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1 Introduction wave processing. A number of other analyses of microwave heat-

A convenient starting point of drying theory is a recent work bggalprﬁ;:]esiies eth Z\I/e[?]ppaer?ge%lg]mg]rfs ree(t:ZrI]ESI]I)ter?'mg;

Whitaker[1], who derived locally volume averaged ConserVatioﬂimensional analysis for heat and mass transport during micro-

equations for Mo-phase capillary flow in porous mgdia. In tr\‘/?/ave drying in porous material has been studied by Gori ¢98l.
past decade, microwave technology has been applied to MW ot al[10] and Turner et alf11].

processes._Microwav_e drying_ is one of the most interesting meth-o¢ 411 models above, the microwave power absorbed was as-
ods for drying materials. Unlike other heat sources such as cQfijmed to decay exponentially into the sample following the Lam-
ventional heating, where heat is applied externally to the surfaggys |aw, However, this assumption is valid for the large dimen-
of the material, microwave |rrad|at|pn penetrates and 3'mU|t§|‘on samplegdepth of beddp~2.7x penetration depd{12,13.
neously heats the bulk of the material. When properly designgghy the small samples heat in a faster rate by microwave due to
microwave drying systems have several advantages over Conv@es resonance of standing waves whereas resonance is completely
tional mechanical methods, such as reducing the drying timegsent for greater length scales. In perspective, Lambert's expo-
high energy efficiency, and offer improvements in produgiential decay law cannot predict resonance. Therefore, the spatial
quality for various industrial applicationé~eng et al.[2] and variations of the electromagnetic field within small samples must
Feng et al[3]). be obtained by solution of the Maxwell's equatidisi].

Microwave radiations have typical wavelengths and a penetra-The two-dimensional models of interaction between electro-
tion depth of roughly the same order of magnitude, commensuratgnetic field and dielectric materials have been used previously
with the size of the sample to be dried. For instance, the waver study numerous heating processes in a variety of microwave
length of an electromagnetic at frequency of 2.45 GHz is 12.4 capplicator configurations such as rectangular waveguide and cavi-
and the penetration depth, that is the distance from the surfacetie ([14—16). However, previous investigation considered only a
the sample at which the power dropeéo® from its initial value, single-layer sample. Indeed, little effort has been reported on the
is 2 cm of water at 60°C. Thus, a volumetric heat source is dissitudy of drying process of multi-layered materials in microwave
pated through the sample due to the characteristic of dielectfields, especially a complete comparison between mathematical.
lossed 4]. Further, the moisture and temperature distributions fon this work, samples in a microwave cavity of 2.45 GHz and
microwave drying can appear to have uniform shapes, due to tiig;o mode were packed beds of glass beads and water. The effects
phenomenon. of the irradiation time, particle sizes and the variation of initial

There are many successful examples of microwave applicatidRgisture content on microwave drying kinetics at long stages of
including the drying of foods, drying of textiles, freeze dryingalrying process were clarified in detail. The result presented here
process, and vulcanizations of rubber. Metaxas and Merggljth provides a basis for fundamental understanding of microwave dry-
provide good introduction to heat and mass transfers in micrthg of capillary porous materials.

2 Experimental Apparatus
Contributed by the Heat Transfer Division for publication in th®URNAL OF . . .
HEAT TRANSFER Manuscript received by the Heat Transfer Division April 10, 2001; Figure 1 shows the eXpe”ment_al apparatus used. The_ micro-
revision received September 10, 2001. Associate Editor: H. Bau. wave system was a monochromatic wave of Jfaode operating
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scale with high precision. The water saturations in the packed bed
were defined as the fraction of the volume occupied by water to
volume of the pores. They were obtained by weighing dry and wet
mass of the sample which were cut out in volufaur position$

of about 110 mnx54.61 mmx12.5 mm at the end of each run.
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m
Fig. 1 Schematic of experimental facility: (a) equipment ) ) p1$Ma
setup; and (b) multi-layered porous packed bed  (Sample) wheres is water saturationm,, andmy are wet and dry mass of

the sample, respectively is porosity,p; and p, are densities of
water and particle, respectively. During the experimental micro-
) wave drying processes, the uncertainty of our data might come
at a frequency of 2.45 GHz. Microwave energy was generated f¥m the variations in humidity, room temperature and human
magnetron(Micro Denshi Co., model UM-1500, Tokyo, Japait errors. The uncertainty in drying kinetics was assumed to result
was transmitted along thedirection of the rectangular waveguidefrom errors in the measured weight of the sample. The calculated
with inside dimensions of 110 mrb4.61 mm toward a water drying kinetic uncertainties in all tests were less than 3 percent.
load that was situated at the end of the waveguide. The water lopge uncertainly in temperature was assumed to result from errors
(lower absorbing boundaryensured that only a minimal amountin measured input power, ambient temperature and ambient hu-
of microwave was reflected back to the sample. Also, an isolatgfidity. The calculated uncertainty associated with temperature
(upper absorbing boundaryas used to trap any microwave reyas less than 2.85 percent.
flected from the sample to prevent it from damaging the magne-
tron. Output of magnetron was adjusted at 50 W. The powers of
incident, reflected and transmitted waves were measured by3a Analysis of Mathematical Modeling
wattmeter using a directional couplévlicro Denshi Co., model
DR-5000, Tokyo, Japan 3.1 Analysis of Electromagnetic Model. Figure 2 shows
As shown in Fig. 1b), the samples were porous packed bedhe physical model used for analyzing microwave drying of cap-
which compose of glass beads and water. A sample container iy porous materials in a rectangular waveguide. The proposed
made from polypropylene with a thickness of 0.75 mm, it did nahodel is based on the following assumptiofiy:since the micro-
absorb microwave energy. In this study, the voids occupy fromveave field in the Ty mode has no variation of field in the direc-
fraction up to 38 percent of the whole volume of packed beds. Thien between the broad faces, a two-dimensional model over the
samples were prepared in two configurations: a single-layereez plane is applicable to analysis of electromagnetic field inside
packed bed(d=0.15mm,d=1.0 mm, anddp,=50mm) and a a rectangular waveguidgl4]; (2) the absorption of microwave
two-layered packed bed, respectively. In the case of two-layeredergy by the cavityincluding aip in the rectangular waveguide
packed bed was classified in two configurations: F-C (@thch- is negligible;(3) the walls of a rectangular waveguide are perfect
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conductors; and4) The effect of the sample containénade of Here, the symbott represents forward or backward waves and
polypropyleng on the electromagnetic field can be neglected bés phase velocity of the microwave.
cause it did not absorb microwave energy. Oscillation of the electric and magnetic field intensities by mag-

. . . . _netron; incident wave due to magnetron is given by the followin
Basic Equations. The basic equations for the electromagnetlgquations. 9 g y 9

field are based on the well-known Maxwell relations. For the mi-

crowave of Ty mode[14], the governing equations can be writ- _ L[ TXY _Eyin (X}
ten in term of the component notations of electric and magnetic=y = Eyin SIN L sin(2mft),  Hy= z, ML, sin(2mft).
field intensities: (13)
JE, IH Zy is the wave impedance defined as
—=yu
o L 1)
JE, M, N N Ve
i (3)
2 at 3.2 Analysis of Heat and Mass Transport Models. A
JH. oH JE schematic diagram of model is shown in Fig. 2. By conservations
- 2 —X|=0E,+e—2 (4) of mass and energy in the sample, the governing equation of mass
x oz y at - :
and energy for all phases can be derived by using the volume
where average technique. The main transport mechanisms that enable
moisture movement during microwave drying of sample are: lig-
e=ggg,, M=poM,, o=2mfetand. (5)

uid flow driven by capillary pressure gradient and gravity while

In this study, the effects on the overall drying kinetics are esxthe vapor is driven by the gradient of the partial pressure of the
amined by selecting the dielectric properties as a function of movaporating species. In this study, several simplifying assumptions
ture content and temperature. In order to determine the functioaie made in order to obtain a closed set of governing macroscopic
dependence of the combination of moisture content and tempeeguations:(1) the capillary porous material is rigid, no chemical
ture, the theory surrounding mixing formulas is ugddd], in reactions take place in the samp(®) local thermodynamic equi-
which the volume fractiongv) of water saturation, water vapor librium is assumed(3) simultaneous heat and mass transport oc-
and glass particle were considered, as follows: curs at a constant pressure, where the dominant mechanisms are
capillary transport, vapor diffusion and gravity: such is generally

er(sT)=(er(sT)=je/(s,T)) ) the case in drying of capillary porous medium at atmospheric
where pressure when the temperature is lower than the boiling point
3 [19]; (4) the gas binary mixture of air and water vapor behaves
, m_ Tl m_ / m _ rm like an ideal gas; an@b) corresponding to electromagnetic field,
[er(s D] .2‘1 ulen(MIT=gsleq (N7 ¢(1-9)[era] temperature and moisture profiles also can be assumed to be two-
dimensional in thex-z plane.
+(1-@)lerp]™ )

5 Basic Equations. The governing equations based on a volume
, " , " , " Y average approach led to the following conservation equations de-
[er(s,T)] =21 ylei(T)]"=¢se(T)]"+ d(1—s)[e/a] scribing the drying process of capillary porous materials:
=

, Mass Conservation.

+(1=@)lerp]™ ®) - P P
In above equations, the parametaris likely to vary over the ¢E{p|s+pv(1—s)}+ a—[p|u|+pvuv]+ a—[p|W|+pUWU]:O
range 0-1, as suggested by Wang and Schm[tjgeA value of X z

m=0.33 hasheen used throughout in this study. The loss tangent ] (15)
coefficient can be expressed as follow: Energy Conservation.
e/(s,T) J )
tand= —; . 9) E[(pcp)TT]"—V[{pICpIUI'F(pacpa+Puva)ug}T]+ H,n
ec(s,T)

Boundary Conditions. Corresponding to the physical model =-Vq+Q, (16)
shown in Fig. 2, boundary conditions are given in the followingvhereQ is the microwave power absorbed term, which is a func-
list. tion of the electric field and defined &8]:

(a) Perfectly conducting boundaries; boundary conditions on Q=2m-f-&q-&.(tand)E; 17)

the inner wall surface of a rectangular waveguide are givqjhenomenological Relations.
by using Faraday’s law and Gauss’ theorem:

In order to complete the system of equations, the expressions
E=0, H,=0. (10) for the superficial average velocity of the liquid and gas phases

- " . the generalized Darcy’s law in the following vector form is used:
(b) Continuity boundary condition; boundary conditions along g y 9

the interface between different materials, for example be- KKy (VP Vpo—pigl,  Uo= — Krg (Vpo— pu]
tween air and dielectric material surface, are given by using "' o Pg™ VPc— P9l 9 Mg Pg™Pgd
Ampere’s law and Gauss’ theorem: (18)

the velocity of vapor water and air phase the generalized Fick's
law for a two-component gas mixture can be expressed in vector

(c) Absorbing boundary condition; at both ends of the rectarform as

E=E, H=H{, Dy=D;, B.=B;. (11)

gular waveguide, the first order absorbing conditions pro- Pu Pa

posed by Muf{18] are applied: pvu\,:pvug—pgDmV(p— , Pala= paug—pgDmV(p—>,
K’y OBy b ? ’
ot Vaz (12) whereD, is the effective molecular mass diffusi¢0]:
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(X[ T~ T T T T T T T Moisture Transport Equation.
'E : dJ n 1 n d KKy [ dpe Ipy
i ——— d=0.15[mm] ¢ ipstpy(1=S)H+ - | py L ox M ox
L d=0.4[mm]
B dJ KKy [ 9P KKig p,
i —|p— | =+ +p,—— —-D,—
¥ : P L (az P19z| +py s (pg92) =D
S~ 5
& 48 =0 (27)
Heat Transport Equation.
I i Cpy)T]+ i Cou+(paCpatp,C T
"‘ T ﬁt[(p p)T] ﬂX[{pl piUi (pa pa™ Py pu)ug}]
0 01 02 03 04 05 06 07 08 09 1.0
J .
sl + = HpCowi + (paCpat p,Cpu)Wgl TI+H,
Fig. 3 Typical relationship between, cand s,
9 » P P d aT N J \ aT N 28
= x| Meax | oz | Mooz | TQ (28)
where @Cp)r is the effective heat capacitance of water-gas-
2 matrix mixtures:
Dm:%(l—s)Do. (20)
(PCp)T:plcpl¢s+{(PCp)a+(Pcp)v}¢(1_s)+Ppcpp(1_¢)-
Fourier's law is used to define the heat flux through the porous (29)
materials Also, the phase change term is given by
q=—NeVT (21) . a{ S(1-s)]+ d 5 ap,
n=—{p,p(l—s)}+—|—
Equilibrium Relations. attP X m X
The system of conservation equations obtained for multiphase d KKg ap,
transport mode requires constitutive equation for relative perme- + 9z Pv—ﬂg P9z Pm |- (30)

abilitiesK, , capillary pressur@., capillary pressure functions or N o
Leverett functions)(s,), and the effective thermal conductivity Boundary and Initial Conditions.

Nef- A typical set of constitutive relationships for liquid and gas The boundary conditions proposed for the exchange of energy

system given by21] and mass at the open boundary can be described in the following
Ki=s2 Kg=(1-503 (22) form:
wheres, is the effective water saturation considered the irreduc- Y a =h(T—Ty)+nH, (31)
ible water saturatiors;, and defined by Jz
Se:ﬂ- 23) . p|W|+pUWv=hrTl(p—pa)- (32)
1-s5; Considering the boundary conditions at the closed boundary that

The capillary pressurp, is further assumed to be a function of© heat and mass exchange take place

water saturation or Leverett functiodgs,) and surface tension T T au  ow
&(T). The Leverett functions(s,) is dependent on the internal x EZO’ x_ 9z =0. (33)

structure of the porous materials and defined 28]:
0217 The initial conditions are given by uniform initial temperature and
J(se) =0.32§8 1/se—1)™" (24)  moisture content.

The relationship between the capillary pressure and the water Numerical Procedure

saturation is defined by using Leverett functia{se): In order to predict the electromagnetic figlgs. (2)—(4)), a

&(T) finite difference time domaifFDTD) method is applied. The sys-
Pc=Pg—Pi=—"==1J(Se). (25) tem of nonlinear partial diffe_re_ntial_ equatioiggs. (27)—(33)) _
VK/ ¢ was solved by the method of finite differences based on the notion

of control volumes as described by Patank28]. The Newton-
ﬁphson metho_d_ was employed at each itera_tion to qu_icken the
that, in the case of the same water saturation, a smaller partiewvergence' Initially, the temperature and moisture profiles were
size corresponds to a higher capillary pressure. set to be _equal at all node_s at valu_e_s correspo_ndlr_lg to the_mea-
sured capillary porous medium conditions. Considering the micro-

Based on the experimental results of Aoki et[&2] using a drving in T de itis the | de of th d
glass beads unsaturated with water, the effective thermal cond{f@V€ drying in Tk, mode, itis the lowest mode of the supporte
icrowave field for waves transmitted in the present rectangular

tivity is further assumed to be a function of water saturation a

Figure 3 shows the typical moisture characteristic curve for di
ferent particle sizes obtained from present experiments. It is s

defined by waveguide without power dissipation. The type of wave mode is
prescribed by the frequency and waveguide dimensions. Spatial
0.8 and temporal resolution was selected to ensure of stability and
Neft=173 760 595 (26)  accuracy. To insure stability of the time-stepping algorithi,
' was chosen to satisfy the courant stability condifit8]:
After some mathematical manipulations, the two-dimensional AT (227
systems of two non-linear coupled partial differential equations At< (Ax)“+(Az) (34)
which govern the microwave drying process are given by v
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Table 1 The electromagnetic and thermo physical properties used in the computations [25]

£, =8.85419%10"{F/m] 1y =4.07%x10”[H/m]

£,=10, £, =51

H, =10, 4,=19,

tand, =00, tand, =0.01 M =10

£, =1208kg/n?), ‘ 0, =25000(kg/n7’], o =10000(kg/nr’]
C,,=1007kI/(kg K)), : C,, =080kV(kgK)l, C,=4184kl/(kg K)

5, =8815-0.414T+(0.131x102)T? - (0.046x10™)7" tan 4 = 0.323 — (9.499 x107)T + (1.27 x10 *)T?
- (6.13x107)7°

and the spatial resolution of each cell defined as Figure 4 shows the stationary wave inside the rectangular
waveguide with completely absorbed power at the end of the rect-
Ax. Az< Ag (35) angular_wa_veguidécase Lltis obser_ved that a uniform wave is
’ 10\/;' formed inside a rectangular waveguide. Figure 5 shows the wave
] ) N distribution of the electric field when a dielectric material or
Corresponding to Eq¢34) and(35), the calculation conditions sample is inserted in the rectangular waveguicse 2. Within
were as follows:(1) because the propagating velocity of microthe sample, the electric field attenuates owing to energy absorp-
wave is very fast compared with the rate of heat transfer, differefign, and thereafter the absorbed energy is converted to the ther-
time steps ofit=1[ps] and 0.1[s] were used for the computation ma| energy, which increases the sample temperature. In the figure,
of the electromagnetic field and temperature profile: the spatiple electric field with a small amplitude is formed within the
step size isdx=dz=1.0[mm]; (2) number of grid:N=110 sample waveguide. Furthermore, focusing attention of field pat-
(width) X200 (length; and(3) relative errors in the iteration pro- tern outside the sampléeft hand sidg a stronger standing wave
cedure of 10 were chosen. One aspect of model verification wagith a larger amplitude is formed by interference between the
to compare drying data from experiments run under different coforward wave and waves reflected from the surface of sample due

ditions with mathematical simulations using parameter values ofgrthe different of dielectric properties of materialr and sample
tained from Table 1.

5 Results and Discussion = ool T T ——
. . . . . S x=54.61[mm]
5.1 Simulation of Electric Field Inside a Rectangular @’ 15 m Packed Beds
Waveguide. In the beginning, to understand the detailed struc-g

tures of electric field developed inside a rectangular waveguide 1-0>
the numerical simulation of the following three cases are con'@ Q.5
ducted:(1) rectangular waveguide is empty, its dielectric constant2

is unity (which corresponds to that of &in2) rectangular wave- i 0.0

guide is filled with samplésingle-layered packed bedith dry-  © -0.58

ing times of 15 min(early drying timeg and (3) rectangular ‘-; -1 0

waveguide is filled with samplésingle-layered packed bedith =

drying times of 540 mir(long drying time$. g 1B NRpas P e ]

Figures 4—6 are the numerical simulation of electric field in e
TE,o mode along the center axis#£54.61 mm) of rectangular * '
waveguide after 10,000 time steps. In the figures, the vertical axi 0 20 40De t}?o m 80 100
represents the intensity of the electric fi&g, which is normal- pth z[mm]
ized to the amplitude of the input electromagnetic wasg, .

120

Fig. 5 Distribution of electric field for the sample inserted in
the rectangular waveguide (t=15min, x=54.61 mm)

T T v T y T T T T
x=54.61[mm] Packed Beds 1

Electric Field Ey/Eyin[-]
Electric Field Intensity Ey/Ey, [-]

-1.5 .
0 20 40 60 80 100 120
Depth z[mm] Depth z[mm]
Fig. 4 Distribution of electric field for case of a rectangular Fig. 6 Distribution of electric field for the sample inserted in
waveguide is empty (x=54.61 mm) the rectangular waveguide (t=540 min, x=54.61 mm)
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within the sample rise up steadily in the early stages of drying

at this surface. Figure 6 shows the wave distribution of the electiigbout 90 min. Due to the large initial moisture content, the skin-

field when a dielectric material or sample is inserted in the reafepth heating effect causes a majority of microwave to be re-

angular waveguidécase 3. In this case after a majority of the flected from the surface during early irradiation stéae referred
moisture level inside the sample has been removed, the effecti®fFig. 5 resulting in a lower rate of microwave power absorbed

wave reflected from the surface of the sample is reduce whigh the interior (Fig. 10. As the drying process procee¢sbout
increases the large part of microwaves inside the sample. Conse-

quently, the reflection and transmission components at each inter-
face will contribute to the resonance of standing wave configur ' [——T T T T T T T 1
tion with the larger amplitude and wave length inside the samg  gg | 4

where the moisture content is small in comparison with previot " -
cases. sor - A
. ) ) 70 | ’.)"a_?:??[,,‘m] o d
5.2 Microwave Drying of Single-Layered Porous Packed =— L . p e
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The Distribution of Temperature Profiles Within the Sampleg y N el
The predicted results are compared with experimental microwag I Naame L T YT
drying data in Figs. 7—9, which corresponds to that Tof £

’_.

=10.4°C,T,=10.4°C, andP=50W, along with the center axis

7 \\ Y 2= 15[mm]
30 i .

(x=54.61 mm) of rectangular waveguide. 20| FExperiment

Figure 7a) shows the temperature profiles measured by f x=54. §1 (mn)
beroptic at various times and locations in the casg,ef1.0 and 10 a
d=0.15mm(4=0.385. In contrast to that in conventional dry- N T T N
ing, microwave drying gives higher temperatures inside the dryir 0 60 120 180 240 300 360 420 480 540

sample while the surface temperature stays colder due to the cc
ing effect of surrounding air. At the same time the evaporation

takes place at the surface of the sample at a lower temperature gige9 Temperature profile in times at various depths (Experi-
to evaporative cooling. It is seen that the temperature profilegent: P=50W, d=1.0mm, s,=1.0)

Elapsed Time[min]
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Fig. 10 Microwave power absorbed profile in times: (Simula-
tion P=50W, d=0.15mm)

90-240 min, after a majority of moisture content is removed

from the sample, the microwave can penetrate further into tég. 11 Comparison between simulated results (&) and experi-

sample as material drigas referred to Fig.)6where the strength mental results (b) of temperature distribution  (°C) within the

of the microwave power absorbed increa@ég. 10. During this sample (s,=1.0, t=120min, d=0.15mm, dimensions: 110 mm

stage of drying, the behavior of dielectric properties is influenceed) X50 mm (z))

primarily by that of moisture content, and heating becomes more

volumetric. In time about 240 minutes, the temperature starts to

drop, this is mainly due to fact that the moisture inside the sample

is significantly reduced, reducing dielectric loss factor as well g% ticle sizes having a lower capillary pressure. However, the va-

m’)%og"(:‘éeo&oxvseg ?n?;otrﬁgﬂ% &gétﬂ?gvﬁ]‘ggaztef?gp?é?}?%i gft or diffusion becomes strongly effective on the drying kinetics of

the characteristic of dielectric loss factor, which becomes to donﬁle large particle sizes. Unfortunately, the lack of experimental

nant microwave drying at low moisture content where the strong ata (permabilities and capillary pressure functiprisr a large

standing wave with a larger amplitude established within thearticle sizes so that, the drying kinetics predicted by the math-

sample[16], [24]. Nevertheless, near the end stages of drying &matical model were unrepresentative.

the majority of moisture content inside the sample is removed, Additionally, it is evident from the results that the dielectric

this decreases the microwave power absorbed. Thus, equilibriies factor can become significant when microwave energy is uti-

is reached between microwave drying and convective losses |ped. The magnitude of this variable will directly affect the

lowering the sample temperature. , Amount of microwave power absorbed within the sample during
Figure §a) shows the temperature profiles measured by fisicrowave drying proces@ig. 10. Further, for a more complete

beroptic at various times and locations in the casef0.6 and isq ssion on the evolution of the dielectric properties as a func-

d=0.15 mm (¢_0'3.85' .The temperature proflles. within thetion of temperature and moisture contéBgs.(6)—(9)), the reader

sample rise up rapidly in the early stages of dryi@pout 27 is referred to Ratanadecho et f13]

min). This is because of the total rate of reflection wave is small in The observation of temperature. profiles depicted in Fig. 7 and

the early stages of drying, and a large part of microwave pepj, g for the sample verify that the match between the experi-

etrates into the sample. Such pattern can lead to a much h_|g ntal data(Fig. 7(a) and Fig. 8a)) and simulated result&Fig.

h ) ﬁb) and Fig. 8b)) is qualitatively consistent, with the simulated
previous caséFig. 10. Later, the temperature starts to drop COMesults exhibiting the same overall trend of the experimental pro-

tinuously since the rate of microwave absorption is lower afterfﬂes' However, a fine wavy of the temperature distribution in the

majority of moisture content is removed from the sample. As tr@(perimental r’esults does not appear in the simulated reSitts

drying process proceedabout 2.40 minutesit .WOUld eventually 7(a) and Fig. Tb)). The discrepancy may be attributed to uncer-

cause the temperature level to increase again due to the (?hara%%r‘?'ties in the thermal and dielectric property database. Addition-

istics of the dielectric loss factor that were explained in Fig. 7. ally, the discrepancy may be attributed from the nonuniformity of
Figure 9 shows the temperature profiles measured by ﬁberoﬁ‘r\g,microwave irradiation during experimental process.

aitlvgrious;imﬁs danpl Iocationz in hthe case sgF=1.0 ?lndd irup FUrthermore, the simulation and experimental dateasured
=1.0mm. As the drying proceeds, the temperature profiles withly, i 4req cameneof temperature distributions within the sample
the sample are different from those shown in Fig. 7. In this ca ﬁy

' the vertical plane X-z) are compared in Fig. 11 and Fig. 12.

the temperature proflle_s ha\_/e a rather unu_sual shape. This 'S Pfe results show the greatest temperature in the center of heating
cause of the large particle size corresponding to a lower capillaty e where the electric field is maximum for this standing wave
pressure, the liquid water supply to surface by capillary actiqty, i\ ration, while the outer edges display the lower tempera-

becomes insufficient to replace the liquid being evaporated. Thge it can pe seen that the agreement between the two heating
latter arises from the fact that the drying layer took place on g,yemns'is good, particularly concerning the location of the hot
front retreating from the surface into the interior of the sampl egion

egion.

Furthermore, the combinations of hydrodynamic properties an
dielectric properties cause a change in the location of the maxi-The Distribution of Moisture Profiles Within the Samplé=ig-

mum temperature to occur, especially at the drying times about dfes 13 and 14 show the comparison between simulated results
min—180 min. This trend is more remarkable for largend experimental resulf¢she method of measuring as referred to
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Fig. 14 Water saturation as a function of depth at various
times (P=50W, d=0.15mm, s,=0.6)

evaporating species. In this stage of drying, the capillary action
plays an important role in the moisture migration mechanism, and
maintains a good supply of liquid to the surface. Continued drying
would cause the average moisture content inside the sample to
decrease and leads to decrease microwave power abs@bed
mental results (b) of temperature distribution  (°C) within the referred to F'.g' 10 reduced temperaturg@s referred to Fig. )7 .
sample (5,=0.6, t=120 min, d=0.15mm, dimensions: 110 mm and evaporation rate. Neverthelesg, at the long stages of _drylng,
(x) X50 mm (z)) the vapor diffusion effect plays an important role in the moisture
migration mechanism because of the sustained vaporization that is
generated within the sample. The simulated results are in agree-
ment with the experimental results for microwave drying.

Figure 14 shows the average moisture profile along the sample
depth in the case o0§,=0.6, T,=10.7°C, P=50W, andd
=0.15mm. It is evident from the figure that the sample dries
gltjickly throughout. In particular, the bulk of this sample that re-
Iqgives the largest amount of microwave power absoxfédch
cQrresponds to a small initial moisture conjentthe early stages
drying process, due to the penetration depth of the microwave
Id (as referred to Fig. 10

he simulations of moisture distribution within the sample in
e vertical planeX-z) are shown in Fig. 15 and Fig. 16. It is seen
g;at the moisture content now appears to be high close to side

alls of the sample, and the moisture content at lowering edge of
the sample stays higher due to the hydrodynamic properties.

Fig. 12 Comparison between simulated results  (a) and experi-

section 2 of moisture profiles in the case a&f,=1.0 ands,
=0.6, respectively, which correspond to thatTof=10.7°C, T,
=10.7°C, andP=50 W.

Figure 14 shows the moisture profile in the cass®f 1.0 and
d=0.15mm. In the early stages of drying, the moisture content
the leading edge of the sample is lower than that inside t
sample, where the moisture decreases due to the gravitational
fect. Because of the higher moisture content within the samp
much larger reflected waves develop at the surface during t
early stages of the drying. Later, the internal movement of mois-
ture is due to liquid flow by capillary action and vapor flow b
molecular diffusion. Liquid phase migration is related to capillar
pressure gradient as well as temperat(which corresponds to

that of surface tension, as referred to K2f), whereas in the The variation of drying rate with respect to time obtained by

vapor phase is driven by the gradient of the partial pressure of trm?aasurement is shown in Fig. 17. It is seen that in the early stages

of drying, the drying rate of the sample in the case of small par-
ticle sizes is nearly the same in that case of large particle sizes.

or ' ! ' ! ] However, at long stages of drying, the observed drying rate of
03 | - E sample in the case of small particle sizes is higher than that
08 | 4
L - - 4
07 | 1 T T T T T T T T T T
o I 4
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Fig. 15 The simulated water saturation distributions (dimen-
Fig. 13 Water saturation as a function of depth at various sionless ) within the sample (sq=1.0, time=120 min, d
times (P=50W, d=0.15mm, s,=1.0) =0.15mm, Dimensions: 110 mm (x) X50 mm (2))
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Fig. 16 The simulated water saturation distributions (dimen-
sionless ) within the sample, (sy=0.6, time=120 min, d z[mm]

=0.15mm, Dimensions: 110 mm (x) X50 mm (Z2)) . . . .
Fig. 19 Temperature as a function of depth at various times

for F-C Bed (Experiment: P=50W, t=360 min))

case of large particle sizes. This is because of the small particle
sizes, however, leads to much higher capillary pressure resultin% i o ] ] ) )
in a faster drying time. difference of particle size is considered during microwave drying.
As referred to Fig. 3, in the case of the same capillary pressure, a
5.3 Microwave Drying of Two-Layered Porous Packed small particle size corresponds to higher water content. Now, con-
Bed. Experimental results are shown in Figs. 18—21, which cosideration the case where two particle sizes having same capillary
responds to that o,=1.0, T,=10.7°C, andP=50W, along pressure and different particle sizes at the interface are justified.
with the center axis X=54.61 mm) of rectangular waveguide.Since the capillary pressure has the same value at the interface
Figure 18 shows the moisture profile within F-C bed, from a madetween two beds, but the water saturation becomes discontinuous
roscopic point of view for the hydrodynamic characteristic propat the interface of two beds. This is because of the differences of
erties within two-layered porous packed bed, we will consider thbe water characteristics between the two beds, the liquid water
liquid water transport at the interface between two beds where tél be moved from the coarse bed to the fine Hedich corre
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Fig. 17 The variation of drying rate with respect to time Fig. 20 water saturation as a function of depth for C-F Bed
(Experiment: P=50W, t=360 min))
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Fig. 18 water saturation as a function of depth for F-C Bed Fig. 21 Temperature as a function of depth at various times
(Experiment: P=50W, t=360 min)) for C-F Bed (Experiment: P=50W, t=360 min))
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sponds to a higher capillary pressuresulting in a faster drying H
time. c

On the other hand, in the case of attaching fine bed under the h,,
coarse bed, called C-F bed is shown in Fig. 20. It is seen that the H,
moisture content inside the fine bed displays very higher because K
a coarse bed set on the fine bed retards the upward migration of L,
liquid water at the interface between two beds, while the moisture r
content inside the coarse bed stays lower due to the lower capil-
lary pressure. Therefore, the efficiency of drying process in this
case is the lowest.

The temperature profiles at various times and locations for both
cases are shown in Fig. 19 and Fig. 21, respectively. Figure 19
shows that the temperature profile within the F-C bed rises up T
quickly in the early stages of drying proce&@bout 10 min—-60 tanés
min), However, its rise slows down after this stage. It is evident  t
from the figure that near the end stages of drying as the moistureu,w
content inside the sample is reduced, this decreases the microwaveZ,
power absorbed. Consequently, the temperature profiles are de- Z,
creased in this stage of drying process. However, the temperatgre
profile within the C-F bedFig. 21) corresponds to that of mois-
ture content profiléas referred to Fig. 20where the temperature ¢
continuously rises faster than that in the case of F-C bed. Further, P
the temperature remains high at the end of drying. This is because €
of a stronger standing wave with a larger amplitude is formed 8,',

naoc TS

inside the C-F bed and having of dry layer-coarse kagper €
layen protects the reflection of wave from the surface resulting in A
a higher rate of microwave power absorbed in the interior. Ag

Additionally, microwave drying of C-F bed gives higher tem-  Nef
peratures inside the fine bé&kbwer layey while the temperature M

inside the coarse bed stays lower due to the behavior of the loss &g
factor decreases significantly with decreasing moisture content i
and the cooling effect of surrounding air. The next steps in re- v

magnetic field intensityA/m]

heat transfer coefficieftV/m?K]

mass transfer coefficiepm/s|

specific heat of vaporizatiofl/kg|
permeability[m?]

the length of waveguide in x-directidm]
volumetric evaporation ratgkg/m’s|
microwave power inpufW]|
pressurd Pal

microwave power absorbed tefi/m°]
heat flux[W/m?]

water saturation

temperaturg C]

loss tangent coefficient

time [s]

velocity [m/s]

wave impedancgQ ]

intrinsic impedancg( ]

Letters

search in microwave drying of multi-layered porous packed bed ¢ =

are to develop a mathematical model for verifying the experimen-

porosity[m¥m?]

density[kg/m®]

complex permittivity[F/m]
dielectric constantF/m]
dielectric loss factofF/m]

free space wave lengfim]
waveguide wave lengtfm]
effective thermal conductivitpWw/mK]
magnetic permeabilityH/m]
dynamic viscosity of gafPa g
dynamic viscosity of liquidPag
velocity of microwave[m/s|
electric conductivity S/m|
surface tensiopPa m

tal data, and a study of the combined microwave and convectiggscripts

drying of capillary porous materials will be presented.

oo

6 Conclusions g

Experimental and predicted results of drying of capillary porous ¢
materials using a microwave energy as a heating source have been e
presented. The measurements of temperature and moisture distri- g
butions within the sample provide a good basis for understanding ir
of the microwave drying process. The mathematical model gives n
qualitatively comparable trends to experimental data. The calcu- p
lations of electromagnetic fields inside the rectangular waveguide r
and the sample show that the variation of particle sizes and initial  t
moisture content changes the degree of penetration and rate of y
microwave power absorbed within the sample. Furthermore, the |
small particle size leads to much higher capillary pressure resuk;y, z
ing in a faster drying time.
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Nomenclature

B = magnetic flux densitfWh/n?]
C, = specific heat capacityd/kgK]

D = electric flux densityfC/n?]
D, = binary mass diffusion coefficiefim?/s]
d = diametefm]
dp = deep of packed befn]
E = electric field intensityV/m]
Eyin = the input value of electric field intensify/m]
f = frequency of incident wavgHz]
g = gravitational constarfim/<’]
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