0 103.2 57.2
96. 8 113.6 123.6 115.8 108.0 98.8 104. 8 98.6 89.4 53.2 63.2
73.6 85.4 94. 8 92.8 90.2 89.2 87.2 78.8 68.8 43.2
46.8 57.8 66. 2 69.0 69.2 68.2 64.6 63.2 50.6 33.4
32.2 37.4 38.2 38.8 39.8 49.2 48.8 36.2 31.6 21.2
Tab.5 Surface temperature (8 x 10 grid) of asphalt mixtures for the extended distance between surface and sample C
Surface temperature of sample( ambient temperature 20. 4 C, initial temperature 18. 8 C) Average increased
temperature
52.6 63.8 71.4 77.2 79.6 71.8 70.6 61.4 57.4 45.8
72.4 83.6 86. 4 88.6 86.8 79.8 75.8 72.4 74.2 62.2
82.2 92.0 94. 4 91.4 85.8 83.8 84.8 87.2 84.8 68. 6
81.2 91.4 92.4 89.2 84.8 82.6 84.8 87.8 87.4 76.2 50.2
69.2 79.4 82.6 84.2 83.4 80.2 82.2 81.8 75.4 63.8
57.2 64.8 71.6 74.2 75.6 74.4 76.2 70.2 65.8 51.0
46. 8 52.6 56. 8 61.2 63.2 62.2 61.8 56.2 47.8 35.8
33.4 35.0 39.2 39.4 43.4 37.8 37.4 39.2 31.2 25.2

By using Matlab software, each temperature field is fitted
and every fitting surface is shown in Fig. 7. According to
the temperature field fitting results shown in Tabs. 2 to 5
and Fig. 7 and compared with the basic type of pyramidal
horn heating, the shortening of the horn length resulted in a
smoother temperature distribution curved surface of asphalt
mixtures. The temperature at the periphery of the horn sur-
face slightly decreases with no apparent temperature ladder
and with good uniformity. By contrast, the average temper-
ature of asphalt mixtures increases when the horn surface

120

size decreases. This is associated with more temperature
variation and an apparent temperature ladder. A region with
higher temperature appears in the left-middle portion with a
rapid decrease in temperature when moving away from this
area. On the other hand, the right side of the horn surface is
minimally heated with significant temperature variation.
When the distance between the horn surface and the asphalt
sample increases, the heating efficiency decreases but with
good uniformity. The experimental results are essentially
consistent with the simulation results.
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Fig.7 Temperature field fitting of four conditions. ( a) Temperature field fitting of the basic type horn; (b) Temperature field fitting
when the horn length is shortened; ( c) Temperature field fitting when the surface size is diminished; ( d) Temperature field fitting when the dis-

tance is extended
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4 Conclusion

A pyramidal horn type microwave radiation heater is de-
signed. Based on the structural characteristics and setting re-
quirements, feed wave is designed as an E-plane biaxial
conjunction transition structure type. According to the law
of energy conservation and the principles of microwave an-
tenna radiation, we establish general principles in designing
the horn surface area and the length of the antenna. Based
on these principles, we perform structural modeling and
simulation calculations under four conditions. The uniformi-
ty of heating and radiation efficiency is also compared.
Heating experiments are carried out on asphalt mixtures un-
der the four conditions. The results are consistent with those
obtained from simulation, indicating the validity of our
study. Our work provides a practical guidance for designing
the horn structure. Due to the limitations of our experimen-
tal conditions, the simulation was performed on an asphalt
mixture with one type of dielectric property. In future, as-
phalt mixtures with different dielectric properties will be
tested. The structural design of the heater should enhance
the radiation capability with wider beam and higher effi-
ciency in order to broaden its applications on different pave-
ments.
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