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Abstract: This study presents the development of an exponential model for the 
description of kinetics in the drying process of a porous material under the con- 
dition of dielectric heating. The model describes the changes in moisture content 
and in the rate of drying related to the duration of the process, as well as the 
moisture content in the material to be dried with the power of microwave dry- 
ing as parameter. The item defined is the functional dependence of the model 
coefficients on the power of the microwave drying. An expression to compute 
the drying time as a function of the moisture content in the sample and the 
power of the microwave drying is suggested. The results of the experiment and 
those obtained from the application of the model based on the computed ratio 
between the moisture content and dry matter correspond to an extraordinarily 
high degree. 

1 INTRODUCTION 

Advances in the drying technology of porous 

material have been increasingly stimulated over the 
past years, so that, in contrast to the traditional 
convective drying with warm air, other drying 

methods are becoming more and more important. 
In this context, the possibility of application of 
high-frequency drying in the drying process of a 
porous material is put into the centre of interest.‘-” 
Some of the studies1’,12 deal with the possibility of 
predicting the rate of heating up the material 
exposed to microwaves. Other studies’3v’4 are con- 
cerned with the specific acceleration of drying by 
the means of microwaves. 

Mathematical models are necessary in analyz- 
ing, designing, simulating and conducting the dry- 
ing process. The complexity of an appropriate 
model depends on its purpose. Dynamic simula- 
tion as well as conduct of this process require 
more comprehensive models, while simple models 
meet the requirements of designing or presenting 
the technical calculation. The comprehensive mod- 
els mentioned above are generally very complex 
and more time consuming than the latter, and 
their actual application often does not justify the 
time spent on their development. From the point 

of view of every designer, the first thing to bear in 
mind is a comprehensive understanding of drying 
kinetics. It provides the basic information for a 
designer to help him choose the technique and 
drying devices so as to obtain a good quality 
product with the least possible energy consump- 
tion. The more simple models for drying kinetics 
mostly contain determination of drying kinetics 
describing the mechanisms and impact of particu- 
lar process variables on the moisture transfer. 
Drying kinetics models commonly used in indus- 
try often consist of empirical, semi-theoretical 
equations which include parameters of phe- 
nomenological nature. Although those parameters 
are not necessarily of physical importance when 
brought into connection with the appropriate 
driving force, they can help to anticipate the ki- 
netics of drying. If this is the case, these models 
can replace the more complex ones. On the basis 
of this approach, some models have already been 
presented.*5-30 The results of these models which 
correspond to the experimental output still leave 
enough room for further improvement in the field 
of drying kinetics. 

The experiments described in this study were 
performed in order to find an appropriate model 
for the kinetics of microwave drying with parame- 
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ters represented as the function of the power of 
microwave drying in the drying process. 

2 RESULTS 

The microwave drying experiments were per- 
formed on clay-plate samples, dimensions 138 X 
65 X 16 mm, cut from industrially manufactured 
plane roofing tiles. The samples cut in this way 
were prepared to resemble the industrial tiles, 
both regarding the geometrical shape and the 
treatment. Preliminary laboratory research on the 
raw material used in manufacturing of roofing 
tiles showed that we were dealing with illite-mont- 
morillonite clay containing other minerals such as 
quartz, kaolinite, feldspars and iron hydroxides. 
Clay contains 3.8% of rest on the 10000 holes/cm2 
(DIN 1171), and about 30% of the particles are 
less than 2 pm. The point at which clinkering 
appears is 1048°C the sintering point is at 1 lOO”C, 
and the baking temperature is 930-950°C. The 
shrinkage caused by drying is 7-8%, which points to 
the significant sensitivity of that clay while drying. 

The drying experiments were performed in the 
laboratory test apparatus for microwave drying 
(Fig. 1). The apparatus consists of the microwave 
oven used in households (vol. 20 1, power supply 
1200 W, and microwave heating power 750 W), 
an electronic balance for measuring the mass of 
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Fig. 1. Scheme of the laboratory test device for microwave 
drying. 
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the sample with accuracy of + 0.01 g, and an elec- 
tronic thermometer for measuring the temperature 
of samples during the process of drying with an 
accuracy of + O.l”C. The apparatus has been con- 
structed to enable the continued measuring of 
mass and temperature of the drying sample.3’ 

The mass of the sample was measured from one 
sample of the stated dimensions and the tempera- 
ture from another, of the same dimensions, placed 
next to the sample for mass measuring, but in such 
a way as not to disturb the measuring of the mass. 

A number of experiments were carried out at 
different levels of microwave drying power (P). 
The experiments were performed under constant 
conditions relevant to each of them, with the em- 
phasis on the maximum possible power of mi- 
crowave drying at which it was still possible to 
obtain a good-quality dried roofing tile. The levels 
of microwave drying power were as follows: 

MW-1: P = 10 Wkg,,-’ MW-4: P = 27 Wkg,,-’ 
MW-2: P = 13 Wkg,,-’ MW-5: P = 33 Wkg,,-’ 
MW-3: P = 20 Wkg,,-’ 

Drying at P > 33 Wkg,,’ caused deformations or 
cracks in the sample, which means that drying of 
a moist clay-plate under conditions from the 
beginning to the end of the drying process is possible 
at maximum P = 33 Wkg,,-‘. The labels MW-1, 
MW-2, . ..) MW-5 will further be used as the labels 
of the experiment carried out at the above quoted 
levels of microwave drying power, respectively. 
The experimental results are presented in Figs 2 
and 3. 

In order to find a mathematical model for the 
microwave drying kinetics description a numerical 
method of regression was used. Thus, the analytical 
exponential expression was tested by means of the 
regressive numerical method of the least squares, 

l(l) = fb * EXP(-kt”), 
(-d@)ldt) = nkt(“-‘)5(t) 

where t10, a>O, k>O and n> 1, 

(1) 

Fig. 2. Dependence of the moisture content of the samples on 
the microwave drying time. 
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Fig. 3. Dependence of the temperature in the mass centre of 
the samples on the microwave drying time. 

as the approximate model for the microwave dry- 
ing kinetics, The acceptability of this model was 
tested by computing the correlation index (p) and 
the mean-square deviation (a). The results are 
given in Table 1, and, as an example for the MW- 
5 experiment, in Fig. 4. 

The first critical point was defined as the maxi- 
mum of the drying rate function ((-dc(t)ldt)), 

- ((n-l)l(kn))“‘“’ 
in”;’ 1 a * EXP((l-n)ln) 

(-dl/dt),,, = k~ltk,,(~~‘)&,, 

and the second critical point as the inflection 
point of the drying rate function, 

t, ,? = ((2n- l)l(kn))“‘“’ 
lk;<.* = a - EXP(( 1-2n)ln). 

The results revealed that the drying coefficients, k 
and n, are linearly dependent on the power of 
microwave drying (P). Their dependence can be 
obtained from the approximation functions, 

k = 1.604.10 3 + 7.394~10 5. P (2) 

n = 1.096 + 4.992.10-j * P (3) 

By the means of model (1) and obtained values 

t /min 

Fig. 4. Approximation of the drying kinetics for the experiment 
MW-5 by model (1). 

for functional dependence, (2) and (3), and by as- 
signing the parameter a in model (1) the initial 
moisture content of the sample (a = &) it is possi- 
ble to simulate the microwave drying kinetics. 
Thus, the simulation of microwave drying kinetics 
at the constant power of microwave drying can be 
obtained from the model, 

The results obtained from the simulation are shown 
in Figs 5 and 6. It is obvious that simulation of mi- 
crowave drying kinetics has been successful. 
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Parameters MW-1 MW-2 
Experiment 

MW-3 MW-4 MW-5 

a 0.2512 0.2513 0.2530 0.2490 0.2513 
k. IO3 2.351 2.569 3.080 3.569 4.069 
n I.150 1.161 I.190 1.225 1.267 
P 0.99941 0.99945 0.99948 0.99968 0.99939 
u 0.00272 0.00254 0.00257 0.00197 O-00288 
t,,,(min) 32.86 30.77 27.60 24.96 22.54 
S,.,(h.h,, -1 1 0.2205 0.2187 0.2157 0.2072 0.2035 
(-dWdt),,,(kgwkg,,-‘h-l) 0.06040 0.06795 0.08910 0~11210 0.14462 
t&mid 214.85 188.70 146.05 114.22 89.60 
5,&9&,,?) 0.0811 0.0805 0.0793 0.0762 0.0749 
f,J[= O.O2kg,kg,,-') (min) 488.74 378.78 282.05 211.76 160.34 

Fig. 5. Simulation of drying kinetics by model (4) at different 
levels of microwave drying power with the same initial water 

content of the clay samples. 

Table 1. Results of approximation of microwave drying kinetics from model (I) 
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Fig. 6. Simulation of drying kinetics at P = 33 Wkg,-’ with 
different initial water content of the clay sample, (&), by 

model (4). 

On the basis model (I), an expression for com- 
puting the duration of the microwave drying 
period as a function of water content in the sam- 
ple and the power of microwave drying can be 
obtained, 

t = (+ ln !L)lin 

3 CONCLUSION 

It has been established that the experimental 
results of microwave drying can be highly approx- 
imated with the model, 

50) = & * W-W, 
(-dl(t)ldt) = n/b@-‘)l(t) 

k = 1.604. 1O-3 + 7.394. lo-‘.P 
y1 = 1.096 + 4.992 l 10-3.P. 

The proposed model enables simulation of kinet- 
ics serving as the basis for conducting the micro- 
wave drying process. 

From this model, the expression for computing 
the duration of the microwave drying process was 
obtained as a function of the microwave drying power, 
the initial water content (fb>, and the level of water 
content to which the porous material is dried (0, 

t = (1 ln -b)1/n, 
k 5 

TURNER, I. W. & JOLLY, P. G., Combined microwave 
and convective drying of a porous material, Drying Tech- 
no$ 9(5) (1991) 1209-69. 
MARKERT, J. & DIEDEL, R., Microwave drying in 
the clay roofing tile industry. Ziegelindustrie Zrzt., 8 (1991) 
407-12. 
BAULIG, A., Microwave drying of ceramic materials on 
a laboratory scale - Measurement technology back- 
ground. Ziegelindustrie Znt., 7-8 (1990) 386-91. 
CROSS, A. D., JONES, P. L. & LAWTON, J., Simulta- 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

neous energy and mass transfer in radiofrequency fields; 
Part I: Validation of the theoretical model. Trans. 
ZChemE, 60 (1982) 67-74. 
ROUSSY, G., THIEBAUT, J.-M., BENNANI, A. & 
MOUHAB, N., A kinetic model for microwave drying of 
paper. J. Microwave Power and Electromagnetic Energy, 
23(l) (1988) 29-37. 
ROUSSY, G., THIEBAUT, J.-M. & CHARREYRE- 
NEEL, M., A chemical-physical model for describing 
microwave paper drying. J. Microwave Power, 19(4) 
(1984) 243-50. 
SUTTON, W. H., Microwave processing of Ceramic ma- 
terials. Am. Ceram. Sot. Bull., 68(2) (1989) 376-86. 
ROUTSCHKA, G. & BAULIG, A., Mikrowellentrock- 
nung von Probekorpern aus ungeformten feuerfesten 
Erzeugnissen. Keram. Z., 42(l) (1990) 7-12. 
OHLSSON, T., Temperature distribution in microwave 
heating - influence of oven and food related factors. 
Proc. Fifth Znt. Congr. Engineering and Food, Cologne, 
Germany, 1989. 
CUI, W. -K. & MUJUMDAR, A. S., Drying of paper - 
A summary of recent developments, Drying ‘84, ed. A. S. 
Mujumdar. Hemisphere, Washington, 1984, pp. 292-5. 
OFOLI, R. Y. & KOMOLPRASERT, V., On the ther- 
mal modelling of foods in electromagnetic fields. J. Food 
Processing and Preservation, 12 (1988) 21941. 
JOLLY, P. & TURNER, I. W., Non-linear field solutions 
of one-dimensional microwave heating. J. Microwave 
Power and Electromagnetic Energy, 25( 1) (1990) 3-15. 
JOLLY, P. G., Temperature controlled combind microwave- 
convective drying. J. Microwave Power, 22(3) (1986) 65-74. 
JOLLY, P. G. & TURNER, I. W., Microwave drying of 
porous media. Heat and Mass Transfer ‘89, 4th Aus- 
tralasian Conf: on Heat and Mass Transfer, Christchurch, 
New Zealand, 1989. 
TECHASENA, O., LEBERT, A. M. & BIMBENET, J. 
J., Simulation of plum drying in deep bed. Drying Tech- 
nol., 9(4) (1991) 947-71. 
TOMAS, S., SKANSI, D. & SOKELE, M., Kinetics of 
the clay roofing tile convection drying. Drying Technol., 
ll(6) (1993) 1353-69. 
TOMAS S., SKANSI, D. & SOKELE, M., Convection 
drying of porous material. Ceram. Znt., 20(l) (1994) 
9-16. 
SKANSI, D., TOMAS, S. & SOKELE, M., Modeling of 
tile drying kinetics Kern. Znd., 41(9) (1992) 369-75. 
TOMAS, S., SKANSI, D. & SOKELE, M., Modeliranje 
kinetike konvekcijskog suSenja poroznih tvari, Modeli 
neizotermnih process, Zbornik radova Hrvatsko drustvo 
za sustave (CROSS), Zagreb, 1992, pp. 61-6. 
KIRANOUDIS, C. T., MAROULIS, Z. B. & MARINOS- 
KOURIS, D., Drying kinetics of onion and green pepper. 
Drying Technol., lO(4) (1992) 995-1011. 
KIRANOUDIS, C. T., MAROULIS, Z. B. & MARINOS- 
KOURIS, D., Model selection air drying of foods. Drying 
Technol., lO(4) (1992) 1097-106. 
BEKE, J., Some aspects of modelling convective corn 
drying, Thesis summary. Drying Technof., 10(S) (1992) 
1317-21. 
ZHANG, Q. & LITCHFIELD, J. B., An optimization of 
intermittent corn drying in a laboratory scale thin layer 
dryer. Drying Technol., 9(2) (1991) 383-95. 
COURTOIS, F., LEBERT, A. & DUQUENOY, A., 
Modelling of drying in order to improve processing qual- 
ity of maize. Drying Technol., 9(4) (1991) 92745. 
SOKHANSANJ, S. & WOOD, H. C., Simulation of 
thermal and disinfestation characteristics of a forage 
dryer. Drying Technol., 9(3) (1991) 643-56. 
LEBERT, A., DANZART, M. & BIMBENET, J. J., 
Drying curves - A new process for their representation. 
Proc. Fifth Znt. Congr. on Engineering and Food, Cologne, 
Germany, 1989. 



Microwave drying kinetics of a clay-plate 

27. BIMBENET, J. J. & LEBERT, A., Some practical ques- 
tions and remarks about drying. Proc. Fifth Int. Congr. 
on Engineering and Food, Cologne, Germany, 1989. 

28. LAGUERRE, J. C., LEBERT, A., TYRSTRAM, G. & 
BIMBENET, J. J., Drying curves of foodstuffs under 
variable conditions: Modelling and interpretation. Proc. 
Fifih Int. Congr. on Engineering and Food, Cologne, Ger- 
many, 1989. 

29. RATTANAPANT, O., LEBERT, A. & BIMBENET, J. 

211 

J., Simulation of deep bed drying of food particles. Proc. 
Fyth Int. Congr. on Engineering and Food, Cologne, Ger- 
many, 1989. 

30. BRENNAN, J. G., Dehydration of foodstuffs. In Water 
and Food Quality, ed. T. M. Hardman. Elsevier, London, 
1989, pp. 33-70. 

31. TOMAS, S., Microwave and convection drying kinetics 
of porous materials. Dissertation, University of Zagreb, 
Zagreb, 1993. 


