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The aim of this article is to analyze the drying-induced stresses and destruction of ceramic-like materials during their
microwave drying. The kinetics of microwave drying at various microwave power levels are determined experimentally and
numerically, and the distributions of temperature and moisture content in the tested samples are visualized with infrared
camera and presented graphically. The experiments are performed on kaolin-clay samples, where destruction provoked by
microwave drying is visualized on photographs taken with the photo camera and microscope. The thermo-hydro-mechanical
model of drying elaborated by authors is used to determine the distribution of stress components and to calculate the
effective stress required to induce the failure of material. The effective stress is formulated with the use of the energetic
criterion, and the material spots prone to damage are predicted numerically. The numerically predicted spots are compared
with the experimentally appointed places of material damage and a good adherence of the numerical predictions with

experiments is confirmed. © 2011 American Institute of Chemical Engineers AIChE J, 58: 2097-2104, 2012
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Introduction

To improve the efficiency of the common convective
drying, the microwave radiation is often used for the enhance-
ment of this process in many materials,' among others,
ceramic goods,‘*‘7 wood,®? fruits, and vegetables,lo’ll phar-
maceuticals,'? and others. The advantages of microwave dry-
ing manifest themselves in a smaller energy consumption in
comparison to the convective drying and a better quality of
dried products, as far as it concerns their appearance and a
mechanical state, or higher biological value in the case of
food and medicine products. The overall time of drying is gen-
erally much shorter in microwave drying than in the purely
convective one. All these positive effects may be gained, pro-
vided that the applied microwave power (MwP) is at an admis-
sible level. Otherwise, the material may experience strong
damage that could make the dried product useless.

Generally, the material exposed to microwave radiation is
heated up to the boiling water temperature in the whole vol-
ume. Depending on dosed MwP, this process can proceed so
intensively, that the rate of water evaporation inside the
body is faster than the ability of water vapor efflux towards
the material surface and further to the surroundings. As a
result, one gets an overpressure within the body,'*'* which
causes material destruction inside the body, or even a kind
of explosion in the extreme case. That is the reason why the
samples after microwave drying do not reveal often cracks
on their surface, but various kinds of damages are present
inside the material. Wood, for example, can be burned inside
during microwave drying with high MwP. One can also
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detect the big cavities inside the ceramic masses during
microwave drying procured by a rapid increase of vapor
pressure, etc. Thus, it is not sufficient to assess the quality
of microwave-dried products by visual inspection of external
surfaces.

The main aim of this article is to study the damage of
clay-like materials and to analyze the quality of microwave-
dried products at different MwP levels. Higher MwP
involves faster drying, but unfortunately, it entails a risk of
big deformations and material fractures that have a negative
impact on the overall quality of final products.'>'® The ma-
terial fractures occur in stressed material due to complicated
temperature and moisture content (MC) patterns with high
temperature and MC gradients. To show this, the kinetics of
drying is determined experimentally and numerically, and
the distributions of temperature and MC are visualized with
the use of infrared camera and are also numerically drawn
up in graphs. The resulting thermal and hydro stresses gener-
ated due to the material expansion and contraction may
cause cracks in the material when they exceed the failure
strength of the material.

The damage and the development of crack formation in
cylindrically shaped clay-like samples are visualized on pho-
tographs taken with the use of both photo camera and micro-
scope. The spots of an enhanced risk to crack formation are
determined numerically on the basis of thermo-hydro-
mechanical drying model, elaborated earlier by authors. The
effective stress and the energetic failure criterion of Huber-
von Mises-Hencky is formulated to predict the spots of
material-like damage.'”™"® The patterns of fractures arisen in
the samples after microwave drying at four different MwPs
are presented. A good adherence of the material spots prone
to damage, predicted numerically with the places of real
material damage determined experimentally is shown.
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Figure 1. Outlook of the experimental setup.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Experimental

KOC kaolin-clay from the Surmin-Kaolin SA Company,
Nowogrodziec, Poland was the material investigated experi-
mentally and theoretically in this article, and for this
material some characteristic data necessary for numerical
calculation of drying kinetics and drying-induced stresses
are already given by the Surmin-Kaolin SA Company (see
Table 1 in Kowalski et al.).?** The KOC kaolin-clay is
widely applied in ceramic industry for manufacturing sani-
taryware and tableware. This kind of the material provides a
good strength and plasticity during shaping of the mentioned
products and reveals a reduced amount of pyroplastic defor-
mation in the process of their firing.

The kaolin-clay delivered by the Surmin-Kaolin SA Com-
pany was in a dry state, and before experiments it was
grinded and wetted with a predetermined amount of water
and mixed to achieve a greasy paste of initial MC approxi-
mately equal to 0.45 kg water/kg dry kaolin. The greasy
paste was stored and homogenized in a closed box for 48 h
to unify moisture distribution in the whole material. The
obtained soft kaolin-clay mass in such a way was used to
mold cylindrical samples of diameter 0.06 m and height 7 =
0.06 m. The cylindrical samples were extruded from a spe-
cial instrument to preserve their regular shape (Figure 4a),
and samples of such a form were used for drying tests.
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Figure 2. Drying curves of kaolin samples dried with
different MwPs.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3. Temperatures measured at the sample upper

surface.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The cylindrical kaolin-clay samples were dried in the lab-
oratory microwave dryer Plazmatronika WS 110 (Figure 1),
and the working chamber has the dimensions: 300 x 400 x
450 mm® (height x width x depth). A distinct series of
experiments were performed for the following magnetron
output power levels: 120, 180, 240, and 300 W.

Figure 2 presents the drying curves obtained from experi-
ments at the four mentioned MwPs. The drying curves at 120
and 180 W are characterized with the characteristic straight
segments in the constant drying rated periods (CDRP) and
nonlinear curves in the falling drying rate periods (FDRP).
The other ones obtained with 240 and 300 W, in fact, do not
expose explicit FDRP. The characteristic critical MC for kao-
lin-clay dried at 120 W MwP amounted to about 9-11%.

Figure 3 presents the surface temperatures of the samples
measured with the pyrometer model MI produced by Raytek
(precision 1°C), which is placed at the top corner of the
microwave chamber dryer.

The pyrometer is a noncontacting instrument that inter-
cepts and measures the thermal radiation emitted by the
dried sample. The plots of the sample surface temperature
show different durations of the CDRP more precisely than
the drying curves presented in Figure 2 for different drying
tests. The surface temperature becomes constant for 28 min
at 300 W, for 42 min at 240 W, for 90 min at 180 W, and
for 250 min at 120 W of MwP, respectively. The constant
temperature at the sample surface was because of existence
of water film on the surface and evaporation of water as
from an open water surface. At the end of drying with 180
and 240 W MwP, the sample temperature rapidly rose up to
100°C despite the fact that the sample was almost dry. It
means that dry kaolin also absorbs the microwave energy
and warms itself. When drying with 300 W MwP the mag-
netron was switched off before reaching 100°C because a lot
of microwave energy was reflected back to the magnetron.

The visual assessment of the sample surfaces after micro-
wave drying indicates that, the samples dried with the lowest
MwP of 120 W are of good quality and have no visible frac-
tures or shape deformations (Figure 4a). The MwP of 120 W
seems to be a proper one for kaolin drying. The samples
subjected to 180 W MwP revealed different surface quality.
Two samples of the four tested were of good quality, that is,
without visible fractures at the surfaces and this looked like
as shown in Figure 4a. The two others exposed noticeable
fractures or even small chips coming off from the cylindrical
samples (Figure 4b). Also, the bulgy shape deformations
were observed on three samples.
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Figure 4. Samples during microwave drying with: (a) 120 W (no fractures), (b) 180 W (chips split off), and (c) 240 W

(destroyed).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The barrel shape was observed clearly on samples dried
with 240 W MwP, and an explosion, which torn big pieces
of the material, has appeared nearly at the end of drying pro-
cess (Figure 4c). The fracture occurred mainly at the lower
part and around of the cylindrical samples. Some split off
kaolin pieces at the upper surface was observed for all
higher MwP, similar as in the sample dried with 180 W
MwP.

Figure 5 presents the photographs of the cylindrical sam-
ples after drying with 300 W MwP, and shows that the dam-
age of the cylinder occurred around its center. This damage
looks like an explosion caused by a high vapor pressure
inside the cylinder because of intensive phase transitions of
water into vapor. This justifies that by microwave heating
the highest temperature arises inside the material, which is
confirmed with IR camera picture presented in Figure 5c.

So, the samples subjected to 300 W MwP looked quite
differently than those presented in Figure 4. These samples
became a huge vertical slits, almost 3 cm long and 2.5 cm
deep (Figure 5a). It was caused by the explosion already at
the beginning of a drying process. The barrel shape of the
samples is very clearly visible in both Figures 5a, b. The
picture of temperature distribution in the longitudinal cross-
section sample taken by the infrared camera (Flir therma-
cam B2) after 5 min of drying is presented in Figure 5c. The
temperature reached about 90°C in some hot spots, although
the mean temperature in the central part was about 72°C.
This indicates the existence of places where the water was
rapidly changed into vapor. The rapidly increased vapor
pressure creates the big slit, so that the water vapor finds the
way out.

Microscopic observations of the sample surfaces were car-
ried out with the use of optical microscopy Zeiss Axiovert

Figure 5. Kaolin sample subjected to 300 W MwP. (a) Front view, (b) rear view, and (c) IR camera picture of temper-
ature distribution in the sample longitudinal cross-section after 5 min of drying.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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25. The surface of the sample dried with 120 W MwP was
generally without fractures, except of a single little scratch
(Figure 6a) that is visible only in the microscopic zoom.
Many fractures were noticed on sample surfaces dried with
180 and 240 W MwP (Figure 6b). They were much wider
and longer than those in the previous case. Besides, in this
case one could find a lot of little dry kaolin particles pro-
cured during fractures at the end of drying, when the mate-
rial was almost dry.

The huge fractures in samples dried with 300 W MwP
confirm the genesis on their explosive creation (Figure 6c).
The fractures are very wide and are with irregular and
rugged edges. The kaolin material during explosion was still
wet and got a significant deformation.

Figure 7 presents the internal views of samples dried with
240 W MwP after 10 and 50 min of drying. It is visible that
after 10 min of drying some fractures in central parts of the
sample have appeared (Figure 7a). After 60 min of drying
there were more visible fractures and also the internal struc-
ture of the sample became very incoherent (Figure 7b). This
rough structure was procured by rapid evaporation of water
inside the sample that induced a high pressure. Such a di-
sheveled and nonuniform structure was also visible in some
samples dried with 180 and 300 W MwP. The temperature
inside the material was very high (nearly 80°C) in these two
cases. The distributions of temperature were typical for
microwave drying: higher temperature inside and the lower
one close the surface. The real temperatures were even
higher, however, the execution of the sample cross-section
for temperature measurement took about 40 s, and during
this time the sample lost some heat.

The view of samples dried with different MwPs is pre-
sented in Figure 8. As it is seen in Figure 8, only the sample
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Figure 6. Kaolin samples dried with different MwP levels: (a) 120 W, (b) 180 W and 240 W, and (c) 300 W.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

dried with 120 W MwP has acceptable quality, that is,
without visible cracks, flaws, interstices, etc. From the four
samples dried with 180 W MwP two of them got a number
of debris split off from the main body, and the two others
did not fractured at all becoming only a slight barrel shape.
The samples dried with 240 W MwP look fractured totally.
They got a bulgy shape with lots of part split off, mainly
from the lower part of the cylindrical sample, but also from
the upper surface.

There is one huge vertical slit and some split parts at the
upper surface in the sample, which was dried with 300 W
MwP. This vertical slit occurs always at the initial stage of
heating with 300 W MwP. Heating at 300 W causes very in-
tensive phase transition of water into vapor and generates
high pore pressure in the sample core. The kaolin-clay at
this stage is not dry but still elastic—plastic. Therefore, there
is no burst but a kind of blow up caused by the internal high
pressure vapor. The deep crack is a result of the vapor efflux
at high pressure. Such a phenomenon was repeated each
time when the sample was heated at 300 W.

Modeling

The distribution of drying-induced stresses and the elastic
energy accumulated in the material as well as the effective
stress responsible for material failure are calculated for a kao-
lin-clay cylinder (Figure 9) subjected to microwave drying.

SFLIR

2008-03-17 16:21:47 e=0.90 2008-03-17 17:41:43e=0.20

Figure 7. Cross-sectional view and IR view of samples
dried with 240 W MwP after: (a) 10 min drying
and (b) 60 min drying.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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The thermo-hydro-mechanical model of drying, which was
used in this article for description of drying kinetics and
determination of the state of stress during microwave drying
is presented in Kowalski*' and Kowalski and Rybicki.”> We
adopt this model to describe the stress state in the cylindrical
sample. The description of cylinder deformation, expressed
by the radial and longitudinal displacements u, and u., is
provided by the two coupled equations of the form.*?

Uy

0
MVZMH—E[(M +A)e—ypd =l =M (D)

MYV?u, + % [(M+A)e—pp0— 0] =0 2)
where M and A denote the shear and bulk elastic modules,
vr = M + 3A)kr, yx = 2M + 3A)kx are the thermo and
hydro modules with k7 and ky representing the coefficients of
linear thermal- and hydro-expansion, 0 and 9 denote the
departure of liquid content and temperature from the reference
state. In these equations

, ® 19 &

_ Ou, uy ou,
r 0z

3

7 Tror Tor M ET g
denote the Laplace’s operator for cylindrical geometry and the
volumetric strain, respectively.

The mechanical boundary conditions express zero valued
radial ¢, and longitudinal o, stresses on the external surfa-
ces, and zero valued radial u, and longitudinal displacements
u, on the cylinder axis and at the bottom surface of the cyl-
inder, that is,

ou,

O'rr|r:R = [ZM (;; +Ae — 'VTﬁ - VXH] r=R- = 0 (4)
Ou;

Ouloe = |2M 5 +Ae — yr0 — yx0||.=n- =0 5)

Figure 8. Kaolin samples dried with different MwP levels.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. Geometry of cylindrical sample subjected to
microwave drying.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

url,_o=0 and u._,=0 6)

Having determined the displacements and strains one can
calculate stresses using the suitable physical relations.”> The
state of stress in the cylinder is fully described by four com-
ponents of the stress tensor, namely: radial o,,, circumferen-
tial 0,,, longitudinal o.., and shear o,. stresses, with ¢,,=
0, 0., = 0. The stress components g, and o.. are exposed
by Eqs 4 and 5 and the components o, and g,. are formu-
lated as follows

uy Ou,  Ou,
Opp = 2M7 +Ae — 0 —yx0 and g, =2M (E + 8—’)

@)

The effective stress is defined from the Huber-von Mises-
Hencky energy hypothesis as:>?

2+ (0pp — 0::)2 + 607,

®)

1
Oeff = E \/(Gl')' - O-zz)2 + (O-rr - 0(/)(/))

The material failure can take place if the effective stress
exceeds the admissible one, which expresses the yield stress or
the strength of the material at a given MC. The admissible
stress was determined experimentally by Musielak**** for
kaolin-clay at different MCs. The experimental data for admi-
ssible stress have been interpolated by the following function

Gadm = 00 + ox exp(—C,0) )

where 0y = 142 858 Pa, gy = 1 688 320 Pa, and C, = 29.6534.

The failure of the material may happen if it becomes plas-
tic or if the material strength will be violated in those
regions of dried kaolin-clay cylinder in which

Oeff = Oadm ©

The distribution and time evolution of the MC in the kao-
lin-clay cylinder during drying is determined on the basis of
differential equation of the form.?%-*2
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. * 10
p“@ = A(ﬁ + ;5 + @) ((,‘T’Lg + CXH) — W(L'Tﬁ + CXO),

(10)

The following boundary conditions describing the mois-
ture exchange with the surrounding are applied

— AV (erd + ex0)|op - 1 = kn(1|op — 1) with
V0|, _o-n=0, (11)
z=0

The initial condition expresses a uniform distribution of
moisture at the beginning.

0(r,z,t)|,—0 = Oy = const (12)

In the above equations, A denotes the coefficient of mois-
ture transfer, ¢ is the parameter responsible for the rate of
phase transitions, ¢y and cy are the coefficients of moisture
thermodiffusion and diffusion, %, is the coefficient of con-
vective vapor exchange between the dried body and the am-
bient air, u'lspz and u, denote the chemical potentials of
vapor in the air at the boundary surface and in the ambient
air, respectively.

The chemical potentials for vapour in air can be expressed
in terms of the molar ratio of the vapour content x*°

Wip,T,x) = pu®(p,T) +R"TInx (13)

where 1 is the chemical potential of pure vapor, R” is the gas
constant for vapor, p and T denote the air pressure and
temperature.

Developing u® into the Taylor series and leaving only the
first term of this series we can write the difference between
the chemical potentials of vapor in air at the boundary sur-
face and in the ambient air as follows:

Wlos — tte = 8"(T|og — Ty) + R'(T)og Inx|og — T, Inx,)
(14)

where s” denotes the entropy of pure vapor per unit mass, Tlyz
and T, are the temperatures, and xlgp and x, are the molar
ratios of vapor in air at the boundary surface and in the
ambient air, respectively.

The spatial distribution and time evolution of the tempera-

ture is determined from the differential equation of the
form. 2122

) 2 2
9 = K(%+%g+a—)ﬁ—1%(c-rﬁ+cx0)+3% (15)

Cy

Equation 15 is supplemented with the following boundary
and initial conditions.

INO|op -m = kr(V]op — Vo) — k(1" o8 — 1) (16)

=0 "N = ET('& =0 — 19a)7
I(r,z,t)|=0 = Yo = const  (17)

V|0 =0, VY

where 1 = (1 — $)2° + ¢S is the heat conduction coefficient
with 4* and /' being the coefficients of heat conduction for
skeleton and liquid, ¢ is the porosity, S is the pore saturation,

DOI 10.1002/aic 2101
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Figure 10. Drying kinetics at 120 W MwP: 1 - tempera-
ture at the sample surface, 2 - drying curve
(overall humidity).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

kr is the coefficient of convective heat exchange between
the dried body and the ambient air at the free sample
surfaces, kr is the coefficient of convective heat exchange
between the bottom sample surface resting on the metal
plate and the ambient air, / is the latent heat of
evaporation.

The radiation term R in Eq. 15 describes the microwave
heat source, and is formulated by the following formula®

R = p’(a + b) exp(—20L) (18)

where J is the parameter of decay of the microwave energy
with distance L (here 6 = 0), and the coefficients a = 126 J/
kg-s and b = 20 J/kg-s express the absorption of microwave
energy by the skeleton and the moisture, respectively.

Results and discussion

The numerical calculations of moisture and temperature
distributions and the state of stress in the cylindrical kaolin-
clay sample were carried out for the following parameters®*:

H = 60 mm,

cr = 6.3-10> m%/s*> K,
o= 2.5-10"% kg s/m°,
ky, =7.75 1079 kg s/m*,
¢, = 1.56:107% J/kg K,
75 =1.178 W/mK,

x, = 0.75,

90 - 04,

D = 60 mm,

cx =1.11-10° m%/s%,
k= 1.7-1073 m?/s,
kr = 12.5 W/Km?,
p° = 2300 kg/m°,
' =0.597 W/m-K,
x, = 0.075,

T, = 20°C.

Figure 10 presents the drying kinetics curves determined
numerically and experimentally for microwave drying at
120 W MwP.

We see that the drying model used in this article reflects very
well both the drying curves and the temperature curves of the
material determined experimentally. The good adherence of nu-
merical and experimental results stimulates the hopes that the
numerical results presented in this article are the proper ones.

Figure 11 illustrates the distribution of temperature in the
half part of the cylindrical sample. Figure 11 shows
the highest temperature generated around the center of the
cylindrical sample, which is in accordance with the experi-
mentally visualized distribution due to infrared camera mea-
surement as presented in Figures 5c and 7.

Figure 12 illustrates the distribution of MC in the half
part of the cylindrical sample. As it is visible in this figure
the highest MC is at the bottom and in the center of the
cylinder (r = 0, z = 0) and the lowest one is in the corner
(r=R,z=h).

The distributions of several stress components are widely
different. The stress components allow to calculate the overall
effective stress, which maintains the failure of dried material.
The effective and admissible stresses were computed on the
basis of relations 8 and 9, respectively. Figure 13 presents spa-
tial distributions of the overall effective stresses in the cross-
section of a half cylinder shown in Figure 9. These stresses are
computed as a functions of coordinates (r and z) at 60 min dry-
ing time by the application of 180 and 240 W MwP.

As it is seen in Figure 13, the greatest effective stress by
drying at higher MwP (Figure 13a) arise at the cylinder sur-
face around the bottom surface, that is, around the point
(R,0), and also but of smaller value in some regions at the
top part of the cylinder (R,H).

Figure 14 illustrates the regions in the half-cylinder where
the effective stresses are greater than the admissible ones, that
is, the regions where (0,qm — 0egr) < O for the two different
MwP levels: 180 and 240 W. These regions are around point
(R,0) and in the process with 240 W MwP also at the top of
the sample (R,H). This figure shows the low relief map of pos-
sible material failure in the cylinder at 60 min drying time.

This prediction was confirmed experimentally by micro-
wave drying of the kaolin cylinder in severe drying condi-
tions by the application of 240 W, and in particular 300 W
MwP (see Figures 5 and 8).

Figure 15 presents the time evolution of the effective
stresses at different points of the cylinder by the application
of 240 W MwP.

b s[°ql
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an
Figure 11. Temperature distribution in the half part of the cylindrical sample: (a) after 10 min drying and (b) after
60 min drying.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. Distribution of MC in the half part of the cylindrical sample: (a) after 10 min drying and (b) after 60 min
drying.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13. Distribution of effective stresses s in the longitudinal cross-section of the cylindrical half at 60 min
drying time: (a) 180 W and (b) 240 W.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. Regions in the cylinder cross section where (6.am — 6erf) < 0 at 60 min drying time for the two different
MwPs: (a) 180 W and (b) 240 W.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

This figure shows that the effective stress is zero at the
beginning, then starts to increase attaining a maximum at
some time (different for different points), and finally tends 23l
to zero at the final stage of drying. It is seen that the effec- 80
tive stress reaches maximum on the cylinder surface in the
point (r = R, z = 0) at c.a. 60 min drying time.

Conclusions ~ 17 \\ =

MwP influences significantly the quality of dried kaolin
samples. All samples dried with MwP above 120 W experi-

200
enced damage. Samples dried with 180 W MwP are difficult //
for straightforward classification. All of them have incoherent %29
internal structure after drying. Two of the four dried at this oo e il _ :
power level exhibited many fractures and split off pieces, but e 0 a0 s © 100

1.zn t [min]

two others had no visible fractures at the external surfaces. Figure 15. Time evolution of the effective stresses o at

Many samples sustained bulgy deformation, which was different points of the cylinder for 180 W MwP:
associated with the intensive water evaporation and growth vapor 1 - point (R,0), 2 - point (0,H) and 3 - (R,H).
pressure inside the material. Intensive evaporation caused a [Color figure can be viewed in the online issue, which
rapid increase of pore pressure, which resulted in disheveled and is available at wileyonlinelibrary.com.]
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incoherent structure of the material core. The samples at the be-
ginning of drying still contains a lot of moisture and are very
plastic and easy deformable. Sudden increase of vapor pressure
inside these samples caused strong damage of explosive charac-
ter, as it happened during drying with 300 W MwP (Figure 5a,
and 8).

The drying-induced stresses can reach the material strength
limit in some places of the dried samples. The thermo-hydro-
mechanistic model of drying serves for a calculation of the dry-
ing stresses. Through comparison of the effective stress with
the admissible stress the numerical analysis enables indication
of the places, where the material damage can likely occur, as it
is shown in Figure 14.
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Notation

A, M = shear and bulk modules, MPa
cr = thermodiffusion coefficient, m2s 2K}
cx = diffusion coefficient, m? s>
¢, = heat capacity, J kg~ ' K™
H = sample height, m
k,, = mass convection coefficient, kgsm
kr = heat convection coefficient, WK~! m~
[ = latent heat of evaporation, J kg~
u,, u, = displacements, m
r, z = coordinates, m
R = sample radius, m
entropy, J/kg
= time, s
temperature, K
molar ratio of vapor

4
2

s

t
T
X

Greek letters

& = decay of microwave energy, m '

= heat transfer coefficient, Wm ™' K™!
= moisture transfer coefficient, kg s m~
= strain

= thermal linear expansion, K!

= humid linear expansion
= chemical potential, J kg™
mass density, kg m >
temperature, °C
temperature time derivative, °C s
moisture content, kg kgq, |

= moisture content time derivative, kg kgqp ' s~
0;; = stress, kPa

¢ = phase intensity coefficient, kg s m >
$ = microwave heat source, K~

3

1

1

ST TPTE RS - >~
|

Subscripts

a = ambient air
adm = admissible
eff = effective
m = moisture

r = radial

v = volume

T = thermal
Superscripts

s = solid

v = vapor
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