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a b s t r a c t
The heating process of dielectric materials by microwave with rectangular wave guide has been investigated experimentally. This experiment is operated in the TE10-dominated mode at a frequency of
2.45 GHz. It was performed for two dielectric materials, water layer and saturated porous medium. In this
work, the microwave powers level, a type of dielectric materials, dimensions and positions of dielectric
material on the microwave power absorb and average temperature within dielectric materials were
examined in details. The results show that the locations of sample have greater effects than the other
parameters. The analyses from this research serve as essential fundamentals to development of mathematic models of heat and mass transfer phenomena.
Ó 2008 Elsevier Inc. All rights reserved.

1. Introduction
Microwave heating is one of the most interesting methods for
heating materials. Unlike other heat sources such as conventional
heating, where heat is applied externally to the surface of the
material, microwave irradiation penetrates and simultaneously
heats the bulk of the material. Microwave technology has several
advantages over conventional mechanical methods, such as minimizing the heating times, uniform temperature distribution, high
energy efﬁciency, and offer improvements in product quality for
various industrial ﬁelds. Many successful examples of this application, including the drying of foods, drying of textiles, freeze drying
process, and vulcanizations of rubber.
Refer to Metaxas and Meridith [1] and Saltiel and Datta [2] for
an introduction to heat and mass transfers in microwave processing. Other important papers addressing modeling of microwaveheating processes include Ayappa et al. [3], Clemens and Saltiel
[4], Dibben and Metaxas [5], Zhao and Turner [6], Bows et al. [7],
Zhao et al. [8], Watanuki [9], Basak and Ayappa [10] and Ratanadecho et al. [11–13].
Although most of previous investigations considered simulations of microwave heating in solid sample, a little effort has been
reported on study of multi-dimensional heating process of liquid
layer by microwave ﬁelds, especially, full comparison between
mathematical simulation results with experimental heating data.
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A study of microwave heating of liquid was investigated by
many researchers. The earliest studies, for example, Lenz [14], have
used a lumped parameter approach in modeling microwave heating of liquids. A study of natural convection in a liquid expose to
microwave was studied by Datta et al. [15] which the microwave
power absorbed was assumed to decay exponentially into the sample following the aid of Lambert’s law. However, this assumption is
valid only for the large sample dimensions and high loss dielectric
materials. The important paper addressing modeling of microwave
driven convection in square cavity exposed to waves from different
directions was made by Ayappa et al. [3]. A study of microwave induced natural convection in 3D was made by Zhang et al. [16]. The
model solved the Maxwell’s equation in 3D using the FDTD method
and solved the ﬂow ﬁeld for distilled water and corn oil. Ratanadecho et al. [13] were the ﬁrst who investigated, numerically and
experimentally, for microwave heating of liquid layer with different dielectric properties using a rectangular wave guide. The
movement of liquid induced by microwave energy was taken into
account. Coupled electromagnetic, hydrodynamic and thermal
ﬁeld were simulated in two dimensions. The spatial variation of
electromagnetic ﬁeld was obtained by solving Maxwell’s equations
with the FDTD method. Their work demonstrated the effects of
microwave power level and liquid dielectric properties on the degree of penetration and rate of heat generation within the liquid
layer. The simulated results were validated by comparing with
experimental results. Recently, microwave heating of liquid ﬂowing in a rectangular duct passing through the cubic cavity was
study by Zhu et al. [17]. The effects of the diameter of applicator
tube and the shape of microwave cavity were investigated. The
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microwave heating of liquid inside rotating container was numerically study by Chatterjee et al. [18], in which, the effects of the various parameters, namely the rotational forces, power source
intensity and the gravitational forces, on the microwave heating
of containerized liquids in the presence of rotating turntables were
investigated.
The other microwave heating in nowadays, Rattanadecho [19]
presented a two dimensional numerical model to predict the distribution of electromagnetic ﬁelds, power and temperature proﬁles
within wood that located in rectangular wave guide. Basak and
Ayappa [20] showed the microwave thawing of 2D frozen cylinders
where the uniform plane wave was irradiated on one face.
However, except in the studies by Ratanadecho et al. [11–13], a
little effort has been reported on experimental study of microwave
heating of liquid layer or microwave heating of a ﬂuid-saturated
porous packed bed in detail. Due to the limited amount of theoretical and experimental work on microwave heating of dielectric
materials, i.e., liquid layer and ﬂuid-saturated porous packed bed
reported to date, the various effects are not fully understood and
numbers of critical issues remain unresolved. These effects of
reﬂection rate of microwave, the variation of microwave power level, dimension and position of sample and dielectric properties
during microwave heating of dielectric materials have not been
systematically studied. Generally the variation of the microwave
power level, dimension and position of sample and change of
dielectric properties during microwave heating of dielectric mate-

rials could change the degree of penetration and rate of heat generation within the heating layer. The reﬂection rate of microwave
strongly depends on the dielectric properties of the heating layer
so that the effects of the variation of microwave power level,
dimension and position of sample and dielectric properties and
must be considered in this work.
This study reports an experimental data during microwave heating of dielectric materials i.e., liquid layer and saturated porous
packed bed using a rectangular waveguide in which the microwave
of TE10 mode operating at a frequency of 2.45 GHz is employed.

2. Related theories
With the basic knowledge of heating by microwave energy, it
concerns heat dissipation and typical microwaves propagation
the basic equation to calculate the density of microwave power absorbed by dielectric material (Q) can be here below established
[13]

Q ¼ xe0 e00r E2 ¼ 2p  f  e0  e0r ðtan dÞE2

ð1Þ

where E is electromagnetic ﬁeld intensity; f is microwave frequency; x is angular velocity of microwave; e0r is relative dielectric
constant; e0 is dielectric constant of air and tan d is dielectric loss
tangent coefﬁcient.
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Fig. 1. Schematic of experimental facility: (a) equipment setup; (b) microwave measuring system; (c) microwave power measuring.
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From Eq. (1), Q is directly proportional to the frequency of the
applied electric ﬁeld and dielectric loss tangent coefﬁcient and
root-mean-square value of the electric ﬁeld. It means that increasing of tan d of sample, absorption of microwave energy and generated heat are also increased. While tan d is small, microwave will
penetrate into sample without heat generation. However, the tem-

perature increasing is probably depending on other factors such as
speciﬁc heat, size and characteristic of sample.
When the material is heated unilaterally, it is found that as the
dielectric constant and loss tangent coefﬁcient vary, the penetration depth will be changed and the electric ﬁeld within the dielectric material is altered. The penetration depth is used to denote the

Fig. 2. Schematic of experimental analysis: (a) analysis model; (b) locations of temperature measurement in symmetrical plane; (c) positions of sample inside wave guide.
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depth at which the power density has decreased to 37% of its initial
value at the surface [13]
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where DP is penetration depth, e00r is relative dielectric loss factor.
And t is microwave speed. The penetration depth of the microwave
power is calculated according to Eq. (2), which shows how it depends on the dielectric properties of the material. It is noted that
products with huge dimensions and high loss factors, may occasionally overheat a considerably thick layer on the outer layer. To prevent such phenomenon, the power density must be chosen so
that enough time is provided for the essential heat exchange between boundary and core. If the thickness of the material is less
than the penetration depth, only a fraction of the supplied energy
will become absorbed. In example, consider the dielectric properties of water typically show moderate lousiness depending on the
temperature. The water layer at low temperature typically shows
slightly greater potential for absorbing microwaves. In the other
word, an increase in the temperature typically decreases e00r , accompanied by a slight increment in Dp.

3. Experimental apparatus
In the present study, the experimental analysis of heat transfer in
dielectric material is conducted. Fig. 1a shows the experimental
apparatus. The microwave system is a monochromatic wave of
TE10 mode operating at a frequency of 2.45 GHz. Microwave is generated by magnetron, it is transmitted along the z-direction of the
rectangular wave guide with inside dimensions of 110  54.61
mm2 toward a water load that is situated at the end of the wave
guide. Fig. 1b shows the water load (lower absorbing boundary)
which ensures that only a minimal amount of microwave is reﬂected back to the sample. The warm water load from microwave
system is circulated through the cooling tower in order to reject
heat to ambient. On the upstream side of the sample, an isolator is
used to trap any microwave reﬂected from the sample to prevent
the microwave from damaging the magnetron. The powers of incident, reﬂected and transmitted waves are measured by a wattmeter
using a directional coupler (MICRO DENSHI., model DR-5000).
Fiberoptic (LUXTRON Fluroptic Thermometer., model 790, accurate
to ±0.5 °C) is employed for temperature measurement. The ﬁberoptic probes are inserted into the sample, and situated on the XZ plane
at Y = 25 mm. Due to the symmetrical condition, temperatures are
measured for only one side of plane as illustrated in Fig. 2b. An initial
temperature of sample is 28 °C for all cases. A summary of the
experimental procedure is depicted by Fig. 4. Samples considered
are water layer and saturated porous packed bed that composes of
glass beads (diameter of 0.15 mm with a porosity of 0.385.) ﬁlled
with water. Different dimensions of samples in the x–z-direction
are detailed in Fig. 2a. A sample container with a thickness of
0.75 mm is made from polypropylene which does not absorb microwaves. The samples will be heated by the microwave system that
produces a monochromatic wave of TE10 mode having a frequency
of 2.45 GHz. The dielectric properties for samples were measured
at 28 °C using a portable dielectric measurement (Network Analyzer) over a frequency band of 1.5–2.6 GHz as shown in Fig. 3.
The portable dielectric measurement kit allows for measurements
of the complex permittivity over a wide range of solid, semi-solid,
granular and liquid materials. It performs all of the necessary control functions, treatment of the microwave signals, calculation, data
processing, and results representation. The software controls the

Fig. 3. Portable dielectric measurement (Network Analyzer).

microwave reﬂectometer to measure the complex reﬂection coefﬁcient of the material under test (MUT). Then it detects the cavity resonant frequency and quality factor and converts the information
into the complex permittivity of the MUT. Finally, the measurement
results are displayed in a variety of graphical formats, or saved to
disk. The dielectric properties of water layer which depends on temperature are depicted in Fig. 5. The dielectric properties of saturated
porous packed bed that composes of glass beads ﬁlled with water
which depends on temperature are depicted in Fig. 6. Table 1 summaries the dielectric properties of materials, i.e., glass beads and
effective value of saturated porous packed bed. The penetration
depths following Eq. (2) for each sample (water layer and saturated porous packed bed) at speciﬁed condition are summarized
in Tables 1 and 2.
4. Results and discussion
In this section, effects of various parameters on microwaveheating process are investigated. Effects of controlled parameters
include microwave power, dielectric properties of sample, dimension and position of sample, on which the following subsections
discuss.
4.1. Effects of microwave powers
Water which is the dielectric material examined is heated. The
time evolution of temperature rise at the central position inside
the water is shown in Fig. 7 with different values of power input. It
is found that power signiﬁcantly inﬂuences the rate of temperature
rise. Greater power provides greater heat generation rate inside the
medium, thereby increasing the rate of temperature rise. To understand further the power effects, Tables 3–5 contain microwave powers of the incident wave, reﬂected wave, transmitted wave, and the
wave that is reﬂected from water load. The microwave power is
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Fig. 4. Test conditions.

detected using a power monitor located at the top and bottom sides
of the medium as depicted in Fig. 1c. The power monitor used has
accuracy up to two decimal digits. Although the accuracy may not
be extremely high, it is adequate for the overall analysis. The microwave powers from the source to a water layer are shown in Tables 3
and 4, respectively, for power of 300 W and 800 W. In addition, Table
5 shows the detected powers applied to a porous bed. It is noticed
from Tables 4 and 5 that there is no power that is transmitted can
be detected for the power of 300 W while there is some transmitted
power when the source power is 800 W. This result indicates that, in
the high power case, some waves can transmit through the water
layer thereby less amount of power absorbed. This is due to larger
penetration dept that results from the decrease in the dielectric
properties: relative dielectric constant and loss tangent coefﬁcient.
The decrease in dielectric properties is attributed to a higher temperature within the water layer since, for higher power, the electromagnetic ﬁeld is more intense. Accordingly, volumetric heat
generation rate is increased, and thereafter the absorbed energy is
converted to more thermal energy. Furthermore, the amount of
power transmitted can be detected when the medium is porous because the porous medium has larger penetration dept than that of
water due to the effect of different dielectric properties. The reader
is directed to the previous work [13] for the detailed investigation
of inﬂuences of dielectric properties. Temperature change along

the z-direction at X = 55 mm and Y = 25 mm is measured and illustrated in Figs. 8 and 9 for microwave power of 300 W and 800 W,
respectively. In both cases, temperature is higher near surface. The
case in which power of 800 W is used has greater rate of temperature
rise, In addition the temperature is slightly more uniform than that
for power 300 W due to greater rate of energy transfer per unit
volume.
4.2. Effects of dimensions of material
The following discussions involve investigations of effects of
dimensions of material on heating processes. Water in a container
with different dimensions is heated by a microwave power of
300 W. Temperatures measured by ﬁber optic are averaged and recorded. The resulting data is then plotted and shown in Fig. 10. The
dimension sizes of container in the x-, y- and z-directions are denoted by X, Y, Z, respectively. It is found that the water that has
smaller volume has higher rate change of temperature due to larger heat generation rate per unit volume. However, the exception
is observed. Although the water in a 110(X)  30(Z)  50(Y) mm3
container has larger volume than that in a 55(X)  50(Z) 
50(Y) mm3 container, the water with the larger volume has greater
rate of temperature rise. The reason behind this result is that the
penetration depth of water that is greater than its thickness causes
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Fig. 5. Dielectric properties of water layered obtained from present study: (a)
relative permittivity; (b) loss tangent coefﬁcient.

the interference of waves reﬂected from the interface of water
and air at the lower side due to the difference of dielectric
properties of water and air. Consequently, the reﬂection and
transmission components at each interface contribute to the resonance of standing wave inside the water sample. Therefore the
ﬁeld distribution does not posses an exponential decay from the
surface.

Fig. 6. Dielectric properties of saturated porous medium from experimental: (a)
relative permittivity; (b) loss tangent coefﬁcient.

4.3. Effects of positions of sample

Table 1
Dielectric properties of water.

In terms of position of sample, the sample which is water with
55(X)  50(Z)  50(Y) mm3 in dimensions is placed in the waveguide at different locations as depicted in Fig. 2c. After the heating
time of 120 s, temperature is measured at X = 27.5 mm, Y = 25 mm,
Z = 50 mm, and plotted with time in Fig. 11. It can be seen in this
ﬁgure that the rate change of temperature is highest when location
of the sample is shifted to 20 mm away from the center, whereas
the rate is lowest when the sample is located at the center. This
is caused by stronger resonance effects that occur due to disorder
wave reﬂections. Since sample has its length smaller than the
waveguide width, waves reﬂect disorderly corresponding to a multimode of ﬁeld pattern.

Temperature
(°C)

Relative
permittivity ðe0r Þ

Dielectric
loss e00r

Loss tangent
(tan d)

Penetration
depth (Dp)

0
20
40
60
80
90
100

88.1500
80.3572
73.3916
67.0324
61.0588
58.1476
55.2500

38.4725
14.3772
7.8535
5.2186
3.7871
2.9023
1.6630

0.3230
0.1789
0.1070
0.0779
0.0620
0.0499
0.0301

0.012998
0.024367
0.042523
0.061117
0.080356
0.102305
0.174004

4.4. Effects of dielectric properties of material
Microwave-heating process within the saturated porous
material and water layer are examined in this section. The sample used as the saturated porous material is the porous packed
bed ﬁlled with uniform glass beads and water. Each glass bead

Table 2
Dielectric properties of porous packed bead (diameter, d = 0.15 mm, porosity, = 0.385).
Temperature
(°C)

Relative
permittivity ðe0r Þ

Dielectric
loss ðe00r Þ

Loss tangent
(tan d)

Penetration
depth (Dp)

0
20
40
60
80
90

40.0000
37.5000
34.1670
32.5000
30.0000
30.8330

7.4720
4.8337
3.3244
2.6487
2.2890
2.1891

0.1868
0.1289
0.0974
0.0816
0.0763
0.0711

0.0330911
0.049416
0.068453
0.083747
0.093193
0.098659
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Fig. 7. Distribution of average temperature within water layer as a function of time
at various microwave powers.

Fig. 8. Distribution of temperature within water layer as a function of distance at
various times (P = 300 W, x = 55 mm).

Table 3
Power distribution of water layer size 110  50  50 mm3 at 300 W.
Time
(s)

0
30
60
90
120

Power at top side (W)

Power at bottom side (W)

Incident wave
(a)

Reﬂected wave
(b)

Transmitted wave
(c)

Reﬂected wave
(d)

0.30
0.30
0.30
0.30
0.30

0.16
0.16
0.16
0.16
0.15

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

Table 4
Power distribution of water layer size 110  50  50 mm3 at 800 W.
Time
(s)

0
30
60
90
120

Power at top side (W)

Power at bottom side (W)

Incident wave
(a)

Reﬂected wave
(b)

Transmitted wave
(c)

Reﬂected wave
(d)

0.80
0.80
0.80
0.80
0.80

0.41
0.39
0.40
0.41
0.41

0.00
0.01
0.02
0.04
0.05

0.00
0.00
0.00
0.00
0.00

Table 5
Power distribution of saturated porous medium size 110  50  50 mm3 at 300 W.
Time
(s)

0
30
60
90
120

Power at top side (W)

Power at bottom side (W)

Incident wave
(a)

Reﬂected wave
(b)

Transmitted wave
(c)

Reﬂected wave
(d)

0.30
0.30
0.30
0.30
0.30

0.11
0.09
0.08
0.10
0.12

0.00
0.00
0.01
0.01
0.01

0.00
0.00
0.00
0.00
0.00

is 0.15 mm in diameter. For water layer, the temperature proﬁle
along the x-direction at the midlength in the y-direction

Fig. 9. Distribution of temperature within water layer as a function of distance at
various times (P = 800 W, x = 55 mm).

(Y = 25 mm) is shown in Fig. 12 for the heating time of 120 s.
The same temperature data in Fig. 12 is also depicted in
Fig. 13 as contour lines on the XZ plane in order to see the temperature distribution more clearly. Temperature is highest at the
center location since the density of the electric ﬁeld of the
microwave ﬁeld in the TE10 mode is high around the center region in the wave guide. The temperature is higher closer to the
surface of water since water is a lossy dielectric material, which
has a small penetration depth causing the ﬁeld to decay rapidly.
The penetration depth of water shown in Table 1 is computed
using Eq. (2) based on the dielectric properties of water [13].
Next, the result of saturated porous medium can be observed
in Figs. 14 and 15, which respectively present the line plots
and contours that temperature is high around the bottom region
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Fig. 10. Distribution of average temperature within water layer as a function of
time at various sizes (P = 300 W).

Fig. 12. Distribution of temperature within water layer as a function of distance at
various layers.

Fig. 11. Distribution of temperature within water layer as a function of time at
various positions (P = 300 W, x = 27.5 mm).

in the packed bed. This porous bed which is considered a low
lossy material in which the ﬁelds can penetrate much further,
causing high temperature region at the bottom of the bed. This
is conﬁrmed by a portion of microwave power that penetrates
out of the bottom surface of the bed, as shown in Table 5. In
contrast, much less power goes through the bottom surface to
air as shown in Table 3. Further, the temperature distribution
of porous bed (Fig. 14) and water (Fig. 12) are compared. It is
found that temperature in the XZ plane is more uniform in water
than that in porous bed since more convection mechanism exists
in water, while conduction is dominant in the porous bed due to
minimal ﬂow activities. The ﬂow motions that occur are induced
by buoyancy force due to the existence of lateral temperature
gradients. To better understand the heat transfer mechanisms
within the sample, the time evolution of temperature proﬁle at
Z = 10 mm is plotted in Fig. 16. It is found that the range of temperature is substantially wider as compared to the case of water
sample shown in Fig. 17. In this case, ﬂuid motion is suppressed
due to reduced permeability of porous bed. Consequently, the
ﬂuid is nearly stagnant indicating that conduction is a dominant
mode of heat transfer.

Fig. 13. Distribution of temperature within water layer as a function of distance.
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Fig. 14. Distribution of temperature within porous packed bed as a function of
distance at various layers.

Fig. 16. Distribution of temperature within porous packed bed as a function of
distance at various times (P = 300 W, z = 10 mm).

5. Conclusions
The experimental analysis is presented in this paper, which describes many of important behaviors within dielectric materials
during microwave heating. Based on the obtained results in the
present study, ﬁndings can be summarized as follows:
1. Greater power provides greater heat generation rate inside the
medium, according to the fact that the electromagnetic heat generation is proportional to the electric intensity to the power of
two. As a result, greater power causes greater rate of temperature
rise which affects the change in dielectric properties of materials.
2. The sample that has smaller volume has higher rate change of
temperature due larger heat generation rate per unit volume.
Sample with smaller thickness in the direction of the wave incident has higher rate of an increase in temperature. Within the
smaller-thickness sample, the reﬂection and transmission components at each interface contribute to a stronger resonance of
standing wave inside the sample.
3. Since the porous packed bed has its penetration depth much
larger than that of water, the electromagnetic ﬁelds can pene-

Fig. 17. Distribution of temperature within water layer as a function of distance at
various times (P = 300 W, z = 10 mm).

Fig. 15. Distribution of temperature within porous packed bed as a function of distance.
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trate much further, resulting in high temperature region at the
bottom of the bed.
4. Convection due to buoyancy forced ﬂows which is induced by
lateral temperature gradient is considerable in water. However,
in case of porous bed, conduction prevails due to minimal ﬂow
activities caused by the retarding effect within the bed.
The next steps in research in this problem will be to develop the
mathematical model to verify the experimental data.
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