491

a a . oa a . ¥ 4
mitsrpimnmaeietsimnmueionaswisszinalnensan 14
2-3 waasmou 2543 Lsausy Tulana 1Buslny

A Numerical and Experimental Investigation of the modeling of microwave drying
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Abstract

A detailed of mathematical model is presented, which uses a comprehensive two-dimensional heat and mass
transport equations to describe the drying process, couple with a complete solution of the unsteady Maxwell’s
equations in the time domain, can be used to investigate numerous aspects of microwave drying of capillary
porous packed bed using a rectangular wave guide. Most importantly, it focuses on the prediction of the
distribution of electric field, temperature distribution and moisture distribution within the capillary porous
medium. A comparison between numerical and experimental results for the microwave drying of capillary
porous packed bed using rectangular wave guide is presented.
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1. Introduction

A practical way to distinguish between the various drying
process is to classify them by heating mode: convective
drying, external radiative drying, vacuum drying and
conductive drying. Drying with internal heat generation,
such as dielectric drying or microwave drying, is a special
case. Generally, microwave process exploits the
polarization of molecules bonds, especially of polar water
molecules, causing these bonds to vibrate, leading to a
power dissipated as heat generation within the dielectric
material. More recently, microwave technology can provide
numerous advantages over conventional mechanical
method. Some of these advantages include reduce the cost
of system maintenance, provide more rapid and uniform
heating, and offering improvements in product quality. In
the past decade, microwave technology has been applied to
many processes. Generally, the application of microwave
heating is largely divided into two types, oven type and
wave guide type. The oven type is very popular as a
microwave oven but the great number of reflections occurs
in an oven and the handling of the electromagnetic in the
system is very difficult. This phenomenon explains why the
rectangular wave guide type is used for this work. A
number of analyses of conventional drying process and
application of microwave process have appeared in the
recent literature [1]-{3]. Also, this work, a comprehensive
two-dimensional heat and mass transport equations to
describe the drying process, couple with a complete solution
of the unsteady Maxwell’s equations in the time domain is
presented.

2. Experimental Apparatus

Figure 1 shows the experimental apparatus for the drying
system. The system was a monochromatic wave of 1£,
mode and operafing at frequency 2.45GHz transmits along
the z-direction of the rectangular wave guide with inner
dimensions of 109.22 x 54.61 mm toward a water load that
is situated at the end of the wave guide. The water {oad
(lower absorbing boundary) ensures that only a minimal

amount of microwave is reflected back to the sample, while
a upper absorbing boundary, which is located at the front
end of wave guide, is used to trap any microwave reflected
from the sample damaging the magnetron. The sample
(capillary porous packed bed) for studied is an initially
partially saturated rectangular packed bed, which composes
of glass beads and water with thickness of 50 mm, it is
inserted in the rectangular wave guide. A container is made
of polypropylene of 0.75 mm in thickness. The sample
preparing and the measurement of porosity and
permeability. For the dielectric properties at various
conditions were measured [6]. During the experiment, the
weight of the sample, the ambient temperature, the
temperature of the sample at eight locations, the transmitted
microwave power, the reflected microwave power, and the
microwave power absorbed by the sample were recorded by
a data logger that was connected to a computer.
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Fig.1 Experimental apparatus.
3. ANALYSIS OF MICROWAVE HEATING USING
RECTANGULAR WAVE GUIDE
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 transport equations. A
two-dimensional analytical model over the x-z plane in Fig.2
is presented. The face of the sample is exposed to the
external drying conditions. Microwave in the form of plane
wave incident this surface. Another surfaces rests on
impermeable and adiabatic surface. With this configuration
it is possible that standing wave patterns can be generated
within the sample.
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3.1 Analysis of electromagnetic field
Assumptions. We consider analytical model showing the
process of microwave heating for multi-layered materials.

Figure 1 shows the analytical model for microwave heating

using a rectangular wave guide. The model proposed is

based on the following assumptions:

1. Since microwave of TE,, mode which propagates in
rectangular wave guide is independent in y-direction,
the electromagnetic field can be dealt with two-
dimensional model on x-z plane.

2. The absorption of microwave for the cavity (including
air) in a rectangular wave guide is negligible.

3. The walls of a rectangular wave guide are perfect

conductors.
4. The effect of the sample container on electromagnetic
field can be neglected.
Basic equations. The basic equations for the

electromagnetic field are expressed as the Maxwell's
relations. When microwave propagates though isotropic
medium having permittivity & magnetic permeability g,
electric conductivity o, and electric charge density g, the
equations are given as follows;.

0B

VXE=—"— ¢))
ot
vxH=7+2 @
ot
V-D=gq 3)
V-B=0 4)

E is the electric field intensity, H is the magnetic field
intensity, J is the cuwrrent flux, D is the dielectric flux
density, and B is the magnetic flux density. The relationships
between these variables and electromagnetic properties are
given by

D=¢E %)
B=uH (6)
J=0oE (N

Substituting Eqs.(5)-(7) into Eqs.(1)-(4) yields the following
equations which are represented by the only electric and
magnetic field intensities.

oH
VXE=-p— (8)
8 H Ot
VxH=aE+ga—E— 9
ot
v.E=9 (10)
£
V-H=0 (an

For the microwave of TE;, mode, the components of
electric and magnetic field intensities are given by
E =E =H =0

E,H, ,H #0

where subscripts x, y and z represent x, y and z components
of vectors, respectively. Taking into account the relation of
Eq.(12), Eqs.(8)-(11) are written as, using the component
notations of electric and magnetic field intensities,

E
By o, (13)
oz ot

(12)



,_a__€L=_.lu aH{. (14)

ox ot

_(6H,_6Hx)=aE +Ea_Ey_ (15)
ox Oz ’ ot

where, permittivity & magnetic permeability u and eiectric
conductivity o are given by

€ = £,¢, (16)
= fhoft, (a7
o =2nfctand (18)

where f is frequency of microwave, tan o is dielectric loss
coefficient, £, and K, are relative permittivity and relative

magnetic permeability, respectively. Further, because the
dielectric properties are assumed to vary with temperature
and moisture content during drying process and can taken
the principle directly from the literature 8] .

Boundary conditions. Corresponding to the analytical
mode} shown in Figure 1, boundary conditions can be given
as follows:

(a) Perfectly conducting boundary condition

Boundary conditions on the inner wall surface of a
rectangular wave guide are given as, using Faraday's law
and Gauss' theorem

E =0, H,=0 (19)
where subscripts ¢ and » denote the components of tangential
and normal directions, respectively.

(b) Continuity boundary condition

Boundary conditions on the interface between different
materials, for example between air and dielectric material
surface, are given as, using Ampere's law and Gauss'
theorem

E,=E. H=H,

D,=D. B,=B,
where superscript ' denotes one of different materials.
(c) Absorbing boundary condition

At both ends of rectangular wave guide, the first order
absorbing conditions proposed by G. Mur [5] are applied.

=tv—* 2n

(20)

Here, the symbol * represent forward or backward waves
and L is phase velocity of microwave.
(d) Oscillation of the electric and magnetic flied intensities
by magnetron ’

Incident wave due to magnetron is given by the fcllowing
equations.

E =E, sm(?"")sm(zym) (22)
E. . (=
-y el PH 23)
H, z, sm(LJsm(Zf;ft)

E,;, is the input value of electric field intensity, L, is the
length of rectangular wave guide in x-direction, Zy is the
wave impedance in cases where microwave propagates in
rectangular wave guide, and can be represented by

Z =~_;“KZ’ :éi J—“: (24)
" ) AVe
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where Z; depends on material and is called intrinsic
impedance. Also, A and A, are wave length of microwaves in
free space and rectangular wave guide, respectively.

For the power flux associated with a propagating
electromagnetic waves is represented by the Poynting vector
S and time average flux for harmonic fields is defined as:

S =%Re(E><H') (25)

where Re is real part
The poynting theorem allows the evaluation of the
microwave power input. It is expressed as:

B, = [Sda= .4152," (26)
Z

3.2 Analysis of heat and mass transport

A transient two-dimensional formulation is now described
for fundamental studies of coupled heat and mass transport
in the sample during the microwave drying using rectangular
wave guide. Due to the complexity of the phenomena, and
difficulty of finding actual situations in which the main
assumptions involve in the formulation are:
1. Each of three phases of solid, liquid, and gas is
continuous.
2. Local thermodynamics equilibrium is valid, which mean
that the temperature in all phase is equal.
3. Simultaneous heat and mass transport at constant gaseous
pressure, where the dominant mechanisms are capillary
effects, vapor diffusion and gravity. Such is generally the
case in the drying process of capillary porous medium at
atmospheric pressure when the temperature is lower than the
water boiling point.
4. The contribution of convection to energy transport is
added.
5. Corresponding to electromagnetic field, temperature and
moisture profiles also can be dealt with two-dimensional
model on x-z plane.
6. The effect of the sample container on temperature and
moisture profiles can be neglected.
Mass conservation

The macroscopic mass conservation for liquid, water
vapor, air, and gas phase, are written, respectively, as
Liquid phase

17 o ow :
p1¢-§+p,—51:7’+p,—az—’=~~n @7
Vapor phase
2 o=+ Lo+ Zlow,]=n 28)
at v ax vV az Vv ¥
Air phase
J 0 0
—at‘{Pa¢(l~5)}+a[Paual+§[PaWa]=0 (29)
Gas phase
0 0 o :
—é?{pg¢(l _s)}+5x-[pgug]+5;[pgwg]= n (30)

In which 7 is the evaporation rate during phase change, ¢
is the porosity of porous medium.
Energy conservation

The governing energy equation describing the temperature
rise in the sample is the time dependent equation is




%[(;xl,)r T+ Ve, +(puc, + ore, Ju, T+, 31)

=-Vg+Q
where Hv 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 distribution and defined as

Q=21 f-& ¢, (tand)E> (32)
where £, denotes relative dielectric constant, &, denotes

the permittivity of free space and tan ¢ denotes the loss
tangent.
Phenomenological relations

In order to complete the system of equations, the
expressions for the superficial average velocity of liquid
phase and gas phase the generalized Darcy’s law is used:

7’_il=._“%[Vpg_vlycnl)lg] (33)
(

KK
i, =——=[Vp, - p,g] (34)

4
For the velocity of vapor water and air phase the
generalized Fick’s law on two component gases mixture we
obtained:

P, = p,i, - pgDmV(ﬁ”—J (35)
Pg
Paily = p i, ~ pgDmV[—piJ (36)
Pg

where the capillary pressure p, is related to the gas and
liquid phases can be written by

pc::pg_pl (37)

and Dm is the effective molecular mass diffusion[7]

2
D, = 29 4-sD (38)
3-¢

where D is the binary mass diffusion in plain media.
The Fourier’s law is used to write the heat flux density
through the porous medium
qg=-AVT 39
Equilibrium relations

The system of conservation equations obtained for
multiphase transport mode requires constitutive equation for

relative permeabilities K, capillary pressure p,, capillary
pressure functions (Leverett functions) J , and the effective

thermal conductivity A. A typical set of constitutive

relationships for liquid and gas system given by:

ky=s.’ (40)

3
krg =(1—Se) )]
where s, is the effective water saturation considered the

erreducible water saturation §, and defined by

494

§—S5,

5, =1 &

l_Sir

The capillary pressure p_ is further assumed to be

adequately represented by Leverett’s well know J(s,)

functions, the relationship between the capillary pressure
and the water saturation is defined by using Leverett

functions J(s,)
_9_

K/¢

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

pP.=P,—p = J(s,) (43)

J(s,)Kaviany[3] was correlated imbitition capillary
pressure data obtained by Leverett with

J(s,) =0.325(1/s, —1)**" (44)
The effective thermal conductivity for capillary porous

medium A is also function of water saturation, can be
written as

0.8

A 1+3.78¢7%

State Equations
The gas phase is assumed to be an ideal mixture of perfect
gas, so that species’ density can be determined by the state
equations, with the classical definitions for total density of

(45)

the gas p, and the mass average velocity of the gas:

—_— PGMG —_ PVMV
Pa="Rr 7T RT
Py = Pat P,
F,=p,RT, P, =pRT
P, =F +P
Pelly = Paliy + P, (46)

The partial pressure of the vapor was considered as a
function of temperature and defined by

P = Co + (Cl + (Cz + (C3 + (Ca + CST)T)T)T)T
@7
w h e r e

C, =610.8,C, = 43.87,C, =1.47,C, = 0.025,

C,=288e-4,C;=27le-6

Moisture transport equation

The phenomena of moisture transport in the sample is
described by the mass conservation equations for liquid
phase (Eq.27) and the water vapor portion of the gas phase
(Eq.28) since it is total water content that is interest, these
equations in two-dimensional scalar forms can be added
together to yield an equation for the total moisture content,
in the form:




0 0
¢a—{p1s +p,(1 ‘5)}"' —[,o,u, + pvuv]
3 Ox 48)

+£[P,W1 +pvwv]=0
0z

by using Darcy’s generalized law equation (Eqgs.(33),(34) )
and Fick’s law (Eqs.(35),(36) ), the moisture transport
equation is thus written:

b2 {pis+p.0- o)+

ol KkK,(op, op
{p, ’(—p-~-i+p,gx]+

ox 4 \ox ox
KK ( op p “9)
R -D =i+
£ K [ Ox pggx] ! Gx}
8 KK,(dp. b,
—p— - +
az{pl #, [az aZ plgz
KK op op
2t yp g |-D Frlzo
S ( o pgg‘J m 62}

In addition, it is assumed that the total gradient pressure
(p, = const) and gravitational effect in x-direction are
negligible, Eq.(49) become:

B Zpis+ .- 9)}+

2 p,_Ki&z(_%)_ PR
Ox M\ Ox Ox

ol kK, (8
~—[p, ”(p“+p1g,)+

(50)

oz M\ Oz
KK dp
L -D,—=1=0
Py i, (f)ggz) m 82 }

Heat transport equation

For the more interesting of a nonisothermal flow we must
add the temperature as a dependent variable and write an
equation, which expresses the conservation of energy for the
case of two-dimensional model. Thus, the equation (31)
leads to:

g_t_[(pcp )7‘ T]+ %[{plcplu/ + (/)acpa + pvcpv )Ilg }T}+
5%[{/71%1“’/ +(pacpa +PVC',,V)W3}T]+HV}1 6D
= —Q—[AG—T}r—a—[l 8T}+Q

Tl x| ezl oz

where;

(pcp)r =p,Cp,¢S'+{(,CCp )u +(ﬂp), Ml _S)+ppcpp(l "¢) (52)

9 oLl %
n—'at{pv¢(1 S)}+ax[ Dm }+

Ox
| KK, op
Yi,x D ZEy
2o -0 %]

Boundary and initial conditions

(53)
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There are two types of boundary conditions for solution of
the governing equations are formulated by assuming that
convective and mass transfer occurs at the open and
impermeable boundary. The boundary conditions proposed
for the open boundary of the sample, for the exchange of
energy at the open boundary can be described in the
following form:

B .
~A—£:hc(T—Tw)+nHv (54)
Oz
where hc is the local heat transfer coefficient

for the mass transfer at the open boundary is modeled by
means of a local constant mass transfer coefficient, that is
the local water vapor flux density is described as:

plwl+pvwv=hm(pvs—pvm) (55)
in which A, is the local mass transfer coefficient, p,, is

the density of water vapor at the open boundary and p is

reference vapor density in the gas phase swrrounding the
open boundary. Considering the boundary conditions at the
closed boundary (symmetry-imperimeable) that no heat and
mass exchange take place:

or _or _ (56)
o Oz
ou_ow_ 67
ox 0Oz

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

In order to obtain the electromagnetic field, finite
difference time domain (FDTD) method is applied [4].
Concerning the system of nonlinear partial differential
equations (Eqs.(50)-(57) ) must be solved a method of finite
differences base on the notation of control volume as
described by Patankar [7]. Since the propagating velocity of
microwave is so fast compared with the rate of heat and
mass transfer, different time steps of dr=4 {ps] and 1[s] are
used corresponding to electromagnetic field, temperature
and moisture profiles calculations, respectively. The step
size of space is dx=dz=1{mm]. Some of the input data for
electromagnetic and thermo physical properties and drying
conditions are given in Table 1..
Table.1
The drying conditions used in the computations

Drying conditions Value
Glass beads size ,d (mm) 0.15,04
Initial saturation, So 0.99
Initial temperature, To (C) 12
[rreducible saturation, Sir 0.006
Porosity, ¢ 0.385, 0.371
Heat transfer coefficient, hc(W/m2K) 100
Mass transfer coefficient, hm(m/s) 0.1
Surrounding temperature, 7 (C) 12




4. Results and Discussion

The experimental results for the microwave drying using
capillary porous packed bed (glass beads+water) were
compared with mathematical model simulations both to
verify the model predictions.
4.1 Simulation of electric field in a rectangular wave
guide

For understand the phenomenon of electric fields inside
the rectangular wave guide, the simulation analysis is

required. In Fig.3-5, shows the electric field of TE,, mode

at different time step along with the center axis x=54.61 of a
rectangular wave guide, for the case of a rectangular wave
guide is empty (which corresponds to that of air) and for the
case of the sample is inserted in the rectangular wave guide,
vertical axis represent the intensity of electric field £ y
which is

normalized to the amplitude

. Figure 3 shows the standing

of input
electromagnetic wave, £

wave of TE,, mode, for the case of a rectangular wave

guide is empty. A standing wave is formed by
superimposition of the forward wave propagated from the
wave input region, z=0 and of the reflected wave from the
lower absorbing boundary, z=200 mm. In Fig4
corresponding to the case when the sample is inserted in the
rectangular wave guide, since the incident wave passing
through the cavity having low permittivity is directly
irradiated to the sample having high permittivity, the major
part of incident wave is reflected on the surface of sample
and the standing waves forms in the cavity forward to the
sample. Figure 4 shows the electric field distribution for the
early stage of drying process, the electric field within the
sample is extinguished. However, the electric field
distribution for the end stage of drying process, in which
case after a majority of the moisture level inside the sample
is decreased, the effect of reflection rate on the surface of the
sample is low which to increase the penetration depth of the
electromagnetic energy within the sample.

Electric field Ey/Eyin]-]

Depth z{my

Fig.3. Distribution of electric field along the center axis for
case of a rectangular wave guide is empty
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Fig.4. Distribution of electric field along the center axis for
the sample is inserted in the rectangular wave guide
(t=1 min)

4.2 The distribution of temperature and moisture

profiles within the sample.

The mathematical model simulations results are compared
with experimental drying data of microwave drying process
are shows in Fig.5-12. The experimental and simulation of
temperature profile as a function of distance at various times
for the cases microwave power input of 100W are compared
in Fig.5, which correspond to those of initial temperature

with 12°C, along with the center axis x=54.61 mm of
rectangular wave guide. In contrast to that in conventional
drying, the microwave drying is hotter inside drying sample
and the surface temperature stay colder due to the cold of
surrounding air, in the same time the evaporation take place
at the surface of sample lower of temperature are
experienced due to evaporative cooling. The simulated
results were in agreement with the experimental results for
the microwave drying process

100}

& Tergperagure g

time -eak- emp.
i P =100[W] 10[min] ----- a
x=54.61{mmj I5{min] ----- - !
di 0.4[mm], o 90Imint !
0
0 10 20 30 40 50

Nonth »Imiml]

Fig.5. Temperature as a function of distance at various times
(P=100w, d=0.4mm, x=54.6 mm)

The experimental and simulation of temperature profile in
times at various distances are compared in Figs.6. and 7.
Figure 6 shows that the temperature profile within the
sample rise up quickly in the early stage of drying process,
after that it is slow down in the middle, In Fig.6, considering
at the end stage of drying process, due to the moisture inside
sample becomes reduce, decreasing the microwave power



absorbed, equilibrium is reached between microwave drying
and convective losses by decreasing the temperature.
However, at the higher microwave power input as shows in
Fig.7, the temperature profile within the sample
continuously rise up faster than case of lower microwave
power input and the temperature remain high at the end
stage of drying process. The simulated results were in
agreement with the experimental results for the microwave
drying process

100 y T - ! o
[ ]
™80} e |
g 3 [ ",;-“.---;.---_."‘--.----:.._?_“-“ - ;
B S 'y TEe-A_ A TE
Sqof 7 ]
T o
E cal exp. ® @ *
=200 P=sorwys S[mm] —— @ ]
x=54.61{mm] 15[mm] ~---- A ]
0% d=0.15[mm] — 25[mm] ----- ®
0 60 120 180
Time t{min]

Fig.6. Temperature profile in times at various distances
(P=50w, d=0.15mm, x=54.61mm)
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x =54.61[mm] 15[mm] ~---- A
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0 . . . . ‘
’ 30 60 90

Time tfmin]

Fig.7. Temperature profile in times at various distances
(P=100w, d=0.4mm, x=54.61mm)

Next discussion is a using different glass beads size at the
same conditions. The temperature and moisture profile are
shows in Fig.8, Fig.9 Fig.10, and Fig.11, respectively.
Figures 8 and 9 shows the experimental results at the
microwave power input of 100W and 50W, respectively,
Fig.8 shows that the temperature profile on both cases
(d=0.15mm and d=0.4mm) situated closet. However, the
observed temperature profile at the leading edge of the
sample in the case of small glass beads size are
fundamentally higher than in the case of large glass beads
size, this is because of the small glass beads size (whick
corresponds to a higher capillary force) can cause moisture
to reach the surface in higher rate than case of large glass
beads size (see Fig.10), correspond to an excess microwave
power absorbed. Hence, even higher moisture content can
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lead to the higher temperature in this region. However, for
the case of small glass beads size, the temperature profile
deep inside the sample still lower due to the moisture inside
sample becomes reduce. Continued drying process would
eventually cause the average moisture content inside the
sample would decrease and lead to decreased microwave
power absorbed, reduced the temperature within the sample,
especially, in the case of small glass beads size (Fig.10).

100

|
.13 8
E'60 -
)
51
S0} ]
% 1 P=100{W] diameter  exp. ]
S 20t x=54.61{mm/ 0.15{mm| —e— .

t = 90{min] 0.4[mm] —a—
!
) "—. L PR " i . 4 .
0 10 20 30 40 50

Depth z{fmm]

Fig.8. Comparison Temperature as a function of
distance (P=100W t=90 min, x=54.61mm)
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Fig.9. Comparison temperature as a function of
distance (P=50W t=180 min, x=54.61mm)
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Fig.10. Comparison water saturation as a function of

distance (P=100w t=90min, x=54.61mm)

The variation of drying rate with respect to time, both the
simulation and experimental results are compared in Fig.11.
The small glass beads size, however, leads to much higher
capillary force results in a faster drying time and more
uniform moisture profile inside the sample. The simulated
results were in agreement with the experimental results for
the microwave drying process.

Depth zfmm]

60 — T ' v . '
- P=50/W] b
&50 - ® 1
E . ]
¥r st
23l 0 T J
a 30
S20} . -
g it
E 10} .0.4[mm] ----- A ]

0 ] 4 L PR, A M
0 66 120 180 240

Time t{min]

Fig.11. The variation of drying rate with respect to time
(P=50W)

Figure 12 (a) shows the simulation of temperature
distribution in the sample at time of 60s in the vertical piane
(x-z), Figure 12(b) shows the experimental temperature
distribution. It can be seen that the agreement between the
two heating pattern is good, particularly concerning the
location of the hot region. Most of the heating takes place on
the inside of capillary porous packed beds, especially, at the
middle region, and the surface temperature stay colder due
to the cold of surrounding air, showing the capability of the
mathematical model to correctly handle the field variations
at the interfaces between materials of different dieletric
properties
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(b)
Fig. 12. Comparison between simulation results (a)
" and experimental results (b) for microwave
drying of the sample using the microwave
power input of 100W
5. Conclusions '

The experiments and theoretically analysis of this study
describe many of the predominate interactions within
capillary porous medium during microwave drying using
rectangular wave guide. The characteristics of microwave
drying which are effected by the reflection of microwave
and standing wave and depend on dielectric properties,
moisture content, glass beads size and microwave power
input, this work have been investigated numerically and
experimentally. The following knowledge conceming the
microwave drying phenomena is obtained:

1) The results of electromagnetic fields inside a rectangular
wave guide and the sample shows that the varies of moisture
content within the sample during microwave drying and the
changing of glass bead size could enable change the location
of the maximum intensity and distribution of
electromagnetic field within the sample, this is because the
dielectric properties strongly affects the electromagnetic
field pattern and the behavior of the dielectric properties is
influenced primarily by that of moisture content.

2) Nevertheless, the results of temperature and moisture
profiles within the sample corresponds to the result of the
electromagnetic fields, since the affect the microwave power
absorbed, thus effect variation of the temperature and
moisture profiles within the sample.

6. NOMENCLATURE
width of wave guide [m]}

thermal diffusivity [m 2 /s]
high of wave guide [m]
magnetic flux density [Wb/m 2 ]

woe »



c, specific heat capacity [J/kgK]

D dielectric flux density [C/m?]

E electric field intensity [V/m]

f frequency of incident wave [Hz)

g gravitational constant [m/s 2 ]

H magnetic field intensity [A/m]}

] current flux [A/m 2 i

L length of a rectangular wave guide [m]
M molecular weight [kg/kmol]

P pressure [Pa]

Q electromagnetic heat generation [W/m ’ ]
q electric charge density [C/m 3 ]

R universal gas constant [J/mol/K]

S water saturation {-]

T temperature [C]

t time [s]

tand loss tangent [-]

X,y,z Cartesian coordinates (-]

Z,  waveimpedance [Q]

Z, impedance [€) ]

Greek letters

M My ©

SN

iﬂ-g:,u—.mow(l)eqc::;:tm

>
=<

porosity [m im? ]

density [kg/m 3 ]

permittivity [F/m]

relative permittivity [F/m]
free space wave length [m]
wave guide wave length [m]
permeability [H/m]

free space permeability [H/m]
relative permeability {H/m]
velocity of propagation [m/s]

electric conductivity [S/m)
angular frequency [rad/s]

ubscripts

air
capillary
gas
layer number
normal component
particle
tangential component
water
coordinates

~N
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