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ABSTRACT

The drying of unsaturated porous material due to microwave drying (2.45GHz) has been
investigated numerically and experimentally. Most importantly, this work focuses on the
influence of moisture content on each mechanism (vapor diffusion and capillary flow)
during microwave drying process. Based on a model combining the electric field and heat-
mass transport equations show that the variation of initial moisture content and particle size
changes the degree of penetration and rate of absorbed energy within the material. The
small bead size leads to much higher capillary forces resulting in a faster drying time.

© 2001 Elsevier Science Ltd

Introduction

Intensive microwave drying has been studied by recent literatures (Jolly et al. [1], Jansen et al. [2], Wei
et al. [3], Schundler [4], Turner et al. [5], Constant et al. [6], Adu et al. [7], Perre et al. (8], Monzo-
Cabrera et al, [9] and Ratanadecho et al, [10]). However, a little effort has been reported on study of the
influence of the wvariation of initial moisture content and particle sizes on each mechanism (vapor
diffusion and capillary flow) during microwave drying process. Additionally, a full comparison of the
space-time evolution of the temperature and moisture content between mathematical simulation results

with experimental drying data has not been systematically studied.

In general, during microwave drying process of capillary porous material from the early drying times
through the longer drying times, the phenomenon is too complex for the theoretical explanation due to the
strongly effects of dielectric properties on the overall drying kinetics, Furthermore, from macroscopic
point of view, the effects of the irradiation time, particle sizes and the variation of initial moisture content
on each mechanisms and microwave energy absorption within capillary porous material must be clarified
in detail. This study reports a comparison of simulation based on a one-dimensional model with
experimenta)l measurement in which the microwave operating at a frequency of 2.45GHz is
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employed. The cffects of the irradiation time, particle sizes and the variation of initial moisture content on
microwave drying kinetics are claritied in this work. The result presented here provides a basis for

Tundamental understanding of microwave drying of capillary porous material.

Experimental Apparatus

Figure 1 shows the experimental apparatus for the drying system. A domestic microwave oven was
modified to give a steady and continucus power at a microwave frequency of 2.45GHz, it is transmitted
along the x-dircction of the cylindrical test section with inner diameter of 40 mm and height of 130 mm
toward a water load that is situated at the end of the cylindrical test section. The water load ensures that
only a mimimal amount of microwave is reflected back to the sumple. The sample (capillary porous
packed bed) studied is an initially unsaturated packed bed, which is composed ol glass beads, water and
air. It is inscrted in the cylindrical test section. The aluminum [oil is wrapped around the outside wall of
cylindrical test scction to protect any incident wave from the circumferential plan, the outside wall of
aluminum foil is covered with insulation to reduce the heat loss. During the experiment, the temperature

distributions in the sample were measured with lightfiber sensor.

!

1. Microwave heating device
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FIG |
Expcrimental apparatus

Analysis of Microwave Drying Process

The Rate of Volumetric Heat Generation Due to Absorption of Microwave

Figurc 2 shows the analytical model for microwave drying ol the sample. The rate of volumetric energy
absorbed may be derived trom the microwave power propagated through a sample with attenuation
constant, ard can be written in linal form us:

Q=- (}P— dx = 20Pdx = 2oudx 2nfe (tan ) )Elg“z”‘ )

X

whereer is the attenution constant which can be calculated (rom:
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o =21f EOE’M“(Jtanzé +1—1]=#J8—£‘\’tan26 +l-1] (2)

2

Satwration Temperature

FIG 2
Analytical model

The attenuation parameter (@ } controls the rate at which the incident field decays, and is inversely
proportional to the skin depth, i.¢., o = l/ 0, . In this work, the cflects on the overall drying kinetics are
examined by selecting the dielectric properties as a function of water saturation (moisture content) and
temperaturc. In order to determine the functional dependence of the combination of water saturation and
temperature, the theory mixing formulas is used [11], in which the volume fractions () of watcr, water
vapor and glass particle were each considered, as tollows:

e(s,7)= (s, 1) - je'(s,T)) (32)
where

3

[e'(s, " = 21'f[8,f'(T)]”’ =¢se, (D" +¢(1-s)e, "+ (1-9)e, 1" (3b)

I

i}

[ (s, )" = 2v,-[e;'(f)1"‘ =gsle, (DN +9(1-9)e, " +L-P)[e, " (30)

in which the parameter m in this cquation is likely 1o vary over the range O-1, as suggested by Wang
and Schmugge|11]. The loss tangent coelficient can be expressed as follow:
S o
tand = — (3
£
Figure 3 depict the graphical representation of the dicleetric propertics by using formula (3a-3d) (or
capillary porous material. where the dielectric propertics for the water are taken (rom Von Hippel [12] to
depend on temperature and for the gas phasc, to be constant. However again, some numerical values for

skin depth, relative permittivity and [oss tangent at various moisture content are listed in Table 1.
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Dielectric loss coefficient

Diclectric properties of the sample (Corresponding to: T=20[°C] and (=2.45GHz)

Moisture Content

Relative Pcnpiltivity Loss Tangent Skin depth

(s) (£ (tand ) (d)
0.0 3.5420 0.0062 3.338119
0.25 10.9606 0.0190 0.607039
0.5 183110 (L0319 0.285429
0.75 25.6955 0.0447 0.171784
1.0 33.0801 0.0589 0.117645

Analysis of Heat and Mass Tramsport

The main transport mechanisms that enables moisture movement during microwave drying of the

sample are: liquid flow driven by capillary pressure gradient aml gravity while the vapor is driven by the

gradient of the partial pressure of the evaporating species. The main assumptions involved in the

tormulation of the transport model are:

I

B
-

3,

The capillary porous material is rigid. No chemical reactions oceur in the sample.

Local thermodynamics cquilibrium Is assumed.

Simultancous heat and mass transport oceurs at constant pressure. where the dominant mechanisms

are capillary transport, vapor dillusion and gravity. Such is gencrally the case in drying ol capillary

porcus medium at atmaspheric pressure when the temperature is lower than the boiling point [ 10].
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4. Corresponding to electric field, temperature and moisture profiles also can be assumed to be
one-dimensional form.

5. The non-thermal effect of microwave irradiation is neglected.

Mass conservation The macroscopic mass conservation for liquid and water vapor are wrilien as:

Liquid ph 6540 o/ 4

iquid phase — — = -

quid p P Py £ ax #®
d 0 :

Vapor phase ? {pvtﬁ(l - S)}+ —(;[puu‘, ]= n %)
< x

Encrgy conservation The temperature of the sample exposed to irradiation is obtained by solving the

conventional heat transporl equation with the microwave energy absorbed included as a local heat
generation term. The governing encrgy equation describing the temperature rise in the sample is the time

dependent equation is

“(%[("Cp)rTL -(%[{“mp,u, + (o“cpa +0,C,, )lg}']+ H‘,h = —:—Z+ 0 (6)

Phenomenological relations The cxpressions for the superficial average velocity of the liquid and gas

phascs, the generalized Darey’s law in the following form is used:

M, =—— :
M, | ox ox

KK, [9p, dp,
ox

KK_ [op
_ng:|- u, =- S[ "

- P,;g] 7

5

where g, and u, denote the viscosity of liquid and gas phases, respectively.

4

For the velocity ol water vapor and air phases, the generalized Fick's law in the following form is used:

pvuv = pv”g - pgDm —d_(&] ' f)u"d = ':Juug - FJIgDm _Q— &) (8)

i p, ox | p,

where the capillary pressure (g ) is related o the gas and liquid phases can be written by
pc = pg - pn’ (9)
and D) is the eflective molecular mass diffusion [13] can be writien by

2

ni
D, ==—"—(1-5D
"3 0 | (10)

Equilibrium relations A Lypical sct of constitutive relationships tor liquid and gas systems in cmpirical

forms [13] given by:

p =5 k= 1.2984 - 198325, +0.7432s ° (11



610 P. Ratanadeche, K. Acoki and M. Akahori Voi. 28, No. 5

where s, is the effective water saturation considered the irreducible water saturation (s, =0.06) and

defined by:

§ =38

_ ir
5, = T-s (12)
ir
The capillary pressure is further assumed to be adequately represented by Leverett’s well know J(s,)
functions, the relattonship between the capillary pressure and the water saturation is defined by using
Leverett functions J (s,):
g

pc=pg_pj=T;¢

I

J(s,) (13)

inwhich ¢« is the gas-liquid intertacial tension, and Leverett functions given by:

217 ;
J(s,)=0325(/s, -1} (14)
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Typical relationship between, p and s, Effective thermal conductivity

Figure 4a shows the typical moisture characteristic curve (relationship between capillary pressure and
water saturation) for ditferent particle sizes obtained from present cxperiments. It is seen that, in the case
of the samc waler saturation. a small particle siz¢ corresponds to a higher capillary pressure. The

characteristic of water transport in porous material obtained here is shown in Table 2.

TABLE 2
The characteristic of water transport in porous matcrial
Diameter. d [mm] Porosity. ¢[-] Permeability, k [m’]
0.15 0.385 841> 10"
0.4 0.371 352x107"

Figure 4b. the eflcetive thermal conductivily ol the capillary porous medium is represented as a function

ol walter saturation which can be written as:
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08 .
1+ 3.788—5.953 ( )

State Equations The gas phase is assumed to be an ideal mixture of perfect gases, so that the species

density can be determined by the state equations.

Moisture and heat transport equations After some mathematical manipulations, the system of two

pon-lincar coupled partial differential equations, which govern the drying process are given by:

3 B KK {dp. KK, ap
— o5+ p,(l=-85)p+—|p, =2+ +p - D -
¢m%, o.( )}ﬂxk’#z(ﬂ P@]fv @J}-max

il -0 (16)
1,

ox

Moe 31T fore i, +(ouc,n + oy, Ju, I Hon = i[,ﬁ] L0 (17)
ot X ax
where e, ] = pegs+((ec,), +(,) ) 8.0-9) + p,c, (1= ) (18)

o 0 KK, (jp‘
=—wo(l-s)p+—-p, —= -D_—t 19
it &’1‘75( 5)} ax {P. L P8 m } (19)

{ € ox

Boundary and initial conditions

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 tollowing torm:

3o T, )+nH, 0)
ox

‘).‘ui + p"ul' = hm (pv - f)m ) (21)

where h_ is the heat vansfer coclficient . A, is the mass transfer coetficient, p  is the density of
waler vapor at the open boundary and o is reference vapor density in the gas phase surrounding the
open boundary. Considering the houndary conditions at the closed houndary (symmetry-impermeable)
that no heat and mass exchange take place:
i£=0,gﬂ=0 (22)
dx 0x

Numerical Procedure

Concerning the system of nonlincar partial differential cquations (Egs.(16)-(22)) must be solved by the
method of [inite differences base on the notation of control volume as described by Patankar [14]. At cach
ume mcremend, the nodal value ol s and T were solved iteratively and convergence was checked on both

vitriables. The Newton-Raphson method was employed at cach iteration to guicker the convergence.
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Results and Discussions

The cexperimental results for microwave drying of a capillary porous material were compared with
mathematical model simulations. However, all processes using the electric field intensity of 2800 V/m,
initial temperature of 15 °C and ambient tempetature of 15 °C were selected.

Some of electromagnetic and thermo-physica! properties used in the computation are given in Table 3.

TABLE 3
The electromagnetic and thermo-physical properties used in the computations

£, =B85419x 10 *[F/m] p, = 4.0m x 107 [H/m|

g, =10 £, =5.1

u, =1.0 p, =10 w, =1.0

tand_ = 0.0 tand, = 0.01

p, =1.205kg/m’| p, =2500.0(kgm’|  p, =1000.0[kg/m"]
¢, =LO0T[Kkg K)] ¢, -0.80kI/(ke - K)| c, =4.186[k/(kg K)]
A, [Wi(m-K)| A =LO[WAm-K)] 4 =0.610[W/(m-K)]

The temperature profile as a function of distance at various times is shown in Fig. 5, which correspond
to that ol initial moisture content of 0.5 and particle size of 0.15 mm. In contrast to that in conventional
drying, microwave drying gives higher temperatures inside the drying sample while the surface
temperature stays colder due 1o the cooling eftect of ambient air. At the same time the evaporation takes

place at the surtace of the sample at & lower temperature due to evaporative cooling.

It is scen that the temperaturc profile within the sample rises up quickly in the carly stage of the drying
process, after that its risc slows down, This because the behavior of the diclectric loss coetficient
decrcases significantly with increasing temperature (as referred to Fig.3). the microwave energy absorbed
can decrease at locations of higher temperature where the microwave configuration established inside the
sample minimizes (Fig. 6). In Fig. 5, near the end stage of drying as the moisture content inside the
sample is reduced, this decreases the microwave energy absorbed. Thus, equilibrium is reached between
microwave drying and convective losses by lowering the product temperaturce. The simulated results are

in agreement with the experimental results tor microwave drying.

Figure 7 shows the moisture profile within the sample. 1t can be seen that the moisture continuously
deereased toward the surfuce and steadily declines with time. At the carly stage of drying process, the
surface of the sample is supplicd with liquid water through gradient in the capilfary pressure, and hecause
of the condensation of water vapor (which moves towards the surface duc to a gradient in the vapor
partial pressure), due to the lower temperatare of the surface. However, the capillary tlow plays an
important role in the moisture migration mechanism for this stage, especially. in the case ol higher initial
moisturc content (§,=0.8). In Fig. 7. continued drying would cventually cause the average moisture
content inside the sample 1o decrease and lead o decreased microwive energy absorbed (as referred to

Fig.6). reduced the increasing of temperature and evaporation rate. At the longer drying times, the vapor
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diffusion effect plays an important role in the moisture migration mechanism because of the sustained

vaporization that is generated within the sample.

The tollowing discussion refers to the effect of glass bead size under the same conditions. The moisture
profiles and microwave cnergy absorbed profiles are shown in Figs. 8 and 9, respectively, Figure 8 shows
the moisture profiles tor two particle sizes (d=0.15mm and d=0.4mm), which correspond to that of initial
moisture content of (.8. The observed moisture profiles at the leading edge of the sample in the case of
small particle size are higher than those in the case of larger particle size. This is because of the small
particle size (which corresponds to a higher capillary force, as referred to Fig. 4) can cause moisture o
reach the surface at a higher rate than that in the case of larger particle size; this corresponds to a greater
amount of microwave energy absorbed (Fig. 9) at the leading edge of sample. Hence, even higher

moisture content can lead to higher temperatures in this region.

Continued drying would eventually cause the average moisture content inside the sample to decrease
and lead to decrcased microwave encrgy absorbed. This phenomenon cxplains why the microwave cnergy
ahsorbed within the sample in the end stage of drying (180 min) is slightly lower than that observed in the

early stage of drying; this is more significant in the case of smaller particle size (Fig. 9).

The variation of the drying rate with time obtained by simulation is compared with the experimental
results in Fig. 10. The small bead size, however, leads to much higher capillary forces resulting in a
shorter drying time and more upiform moisture profile inside the sample. Furthermore, for a high
moisture sample, as compared to the low moisture sample, rates ol heating are higher and drying rate is
much higher, due 10 the capillary ftow plays an important rolc in the moisture migration mechanism for

this sample. The simulated results are in good agreement with the experimental results.

The obhservation of moisture profiles depicted in Figs. 7 and 8 for the sample verifies that the match
between the simulation results and experimental data is qualitatively consistent, with the simulation
results exhibiting the same overall trend of the experimental profiles. However, the discrepancy may be
attributed to uncertainties in the thermal and diclectric propertics database. Additionally, The discrepancy

may be attributed from the nonuniformity of the microwave irradiation during experimental process.

Finally, a more general observation concerning the moisture profiles for many materials pertains 1o the
ctfect ol matrix structure on the mechanism of moisture movement. From a macroscopic poinl of view,
the case with which the water can move in the liguid phase depends on the nature of the matrix structure
within the porous material. 1n truly capillary porous material, a natural redistribution of the moisturc from
inside the material as the surlace water evaporates. However, many materials have structures in which the
pares are o large or too discontinuous for this to take place. In other materials, the water is held ina

matrix which makes water lguid movement impussible.
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Conclusions

The experiments and theoretically analysis presented in this work describe many of the important

interactions within a capiliary porous material during microwave drying. The following summarizes the

conclusions of this work:

(1)

(2)

)
4)

A generalized mathematical model of drying by microwave oven iy proposed. It is used
successfully to describe the drying phenomena under various conditions.

The etfects of the irradiation time, particle sizes and the variation of initial moisture content on
the microwave drying kinetics arc clarified in detail, considcring the influence of moisture
content on cach mechanism, as well as, the vapor diffusion and capillary flow.

The small bead size lcads to much higher capillary forces resulting in a faster drying time.
Additionally, in this work the microwave energy absorbed was assumed 10 decay exponentially
into the sample following the aid of Lambert’s law. This assumption is valid for the large
dimensions of sample used in study. For a small sample, the spatial variations of the
electromagnetic field and microwave energy absarbed within sample must be obtained by a
complete solutien of the unsteady Maxwell’s equations. Refer to Perre and Turner [8] and

Ratanadecho et al. | 10] lor a detailed discussion,
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Nomenclature
) P microwave power [W

C, specific heat capacity [I/kgK] P Wi

P pressure |Pa
_— e icrowave energy absorbed |[W/m

D, effective molecular mass dlﬁtusmn[m2 /s] Q ml_L owave cnergy absorbed [W/m ]
R universal gas constant [J/mol/K]

¢ light velocity [m/s| 8 waler saturation |-]

E clectric field intensity | V/mj T temperature [*C|

f frequency [He| tand  loss tangent coctficient [-]

g gravitational constant [mys | ! time |s]

K permeability [m’) u velocity jmy/s]

phase change term [kg/m* s
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Greek lefters
Y porosity [-] A cifective thermal conductivity [W/mK]
P density [kg/m ’ ] J7 magnetic permeability [H/m]
€ permittivity [F/m)] d, skin depth [m]
Subscripts
0 free space I relative
a air v water vapor
c capillary ] liguid water
gas X coordinate axis [m|
particle
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