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a b s t r a c t
This work applies the ﬁrst law of thermodynamics to estimate the ratio of energy utilization in microwave drying process using a rectangular waveguide. Two porous packed bed systems are considered such
as attaching ﬁne bed on coarse bed (F–C) and attaching coarse bed on ﬁne bed (C–F). The effects of layered conﬁguration and layered thickness on drying rate, power absorbed efﬁciency, speciﬁc energy consumption (SEC), and energy efﬁciency are studied in detail. The results show that the variations of all
parameters have strongly affected on microwave penetration depth and power absorbed within the
packed bed. Furthermore, F–C bed with equal layer thickness corresponds to great energy efﬁciency.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Energy used in the drying and heating process is important for
production processes in the industrial and household sectors.
However, the price of energy is extremely expensive; therefore,
there are a strong incentive to invent processes that will use energy efﬁciently. Currently, widely used drying and heating processes are complicated and inefﬁcient; moreover, it is generally
damaging to the environment. What is needed is a simpliﬁed, lower-cost approach to this process one that will be replicable in a
range of situations.
The conventional drying process had been a central subject for
research and development was investigated by Maroulis et al. [1]
where a study of drying parameter to apply the design for conveyor
belt drying has carried out: a study by Men’Shutina et al. [2] focused on thermal efﬁciency in the conveyor belt dryer process,
and Akpinar [3] analyzed the energy and exergy in red of pepper
slices drying with a convective-type dryer.
For an analysis of energy consumption during applied microwave energy on heating and drying processes has been investigated by many researches. Sharma and Prasad [4], this study
examined the speciﬁc energy consumption in microwave drying
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of garlic cloves. The drying processes used to microwave and hot
air drying in accordance with microwave oven for comparing speciﬁc energy consumption (SEC). Other important papers [1–13]
were addressing the combined microwave energy and hot air drying processes for several kinds of dielectric materials. Such as Varith et al. [5], was studying of the combined microwave and hot air
drying of peeled longan, which investigated the variation of moisture content and SEC in several drying conditions. Another important studied, Lakshmi et al. [6], was comparison the variation of
SEC in cooking rice among the microwave oven, electric rice cooker
and pressure cooker.
For theoretical research, Ratanadecho et al. [7] studied the inﬂuence of irradiation time, particle size, and initial moisture content
on drying kinetics during microwave drying of multi-layered
capillary porous materials in a rectangular waveguide. Feng et al.
[8] carried out combined microwave and spouted bed drying
process for diced apple. Experimental results of heat and mass
transport were the compared to the results from a mathematical
model.
From the previous works, the effects of sample structure and
the SEC were minimal studied in drying processes. The objective
of this study is to experimentally analyze the effects of layered
conﬁguration and layered thickness on the microwave drying of
multi-layered porous packed bed with a rectangular waveguide.
An operating frequency is 2.45 GHz. The knowledge gained will
provide an understanding in porous media and the parameters
which can help to reduce the SEC.
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porous packed bed surface area (m2)
speciﬁc heat of the dielectric material (kJ/kg K)
material speciﬁc heat (kJ/kg K)
penetration depth (m)
dept of packed bed (mm)
electromagnetic ﬁeld intensity (V/cm)
microwave frequency (Hz)
enthalpy (kJ/kg)
enthalpy of material (kJ/kg)
convection heat transfer coefﬁcient (W/m2 K)
latent heat of vaporization (kJ/kgwater)
thermal conductivity (W/m K)
particle moisture content dry basis (kgwater/kgsolid)
mass ﬂow rate (kg/s)
mass ﬂow rate of dry air (kg/s)
mass ﬂow rate of water from the surface of a porous
packed bed (kg/s)
Nusselt number
microwave power incident (microwave energy emitted
from a microwave oscillator) (kW)
density of microwave power absorbed by dielectric
material (kW/cm3)
energy is required to heat up the dielectric material
(kW)
microwave power absorbed (kW)
microwave power transmitted (kW)
microwave power reﬂected (kW)
heat transfer rate due to water evaporation (kW)
microwave energy to be required for heating up dielectric material (kW)
heat transfer rate to the environment (kW)
convection heat transfer (kW)
speciﬁc energy consumption (kJ/kg)
water saturation
temperature (°C)
temperature at porous packed bed surface (°C)
ambient temperature (°C)
time (s)
loss tangent coefﬁcient (–)
weight of the dielectric material (kg)
weight of dry material (kg)
weight of material before drying (kg)
total work entering the system (kJ)
total work leaving the system (kJ)

2. Experimental apparatus
Fig. 1 shows the experimental apparatus of microwave drying of
the porous packed bed using a rectangular waveguide. The microwave system was a monochromatic wave of TE10 mode operating
at a frequency of 2.45 GHz. Microwave energy was generated by
magnetron (Micro Denshi Co., model UM-1500, Tokyo, Japan); it
was transmitted along the z-direction of the rectangular waveguide with inside dimensions of 110 mm  55 mm toward a water
load situated at the end of the waveguide. The water load (lower
absorbing boundary) ensured that only a minimal amount of
microwave energy was reﬂected back to the sample. In addition,
an isolator (upper absorbing boundary) was used to trap any
microwave energy reﬂected from the sample to prevent it from
damaging the magnetron. The output of the magnetron was adjustable from 0 to 1500 W. The power of incident, reﬂected and transmitted waves were measured by a wattmeter using a directional
coupler (Micro Denshi Co., model DR-5000, Tokyo, Japan). The

X

absolute humidity (kgvapor/kgdryair)

Greek letters
e00r
relative dielectric loss factor
e0r
relative dielectric constant
permittivity of air (F/m)
e0
X
humidity ratio (kgvapor/kgdryair)
DT
the increment temperature (°C)
gabs
microwave power absorbed efﬁciency (%)
ge
energy efﬁciency (%)
qs
density of solid (glass bead) (kg/m3)
qw
density of water (kg/m3)
/
porosity (m3/m3)
t
velocity of propagation (m/s)
q
density (kg/m3)
x
angular velocity of microwave (rad/s)
Subscripts
o
standard state value
0
free space
1
inlet
2
outlet
a
air
ab
absorb
b
before
convec convection
da
drying air
d
dry material
fg
difference in property between saturated liquid and saturated vapor
g
gas
in
input
l
liquid water
m
material
out
output
ref
reﬂect
r
relative
s
solid
surf
surface
tran
transmit
v
vapor
w
water
1
ambient condition

distributions of temperature within the porous packed bed were
measured using ﬁberoptic (LUXTRON Fluroptic Thermometer,
Model 790, Santa Clara, Canada, accurate to ±0.5 °C. The ﬁberoptic
probes were inserted into the sample at the center and at the
following depth from the surface of the packed bed: 5, 15, 25,
and 35 mm (as seen in Fig. 2).
As seen in Fig. 3, the samples were porous packed bed, which
composed of glass beads, water, and air. A sample container was
made from polypropylene with a thickness of 1 mm, it did not absorb microwave energy. In this study, the voids occupy from a fraction up to 38 percent of the whole volume of packed beds. The
dimensions of packed bed are chosen to be 110 mm  50 mm.
The samples were prepared in two conﬁgurations: a single-layered
packed bed (ﬁne bed with diameter of 0.15 mm (F–bed) and coarse
bed with diameter of 0.40 mm (C–bed)) and two-layered packed
bed, respectively. The case of two-layered packed bed was classiﬁed in two conﬁgurations: F–C bed (attaching ﬁne bed
(d = 0.15 mm, dP = 10, 20, 25, 30, and 40 mm) on coarse bed
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Fig. 1. Schematic of experimental facility: (a) equipment setup; (b) microwave measuring system.

(d = 0.40 mm, dP = 40, 30, 25, 20, and 10 mm) and C–F bed (attaching coarse bed (d = 0.40 mm, dP = 10, 20, 25, 30, and 40 mm) on ﬁne
bed (d = 0.15 mm, dP = 40, 30, 25, 20, and 10 mm), respectively. The
water saturations in the packed bed were deﬁned as the fraction of
the volume occupied by water to volume of the pores. They were
obtained by weighing dry and wet mass of the sample which were
cut out in volume (four positions) of about 110 mm 

354.61 mm  312.5 mm at the end of each run. The water saturation formula can be described in the following from [7]:

S¼

Mp  qs  ð1  /Þ
qw  /  100

ð1Þ

where S is water saturation; qs is density of solid; qw is density of
water; / is porosity and Mp is particle moisture content dry basis.
During the experimental microwave drying processes, the uncertainty of our data might come from the variations in humidity
and room temperature. The uncertainty in drying kinetics was assumed to result from errors in the measured weight of the sample.
The calculated drying kinetic uncertainties in all tests were less
than 3%. The uncertainly in temperature was assumed to result
from errors in measured input power, ambient temperature and
ambient humidity. The calculated uncertainty associated with
temperature was less than 2.85%.

3. Related theories
3.1. Theory and energy of heat generation
Microwave heating involves heat dissipation and microwaves
propagation which causes the dipoles to vibrate and rotate. When
the microwave energy emits from a microwave oscillator (Pin) is
irradiated inside the microwave applicator, the dielectric materials
which has a dielectric loss factor absorbs the energy and are heated
up. Then the internal heat generation takes place. The basic equation calculates the density of microwave power absorbed by
dielectric material (P1) is given by [14]:
Fig. 2. Temperature measuring.

P1 ¼ xe0 e00r E2 ¼ 2p  f  e0  e0r ðtan dÞE2

ð2Þ
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Fig. 3. Multi-layered porous packed bed (sample).

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.
From Eq. (2), P1 is directly proportional to the frequency of the
applied electric ﬁeld and loss tangent coefﬁcient and root-meansquare value of the electric ﬁeld. It means that during an increasing
of tan d of specimen, energy absorption and heat generation are
also increased. While tan d is small, microwave will penetrate into
specimen without heat generation. However, the temperature increase depends on other factors such as speciﬁc heat, size and
characteristic of specimen.
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
depth at which the power density has decreased to 37% of its initial
value at the surface [16]:

Dp ¼
2pf

t
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2

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. (3), 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 be overheated to 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. Furthermore, the dielectric properties of porous material specimens typically show moderate lousiness depending on the actual composition of the material. With large amount of
moisture content, it reveals a greater potential for absorbing microwaves. For typical porous material specimens, a decrease in the
moisture content typically decreases e00r , accompanied by a slight
increment in Dp.
In the analysis, energy P2 is required to heat up the dielectric
material W(g) which is placed in a microwave applicator. The temperature of material initially T1, is raised to T2. The energy P2 can be
estimated by the following caloriﬁc equation [17]:

P2 ¼

4:18  W  C p  DT
t

ð4Þ

where W is weight of the dielectric material; Cp is speciﬁc heat of
the dielectric material; DT is the increment of temperature
(T2  T1) and t is heating time.
Assuming an ideal condition, all of the oscillated microwave energy (Pin) is absorbed into the dielectric material; such internal
heat generation as Eq. (2) shows takes place. In this case, the
relation between Pin and P2 is shown below:

Pin ¼ P2

ð5Þ

In a practical point of view, however, the transformation energy
in applicator exists due to Eq. (2) the rate of microwave energy absorbed by means of the dielectric loss factor of the sample and Eq.
(3) the energy loss in the microwave devices. Accordingly, by taking into account this transformation efﬁciency, the microwave
oscillation output can be calculated by the following equations:

Pin ¼

g¼

P2

g

P2
Pin

ð6Þ

ð7Þ
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3.2. Incident, reﬂection, transmission and absorbed wave
In Fig. 4, microwave can be incidental into the packed bed, it can
transmit through the packed bed, and it also can be reﬂected and
absorbed by the porous packed bed. By power balance on control
volume as shown in Fig. 4, the incident wave can be expressed as:

Incident Wave ðAÞ ¼ Reflected Wave ðBÞ
þ Transmitted Wave ðCÞ
þ Absorbed Wave ðDÞ

ð8Þ

where Pin is microwave power incident or microwave energy emitted from a microwave oscillator (Incident Wave (A)); Pref is microwave power reﬂected (Reﬂected Wave (B)); Ptran is microwave
power transmitted (Transmitted Wave (C)) and Pabs is microwave
power absorbed (Absorbed Wave (D)).
In order to calculate the microwave power absorbed, Eq. (8) can
be rearranged as:

Pabs ¼ Pin  P tran  Pref

ð9Þ

Next, refers to throughout this study, as shown in equations below:

Pabs ¼ Q_ abs

Fig. 4. Microwave power measuring.

ð10Þ

The microwave power absorbed efﬁciency during microwave drying
of the porous packed bed provides a true measure of the performance of the drying system which can be expressed as:

gabs ¼
gabs ¼
gabs





Absorbed Wave ðDÞ
 100
Incident WaveðAÞ

ð11Þ


Pabs
 100
Pin

ð12Þ

"
#
Q_ abs
 100
¼
Pin

ð13Þ

3.3. Mass and energy balance equation for the drying process
Fig. 5. Microwave and convective drying process.

The conservation of mass for the control volume of drying porous packed bed is shown in Fig. 5. The mass balance equation can
be written as [11]:

dmcv
_ g2
_ g1  m
¼m
dt

ð14Þ

Here, Eq. (14) is the mass ﬂow rate balance for the control vol_ g1 and m
_ g2 denote, respectively, the mass ﬂow rate at
ume where m
inlet (1) and exit at (2). Similarly, a balance of water in air ﬂowing
through the porous packed bed leads to [11]:

Wd

dM p
_ a ðX 1  X 2 Þ
¼m
dt

ð15Þ

where Wd is weight of dry material and Mp is particle moisture content, dry basis; this can be expressed as [11]:

Mp ¼

Wb  Wd
Wd

ð16Þ

_ a is the mass ﬂow
where Wb is weight of material before drying; m
rate of dry air; X1 and X2 denote, respectively, absolute humidity
of inlet and exit air. The left-hand side of the mass balance equation,
Eq. (15), is the mass ﬂow rate of water in the air ﬂowing on porous
packed bed surface, can be written as [11]:

_w¼m
_ a ðX 2  X 1 Þ
m

shown in Fig. 5. The signiﬁcant heat transfer is due to the heat of
evaporation between the solid and the drying air, and there is also
heat rejection to the surroundings. The energy rate balance is simpliﬁed by ignoring kinetic and potential energies. Since the mass
ﬂow rate of the dry air and the mass of dry material, within the
control volume remain constant with time, the energy rate balance
can be expressed as:

W d ðhm2  hm1 Þ
_ a ðh1  h2 Þ þ Q_ abs  Q_ loss
¼ Q_ ev ap þ m
Dt

ð18Þ

where Q_ ev ap is heat transfer rate due to water evaporation ; Q_ abs is
microwave energy required for heating up dielectric material; hm
_ a is mass ﬂow rate of dry air ;
is enthalpy of material; t is time; m
h is enthalpy of dry air and Q_ loss is heat transfer rate to the
environment.
Assuming air as an ideal gas, thus the different in speciﬁc enthalpy are as follows [18]:

hm1  ho ¼ cm ðT m1  T o Þ

ð19Þ

hm2  ho ¼ cm ðT m2  T o Þ

ð20Þ

ð17Þ

In the drying processes, we apply the ﬁrst law of thermodynamics (the law of conservation of energy) for the control volume

The enthalpy term of material in Eq. (18) can be written as [18]:

hm2  hm1 ¼ cm ðT m2  T m1 Þ

ð21Þ
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ð22Þ

The heat transfer rate due to phase change is [15]:

_ w hfg
Q_ ev ap ¼ m

ð23Þ

where hfg is latent heat of vaporization.
3.4. Speciﬁc energy consumption and energy efﬁciency in drying
process

ðPin þ Q conv ec ÞDt
kJ
;
SEC ¼
Amount of water removed during drying kg

ð24Þ

ð25Þ

where Qconvec is a convective heat transfer which can be calculated
from [15]:


Q conv ec ¼ hAðT
surf  T 1 Þ
 ¼ Nu k
h
L

ð26Þ

W d ½hfg ðMp1  M p2 Þ þ cm ðT m2  T m1 Þ
_ da ðh1  ho ÞDt þ DtQ_ abs
m
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Fig. 6. Temperature and averaged saturation proﬁles with respect to elapsed time
(F-bed, depth 50 mm).
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Temp.(z=35mm)[ºC]
Averaged Saturation[x100]

100

ð27Þ

 is convection heat transfer coefﬁcient; A is porous packed
where h
bed surface area ; Tsurf is temperature at porous packed bed surface;
T1 is ambient temperature; N u is Nusselt number; k is thermal conductivity and L is length of surface of porous packed bed in direction
of ﬂow.
From Ref. [19], the energy efﬁciency for drying process is deﬁned as:

ge ¼

100

10

The SEC was estimated in a combined convective - microwave
drying processes. Considering the total energy supplied to dry porous packed bed from initial water saturation of 0.60 (S0 = 0.60) to
approximately a desired water saturation of 0.17 (S0 = 0.17). The
convective-microwave drying process was conducted in the same
conditions with keeping the microwave power incident of 50 W,
air temperature of 27.2 °C, and velocity of 3.71 m/s. The SEC is
deﬁned as follows:

Total energy supplied in drying process kJ
;
SEC ¼
Amount of water removed during drying kg

Temp.(z=5mm)[ºC]
Temp.(z=15mm)[ºC]
Temp.(z=25mm)[ºC]
Temp.(z=35mm)[ºC]
Averaged Saturation[x100]

110

Temperature [ºC] &
Averaged Saturation [x100]

h ¼ ha þ Xhv

120

Temperature [ºC] &
Averaged Saturation [x100]

where cm represents the speciﬁc heat of the material. The enthalpy
of moist air can be calculated by adding the contribution of each
component as it exits in the mixture; thus the enthalpy of moist
air is [18]:
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Fig. 7. Temperature and averaged saturation proﬁles with respect to elapsed time
(C-bed, depth 50 mm).

90

ð28Þ

F bed

80

C bed

70

where cm is material speciﬁc heat.

P = 50 W.
So = 0.6
T = 27.2 ºC

The experiments of a combined of convective air and microwave drying process were conducted by varying layered conﬁguration and layered thickness of porous packed bed. For porous
packed beds of two different sizes (0.15 mm and 0.40 mm), microwave power incident of 50 W, air velocities of 3.71 m/s, and air
temperature of 27.2 °C, the temperature distribution and the SEC
were carried out.
4.1. Case I. Single layered porous packed bed (F, C bed)
Figs. 6 and 7 illustrate the distributions of temperature and
averaged saturation of the F–bed and C–bed during the combined
drying process, respectively. The thickness of packed bed is
50 mm (dp = 50 mm). Temperature is measured at four positions
of the sample. In Figs. 6 and 7 show the third position, which
measured form surface downward to a depth of 25 mm. From

ηabsorb (%)

60

4. Results and discussion

50
40
30
20
10
0
0

60 120 180 240 300 360 420 480 540 600 660 720

Time (mins)
Fig. 8. The variation of microwave power absorbed efﬁciency with respect to
elapsed time (F-bed, C-bed, depth 50 mm).

the starting time until 120 min elapsed, the microwave energy
supplied is absorbed by porous packed bed sample, which is shown
in Fig. 8 and whose microwave power absorbed efﬁciency can be
calculated with Eq. (13). After that it is converted to heat the
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100
Temp.(z=5mm)[ºC]
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Temp.(z=35mm)[ºC]
Averaged Saturation[x100]

90

Temperature [ºC] &
Averaged Saturation [x100]

sample temperature from ambient temperature to 109 °C and
95 °C for microwave power 50 Watts. At this point, there is high
moisture content. The high moisture content at this period is reﬂected by the high loss tangent coefﬁcient (tan d). The next period
from 120 to 720 min as shown in Fig. 8 depicts the increase transmitted wave and decrease reﬂected waves, which implies the
microwave power absorption become lower than in the ﬁrst period. Due to the fact that the moisture content is reduced, the loss
tangent coefﬁcient (tan d) is decreased.
Figs. 6 and 7 show the temperature proﬁles measured by ﬁberoptic at various times and locations in the case of S0 = 0.6,
d = 0.15 mm and d = 0.40. The microwave and convective drying
gives higher temperatures inside the drying sample while the surface temperature stays colder due to the cooling effect of surrounding air. At the same time the evaporation takes place at the surface
of the sample at a lower temperature due to evaporative cooling. It
is seen that the temperature proﬁles within the sample rise up
steadily in the early stages of drying (about 60 min). Due to the
large initial moisture content, the skin depth heating effect causes
the majority of microwave to be reﬂected from the surface during
early irradiation stage resulting in a lower rate of microwave
power absorbed in the interior (Fig. 8). As the drying process proceeds (about 60–240 min), after the majority of moisture content is
removed from the sample, the microwave can penetrate further
into the sample as material dries (as referred to Fig. 8) where the
strength of the microwave power absorbed increases (Fig. 8). During this stage of drying, the behavior of dielectric properties is
inﬂuenced primarily by that of moisture content, and heating becomes more volumetric. In time about 240 min, the temperature
starts to drop, this is mainly due to fact that the moisture inside
the sample is signiﬁcantly reduced, reducing dielectric loss factor
as well as microwave power absorbed (Fig. 8). However, at long
stages of drying (about 480 min: F-bed, 360 min: C-bed), the temperature increases rapidly due to the characteristic of dielectric
loss factor, which becomes to dominant microwave drying at low
moisture content where the stronger standing wave with a larger
amplitude established within the sample. Nevertheless, near the
end stages of drying as the majority of moisture content inside
the sample is removed, this decreases the microwave power
absorbed.
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Fig. 9. Temperature and averaged saturation proﬁles with respect to elapsed time
(F–C bed, depth 10–40 mm).
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4.2. Case II. Two-layered porous packed bed
90
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Experimental data of a combined drying process of two-layered
porous packed bed are shown in Figs. 9–14, which corresponds to
that of S0 = 0.60 and Pin = 50 W. The data is along the center axis
(x = 55 mm) of rectangular waveguide. Figs. 9 and 12 show the distribution of temperature and averaged saturation within F–C bed
with layered thickness of ﬁne bed as 10 and 25 mm, respectively.
From a macroscopic point of view for the hydrodynamic characteristic properties within the two-layered porous packed bed, we will
consider the liquid water transport at the interface between two
beds where the difference of particle size is considered during
microwave drying. As referred to Ratanadecho et al. [7], in the case
of the same capillary pressure, a smaller particle size corresponds
to higher water content. Now, consider the case where two particle
sizes having same capillary pressure and different particle sizes at
the interface are justiﬁed. The capillary pressure has the same value at the interface between two beds, but the water saturation becomes discontinuous at the interface of two beds. This is because of
the differences of the water characteristics between the two beds,
the liquid water will be moved from the coarse bed to the ﬁne bed
(which corresponds to a higher capillary pressure) resulting in a
faster drying time.
On the other hand, in the case of C–F bed with layered thickness
of coarse bed as 10 and 25 mm are shown in Figs. 10 and 13,
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Fig. 11. The variation of microwave power absorbed efﬁciency with respect to
elapsed time (F–C bed, C–F bed, depth 10–40 mm).

respectively. It is seen that the moisture content inside the ﬁne
bed is much higher because a coarse bed set on the ﬁne bed retards
the upward migration of liquid water at the interface between two
beds, while the moisture content inside the coarse bed stays lower
due to the lower capillary pressure [7].
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The temperature proﬁles at various times and locations for both
cases are shown in Figs. 10 and 13, respectively. Figs. 10 and 13
show that the temperature proﬁle within the C–F bed rises up
quickly in the early stages of drying process (about 10–60 min)
However, its rise slows down after this stage. It is evident from
the ﬁgure that near the end stages of drying as the moisture con90
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4.3. Speciﬁc energy consumption (SEC)
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Fig. 12. Temperature and averaged saturation proﬁles with respect to elapsed time
(F–C bed, depth 25–25 mm).
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tent inside the sample is reduced, the absorbed microwave power
decreases (Figs. 11 and 14). Consequently, the temperature proﬁles
are decreased in this stage of drying process. However, the temperature proﬁle within the C–F bed (Figs. 10 and 13), corresponds to
the moisture content proﬁle where the temperature continuously
rises faster than that in the case of F–C bed (Figs. 9 and 12). Further,
the temperature remains high at the end of drying. This is because
a stronger standing wave with a larger amplitude is formed inside
the C–F bed and having of dry layer-coarse bed (upper layer) protects the reﬂection of wave from the surface, resulting in a higher
rate of microwave power absorbed in the interior (Figs. 11 and 14).
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Fig. 13. Temperature and averaged saturation proﬁles with respect to elapsed time
(C–F bed, depth 25–25 mm).

This subsection carried out the SEC of the porous packed bed
with various layered conﬁgurations and layered thickness. The
microwave power incident (Pin) is set at 50 W, air temperature of
27.2 °C with velocities of 3.71 m/s. The SEC within the various type
of porous packed bed at drying time of 120, 240, and 360 min are
shown in Figs. 15–17, respectively. From the Figs, it is shown that
the SEC will increase with time proceed. This is because total energy supplied is remained while amount of water removed are
decreasing during the drying process (ref. from Eq. (24)).
Comparing with the various packed bed conﬁgurations in
Fig. 15, the SEC is lower corresponding to the case of F–C bed with
each layered thickness of 25 mm. The SEC is 11.62 MJ/kg which
means this packed bed type can remove higher amount of water
than other types. After time proceed (t = 240 min) as seen in
Fig. 16, For the case of F-C bed, it is interesting to observe that
the value of the SEC is gradually decreased when the thickness of
ﬁne bead increases from 10 mm to 25 mm. After that, the SEC of
the layer is gradually increased corresponds to increasing of ﬁne
bead thickness (30 mm to 40 mm). Finally, t = 360 min as seen in
Fig. 17, the layered thickness of the packed bed was set to 10
and 25 mm with ﬁne bead on top. It depicts that the speciﬁc energy
consumption of the packed bed was lower than the coarse bead on
top due to the capillary pressure [7] that cause moisture content to
move to the surface quickly. In turn, these causes are force the
moisture content to move out off the packed bed quickly, so the
speciﬁc energy consumption is reduced, this effect to increase
the efﬁciency of the system. Furthermore, it also observes that
the relation between the SEC value and layered thickness of twolayered porous packed bed is non-linear. The reasons behind these
phenomena need more investigations. Based on these studies, it is
shown that the F-C bed with each layered thickness of 25 mm corresponds to the minimum value of SEC throughout drying process
due to strongly capillary and osmotic action.
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Fig. 14. The variation of microwave power absorbed efﬁciency with respect to
elapsed time (F–C bed, C–F bed, depth 25–25 mm).
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Fig. 15. Variation in speciﬁc energy consumption under microwave and convective
drying at drying time 120 min.
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Fig. 16. Variation in speciﬁc energy consumption under microwave and convective
drying at drying time 240 min.
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Fig. 17. Variation in speciﬁc energy consumption under microwave and convective
drying at drying time 360 min.

5. Conclusion
In this work, the energy efﬁciency and speciﬁc energy consumption of the combined convective-microwave drying process of multi-layered porous packed bed were presented in detail. Taking into
considerations the results from these analyses, the following conclusion may be drawn on the SEC increased with decreasing energy
efﬁciency during the drying process. Both the SEC and energy efﬁciency depend on the particle size in case of single-layered porous
packed bed and layered conﬁgurations in case of two-layered
porous packed bed.
The effects of layered conﬁgurations and layered thicknesses on
the overall drying kinetics were clariﬁed. The drying rate and energy efﬁciency in the case of the F–C bed with equal layered thickness of 25 mm is slightly higher than that other case of porous
packed bed. It is also found that the drying rate relates to the moisture content within the packed bed.
This knowledge means that drying and heating processes using
microwave energy can be designed to be signiﬁcantly more efﬁcient, reducing the drying period and so reducing speciﬁc energy
consumption.
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packed bed. The results are high energy efﬁciency after the vapor
has moving from the surface of the porous packed bed. This causes
the moisture content to quickly decrease and the low quantity of
absorbed waves causes the decrease energy consumption and decrease microwave power absorbed efﬁciency (Eq. (13)). This cause
is lower thermal efﬁciency; therefore, energy efﬁciency depends on
the efﬁciency with which the waves are absorbed.
The energy efﬁciency proﬁles at various times and locations for
six cases are shown in Fig. 18. The energy efﬁciency proﬁle within
the F–C and C–F bed rises up quickly in the early stages of drying
process (about 10–120 min). However, its rise slows down after
this stage (about 120–360 min). It is evident from the ﬁgure that
near the end stages of drying as the moisture content inside the
sample is reduced, this decreases the microwave power absorbed.
Consequently, the energy efﬁciency proﬁles are decreased in this
stage of drying process.
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Fig. 18. Energy efﬁciency proﬁles with respect to elapsed time.

4.4. Energy efﬁciency
Fig. 18 shows the energy efﬁciency with respect to the drying
time. It seem that the high energy efﬁciency near the starting period about 0–60 min due to the high quantity of moisture content in
the packed bed, thus the wave absorption is more converted by
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