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Abstract: Microwave soil heating deactivates weed seeds; however, in many modern agricultural
settings, weed seeds are mostly found in the top 1–2 cm of the soil profile. Until recently, microwave
soil heating has been achieved using various antennas, which project the microwave energy deeply
into the soil. The aim of this research was to develop new microwave applicators that provide
shallow heating (less than 50 mm). This paper presents two applicator designs, one based on a comb
slow-wave structure and the other on the frustrated total internal reflection (FTIR) principle, which
utilise evanescent microwave fields to restrict the depth of microwave heating. The background
theory to their performance is presented, followed by experimental evidence of their constrained
heating performance under different soil moisture scenarios. Experimental measurements of the
heating performance of these applicators, in soils of varying moisture content, demonstrate that the
evanescent microwave fields restrict the depth of heating, so that most of the energy is manifested
in the top 50 mm of soil. The evanescent field decay rate for the FTIR applicator changes from
44.0 ± 0.7 m−1 to 30 ± 1.2 m−1 as the soil moisture changes from 32% to 174% (dry weight basis).
This is higher than the evanescent field decay rate for the comb slow-wave applicator (17.6 ± 0.7 m−1

to 19.9 ± 1.5 m−1). The FTIR applicator has a wider and shallower heating pattern than the comb
slow-wave applicator. Because of the double heating lobes of the FTIR applicator, the effective half
temperature heating width is approximately 150 mm. This is wider than the half temperature heating
width of the comb slow-wave applicator (95 mm).

Keywords: microwave; evanescent fields; soil heating; slow-wave; frustrated total internal reflection

1. Introduction

Microwave heating of soil has been shown to deactivate weed seeds [1]. Davis, et al. [2]
were among the first to consider the phytotoxicity of electromagnetic waves on weeds
and their seeds. They initially exposed seeds to direct irradiation in a microwave oven [3];
however, they later patented a system for applying microwave energy to in situ soil [4]
and demonstrated its efficacy in various field conditions [5]. It is possible to heat soil to
more than 250 ◦C using microwave energy [6]; however, these temperatures are excessively
high for weed control. Barker and Craker [7] showed that heating of soils to 80 ◦C, using
microwave energy, was sufficient to inhibit the emergence of oats (Avena sativa) and several
indigenous weed species. Diprose, et al. [8] showed that the effects of microwave radiation
on weeds and their seeds depend upon the power density of the radiation and the dielectric
properties of the targets. Factors such as the size of seeds and plants, shape and moisture
content are important, as are the properties of the soil [8].

Microwave soil heating has also been shown to alter population densities of soil
biota [9], in many cases reducing pathogen loads in the soil [10] and improving sub-
sequent crop growth [11]. Mahdi, et al. [12] showed that microwave soil sterilisation
resulted in the complete killing of bacterial and fungal populations. Unlike conventional
microwave heating, which is often performed in a resonant cavity, tunnel or oven [13],
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treating in situ soil requires the projection of microwave energy into the soil from above.
Most in situ microwave soil treatment systems have used various antenna systems to
project the microwave energy into the soil [8]. Some authors have proposed using re-
flector antennas [14]; however, most authors have used some variant of a horn [15,16] or
box antenna [17].

Horn antennas, which are easily fabricated and implemented for microwave weed
and soil treatment, can heat soil to a depth of 40 cm, when operating at 2.45 GHz [18],
and much deeper if operating at lower frequencies such as 915/922 MHz (unpublished
data). This is not necessarily desirable for weed control applications, especially in minimum
till systems, where almost all of the weed seeds are located in the top 5 cm of soil [19],
with almost 80% of these seeds being in the top 2 cm of soil [19]. Heating of large volumes
of soil is also prohibitively expensive; therefore, for weed seed treatment in minimum till
systems, irradiating soil below 5 cm of depth is wasteful and expensive. It is desirable to
have microwave applicators that can treat soil in situ but limit the heating profile to the top
3–5 cm of soil.

To address this concern, applicators that create evanescent fields near their surface
were considered. Evanescent fields exist in wave guides, which operate below cut-off wave-
lengths [20]; however, exposing soil to these fields is very difficult and there are several
other methods of generating evanescent fields. Evanescent fields are often associated with
total internal reflection in dielectric wave guides, such as optic fibres [21] or slow wave
structures [22,23]. The use of evanescent fields for thermal processing is very limited. Some
limited applications have been proposed for thin materials or for medical applications [24];
however, to the best of our knowledge, using evanescent microwave fields for soil heat-
ing has not been tried before. The aim of this research was to develop new microwave
applicators, one based on a comb slow-wave structure and the other on the frustrated total
internal reflection (FTIR) principle, that provide shallow soil heating (less than 50 mm) in
a range of soil moisture regimes. This paper presents the expected temperature distribution
in the soil due to evanescent microwave fields, based on the underlying physical operating
principles of both comb slow-wave and frustrated total internal reflection systems. It then
presents an experimental assessment of the heat distribution and evaluates how well this
distribution matches the theoretical heat distribution, and how well the designs achieve
the overall objective of restricting the heating pattern to the top 5 cm of soil.

Section 2 of the paper develops a theoretical assessment of the expected temperature
distributions for the two proposed applicators. Section 3 describes the experimental method
used to evaluate the temperature distribution generated by the two applicators, when the
soil moisture changes. Section 4 presents the results of the experimental assessments of the
applicators. These results are discussed, and total dissipated thermal energy assessments
are presented, in Section 5, and final conclusions from this study are presented in Section 6.
Nomenclature for the mathematical models is presented at the end of the paper.

2. Theoretical Assessment of the Applicator Systems
2.1. Comb Slow-Wave Structures

Comb slow-wave structures consist of a comb-like structure (Figure 1), with teeth cut
across the width of the structure, extending along the full length of the applicator’s structure.

Each groove in the metal comb acts as a short-circuited transmission line stub. De-
pending on the depth (d), period (T), and thickness of the teeth, a surface wave, with the
electric field oriented in the z-direction (as shown in Figure 1), is created along the tops of
the comb’s teeth. This surface wave is slowed (hence the name of the structure), creating
a longitudinally oriented evanescent field over the surface of the structure, which decays
exponentially with distance from the surface of the comb (in the x-direction as shown in
Figure 1), irrespective of whether there is a dielectric material present above the comb or
not. Electromagnetically, the structure behaves somewhat like a dielectric material, despite
the structure being made from metal.
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Figure 1. Geometry of a metal comb-like slow-wave structure.

Launching the surface wave over the comb slow-wave structure can be achieved using
a specially designed wave guide to comb slow-wave structure transition with a bevelled
leading edge inside the wave guide. The bevel rises from the long wall of the wave guide to
the height of the comb structure at an angle (4◦ in the case of the current comb slow-wave
design). The teeth of the comb slow-wave structure begin in the bevelled section and extend
so that the bottoms of the teeth are all at the same level throughout the comb structure. This
transition section is enclosed within the wave guide; however, the main section of the comb
slow-wave structure is exposed to the soil by removing the long wall of the wave guide
above the structure and placing a thin ceramic cover over the comb, as seen in Figure 2.

Figure 2. Comb applicator (left) and ceramic applicator (middle) without ceramic plates, applicator
covered with ceramic plates 3 mm × 84 mm × 146 mm—4 pieces (right).

Based on analyses presented by other authors [25], the electric field of the electromag-
netic wave over the comb slow-wave structure can be described by:

Ex = Eoej(ωt−βz)· cos
(
π

As
·y
)
·e−τx·ẑ (1)

Such a structure can be used to apply shallow surface heating to a dielectric material.
If the space between the teeth of the comb slow-wave structure is filled with air and the
teeth are in direct contact with the material to be heated, the evanescent field decay rate of
the comb slow-wave structure is defined by [23,26]:

τ = kκ′ tan(kd) (2)

When a multi-layered dielectric material is in contact with the teeth of the comb
structure, such as when a dielectric cover is placed over the teeth and this cover is then
in contact with the soil, the determination of the evanescent field decay rate of the comb
slow-wave structure becomes much more complex. As pointed out by Brodie, et al. [27],
the value of the evanescent decay (τ2) can be iteratively solved when the dielectric constant



Energies 2022, 15, 1068 4 of 17

of the dielectric cover is κ’1, and the medium to be heated has a dielectric constant of κ’2
given by:

τ2 = −k2Ψτ
κ′1
2τ1

+

√(
k2Ψτ

κ′1
2τ1

)2

+ τ1
2 + k2κ′1 (3)

where Ψτ = τ1κ
′
2

τ2κ
′
1
, and the subscripts correspond to the two materials [27]. Note: due to

the impedance transforming effect of the dielectric plate, τ1 6= kκ′ tan(kd), so:

τ1 =
√
τ22 + k2(κ′2 − κ′1) (4)

The value of τ2, which is the evanescent decay parameter in the soil, needs to be solved
iteratively, using Equations (3) and (4) [27].

Allowing for simultaneous heat and moisture movement during microwave heat-
ing [28], the resulting temperature distribution in the soil can be described by:

T =
nωεoκ′′Eo

2

8χα2

(
e4γα2t − 1

)[
e−2αz +

(
h
k
+ 2α

)
z·e

−z2
4γt

]
· cos2

(
π

As
·y
)
·e−2τx + To (5)

The attenuation due to energy absorption by the soil is described by [29]:

α =
2π f

c

√√√√√κ′

2

√1 +
(

κ′′

κ′

)2
− 1

 (6)

2.2. Frustrated Total Internal Reflections (Dielectric Block) Structures

Beginning with Maxwell’s equations, Meredith [30] and Metaxas and Meredith [13]
demonstrate that the electromagnetic fields in a resonant cavity can be described by:

E = Eo

n

∑
q=0

Aq· sin
( qπy

a

)
·

n

∑
l=0

Bl · cos
(

lπx
b

)
·

n

∑
m=0

Cm· sin
(mπz

c

)
·ejωt (7)

Dielectric materials shorten the wavelength of propagating electromagnetic waves [31];
therefore, resonant cavities that have been filled with low-loss dielectric materials can
sustain higher modes of propagation than the equivalent air-filled cavity [32]. If one face
of the dielectrically filled resonant cavity is removed, exposing the dielectric material,
the structure behaves like a frustrated total internal reflection (FTIR) touch screen [33].
To satisfy surface boundary conditions, an evanescent field is created along the exposed
interface between the dielectric in the resonant cavity and its surrounding material. The
evanescent field satisfies the following conditions [34]:

E = Eo·e−τx+ jωt (8)

where

τ =
4π
√

n2
1· sin2(θ)− n2

2

λ
(9)

If the cavity and dielectric filler material are kept small in the x-direction, then the
evanescent field over the surface of the exposed dielectric surface will be described by:

E = Eo

n

∑
q=0

Aq· sin
(qπy

a

)
·

n

∑
m=0

Cm· sin
(mπz

c

)
·e−τx+ jωt (10)
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Energy in the surface evanescent fields is transferred to absorbent materials near the
exposed surface; therefore, the electric field is described by:

E = Eo

n

∑
q=0

Aq· sin
(

qπy
As

)
·

n

∑
m=0

Cm· sin
(mπz

L

)
·e−τx−αz+ jωt (11)

Again, allowing for simultaneous heat and moisture movement during microwave
heating [28], the temperature distribution in the affected material will be:

T =
nωεoκ

′′Eo
2

8χα2

(
e4γα2t − 1

)
·

n

∑
q=0

Aq· sin2
(

qπy
As

)
·

n

∑
m=0

Cm· sin2
(mπz

L

)
·e−2(τx+αz) + To (12)

The models presented here assume uniform material properties for the soil and the
various materials used in the construction of the applicators. There will be some inhomo-
geneity of these materials. It is also evident that the dielectric properties of most materials,
including water, are temperature dependent [35–39]. This has not been directly accounted
for in these equations. Numerical techniques, such as the finite-difference, time-domain
strategy developed by Yee [40], can be used to better account for these changes in properties;
however, numerical techniques require long computational times to reach a satisfactory
estimate of the electromagnetic fields and temperature distributions. The advantage of the
mathematical models presented here is that computational time is very short.

On the base of these equations, a FTIR ceramic slab and a slow wave comb applicator,
operating at a frequency 2.45 GHz, were designed and fabricated. The comb slow-wave
applicator was made from aluminium and the ceramic FTIR applicator was made from
alumina, as illustrated in Figure 2. The main dimensions of the slow-wave comb and the
FTIR ceramic applicators are displayed in Table 1.

Table 1. Applicator parameters.

Parameters FTIR Ceramic (mm) Slow-Wave Comb (mm)

Working length 356 356

Applicator thickness 23 23

Ceramic slab thickness 13

Applicator width 150 150

Comb electrode width 100

Ceramic slab width 100

Comb electrode thickness 16

Comb electrode conic length 185

Grove depth/width 13/3

Comb tooth thickness 3

Ceramic plates covering
applicators for both applicators

Alumina (99%) ceramic plate size 3 mm × 84 mm × 146 mm
(4 pieces), (DC = 9.8, loss tangent 0.0002)

In these experiments the comb and ceramic slab (Figure 2) surfaces were covered by
3 mm thick alumina plates. In the case of the FTIR applicator, the ceramic block, made
from alumina, was inserted into the same applicator body as the slow-wave comb, instead
of an aluminium comb electrode. The ceramic block (13 mm thick), with the 3 mm thick
ceramic cover plates, formed an equivalent ceramic part of the applicator with a thickness
of 16 mm.
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3. Materials and Methods

A soil heating experiment was set up to experimentally test the performance of
the applicators. The soil “Potting Mix Hortico” was used for these tests. The soil had
three different moisture contents (MC) and densities:

1. MC = 32%, density = 586 kg m−3

2. MC = 89%, density = 710 kg m−3

3. MC = 174%, density = 1070 kg m−3

These three moisture content values represent the spectrum of soil moisture content,
ranging from equilibrium moisture content [41,42], which is in moisture equilibrium with
the surrounding air, to field capacity [43], which is the maximum hygroscopic moisture
holding capacity of the soil.

The soil that was used in these experiments had a significant percentage of organic
particles of different sizes (wood, bark, grass); therefore, the dielectric properties of the
soil at 2.45 GHz and temperatures from 15 to 80 ◦C, were in the range from 4 to 19 and
the dielectric loss tangent was between 0.2 and 0.3. The soil (mixture of organic and
mineral substances) also had different heat properties. The most significant properties,
for microwave heating, were moisture content and density [44].

A 30 kW (2.45 GHz) microwave generator was used for the experiments (Figure 3). The
applicators were connected to the microwave generator, during separate experimental runs,
by waveguides and placed in a metal box having dimensions of 400 mm× 500 mm× 1120 mm
for leakage protection. The soil was placed in polypropylene containers with dimensions
of 120 mm × 250 mm × 300 mm. The container, with soil, was positioned on the applicator,
as shown in Figure 3b. An auto tuner was used in the microwave system to provide good
impedance matching of the generator and applicators (with the soil) to practically remove
power reflection in the system.
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Figure 3. (a) Applicator (inside of metal box) connected to a 30 kW MW generator, operating at
2.45 GHz and (b) showing the soil sample set up on the applicator inside a metal box, which prevented
stray radiation of microwave energy.

Temperatures in the soil were measured using a digital thermometer (QM1601 with
a temperature range of 0 to 1000 ◦C ± 0.5%, Digitech Pty Ltd., Clyde North, VIC, Australia)
and type K thermocouples (Evolution Sensors and Control, Inc., Mullica Hill, NJ, USA),
after the microwave heating was completed. These measurements were made at 10, 30,
50, 80, 100 and 140 mm above the applicator (as per the arrangement in Figure 4) along
the length of the applicators, at distances of 30, 60, 90, 120, 150, 180, 210, 240, 270 and
350 mm from the beginning of the applicators, and across the applicators, in both direc-
tions, at distances of 0, 37.5, 75 and 112.5 mm from the centre plane of the applicators.
The distribution of the measuring points covered the whole volume of the soil along,
across, and above the applicator in the soil samples (i.e., 420 temperature measurements
per experimental replicate). A lay-on jig was used for locating the thermocouple po-
sitioning during temperature measurements. To obtain reliable results for microwave
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heating at every soil moisture content, four replicates of each heating experiment were
performed for each applicator and for each soil moisture content (i.e., twenty-four separate
heating experiments).

Figure 4. Schematic of applicator with soil in container.

The microwave power was set to 3.5 kW, which was applied to the soil for 15 s. After
heating, the temperatures were measured using the thermocouples. The energy applied to
the soil during the experiments was 52.5 kJ.

4. Results

This experiment considered two variants of microwave applicators that create evanes-
cent fields to achieve shallow heating; therefore, the soil heating patterns of each appli-
cator are considered separately and then compared with one another. Based on the con-
servation of energy in thermodynamics and its extension to electromagnetic energy [45],
we assume that the temperature distribution in the soil represents the energy released
in different parts of the soil volume and allows an assessment of the energy distribution
from the microwave applicators.

4.1. Temperature Distribution in the Soil by the Comb Slow-Wave Applicator (2.45 GHz)

Figure 5 shows a typical temperature distribution in the soil at a depth of 10 mm, due
to the comb slow-wave applicator, after applying 3.5 kW of microwave power for 15 s. The
temperature distribution in the soil, along the vertical central plane of the comb slow-wave
applicator, for MC = 32% and 174%, is shown in Figure 6. Most of the energy is absorbed in
the central vertical plane within the top 50 mm of soil. The location of maximum energy
absorption is about 60 mm from the beginning of the applicator. Almost all of the energy
was absorbed within 200 mm from the start of the applicator irrespective of soil moisture
content. The mathematical model for temperature distribution, developed earlier, provides
a reasonable estimate of the temperature distribution in the soil after heating with the comb
slow-wave applicator (R2 = 0.79). The key soil parameters of the model for soil temperature,
for the comb slow-wave experiments, are shown in Table 2.
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Figure 5. Temperature distribution in the soil at 10 mm depth produced by the comb slow-wave
applicator (F = 2.45 GHz, p = 3.5 kW, time of MW heating 15 s, To = 20 ◦C, applied energy 52.5 kJ. Soil
moisture content MC = 89%, density = 710 kg m−3).

Figure 6. Temperature distribution in the soil along the comb slow-wave applicator’s central plane at
F = 2.45 GHz, p = 3.5 kW, time of MW heating = 15 s, To = 20 ◦C, applied energy 53 kJ. Top graph–MC = 32%,
density = 586 kg m−3, bottom graph–MC = 174%, density = 1070 kg m−3. (Error bars represent the
standard error of the data).
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Table 2. Soil parameter values used to model soil temperature during comb slow-wave experiments
(Note: uncertainty values represent ± the standard error for these values).

Parameter Soil Condition (MC %) Value

α
32 1.3 ± 0.06 m−1

174 3.4 ± 0.26 m−1

τ
32 17.6 ± 0.7 m−1

174 19.9 ± 1.5 m−1

γ
32 1.82 ± 0.08 × 10−4 m2 s−1

174 1.32 ± 0.1 × 10−4 m2 s−1

4.2. Temperature Distribution in the Soil by Ceramic Applicator (2.45 GHz)

Figure 7 shows a typical temperature distribution in the soil, at a depth 10 mm below
the FTIR ceramic applicator, after applying 3.5 kW of microwave power for 15 s. The
ceramic block, with the 3 mm ceramic plates on the top, forms a ceramic applicator with
a thickness of 16 mm of alumina (99%). Alumina has the following dielectric parameters:
DC = 9.8, loss tangent 0.0002. When microwaves travel through the alumina, their wave
length is shortened.

Figure 7. Temperature distribution in the soil on the depth 10 mm by ceramic applicator after MW
heating at F = 2.45 GHz, p = 3.5 kW, time of MW heating 15 s, To = 23 ◦C, applied energy 53 kJ. Soil
moisture content 89%, density 710 kg m−3.

The wave length in any material (ceramics) is given by:

λ =
λo√
κ′

(13)

In our case, at 2.45 GHz, the wave length is 122 mm in air and 40 mm in the ceramic
medium (k’ = 9.8). This means that multiple modes will be manifested inside the ceramic
block, with one or more of these modes becoming dominant. In this case, the microwave
fields in the ceramic provide two energy maximums across the applicator (Figure 7). Note
that the comb applicator provides only one maximum across the width of the applicator,
because the wave length in the air that fills the teeth in the comb is 122 mm.

The temperature distribution along the ceramic applicator, in the peak heating lobe,
is shown in Figure 8. The key soil parameters used in the modelling of soil temperature for
the FTIR experiments are shown in Table 3.
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Figure 8. Cont.
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Figure 8. Temperature distribution along the ceramic applicator in the peak heating lobe of the
vertical plane (38 mm from the central plane) at the different depths after MW heating of soil with
moisture contents of (top) 32, (middle) 89 and (bottom) 174%. (F = 2.45 GHz, p = 3.5 kW, time of MW
heating—15 s, To = 23 ◦C, applied energy 53 kJ).

Table 3. Soil parameter values used to model soil temperature during FTIR experiments (Note:
uncertainty values represent ± the standard error for these values).

Parameter Soil Condition (MC %) Value

α
32 1.3 ± 0.06 m−1

174 3.4 ± 0.26 m−1

τ
32 44.0 ± 0.7 m−1

174 30 ± 1.2 m−1

γ
32 1.82 ± 0.08 × 10−4 m2 s−1

174 1.32 ± 0.1 × 10−4 m2 s−1

A1 0.83 ± 0.04

A2 0.0

A3 0.63 ± 0.03

C1 0.4 ± 0.016

C2 0.34 ± 0.016

5. Discussion

Both microwave applicators create evanescent microwave fields, which result in
shallow soil heating. This is consistent with studies by Pchelnikov [23], who shows that the
comb slow-wave structures are often used for heating thin materials. The ceramic FTIR
applicator provides better energy distribution uniformity and heating consistency over the
horizontal footprint of the applicator, compared with the comb slow-wave applicator. The
better distribution of energy is linked to the multi-modal resonance within the dielectric
slab. This is consistent with the field equations presented by Meredith [46]. Soil moisture
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has less effect on the soil heating profile of the FTIR applicator than in the case of the comb
slow-wave applicator.

As with all modelling, the equations for temperature distributions (Equations (5) and (12))
assume homogeneous properties for the soil and the ceramic elements in the applicator
and consistency of the microwave source in terms of both frequency and power delivery.
Local inhomogeneity of these materials and inconsistency of the microwave system dur-
ing the experiment results in variation in the measured temperature from the predicted
temperatures. Instrument uncertainty and measurement error will also contribute to some
variation in the experimentally determined temperatures from the model predictions. It
is noted, however, that the modelled temperatures lie within the bounds of measurement
uncertainty, as indicated by the error bars shown in Figures 6 and 8.

The natural attenuation of the microwave fields in these soils varies between 1.3 and
3.4 m−1, depending on the soil moisture, with dry soils having a lower attenuation com-
pared with moist soils. Microwave attenuation has been used to measure moisture in
grain samples [47], so the relationship between soil moisture and microwave attenuation is
expected. The evanescent field attenuation is many times higher than natural attenuation.
In the case of the comb slow-wave applicator, the evanescent field decay parameter τ varies
from 17.6 in dry soil to 19.9 in very moist soil. This is consistent with the mathematical
models presented earlier and with other mathematical models from the literature [48].
These attenuation factors are 9.5 and 5.9 times higher than the natural soil attenuation in
the cases of dry and wet soil, respectively. It is also interesting that the evanescent field
attenuation increases as the soil moisture increases.

By comparison, the evanescent field decay parameter τ for the FTIR applicator varies
from 44.0 in dry soil to 30.0 in very moist soil. These attenuation factors are 34 and 8.8 times
higher than natural soil attenuation in the cases of dry and wet soil, respectively. It is
also interesting that the evanescent field attenuation associated with the FTIR applicator
decreases as the soil moisture increases, which is opposite to the comb slow-wave’s be-
haviour. This paper seems to be the first time that an FTIR applicator has been used for
heating; therefore, it is not possible to compare these results with other literature. However,
the inverse response of the evanescent field decay parameter with soil dielectric properties
(i.e., increasing moisture content increases the dielectric properties of soil [49]) appears
to be inherent in the mathematical models for the heat generated by these applicators
(i.e., in Equations (3) and (9)).

The width of the heating pattern is wider for the FTIR applicator compared with
the comb slow-wave applicator; however, the peak temperature generated by the comb
slow-wave applicator is 18% higher than that of the FTIR applicator (Figure 9).

Figure 9. Comparison of the transverse heating profile of the comb slow-wave and FTIR applicator
at 30 mm from the start of the applicator and 10 mm depth in the soil.
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The thermal energy in an elemental volume of soil is given by [50]:

Ev = ρCpTv·dv + Lwater·dmw (14)

The initial and final mass of the soil samples, before and after heating, was not
recorded; therefore, ignoring the latent heat of water vaporisation, the thermal energy
deposited into the soil samples by each applicator can be estimated by integrating their
respective temperature distributions over the volume of influence and multiplying by the
soil density and thermal capacity of the soils.

Therefore, for the comb slow-wave applicator:

ET = ρCp
nωεoκ′′Eo

2

8χα2

(
e4γα2t − 1

) ∞∫
x=0

A∫
y=0

L∫
z=0

e−2τx· sin2
(πqy

A

)
·
[

e−2αz +

(
h
k
+ 2α

)
·z·e−

z2
4γt

]
·dx·dy·dz (15)

Or

ET = ρCp
nωεoκ′′Eo

2

8χα2

(
e4γα2t − 1

) A
4τ

[
1

2α

(
1− e−2αL

)
− 2γht + 4αγkt

k

(
1− e−

L2
4γt

)]
(16)

The thermal energy deposited by the FTIR applicator is:

ET = ρCp
nωεoκ′′Eo

2

8χα2

(
e4γα2t − 1

) ∞∫
x=0

A∫
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e−2τx· sin2
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A

)
· sin2

(πmz
L

)
·e−2αz·dx·dy·dz (17)

Or

ET = ρCp
nωεoκ′′Eo

2

8χα2

(
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) A
4τ

 2α

2
[
4
(
πm

L
)2

+ 4α2
](e−2αL − 1

)
+

1
4α

(
1− e−2αL

) (18)

Based on experimentally determined parameters and published soil data [42],
the average estimated thermal energy in the soil, after heating with the comb slow-wave
applicator, was 42.9 kJ for the dry soil and 47.7 kJ for the wet soil. Therefore, the estimated
efficiency of the comb slow-wave applicator was 0.82 and 0.91, respectively. The average
estimated thermal energy in the soil, after heating with the FTIR applicator, was 41.1 kJ
for the dry soil and 35.5 kJ for the wet soil. Therefore, the estimated efficiency of the FTIR
applicator was 0.78 and 0.68, respectively.

The thermal properties of the soils that were used on the current experiments were
not directly measured. Published data for soils [42] were used instead of experimentally
determined thermal properties for the soil that was used in this experiment. Moreover,
the experimental protocol did not include an evaluation of the moisture loss due to evapo-
ration during the microwave heating; therefore, accounting for all the energy released in the
soil was not possible. Because of these two limitations, the efficiency estimates presented
here are indicative only.

Equation (15) can be modified to reveal the energy dissipated in the soil between
the surface and a predetermined depth into the soil. The resulting energy dissipation is
given by:

Ed = Ed

(
1− e−2τd

)
(19)

Using Equation (19), over 70% of the heating from the comb slow-wave applicator
occurs within the first 50 mm of dry soil. In moist soil, over 86% of the heating occurs in the
top 50 mm of soil. In the case of the FTIR application, over 95% of the heating occurs in the
first 50 mm of moist soil and almost 99% of the heating occurs in the top 50 mm of dry soil.

Soil texture (the percentages of sand, silt, clay and organic matter in the soil) affects
the dielectric properties of the soil, and affects the moisture holding capacity, thermal
properties [51], and dielectric properties of soils [6,52,53]; therefore, these applicators need
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to be further tested in different soil types to determine their efficacy in a broader range of
soil types. The microwave heating rate is also directly related to applied microwave power;
therefore, the applicators need to be tested using higher input power to verify their efficacy
and determine their ability to operate without generating plasma. Microwave generated
plasma can reach temperatures over 1000 K [54], which can be a fire hazard in dry field
conditions; therefore, future high power testing is an important step in the path towards
commercialisation of the technology.

Scaling up this technology for field applications can be achieved using multiple appli-
cators, of the same design, arranged in a one- or two-dimensional array, like the tines on
a plough. If the applicators provide some overlap in their coverage as the array is drawn
forward using a prime mover, such as a tractor, complete coverage of a wide swath can be
achieved. Each applicator can be fed from an individual microwave source, or by using
power splitting from a single large microwave source. The static tests performed in this
experiment provide some indication of the dynamic performance of the applicators as they
are drawn over the surface of the soil; however, future experimental work needs to confirm
the temperature distribution under dynamic conditions. Designs, based on multiple appli-
cator arrays, have been developed and fabricated. These systems are currently undergoing
extensive dynamic field trials and will be reported on in a future paper.

6. Conclusions

Both microwave applicators restrict most of the microwave heating to a depth of
50 mm, as they were designed to do. The comb slow-wave applicator heats a larger volume
of soil (i.e., more heating occurs at greater depths) in dry soils than in moist soils. The FTIR
applicator dissipates almost all of its microwave energy, manifested as soil heating, in the
top 50 mm of soil. The FTIR applicator is less affected by soil moisture and has a wider
heating pattern than the comb slow-wave applicator. The evanescent field attenuation
associated with the FTIR applicator decreases as the soil moisture increases, which is
opposite to the comb slow-wave’s behaviour.

This paper contributes to the growing evidence that evanescent fields can be generated
using comb slow-wave and FTIR structures and can be used to generate shallow heating in
deep materials, such as soils. This experiment was a static test of the heating performance
of these applicators; thus, dynamic testing, with the applicator in motion relative to the soil,
is required. Field experiments also need to be completed to determine whether the technol-
ogy can be developed further into a commercial prospect for agricultural and environmental
weed control.
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Nomenclature

Symbol Description
Aq Amplitude of qth resonant wave across the width of the FTIR dielectric resonator
As Width of the applicator in the y-direction (m)
Bl Amplitude of lth resonant wave in the height of the FTIR dielectric resonator
c Speed of light in a vacuum (m s−1)
Cm Amplitude of mth resonant wave along the length of the FTIR dielectric resonator
Cp Thermal capacity of the soil (J kg−1 ◦C−1)
DC Dielectric constant of a material
d Depth of the comb teeth (m)
Eo Field amplitude (V m−1)
Ed Thermal energy deposited into the soil during microwave heating between the soil

surface and a known depth d metres into the soil (J)
Et Thermal energy deposited into the soil during microwave heating (J)
f Frequency (Hz)
h Coefficient of convective heat transfer at the surface of the dielectric material (W m−2 K−1)
k Wave number of the microwave fields in the free space between the teeth of the comb

slow-wave structure (m−1)
L Length of the applicator (m)
Lwater Latent heat of vaporisation for water (J kg−1)
MC Moisture content of the soil (on a dry weight basis)
n In Equations (3) and (10) is the scaling factor, which accounts for simultaneous heat

and moisture movement in heated material [28]
n1 Refractive index of dielectric block inside resonant cavity
n2 Refractive index of dielectric material adjacent to FTIR applicator dieelctric block
q, l and m Mode numbers for the electromagnetic field in a resonant cavity
To The initial temperature of the dielectric material (◦C)
λo Wavelength in vacuum or in air (m)
T Period of the comb slow-wave teeth (m)
α Wave attenuation factor in the soil (m−1)
β Phase velocity (m s−1)
εo Electrical permittivity of free space
γ Thermal diffusivity of the dielectric material (m2 s−1) Note: γ = χ

ρCp

κ’ Dielectric constant of the space adjacent to the Comb slow-wave structure
κ” Dielectric loss factor of the dielectric material
λ Wavelength of the electromagnetic fields (m)
ρ Soil density (kg m−3)
τ Evanescent field decay rate for the comb slow-wave or FTIR structure (m−1)
τ2 Evanescent field decay rate in soil for the comb slow-wave structure, when the comb

is covered by a dielectric material (m−1)
ω Angular frequency (Rad s−1)
θ Angle of incidence of an electromagnetic wave encountering a boundary of a dielectric

material, measured relative to the normal of the surface of the dielectric block, for the
FTIR electromagnetic field (Radians)

χ Thermal conductivity of the dielectric material (W m−1 K−1)
x̂ Unit vector perpendicular to the surface of the comb
ẑ Unit vector along the surface of the comb in the direction of field propagation
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