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The Characteristics of Microwave Melting of Frozen
Packed Beds Using a Rectangular Waveguide

Phadungsak Ratanadecho, Kazuo Aoki, and Masatoshi Akahori

Abstract—The melting of frozen packed beds by a microwave
with a rectangular waveguide has been investigated numerically
and experimentally. It was performed for the two different layers,
which consist of frozen and unfrozen layers. This paper focuses on

I. INTRODUCTION

STUDY OF the melting process in material expose to a
microwave was studied by Pangeeal. [1], in which a

the prediction of the temperature field, as well as the microwave one-dimensional model was developed for microwave melting
energy absorbed, and the melting front within the layered packed of cylinders. Later, Zengt al.[2] carried out two-dimensional
beds. Based on the combined model of the Maxwell and heat microwave melting in cylinders and their model predictions

transport equations, the results show that the direction of melting
against the incident microwave strongly depends on the structural

were compared with experimental data. In a recent paper,

layered packed beds because of the difference in the dielectric Basaket al.[3] carried out microwave melting studies with a
properties between water and ice.

Index Terms—FDTD method, layered packed beds, microwave

melting, moving boundary, rectangular waveguide.
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NOMENCLATURE

Thermal diffusivity (n#/s).

Specific heat capacity (J/kgK).

Electric field intensity (V/m).

Frequency of incident wave (Hz).
Magnetic field intensity (A/m).

Latent heat (J/kg).

Microwave energy absorbed term (Wfm
Temperature (C).

Time (s).

tané  Loss tangent coefficient (-).
x,y,2 Cartesian coordinates (-).
Greek letters

£

> g 9 <=

Permittivity (F/m).

Magnetic permeability (H/m).

Velocity of microwave (m/s).

Electric conductivity (S/m).

Angular frequency (rad/s).

Effective thermal conductivity (W/mK).

Subscripts

h 3 T~ O
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Free space.
Air.

Layer number.
Liquid.
Relative.
Solid.

fixed grid-based effective heat-capacity method coupled with
Maxwell’'s equations.

Other studies of microwave energy applications have
appeared in the recent literature (e.g., Toredsal. [4],
Ratanadechet al. [5], Feheret al. [6], Aoki et al. [7], and
Ratanadechet al. [8]).

Considering the microwave melting process, most previous
work used Lambert's law, where the microwave energy ab-
sorbed decays exponentially into the sample. However, this
assumption is only valid for the large-dimensions sample. For
the small sample, the spatial variations of the electromagnetic
field as well as microwave energy absorbed within the sample
must be obtained by a complete solution of the unsteady
Maxwell's equations [8]. Generally, when the boundaries of the
physical domain move with time (moving boundary and phase
change problems), the melting process in a frozen packed bed
is complicated due to the variety of melting conditions. In the
past, the melting front in the sample was approximated using a
one-dimensional coordinate system. None of the studies mod-
eled the microwave melting process using a general curvilinear
coordinate system for calculations of the melting front.

Due to the limited amount of theoretical and experimental
work on the microwave melting process, the various effects are
not fully understood and a number of critical issues remain un-
resolved. These effects of the reflection rate of microwave, the
degree of incident wave penetrated into the sample as well as
the microwave energy absorbed during the microwave melting
process have not been studied systematically.

This paper reports a comparison of simulation results based
on a two-dimensional model with experimental measurements
in which the microwave of th8'E;, mode operating at a fre-
quency of 2.45 GHz is performed. Furthermore, in order to cal-
culate the melting front during the microwave melting process,
a general curvilinear coordinate system is employed.

Il. ANALYSIS OF MICROWAVE MELTING USING A
RECTANGULAR WAVEGUIDE

The authors are with the Mechanical Engineering Departmerf). Analysis of Electromagnetic Field
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Fig. 1 shows the physical model for microwave melting of
layered packed beds using a rectangular waveguide.
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Wave Input  Melting Front  Dielectric whereD is the electric flux density an® is the magnetic

| egion(z=0) i:z(x,t) Materia| induction. The superscriptdenotes one of the different

X
\ 5 Absorbing ;
4 materials.
Abs&N """""" \W /j/" """" %B . * Absorbing boundary conditiort both ends of the rectan-
B.C. ) ?

gular waveguide, the first-order absorbing condition pro-

0 Perfectly Conducting Walls posed by Mur [10] is applied as follows:
Fig. 1. Physical model.
JF, OF,
Y — 4p—¥, (5)
at dz

1) Assumptions:The proposed model is based on the fol-
lowing assumptions. Here, the symbat represents forward or backward waves

andwv is the phase velocity of microwave.

 Oscillation of electric- and magnetic-field intensities by
the magnetronincident wave due to the magnetron is
given by the following:

« Since the microwave field in th€E;o mode has no vari-
ation of field in the direction between the broad faces, a
two-dimensional model over the-» plane is applicable
to the analysis of the electromagnetic field inside a rect-
angular waveguide [6].

» The absorption of microwave energy by the cavity (in- E, = E,ipsin <ﬁ> sin(27 ft)
cluding air) in the rectangular waveguide is negligible. Ly

° i - E n - .
The walls of a rectangular waveguide are perfect conduc H, = 2y gy mr sin(27 f1) ©6)
tors. Zy @

* The effect of the sample container on the electromagnetic _ ) o )
field can be neglected. whereE, i, is the input value of the electric-field intensity,

L, is the length of the rectangular waveguidechdirec-

2) Basic Equations:The basic equations for the electromag- ) ; .
tion, andZy is the wave impedance.

netic field are based on the well-known Maxwell relations. For
the microwave of th&'E;; mode [8], the governing equations ]
can be written in term of the component notations of electri& Analysis of Heat Transport

and magnetic-field intensities The temperature of the sample exposed to incident wave
(Fig. 1) is obtained by solving the conventional heat transport
oE,  0H, equation with the microwave energy absorbed included as a
a: Mo local electromagnetic heat generation term.
Ok, __ % 1) Assumptions:in order to analyze the process of heat
Jx Hae transport due to microwave melting of layered packed beds, we
3 <3HZ 3 8Hm> —wE +€3Ey ) introduce the following assumptions.

Ox 0z Y ot » Corresponding to the electromagnetic field, the tempera-
£ = fo0sr ture field also can be assumed to be a two-dimensional
= Jhofby plane -z plane).

o =2nfetand ) » The surroundings of layered packed beds are insulated.

» The effect of the container on the temperature field can be
where the dielectric properties of components are assumed to be neglected.

varied with temperature during the heating process [9]. + The effect of the natural convection in layered packed beds
3) Boundary Conditions:Corresponding to the physical can be neglected.

model shown in Fig. 1, boundary conditions can be given as * The local thermodynamic equilibrium is assumed.

follows. * In this study, in a macroscopic sense, the pore structure

« Perfectly conducting boundarieBoundary conditions on within the layered packed beds is assumed to be homoge-

the inner wall surface of a rectangular waveguide are given ~ N€ous and isotropic.

by using Faraday’s law and Gauss’ theorem Therefore, the heating model for a homogeneous and isotropic
material is used in the current analysis.
E, =0 H,=0 A3) 2) Basic Equations:The governing energy equation de-

scribing the temperature rise in the layered packed beds is the

where subscripts andn denote the components of tan{ime-dependent heat diffusion equation
gential and normal directions, respectively.

» Continuity boundary conditian Boundary conditions oty - <82Tj ‘92Tj> Qj <‘9Tj> dz @)
along the interface between different materials, e.g., ot oz? 072 p-Cp \ 0z ) dt
between the air and dielectric material surface, are given Q; = 27 fege, tan 6E§ (8)

by using Ampere’s law and Gauss theorem

whereq is the thermal diffusivity and) is the microwave energy
E,=E, H=H, D,=D, B,=B, (4) absorbed term.
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3 The moving boundaries are immobilized in the dimensionless
(&,n) coordinate for all times. With the details omitted, the
transformation of (1) and (5) and also (7) and (10) are then de-
fined as
1 < 8Ey>
= . =\ Z
E Air Layer T\ oy
s 0H,
= b 12
- o (12)
o 1 OF, dE,
— 7\ %
J a¢ an
iS.oIicf Layer __ %8 (13)
Liquid Layer ot
FA' L 1 OH. OH, OH, (14)
0.6 | Air Layer ALGE: ¢ Ze an Te n
0 0.1
" OE,
Position x[m] =oE,+ EW
Fig. 2. Typical mesh for the rectangular-waveguide configuration. OF. 1 oF
=Y —pZ atf—y (15)
ot J an
3) Boundary Conditions: or; o [ O 2/3821} N O*T;
« Adiabatic condition Assuming that the surroundings of 9t  J2 “ o€? OEdn i on?
layered packed beds are insulated a 92 9T 97T 92
) ()
T o J ¢ an ¢ ¢
—~ =0 2 > 2 2 .
on o0z OE (L (16)
. g _ d&on " on? n
» Moving front boundary conditiariThe moving boundary Q, 1 9T\ dz
. . J J ~
between the unfrozen layer and frozen layer is described + + = < 5—> -
p-Cp J an ) dt

by the Stefan equation

T. T,
<)‘ 0 ® — QBOUAZBOU - )\la l)

1 T 1 aT;
A )~ gBouAZBoy — M= [ ze L
{)\5 7 <$5 an ) BoulrZBou — At 5 <$5 877)}

aZBou 2
s o 1 + 2
Oz Oz Oz {1 n <1 [7 92Bou ; O%Bou
. 7 |* — %
9%Bou JLT o an
= ps LS, ’aBt (10) o
= p.L,S, “;"“ (17)
where subscripBou denotes the solid-liquid front. t
where
C. Mesh Construction and Coordinate Transformation
For the construction itself of a coordinate mesh around even S = we -y — g - 2
the rectangular waveguide as well as the layered packed beds, o= a:,27 + 22
the method of constructing a two-dimensional boundary-con- B=ixc-xy+ 2 2
forming grid for a rectangular waveguide configuration is a di- y= x? I Zg (18)

rect algebraic approach based on the concept of transfinite or

multivgriatg interpolation_ [_11]. From this concept, the physic%here%xm %, andz, denote partial derivative is the Ja-
domain (Fig. 2) can be divided into the following four layers: cobian, 3, o, v are the geometric factors, ande are the trans-

1) air layer (regions I and 1V); formed coordinates.

2) solid layer (region Il);

3) liquid layer (region III).

The boundary between the solid and liquid layers for aTh' d _ ¢ simulati its based
melting front is described by the Stefan equation [see (10)]. IS study reports a comparison of simulation results base

Furthermore, during the boundaries of the physical domain at_wo-dlme|_15|onal model with experimental measurements
In ' which the microwave of thd'E;, mode operating at a fre-

move with tl_me, it is convenient to !ntroduce a general Curv'ciuency of 2.45 GHz is employed. In order to obtain the elec-
linear coordinate system as follows: P ) - .

tromagnetic field inside a rectangular waveguide, a finite-dif-

=) 2= En) ference time-domain (FDTD) method is applied [12]. The heat

o 2= ARG transport equation is solved by the method of finite differences

based on the notion of control volumes [13]. Considering the

E=&x,2) n=nlz,z2). (11) microwave melting in th&'E;, mode, it is the lowest mode of

I1l. N UMERICAL SOLUTION

or
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TABLE | ‘ g
THERMAL AND DIELECTRIC PROPERTIES OFLIQUID WATER AND ICE
Properties Liquid water Ice Initial input
P 1000 kg/m® 1910.9 kg/m® Melting front
A 0.610 W/mK 1.48 W/mK conditions
c, 4.186 ki/kgK 1.280 ki/kgK
construction
1.0 1.0
H H/m H/m #Subroutine |
£, 88.15 - 0.414T + (0.131x1072)T? - (0.046x107H)T* 5.1F/m EM
tand  0.323-(9.499x107°)T +(1.27x10™*)T? - (6.13x107)T* 0.0124

yes
Sampling of Ey

yes

Calculation of Q
Calculation of T

the supported microwave field for waves transmitted in the cur-
rent rectangular waveguide without power dissipation. The type
of wave mode is prescribed by the frequency and waveguide di-
mensions. Therefore, the calculated values of the wavelength of
radiation in free space\J and the wavelength of radiation in
rectangular waveguide\() are obtained as 122 and 148 mm, yes
respectively. The wavelength of radiation in the layered packed
beds f.,;) can be calculated as a function of dielectric proper-
ties of the various components of the packed bed. Furthermore,
the dielectric properties of the components depend on the tem- m
perature on the basis of the empirical relations of [8].

The computational domain is conservatively set such that thig- 3. Computational schemes.
spatial resolution of each cell Bz = Az < Ape/10/5, =~
1.0 mm, thus, the total 112 605 cells in the computational do-q, the direction of irradiation via a rectangular waveguide. The
main were used in the numerical calculation. The temporal réitput of the magnetron is adjusted as 1000 W.
lution is determined byAt < VAz? + Az? /v ~ 1.0 x 1072 During the experiment, the microwave field was generated

s, which satisfies the stability criterion. _ using a magnetron (model UM-1500, Micro Denshi Corpora-
It should be noted that the time step for the heat transfer 'Stfgn, Tokyo, Japan). The powers of incident, reflected, and trans-

the order of 1 s, which is very large compared with the time Stegyo 4 waves are measured by a wattmeter using a directional

required for the propagating velocity of waves. Some ofelectrga pler (model DR-5000, Micro Denshi Corporation).

magnetip and thefrmo?physical properti.eis used in thg humerica igs. 5-8 show the simulation of temperature distribution and
calcu_latlon are given in Table 1. In addmon, the _deta}lI of COMicrowave energy absorbed within the layered packed beds in
putational schemes and strategy are illustrated in Fig. 3. the vertical plane#£-z) in the cases setting the frozen layer on
and under the unfrozen layer, respectively, which correspond to
the initial temperature with 8C and microwave power level of
Fig. 4(a) shows the experimental apparatus for the microwa200 W.
melting system. The rectangular waveguide system shown inn the case of setting a frozen layer on the unfrozen layer
Fig. 4(b) operates by propagating traveling waves along tfi€igs. 5 and 7), the total microwave energy absorbed by the lay-
z-direction of the rectangular waveguide with inside dimensiorsed packed bed can increase because the microwaves are able
of 109.22 mmx 54.61 mm toward a water load that is situatetb penetrate further into the packed bed. Moreover, setting of
at the end of the waveguide. The water load (lower absorbiagrozen layer on the unfrozen layer protects the reflection of
boundary) ensures that only a minimal amount of microwavewsve from the surface. The latter arises from the fact that the
reflected back to the sample. Also, an isolator (upper absorbirgjlection and transmission components at each interface will
boundary), which is located at the end of waveguide, is usedntribute to the standing-wave pattern. Such pattern can lead
to trap any microwaves reflected from the sample to preventda much higher rate of microwave energy absorbed in the inte-
from damaging the magnetron. rior (Fig. 7). The presence of the strength of microwave energy
As shown in Fig. 4(c), the layered packed beds (dielectrabsorbed gives rise to the hot spot in the leading edge of un-
material) considered are a packed beds of glass beads infreizen layer. This causes heat to conduct from the hotter region
ther water or ice, which are then modeled as homogeneous amthe unfrozen layer (higher microwave energy absorbed) to the
isotropic structures. These materials are selected to demonstcataer region (lower microwave energy absorbed) in the frozen
the model because most of its physical properties are well dotayer. Consequently, the movement of the melting front occurs
mented. The unfrozen layer (glass beads and liquid water) wahthe interface between the frozen and unfrozen layers.
a thickness of 50 mm and the frozen layer (glass beads and iceln a continued melting process, the melting of the frozen
with a thickness of 50 mm are arranged in series perpendiculayer is progressed where the strength of the microwave energy

IV. RESULTS AND DISCUSSIONS
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Fig. 4. Schematic of experimental facility. (a) Equipment setup. (b) Microwave measuring system. (c) Layered packed beds before melting.qa@gkedzen
bed after melting (setting a frozen layer on the unfrozen layer: 60 s).

absorbed increases (Fig. 7). Corresponding to that of the fikis is because the water is a highly absorptive material,
crowave energy absorbed, the temperature distribution withimile ice is highly transparent (which corresponds to the lower
the unfrozen layer rapidly rises (Fig. 5) and decays slowtpicrowave energy absorbed within frozen layer). At a time of
along the propagation direction because stronger standB@s, there is a difference of approximately’ 3&tween the

waves form in the unfrozen layer. However, the temperaturgaximum and minimum temperatures.
distribution within the frozen layer stays colder due to the In the case of setting a frozen layer under the unfrozen layer
difference between the dielectric properties of water and idg&igs. 6 and 8), since the incident wave passing through the
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Fig. 7. Simulation of? at various times (setting a frozen layer on the unfrozen

layer).

cavity having a lower loss tangent coefficient is directly irra-
diated to the unfrozen layer having a higher loss tangent coeffi-
cient, the skin-depth heating effect causes a major part of the in-
cidentwave to be reflected from the surface. In additiona, having
a frozen layer under the unfrozen layer protects the reflection
of the microwave from the interface between the unfrozen and
frozen layers. Consequently, the stronger standing wave does
not form inside the layered packed beds, resulting in the strength
of the microwave energy absorbed decreases (Fig. 8). This phe-
nomenon explains why the magnitude of microwave energy ab-
sorbed in this case is slightly lower than that observed in the
former case, and why the heating is more intensely close to the
leading edge of the unfrozen layer (Fig. 6).

Furthermore, the distribution of temperature (Fig. 6) and
microwave energy absorbed (Fig. 8) within the unfrozen
layer slowly rise with the elapsed time corresponding to the
microwave energy absorbed. Nevertheless, the distribution of
temperature and microwave energy absorbed within the frozen
layer is almost the same to the former case, indicating the
dielectric properties’ dominated melting process.

At 90 s, there is a difference of approximately” Eetween
the maximum and minimum temperatures. In contrast to that in
the former case, in this case, the melting rate slowly rises with
the elapsed time.

The following discussion refers to the effect of dielectric

Fig. 6. Simulation ofT" at various times (setting a frozen layer under thepmpert'es on the melt'ng front durmg the microwave melt'ng

upward unfrozen layer).

process. Fig. 9(a) and (b) shows the measured and predicted
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results of the melting front in the cases of setting a frozen layer Position x[mm]

on and under the unfrozen layer, respectively. (b)

In the former C_ase [See Fig. 9(a)'], th.e shapes O_f the melt'E%. 9. Measured and predicted interface position. (a) Setting a frozen layer
front at various times are shown in Fig. 9(a). It is seen thabiid) on the unfrozen layer (liquid). (b) Setting a frozen layer (solid) under the
most of the heating occurred at the center of the rectangutafrozen layer (liquid).
waveguide where the microwave energy absorbed is maximum. ) _ )

The central region of the frozen layer rapidly shows the signsFurthermore, during the experiment of the microwave
of melting while the outer edge displays no obvious sign dpelting process, the impact on the uncertainty of our data may

melting, indicating that the temperature did not exceé@ (as cause variations in humidity, room temperature, and another
referred in Fig. 4(d)] effects. The uncertainty in melting kinetics was assumed to

Ir:'%sult from errors in the measured melting front of the layered
melting front is almost parallel to the interface between t acked beds. The calculated melting kinetic uncertainties in

A A
frozen and unfrozen layers. Later, the melting front gradualf"I tests were less than 3.5%. The uncertainly in microwave

o : . . . gnergy absorbed was assumed to result from errors in measured

exhibits a shape typical for heat conduction dominated melting, )

. : ) INput power and reflected power. The calculated uncertainty

In the latter case [see Fig. 9(b)], in contrast to that in form%r

. ) . ssociated with microwave power was less than 2%.
case, the melting front slowly moves with the elapsed time alongFrorn this study, the capability of the mathematical model to

the propagation direction due to the characteristics of OIieIeCt<[,j8rrectly handle the field variations at the interfaces between

pro%ertlzs, as gxplaTid N F||gs. ? andd8. icted in Fi aterials of different dielectric properties is shown. With fur-
The observation of the melting front depicted in Fig. 9(a) a er quantitative validation of the mathematical model, it is clear

(b) for the layered packed beds verifies that the match betwegay the model can be used as a real tool for investigating in de-

the simulation results and experimental data is good, with the this particular microwave heating of dielectric materials at
simulation results exhibiting the same overall trend of the eX-f,ndamental level.

perimental profiles. However, at longer melting times (90 s), the
experimental data are significantly higher than that simulation
results. The source of the discrepancy is the nonuniform heating
effect along the axis, which accounts for the fact that the incidentThe following results concerning the microwave melting phe-
microwave at the surface of layered packed beds is nonuniford@mena have been obtained.

Numerically, the discrepancy may be attributed to uncertaintiesl) A generalized mathematical model of the melting

in the thermal and dielectric property database. process by a microwave has been proposed and success-

However, in the early stages of the melting process, t

V. CONCLUSION
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