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In this paper, the experimental validation of @ combined
electromagnetic and thermal model for a microwave dry-
ing of capillary porous materials inside a recrangular
wave guide is presented, The effects of the irradiation time,
particle sizes and the variarion of initial moisture content
on the microwave drying kinetics are clarified in detail,
considering the interference between incident and re-
flecred waves in the capillary porous materials, The es-
tablished model has allowed us 1o determine the space-
time evolution of electric fleld, temperature and moisture
content within capillary porous materials during micro-
wave drying process.
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rom a theoretical standpoint, the drying pro-
F cess of porous media is a complicated pro-

cess involving simultaneous, coupled heat
and mass transfer phenomena. A multitude of ex-
perimental and theoretical work has been done in
this area and a lot of applications exist in different
technological areas such as drying of foods, drying
of paper, freeze drying process, vulcanization of rub-
ber and medical applications.

Microwave interacts with individual molecules
to quickly generate heat within a product. Conse-
quently, when properly designed, microwave-heat-
ing systems have several advantages over conven-
tional mechanical methods such as shorter process-
ing times for heating or drying, volumetric dissipa-
tion of energy throughout a product, high energy
efficiency compared with conventional drying, and
offer improvements in product quality for various
industrial applications. Metaxas and Meredith [1983)
and Saltiel and Datta {1997} provide good introduc-
tion to heat and mass transfer in microwave process-
ing.

Recently, many excellent studies in this area have
discussed the importance of mathematical model-
ing on understanding the complex phenomenon that
arises during microwave drying of porous materi-
als. Perkin et al. [1980] developed the heat and mass
transfer mode!l to describe the drying of unbound,
pendular moisture, by a method utilizing the volu-
metric absorption of microwave energy generated
at radio or microwave frequency. Gori et al, [1987]
studied the microwave drying of soil layer by using
the Lambert’s law, in their work, the agreement be-
tween the numerical predictions and experimental
results for moisture and temperature profiles seems
to be quite acceptable.

The work of Wei et al. [1985], Tumer and Jolly
[1990), Turner and Jolly [1991], and Turmer et al.
[1998], which is a low microwave power process
that typically generates low pressure, and most math-
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ematical models have been solved for microwave
drying using finite difference method and the
control volume method. Chen and Schmidt [1990]
studied microwave drying of hygroscopic and
nonhygroscopic materials using an integral method
that divided the computational zone into a two-re-
gion problem, a wet zone and sorption zone.
Ratanadecho et al. [2001a] studied the drying pro-
cess of unsaturated porous materials inside a micro-
wave oven, they emphasized the effect of particle
size and initial moisture content on the drying kinet-
ics.

Furthermore, intensive microwave drying has
been studied by Constant et al. [1996] and Ni et al.
[1999]. In the study conducted by Constant et al.
[1996], the microwave power absorbed term in the
mathematical model was determined from the ac-
tual experiment. They found that in the case of high
microwave power drying, the liquid expulsion
mechanism was developed from both the experimen-
tal and numerical standpoints.

Ni et al. [1999] developed one-dimensional
model to predict moisture transport under intensive
microwave heating of biomaterials, with transport
properties that can change with changes in structure,
moisture and temperature.

However, most previous investigations are re-
plete with one-dimensional drying model and the
microwave power absorbed was assumed to decay
exponentially into the sample following the
Lambert’s law. Although this assumption is valid for
the sample thick enough to be treated as infinitely
thick (L_, = 3 X penetration depth where the pen-
etration depth or distance at which the incident elec-
tric field has decayed by a factor of 1/e of its inci-
dent intensity), it is a poor approximation in many
practical situations [Ayappa et al., 1991].

For the small sample heats in a faster rate by
microwave due to the resonance of standing waves
whereas resonance is completely absent for greater
length scales. In perspective, Lambert’s exponential
decay law cannot predict resonance. Therefore, the
spatial variations of the electromagnetic field within
small samples must be obtained by solution of the
Maxwell’s equations [Ratanadecho et al., 2001b].

In some more recent work, the microwave dry-
ing process of solid materials (soft wood) inside an
oversized wave guide was studied by Perre and
Turner [1997], the model that was based on
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Whitaker’s theory, took into account the difference
of the transport mechanism with respect to various
kinds of the sample.

Ratanadecho et al. [2001c] presented the micro-
wave drying of capillary porous packed bed by us-
ing a rectangular wave guide, the effects of trans-
mitted and reflected waves and the variation of mi-
crowave power level and particle sizes on drying
kinetics at shorter drying times were studied sys-
tematically.

This work describes the characteristics of mi-
crowave drying at 2.45GHz in the TE,; mode of cap-
illary porous materials. Furthermore, from the mac-
roscopic point of view, the effects of the particle size
and initial moisture content on the overall drying
kinetics at longer drying times is also clarified in
this work. The specific objectives of this work are
to:

* formulate the generalized mathematical model of
the microwave drying process,

* solve the mathematical model numerically,

* compare the numerical results with experimental
measurements.

The results presented here provide a basis for
fundamental understanding of microwave drying of
dielectric materials.

Experimental Apparatus

Figure 1(a) shows the experimental apparatus used.
The microwave system was a monochromatic wave
of TE,,mode operating at a frequency of 2.45GHz.
Microwave energy was generated by magnetron
(Micro Denshi Co., Model UM-1500), it was trans-
mitted along the z-direction of the rectangular wave
guide with inside dimensions of 110 mm X 54.61
mm toward a water load that was situated at the end
of the wave guide. The water load (lower absorbing
boundary) ensured that only a minimal amount of
microwave was reflected back to the sample. Also,
an isolator (upper absorbing boundary) was used to
trap any microwave reflected from the sample to pre-
vent it from damaging the magnetron (Figure 1(b)).
Output of magnetron was adjusted to 50 W.

During the experiment, the microwave field was
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generated using a magnetron (Micro Denshi Co.,
Model UM-1500). The powers of incident, reflected
and transmitted waves were measured by wattmeter
using a directional coupler (Micro Denshi Co., Model
DR-5000). The distributions of temperature within
the sample were measured using fiberoptic
(LUXTRON Fluroptic Thermometer, Model 790,
accurate to + 0.5°C), which were placed in the cen-
ter of the sample at each 5 mm interval. An infrared
camera was also used to measure the temperature
distributions within the sample in x-z plane.

The sample studied was a packed bed of S50mm
in thick, which was comprised of glass beads and
water. The samples were prepared in two kinds: a
saturated porous packed bed (s,=1.0 and d=0.15 mm,
d=0.4 mm and d=1.0 mm) and unsaturated porous
packed bed (s,=0.6 and d=0.15 mm), it was inserted
perpendicular to direction of irradiation via a rect-
angular wave guide. A sample container made of
polypropylene was 0.75 mm in thickness, it did not
absorb microwave energy.

During the experimental microwave drying pro-

0 Microwave Generator x=Lx

cesses, the uncertainty of our data might came from
the variations in humidity, room temperature and
human errors. The calculated drying kinetic uncer-
tainties in all tests were less than 3 percent. The un-
certainty in temperature was assumed to result from
errors in measured input power, ambient tempera-
ture and ambient humidity. The calculated uncer-
tainty associated with temperature was less than 2.85
percent.

Analysis of Mathematical Modeling

Generally, studies on the microwave drying involve
solutions of the equations governing electromagnetic
propagation, i.e., Maxwell’s equations, either by
themselves or coupled with the heat and mass trans-
port equations. A two-dimensional physical model
in the x-z plane is presented in Figure 2.

Analysis of Electromagnetic Model

Figure 2 shows the physical model for microwave
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drying of capillary porous materials using a rectan-
gular wave guide. The proposed model is based on
the following assumptions [Ratanadecho et al,
2001d]:

* Since the microwave field is operated in TE,,
mode, it propagates in a rectangular wave guide
independently of the y-direction. Hence the elec-
tromagnetic field can be assumed to be two-di-
mensional plane (x-z plane).

* The absorption of microwave energy by the cav-
ity (including air) in the rectangular wave guide is
negligible.

* The walls of a rectangular wave guide are perfect
conductors.

* The effect of the sample container on the electro-
magnetic field can be neglected.

The basic equations for the electromagnetic field
are based on the well-known Maxwell relations.
When a microwave field propagates through an iso-
tropic medium having permittivity € , magnetic per-
meability p, electric conductivity 6 , and electric
charge density g, the governing equations are given
as follows:

oH

\% =—y—
X E 5 (1)
oE
Vx H= -
X H 0E+at )
q
V- E=+
E . 3)
V-H=0 €]

For the microwave of TE  mode, the compo-
nents of electric and magnetic field intensities are
given by:

E.=E =H =0 .
E,H,H,2z0 - ©
where subscripts x, y and z represent x, y and z com-

ponents of vectors, respectively. Using the relation
of Equation 5, the governing equations (Equations
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(1)-(4)) can be written in terms of the component
notations of electric and magnetic field intensities
[Ratanadecho et al, 2001b]:

ok, _ o, 6
2z Mo ©
ai_* aHZ (7)
ox H ot
oH, OoH,\ oE,
'(‘a}“ P )“’E’” ax  ®

where, permittivity €, magnetic permeability i and
electric conductivity ¢ are given by:

€=¢gnE, )]
M= Mok, (10)
C =2mfe tan § (11)

where fis frequency of microwave, tan 8 is dielec-
tric loss tangent, € and p_are relative permittivity or
dielectric loss factor and relative magnetic perme-
ability, respectively. In addition, if magnetic effects
are negligible, which is true for most dielectric ma-
terials used in microwave heating applications, the
magnetic permeability (i) is well approximated by
its value L in the free space.

Further, the dielectric properties are assumed to
vary with temperature and moisture content during
drying processes. The dielectric properties utilized
throughout this study use a mixing formula which
can be found in literature [Wang et al., 1980]

Boundary Conditions

Corresponding to the physical model as shown in
Figure 2, boundary conditions can be given as fol-
lows:

(a) Perfectly conducting boundaries: Boundary con-
ditions on the inner wall surface of a rectangu-
lar wave guide are represented by Faraday’s law
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and Gauss’ theorem:

E,=0 H =0 (12)
where subscripts ¢ and n denote the components
of tangential and normal directions, respectively.

(b) Continuity boundary condition: Boundary con-
ditions along the interface between different
materials, for example between air and dielec-
tric material surface, are represented by
Ampere’s law and Gauss’ theorem:

E,=E), H =H),
(13)
DnzD,n’ anB’n
(c) Absorbing boundary condition: At both ends of
the rectangular wave guide, the first order ab-
sorbing conditions proposed by Mur [1981] are
applied:

%, _, O
o o

(14)
Here, the symbol + represents forward or back-

ward waves and v is phase velocity of the mi-
crowave.

(d) Oscillation of the electric and magnetic flied

intensities by magnetron: Incident wave due to
magnetron is given by the following equations:

E,=E, sin(—’?)sin(%ﬁ) (15)

Ein . X .
H = Z’ sm(?)sm(mﬁ) (16)

H

X

E,, is the input value of electric field intensity, L _is
the length of rectangular wave guide in x-direction,
Z, is the wave impedance defined as:

7 = A'SZ’ — ﬁ Ko
u = /
A, V&

an
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where Z, denotes intrinsic impedance depending on
the properties of material. Ajand A are wave length
of microwaves in free space and rectangular wave
guide, respectively.

Analysis of Heat and Mass Transport Models

The samples considered are packed beds of glass
beads in either water and air which are then mod-
eled as homogeneous and isotropic structures, these
materials are selected to demonstrate the model, be-
cause most of its physical properties are well docu-
mented.

A schematic diagram of the model is shown in
Figure 2. By conservations of mass and energy in
the sample, the governing equations of mass and en-
ergy for all phases can be derived by using the vol-
ume average technique [Whitaker, 1977). The main
transport mechanism for the moisture movement dur-
ing microwave drying of the sample are: liquid flow
is driven by capillary pressure gradient and gravity
while the vapor is driven by the gradient of the par-
tial pressure of the evaporating species.

Due to the complexity of the phenomena, and
difficulty of finding actual situations in which the
main assumptions involved in the formulation are
[Ratanadecho et al., 2001c]:

« The capillary porous material is rigid. No chemi-
cal reactions occur in the sample.

« Local thermodynamic equilibrium is assumed.

« Simultaneous heat and mass transport occurs at
constant pressure, where the dominant mecha-
nisms are capillary transport, vapor diffusion and
gravity. Such is generally the case in drying of
capillary porous medium at atmospheric pressure
when the temperature is lower than the boiling
point [Bories, 1991].

» The contribution of convection to energy trans-
port is included.

« Corresponding to electromagnetic field, tempera-
ture and moisture profiles also can be assumed to
be two-dimension in the x-z plane.

The governing equations based on a volume av-
erage approach lead to the following conservation
equations describing the crying process of capillary
porous material:
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Mass Conservation

d
¢§{p’s +p, (1 - s)}

9 9 (18)
+=—lpw +pvuvl+g[p,w, +p,w,]=0

Energy Conservation

%[(pc”)r T]

+V[{p,cp,u,+ (Pac,m + pvcpv)ug}T] (19)
+Hn=-Vg+Q

where H_ is the latent heat of vaporization of water
and Q is the local electromagnetic heat generation
term, which is a function of the electric field distri-
bution and defined as [Clemens et al., 1996 and
Ratanadecho et al., 2001c]:

Q=2r-f-&,€,(tand)E] (20)

Phenomenological Relations

In order to obtain the system of equations, above,
the expressions for the superficial average velocity
of the liquid and gas phases based on the general-
ized Darcy’s law in the following vector form is used:

. Kf [V, - V. - g

2D

KK,
u=-—2Vp -pgl (@
the velocity of vapor water and air phases based on
the generalized Fick’s law for two components gas
mixture can be expressed in vector form as:
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P, = P, — PgDmV[%J (24)

where the capillary pressure p,, is related to the gas
and liquid phases:

pc=pg_pl (25)

and D_ is the effective molecular mass diffusion
[Rogers et al., 1992]:

(26)

m

-2
D —3_¢(1 s)D,

Fourier’s law is used to define the heat flux through
the porous medium:

q=-A,VT Q@7

Equilibrium Relations

The system of conservation equations obtained for
multiphase transport mode requires constitutive
equation for relative permeabilities K, capillary pres-
sure p,., capillary pressure functions (Leverett func-
tions) J, and the effective thermal conductivity A .
A typical set of constitutive relationships for liquid
and gas system is given by:

(28)
(29)

where s, is the effective water saturation considered
the irreducible water saturation s, and is defined by




/

(30)

The capillary pressure p,. is further assumed to
be adequately represented by Leverett’s well-known
J(s,) functions, the relationship between the capil-
lary pressure and the water saturation is defined by
using Leverett functions J(s _):

3
pc=pg—p,=—mJ(se) €19)

in which & is the gas-liquid interfacial tension, where

J(s,) was correlated capillary pressure data obtained
by Leverett as follows to give J(s,):

)0.217

J(s,)=0.325(1/s, -1 (32)

Figure 3 shows the typical moisture character-
istic curve for different particle sizes obtained from
previous work of Ratanadecho et al. [2001a]. It is
seen that, in the case of the same water saturation, a
small particle size corresponds to a higher capillary
pressure.

Figure 4 shows the effective thermal conductiv-
ity A, of capillary porous materials obtained from
previous work of Ratanadecho et al. [2001a] and can
be written in empirical form as:

pe [Pa]

FIGURE 3: Typical relationship
berween, p and s¢.

©
@
i

FIGURE 4: Thermal properties
of porous materials.
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State Equations
The gas phase is assumed to be an ideal mixture of perfect gas, so that the species density can be determined

by the state equations, with the classical definitions for total density of the gas Pg and the mass average
velocity of the gas:

.M,  pM,
RT Py RT’

pa= pg=pa+pv’

(34)
pa = paRaT’pv = pvRvT’pg = pa +pv’pgug = paua +pvuv

After some mathematical manipulations [Ratanadecho et al., 2001c], the two-dimensional system of
two non-linear coupled partial differential equations for the drying process are given by:

Moisture Transport Equation

P} o kxk, (apc) ap,
e — —_ —_—r) = D e
¢at {pls+pv(1 S)}+ ax [pl 'ul ax m ax

) K., (9o KK ) (33)
9|, KK, (9p, )+ g _p % (_¢
+ az[p’ m (az NI (p,8.)- D, N

Heat Transport Equation

: 0 '
%[(pCP)T T] + a%[{pchzul + (pacpa + vaPV)uS}T] * a_z[{pchlwl + (pacpa b pvcl’”)wg }T] r
€Y
0 aT| o aT
= g[leﬁ- -a';:l + -a—z-[ﬂ,eﬁ ‘é;:l + Q
(pCP)T =p,C, s+ {(pcp)., + (PCP)V}(I)(I -s)+ PoCpp (1-9) 7
Also, the phase change term is given by - |
0 o| KK, ap,
- %{Pﬂ’(l- S+ a%[-Dm —ai—”}f 5;[1% P& Dn ai 3%)
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where (GC) is the effective heat capacitance of wa-
ter-gas-matrix mixtures.

Boundary and Initial Conditions

The boundary conditions proposed for the exchange
of energy and mass transport at the open boundary
can be described in the following form:

oT :
- eﬁa—z—hc(T—T,,)+nHV (39)
plwl + pvwv = hm(pv —poo) (40)

Considering the boundary conditions at the
closed boundary that no heat and mass exchange take
place:

oT dT

ux oz

02-2 o

P (41)

The initial conditions are given by uniform initial
temperature and moisture.

Numerical Solution Procedure

The descriptions of heat and moisture transport equa-

tions (Equations (35) and (36)) are coupled to the
Maxwell equations (Equations (6)-(8)) by Equation
(20). The later equation represents the heating ef-
fect of microwaves within the sample. The numeri-
cal schemes of the microwave drying process are
performed.

Electromagnetic Field Equations
and FDTD Discretization

Generally, simulation of microwave power dissipa-
tion requires the solution of the set of three couple
scalar partial differential equations governing elec-
tromagnetic propagation, i.e., Maxwell’s equation,
inside a rectangular wave guide. The finite differ-
ence time-domain (FDTD) method has been used to
provide a full description of electromagnetic scat-
tering and absorption and give detail spatial and tem-
poral information of wave propagation.

In this study, the leapfrog scheme is applied to
set of Maxwell’s equations. The electric field vector
components are offset one half cell in the direction
of their corresponding components, while the mag-
netic field vector components are offset one half cell
in each direction orthogonal to their corresponding
components [Clemens et al., 1996]. The electric field
and magnetic field are evaluated at alternative half
time steps. For TE mode, the electric and magnetic
field components are expressed the total field FDTD
equations as:

_ o(ik)At
. 2(ik) . 1 At
En = o4 n=1¢-
26(3,k) 26(;k)
| 42)
~(H(i+1/2,k) - HI7(i-1/2,k)) N (HI 2, k+1/2) = HI (i, k- 1/2))
Ax Az
E*(i,k+1)- E"(i,k
HP(ik +1/2) = H™ (1 k +1/2) + — (kD) E/(L0) @)
T u(ik+1/2) Az
At E"(i+Lk)- E"(i.k)
HV(i+1/2,k)=H™(i+1/2,k)- X .
o J=H )~ W12 Ax S0
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Heat and Moisture Transports Equations and
Finite Control Volume Discretization

The coupled non-linear set of Equations (35)-(41)
are solved numerically by using the finite control
volume method [Patankar, 1980]. The basic strat-
egy of finite control volume discretization method
is to divide the calculated domain into a number of
control volumes and then integrate the conservation
equations over this control volume over an interval
of time [t,t + At] . At the boundaries of the calcu-
lated domain, the conservation equations are
discretized by integrating over half the control vol-
ume and by taking into account the boundary con-
ditions. At the corners of the calculated domain, we
used a quarter of control volume. At each time in-
crement, the nodal values of s and T were solved
iteratively and convergence was checked on both
variables. The Newton-Raphson method was em-
ployed at each iteration for quicker convergence.

The Stability and Accuracy of Calculation

The choice of spatial and temporal resolution is
motivated by reasons of stability and accuracy. Equa-
tions (35)-(41) are solved on a grid system, and tem-
porally they are solved alternatively for both the elec-
tric and magnetic fields (Equations (6)-(8)). To in-
sure stability of the time-stepping algorithm At must
be chosen to satisfy the courant stability condition
and defined as:

(Ax)” +(Az)*

v

At< (45)

and the spatial resolution of each cell , defined as:

Az < lg
10 Jz}: (46)
Corresponding to Equations (45) and (46), the cal-

culation conditions are as follows:
* grid size: dx = dz = 1.0 mm,

* since the propagating velocity of microwave is so
fast compared with the rate of heat transfer, dif-
ferent time steps of
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At=1x 1012 5 and Ar = 0.1 s are used corre-
sponding to electromagnetic field and temperature
field calculations, respectively.

» number of grid: N = 110 (width) x 200 (length),

* a prespecified stopping criterion for the iteration
procedures of 10 were chosen.

Some of the input data for electromagnetic and
thermo physical properties and drying conditions
are given in Table 1 and Table 2, respectively.

Results and Discussion

Simulation of Electric Field in a
Rectangular Wave Guide

In the beginning, to understand the detailed struc-
tures of electric field developed inside a rectangular
wave guide, the numerical simulation of the follow-
ing three cases are conducted:

(1) Rectangular wave guide is empty, its dielectric
constant is unity (which corresponds to that of
air).

(2) Rectangular wave guide is filled with sample
with drying times of 15 min (early drying times).

(3) Rectangular wave guide is filled with sample
with drying times of 540 min (long drying times).

Figures 5-7 are the numerical simulation of the
distribution of electric field in TE;; mode inside a
rectangular wave guide as well as the sample. In the
figures, the vertical axis represents the intensity of
the electric field E., , which is normalized to the am-
plitude of the input electromagnetic wave, E . How-
ever, all figures show the moment when the electric
field attains its maximum.

Figure 5 shows the stationary wave inside the
rectangular wave guide with completely absorbed
power at the end of the rectangular wave guide (case
1). It is observed that the electric field distribution
displays a wavy behavior with an aimost uniform
amplitude along a rectangular wave guide. Figure 6
shows the wave distribution of electric field when a
dielectric material or sample is inserted in the rect-




TABLE 1I: The electromagnetic and thermo physical properties used in the computations.

£,=8.85419x10""[F/m]

£=1.0,

i =10,

tand =0.0,

p,=1.205[kg/m’]

Cpa=1 .007[kJ/(kg K)],
£,-88.15-0.4147=(0.131x107?) T°—(0.046x10~) T

TABLE 2: The drying conditions used in the computations.

Drying Conditions

Glass bead sizes, d[mm)]
Porosity, ¢

Initial saturation, S,

Initial temperature, 7,[°C]
Irreducible saturation, S,.r
Air temperature, 7_ [°C]
Air velocity, U_ [m/s]

Microwave power level, P[W]

angular wave guide (case 2). Within the sample
(100mm <z <150 mm), the electric field attenuates
owing to energy absorption, and thereafter the ab-
sorbed energy is converted to the thermal energy,
which increases the sample temperature. In the fig-
ure, the electric field within the sample is almost
extinguished, however, focusing attention of field
pattern outside the sample (left hand side, 0 mm <z
< 100 mm), a stronger standing waves with a large
amplitude is formed by interference between the

26 Journal of Microwave Power & Electromagnetic Energy

U=4.0mx1077[H/m]

“3,,,=5‘1

1.=10,

tan 5p=0.01

p,=2500.0[kg/m’],  p=1000.0[kg/m’]

Cpp=0.80[kJ/kg K, sz=4' 186[kJ/kg K)]

tan §,=0.323 ~ (9.499x10%) T(1.27x10~4) T~
6.13x10" P

u=1.0

Value
0.15,0.4, 1.0
0.385,0.371
0.99, 0.6
10.0

0.06

10.0

5.0

50.0

forward wave and reflected wave from the surface
of sample due to the different of dielectric proper-
ties of material (air and sample) at this surface.
Figure 7 shows the wave distribution of the elec-
tric field when a dielectric material or sample is in-
serted in the rectangular wave guide (case 3). In this
case after a majority of the moisture level inside the
sample has been removed, the effect of reflected
wave from the surface of sample is reduced which
increases the large part of microwaves penetrating
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FIGURE 5: Distribution of electric
field for case of a rectangular wave
guide is empty (x=54.61 mm).

Hectric Reld, Ey/Eyin

FIGURE 6: Distribution of electric
field for case of sample is inserted in
the rectangular wave guide
(t=15 min, x = 54.61 mm).

Electric Field, Ey/Eyi

FIGURE 7: Distribution of electric
field for case of sample inserted in
the rectangular wave guide
(t=540 min, x=54.61 mm).

Electric Field, Ey/Eyin

X[mm]
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the sample. Consequently, the reflection and trans-
mission components at each interface will contrib-
ute to the resonance of standing waves configura-
tion with the larger amplitude inside the sample com-
pared with previous cases.

The Distribution of Temperature Profiles
Within the Sample

The predicted results are compared with experimen-
tal microwave drying data in Figures 8 through 11,
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FIGURE 8: Temperature profile in times at various depths (P=50 W, d=0.15 mm, s = 1.0):
(a) Experiment; (b) Simulation
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which corresponds to that of microwave power level
of 50 (W) and initial temperature of 10. 5 (°C), along
with the center axis (x=54.61 mm) of rectangular
wave guide.

Figure 8 shows the temperature profiles at vari-
ous times and depths in the case of s=1.0 and
d=0.15(mm). It is seen that the temperature profiles
within the sample steady rise in the early stages of
drying (about 90 minutes), however, the tempera-
ture in the interior of the sample are higher than those
at the drying surface for all times during the drying
process. Due to the large initial moisture content,
the skin-depth heating effect causes a major part of
incident wave to be reflected from the surface. The
latter arises from the fact that the microwave power
absorbed in the interior is lowest. As the drying pro-
cess proceeds (about 90-240 min), after a majority
of moisture content has been removed from the
sample, the large part of microwaves can penetrate
further into the sample as material dries where the
strength of the microwave power absorbed within
the sample increases. During this stage, the behav-
ior of dielectric properties is influenced primarily
by that of moisture content, and heating becomes
more volumetric. In time about 240 minutes, the tem-
perature starts to drop, this is mainly due to fact that
the moisture inside the sample is significantly re-
duced, reducing the microwave power absorbed
within the sample.

However, at long drying times (about 480 min),
the inside temperature increases again due to the
characteristic of dielectric loss factor, which becomes
to dominate microwave drying at low moisture con-
tents where the reflection and transmission compo-
nents of microwave at each interface will contribute
to the stronger standing waves patterns within the
sample. Further, near the end stages of drying as the
majority of moisture content inside the sample has
been removed, this decreases the microwave power
absorbed. Thus, equilibrium is reached between mi-
crowave drying and convective losses by lowering
the sample temperature. The simulated results are in
agreement with the experimental results for micro-
wave drying.

Figure 9 shows the temperature profiles at vari-
ous times and depths in the case of s3=0.6 and
d=0.15(mm). In this case, the sample dries quickly
throughout, and the temperature profiles within the
sample rise up rapidly in the early drying times (about
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27 minutes). This is because of the total rate of re-
flected wave is small in the early drying times, and
a large part of microwaves penetrates further into
the sample compared with the previous cases (as
referred to Figure 8). Such pattern can lead to a much
higher rate of microwave power absorbed in the in-
terior. After this, the temperature starts to drop con-
tinuously, because of the rate of microwave power
absorbed is lower after a majority of moisture con-
tent has been removed from the sample. Continued
drying process (about 240 minutes) would cause the
temperature level to increase again due to the char-
acteristic of the dielectric loss factor that was ex-
plained in Figure 8. The simulated results are in
agreement with the experimental results for micro-
wave drying.

Figure 10 shows the temperature profiles at
various times and depths in the case of sp=1.0 and
d=0.4 mm. Since the large particle size corresponds
to a lower dielectric loss factor, a larger part of
microwave can penetrate further into the sample.
The reflection and transmission components at each
interface, air to upper surface of sample and lower
surface of sample to air, will contribute to standing
wave configuration inside the sample. Such con-
figuration can lead to a much higher microwave
power absorbed or heat generation rate in the inte-
rior. Consequently, the temperature profiles now
appear uniform shape close to the entire interior
section of the board located midway between the
half of sample depth and lower surface where there
is the most moisture content.

Figure 11 shows the temperature profiles at vari-
ous times and depths in the case of sy=1.0 and d=1.0
mm. As the drying continues, the temperature pro-
files within the sample are different from those
shown in previous cases. In this case, the tempera-
ture profiles have a rather unusual shape. This is
because of the large particle size corresponding to a
lower capillary pressure, the liquid water supply to
surface by capillary action become insufficient to
replace the liquid being evaporated. The latter arises
from the fact that the dry layer took place ever small
effective surface or on a front retreating from the
surface into the interior of the sample dividing it
into two regions, dries region and wet region. In-
side the drying front, the sampie is wet, i.e. the voids
contain liquid water and the main mechanism of
moisture transfer is capillary pressure. Outside the
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FIGURE 11: Temperature profile in times at various depths (Experiment: P=50 W, d=1.0 mm,sp=1.0).

drying front, no liquid water exists, all water is in
vapor state-and the vapor diffusion plays an impor-
tant role in the moisture migration mechanism.

- Furthermore, the combination of characteristic
of hydrodynamic and dielectric properties would
change the location of maximum temperature with
respect to times especially, at the drying times about
45 min-180 min. This trend is more remarkable for
large particle sizes. Unfortunately, the lack of ex-
perimental data (permabilities and capillary pressure
functions) for a large particle sizes, therefore, the
drying kinetics predicted by the mathematical model
were unrepresentative.

The observation of temperature profiles depicted
in Figures 8-10 for the sample verify that the match
between the simulated results and experimental data
is qualitatively consistent, with the simulated results
exhibiting the same overall trend of the experimen-
tal profiles. However, there are some differences in
the maximum temperature between the simulated
resuits and experimental data, see Figures 8 and 10.
The discrepancy may be attributed to uncertainties
in the thermal and dielectric property database. In
addition, the discrepancy may be attributed from the
nonuniformity of the microwave irradiation during
experimental process.

Furthermore, the simulation and experimental
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data of temperature distributions within the sample
in the vertical plane (x-z) are compared in Figures
12-14. The result shows the greatest temperature in
the center of heating sample (which corresponds to
a higher microwave power absorbed) with the tem-
perature decreasing towards the side walls of the
sample. It can be seen that the agreement between
the two heating patterns is good, particularly con-
cerning the location of the hot region.

Distribution of Moisture Profiles
Within the Sample

Figure 15 shows the average moisture profile along
the sample depth in the case of sp=1.0 and
d=0.15(mm). In the early drying times, the moisture
content at the leading edge of the sample is lower
than that inside the sample, where the moisture de-
creases due to the gravitational effect. Since the
higher moisture content, much larger reflected waves
develop from the surface during the early stages of
drying. Later, the surface of the sample is supplied
with liquid water through gradient in the capillary
pressure, and because of the condensation of water
vapor (which moves towards the surface due to a
gradient in the vapor partial pressure), due to the
lower temperature of the surface. At this stage, how-
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FIGURE 12: Comparison between simulated results (a) and experimental results (b) for microwave drying of initial

saturated sample (t=120 min, d=0.15 mm, s0=1.0).

ever, the internal moisture content transfer is mainly
attributable to capillary flow of liquid water through
the voids.

Continued drying process would cause the av-
erage moisture content inside the sample to decrease
and lead to decreased microwave power absorbed,
reduced temperature and evaporation rate.  *

Nevertheless, at the longer drying times, the
vapor diffusion effect plays an important role in the
moisture migration mechanism because of the sus-
tained vaporization that is generated within the
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sample. The simulated results are in agreement with
the experimental results for microwave drying.
Figure 16 shows the average moisture profile
along the sample depth in the case of s;=0.6 and
d=0.15(mm). It is evident from the figure that the
sample dries quickly throughout. In particular, the
bulk of this sample that receives the largest amount
of microwave power absorbed (which corresponds
to a small initial moisture content) in the early stages
of drying times, due to the penetration depth of the
microwave field. In this case, the vapor diffusion
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FIGURE 14: Experimental results for microwave drying of initial saturated sample (1=360 min, d=1.0 mm, sg=1.0).
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plays an important role in the moisture migration
mechanism. The simulated results are in agreement
with the experimental results for the microwave dry-
ing process.

The simulations of moisture distribution within
the sample in the vertical plane (x-z) are shown in
Figures 17 and 18. It is seen that the moisture con-
tent now appears to be high close to side walls of the
sample, and the moisture content at lowering edge
of the sample stays higher due to the stronger gravi-
tational effect.

The following discussion refers to the effect of
particle sizes on the microwave drying kinetics un-
der same conditions. The distribution of average
moisture profiles for different values of particle sizes
(d=0.15 mm and d=0.4 mm) with the same micro-
wave power level (P=50 W) at the same time is pre-
sented in Figure 19. The observed moisture content
profiles at the leading edge of the sample in the case
of small particle sizes are higher than that case of
large particle sizes. This is because of the small

particle size which corresponds to a higher capil-
lary pressure can cause moisture to reach the sur-
face at a higher rate than in the case of large par-
ticle sizes. On the other hand, in the case of large
particle sizes, the moisture profiles at the leading
edge of the sample are always lower due to the lower
capillary pressure in comparison to the case of small
particle sizes.

Furthermore, the variation of drying rate with
respect to time is shown in Figure 20. It is seen that
in the early drying times, the drying rate of the sample
in the case of small particle sizes is nearly the same
in that case of large particle sizes. This is because
the drying rate is nearly independent of the capillary
porous materials being dried. However, at longer
drying times, the observed drying rate of sample in
the case of small particle sizes is higher than that
case of large particle sizes. This is because the small
particle sizes lead to much higher capillary force
resulting in a faster drying time and more uniform
moisture profile along the sample.

FIGURE 17: The simulated water satura-
tion distributions (dimensionless) within
the sample (5p=1.0, time=120 min,
d=0.15mm).

§-88

FIGURE 18: The simulated water satu-
ration distributions (dimensionless) within
the sample (sp=0.6, time=120 min,
d=0.15mm).
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Finally, from this study, the capability of the
mathematical model to correctly handle the field
variations at the interfaces between materials of dif-
ferent dielectric properties was shown. With further
quantitative validation of the mathematical model
for microwave drying using a rectangular wave
guide, it is clear that the model can be used as a real
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tool for investigating in detail this particular micro-
wave drying of porous material at a fundamental
level.

Conclusions

The experiments and theoretical analysis presented
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in this paper describe many of the important inter-
actions within a capillary porous medium during
microwave drying using a rectangular wave guide.
The following summarizes the conclusions of this
work:

1.

38

A generalized mathematical model of drying
process by microwave using rectangular wave
guide is proposed. It is used successfully to de-
scribe the drying phenomena under various con-
ditions.

The calculations of electromagnetic fields inside
the rectangular wave guide and the sample
showed that the variation of particle sizes and
initial moisture content changes the degree of
penetration and rate of heat generation within
the sample. This is because of the dielectric prop-
erties of material strongly affects the electromag-
netic field and the characteristics of the dielec-
tric properties are influenced primarily by that
of moisture content and temperature distribu-
tions within the sample.

The differences of the drying kinetics for the
cases of small particle and large particle sizes
were clarified in detail, relating to the interfer-
ence between the characteristics of dielectric
properties (dielectric loss factor and loss tangent
coefficient) and hydrodynamic properties (cap-
illary pressure, vapor diffusion and gravitational
force) in the sample. The small particle size leads
to much higher capillary forces resulting in a
faster drying time.

At longer drying times, the inside temperature
increases again due to the characteristic of di-
electric loss factor, which becomes to dominate
microwave drying at low moisture contents
where the reflection and transmission compo-
nents of microwave at each interface will con-
tribute to the stronger standing waves patterns
within the sample. This phenomenon commonly
referred to as thermal runaway. During this stage,
poor product quality and sample cracking are
often exhibited (especially, for very fine matrix
sample such as heavy clay and timbers) if tem-
perature levels and distribution cannot be con-
trolled. Understanding, prediction, and prevent-
ing or controlling thermal runaway present a
major challenge to the development of micro-
wave processing.

A more general observation concerning the mois-
ture profiles for many materials pertains to the
effect of matrix structure (particle sizes or pore
sizes) on the mechanism of moisture movement.
From a macroscopic point of view, the ease with
which the water can move in the liquid phase
depends on the nature of the matrix structure
within the materials. In truly capillary porous
materials, a natural redistribution of the mois-
ture from within the materials as the surface
water evaporates. However, many materials have
structures in which the pores are too large or
discontinuous for this to take place. In other
materials, the water is held in a matrix which
makes water liquid movement impossible.
Finally, our future aim is to validate the investi-
gation of microwave drying process of multi-
layered capillary porous materials, as well as,
the full comparison between mathematical
model prediction and experimental data.
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magnetic flux density [Wb/m?]
specific heat capacity [J/kgK]

electric flux density [C/ m?]

binary mass diffusion coefficient {m?%s]
diameter [m]

electric field intensity [V/m]

the input value of electric field
intensity [V/m]

frequency of incident wave [Hz]
gravitational constant [m/s?]

magnetic field intensity [A/m]

heat transfer coefficient {W/m?K]
mass transfer coefficient [m/s]

specific heat of vaporization [J/kg]
permeability [m?)]

the length of wave guide in x-direction
[m]

volumetric evaporation rate [kg/m’s]
microwave power level [W]

pressure [Pa]

microwave power absorbed term [W/m’]
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-

1

q heat flux [W/ m?]

R universal gas constant [J/mol/K]
S water saturation

T temperature [°C]

tan &  dielectric loss tangent coefficient
t time [s]

U_ air velocity [m/s]

u, w velocity [m/s]
wave impedance [Q]
intrinsic impedance [(2]

Greek letters

porosity [m? m?]

density [kg/m’]

permittivity [F/m]

relative permittivity or
relative dielectric constant
permittivity in free space [F/m]
free space wave length [m]
waveguide wave length [m]

Hnho e

oo oM

a

ff
magnetic permeability [H/m]

dynamic viscosity of gas {Pa s]

eRETE

{lelocity of microwave [m/s]
electric conductivity [S/m]
surface tension [Pa m]

ovQ

Subscripts

oo ambient

0 free space

a air

c capillary

e effective

g gas

ir trreducible

n component of normal direction
p particle

r relative

t component of tangent direction
v water vapor

1 liquid water

X,Y,Zz coordinates

Superscripts

interfacial position

International Microwave Power Institute

effective thermal conductivity [W/mK]

dynamic viscosity of liquid [Pa s]
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