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Abstract-The results of the experimental investigations on heat and mass transfer in the process of 
kilning the kaolin and the magnesium hydroxide are adduced in this paper. An experimental installa- 
tion was developed which allows the temperature field of the heated body, its mass loss and the 
thermophysical characteristics of the body to be determined. The thermal conductivity coefficients and 
the coefficients of thermal diffusivity, heat capacity and the heat transfer coefficient of the mentioned 
substances were defined in the temperature range from 200” to 1000°C. It was found that the chemi- 
cal conversions begin at the surface of the capillary porous body and then spread gradually into the 
interior of the body. The chemical conversion zone deepens into the body according to the parabolic 

law. 

R&um&Cet article apporte de nouveaux rCsultats quant aux recherches expCrimentales sur la 
transport de chaleur et de masse dans le mCcanisme de la cuisson du kaolin et de l’hydroxide de 
magnksium. Une installation a BtC construite pour mesurer le champ des temptratures dans le corps 
chauff6, la perte de masse et les caracteristiques thermiques. Les coefficients de conductibilitt thermique, 
de diffusivitk thermique, la capacitt calorifique et le coefficient de transmission de chaleur des subs- 
tances ci-dessus ont CtB Btudiees entre 200 et 1000°C. On a trouve que les r&actions chimiques com- 
mencent g la surface du corps poreux et s’ttendent graduellement dans I’intCrieur du corps. La reaction 

chimique se diveloppe & l’intkrieur du corps suivant une loi parabolique. 

Zusammenfassung-Diese Arbeit behandelt den W&me- und Stofftransport beim Brennen von 
Kaolin und Magnesiumhydroxyd. In einer Versuchapparatur konnten das Temperaturfeld des 
geheizten KSrpers, sein Massenverlust und seine thermischen Stoffwerte bestimmt werden. Die 
WLrmeleitf%higkeit, die Temperaturleitfghigkeit, die WPrmekapazittit und der Wgrmetibergangs- 
koefizient der genannten Substanzen wurden im Temperaturbereich von 200 bis 1000°C gemessen. 
Man fand, dass die chemische Reaktion an der Oberfllche des kapillarporiisen Karpers begann und 

sich nach einem Parabelgesetz in das Innere fortpflanzte. 

AHHoTaqUR-B CTaTbenpaBeHeHbIpe3ynbTaTbI3KC~ep~IMeHTa~bHbIX~CC~e~oBaH~~~OTe~~O-~~ 
MaCCOO6MeHy B npouecce 06mwa KaonHHa II rHnpooKacm MarHEIR. Pa3pa6OTaHa aKcnepn- 
\leHTaJbHaR yCTaHOBKa,IIO3BOJHIO~aH perHCTpHpOBaTb TeMIIepaTypHOe IIOJIe HarpeBaeMOrO 
Tena II ero MaccooTnasy, a TaKme onpenenrrrb Tenno@B3wecKMe xapaKTepwzTkIKYr Tena. 

OIlpeAeJIeHbI K03~~&f~~eHTbI TelTJIOIIpOBOAHOCTIl 12 TeMIIepaTypOIIpOBOfJHOCTM, TeII.?O&+- 
IiOCTb, KOE$@I~IIeHT TeIIZIOO6MeHa yKa3aHHbIX MaTepHa.?OB B MHTepBane TeMIIepaTyp OT 
'7OO"C~O 1ooo”c. 

YCTaHOBJeHO, YTO XllMWIeCKKe IIpeBpaIlJeHMR HaYllHaIOTCfl Ha IIOBepXHOCTa KaIIHnJIHpHO- 
nopIIcTor0 Tena, a 3aTeM IIOCTeIIeHHO nepe1feuaIoTcH BHyTpb Tena. 30Ha XLlivIMqeCKLIX 

IIpeBpaIIJeHHti ymy6nneTcR BHyTpb TeAa rl0 3aKOHy napa6onbI. 

THE present paper deals with the investigation of apparent in a certain temperature range when 
heat and mass transfer in capillary porous the majority of mineral substances are heated. 
bodies in the presence of chemical conversions. These phenomena occurring during heating of 
These processes take place more clearly during the mineral substances are described qualitatively 
the kilning of ceramic ware and also of kaolin by means of the heating-kinetics curves. 
kilning. An experimental laboratory installation shown 

Thermal effects of a different nature become in Fig. 1 has been developed to study the kinetics 
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of the process of the kilning of mineral sub- 
stances. This installation consists of two electric 
crucible furnaces of the same type (1 and 2). 
The cast-iron sleeve-bearings were inserted into 
the furnace to maintain level temperatures along 
its height. 

A sample of the investigated substance made 
in the form of a plate or a cylinder was put into 
one of the furnaces. Three thermocouples were 
inserted into the sample to measure the tempera- 
ture drop at various points of it. The temperature 
drop between the surrounding medium and the 
surface of the sample was measured by thermo- 
couple (1) (Figs. 1 and 2). Thermocouple (2) 
shows the difference between the surface tem- 
perature and the temperature at the point 
x = R/2 where R is half the plate thickness or 
the cylinder radius. Thermocouple (3) shows the 
difference between the surface temperature and 
the temperature at the centre of the sample 

(plate or cylinder). The butt ends of the cylin- 
drical sample are covered with the heat-insulating 
seal made out of burned asbestos thus making it 
possible to consider the sample as an unlimited 
cylinder for the purpose of calculation. 

An analogous sample suspended on an auto- 
matic self-recording balance was kilned in the 
second furnace (Fig. 1) in order to record the 
curve of mass-transfer kinetics. The air tempera- 
ture in the furnaces increased linearly with time 
(the heating velocity remained constant). This 
was ensured by the electronic regulator (5) with 
the command apparatus (see Fig. 1). The 
resistance boxes (3) and (4) with the galvanic 
elements served both for zero creep when 
recording the temperature and for increasing the 
sensitivity of the self-recording potentiometer. 

The specially designed automatic self-record- 
ing balance was applied for receiving the weight- 
drop curve (mass transfer) of the investigated 

FIG. 1. The scheme of the experimental installation for the record of the curves of the heating process 
kinetics of the capillary porous bodies. 
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FIG. 2. The heating curves in the process of kiiing 
the cylinder made out of the magnesium hydroxide. 

sample. The investigated sample (a) may be 
suspended from the left scale, and by the weight 
(6) it is balanced in such a way that the pointer 
(b) has to be placed at the left side of the scale 
(c) and the movable carriage (e) has to be at the 
extreme left position. With the decrease in the 
sample weight the pointer (b) deviates to the left 
and a screen gate (e) attached to the pointer 
moves together with it thus opening the chink 
above the photoelectric cell. When the chink is 
opened the ray from the lighting apparatus (H) 
illuminates the photoelectric cell. The photo- 
electric current reaches the ~liivoltmeter of the 
electronic governor f5), which switches on the 
electromotor (g) through the reductor (k) and 
moves the carriage (E) till the screen gate covers 
the ray from the lighting apparatus. Then the 
circuit is broken and the carriage stops moving. 
The photoelectric cell, the lighting apparatus and 
the slide of the rheostat are mounted on the 
moving carriage. When the slide moves along 
the rheostat(M) the taken-off voltage changes and 
comes in the sockets of the automatic multipoint 
potentiometer. The change of the taken-off volt- 
age from the rheostat is proportional to the shift 
of the pointer (c) and the self-recording potentio- 

meter records a curve which corresponds to 
the decrease in the weight of the investigated 
sample. The total weight loss of the sample for 
the whole kilning process is determined either by 
making the pointer return to its initia1 position 
with the help of a weight, or by weighing the 
kilned sample after it has been cooled in an 
desiccator. The rise of the endothermic thermal 
effect (the heat absorption caused by chemical 
reactions) at the surface of the sample when the 
corresponding furnace temperature is obtained 
is marked on the curves for the sample heating. 
Thermocouple (1) will show the increase of 
temperature drop since its hot junction piaced at 
the cylinder surface marks the lag in the surface 
temperature increase caused by the endothermic 
effect. At this instant thermocouples (2) and (3) 
register some decrease in temperature difference 
between the surface of the sample and the points 
inside the sample at x = 0 and x = R/2. The 
chemical conversions accompanied by the endo- 
thermic effect occur at first only at the surface 
of the sample and not in the whole volume of it. 
After the fe~ination of the chemical conversions 
at the surface of the sample the chemical reaction 
zone will gradually occur deeper in the sample 
centre. Thermocouple (1) will show then the 
decrease in temperature drop, while thermo- 
couples (2) and (3) show the increase in it. This 
drop occurs due to the fact that the temperature 
at the surface of the sample is continuously rising 
while the temperature in the deep parts of the 
sample will be rising more slowly, since the heat 
entering the sample will be partially absorbed in 
the region of chemical conversions. 

The transition of the point x = R/2 where the 
the~ocouple (2) is placed by the deepening 
front of the endothermic reaction zone is register- 
ed on the curve of heating kinetics by abrupt 
decrease in temperature drop for this sample 
layer. At the same time thermocouple (3) will 
continue to show the increase in temperature 
drop till the endothermic reaction zone reaches 
the sample centre. 

The exothermal effects (chemical conversions, 
connected with heat evolution) arising in the 
regions of the thermocouples in the sample are 
registered in the same way by bends and gaps on 
the heating kinetics curves. 

Synthetic magnesium hydroxide and kaolin 
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(the Dubrovo deposits) were used for our 
investigations as mineral substances. 

The typical heating kinetics curves in the 
kilning process are given in Fig. 2 for one of the 
experiments. The experimental sample is made 
from synthetic magnesium hydroxide in a form 
of a cylinder. Curve (4) shows the linear increase 
of the furnace temperature. Curves (l), (2) and 
(3) show the presence of chemical conversions 
with the absorption and evolution of heat. 
The temperature drop between the surface and 
the centre of the cylinder (R = 25 mm) during 
kilning reached 420°C by the end of the 
process. 

Curves (la), (2a) and (3a) correspond to the 
same thermocouples at the repeated heating of 
the same sample up to 1,OOO”C. As can be seen 
from the heating curves there are no remaining 
endothermic phenomena left in the sample. All 
the three curves show the constant temperature 
difference in the cylinder since it is heated at a 
constant rate. 

Fig. 3 is the heating curve for the process of 
kilning the kaolin cylinder. A characteristic 
picture of the superposition of two thermal 
effects of different nature can be seen from 
Fig. 3. At the temperature of 480°C the curve 
tl ==f(~) deviates to the right and this deviation 
corresponds to the beginning of the endothermic 
effect at the cylinder surface. An analogical course 
takes place for the curve t, = ,f(~), which a bit 
later will deviate to the left, and this deviation 
corresponds to the end of the endothermic effect 
in the cylinder interior at x = R/2. The next few 
gaps in the temperature curves for these thermo- 
couples (at the furnace temperature equal to 
960°C) mark the rise of the exothermal effect at 
the cylinder surface. At this moment of time the 
endothermic reaction has not yet reached the 
central layer of the cylinder as can be seen from 
the course of the temperature curve t, =f(~), 
which shows the rapid growth of the tempera- 
ture difference between the cylinder surface and 
its centre. The maximum point on the curve 
t, = f(~) marks the end of the endothermal 
reaction in the centre of the cylinder. The end 
of the exothermal effect in the kaolin cylinder 
centre is marked by the second series of gaps 
of all the temperature curves. Their further 
position on the thermogram corresponds to the 

0 100 200 300 400 500 600 
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FIG. 3. The curves of heating the cylinder out of kao- 
lin in the kilning process. 

process of heating the body which has no internal 
heat sources. 

The curve of the weight loss u =f(~) is given 
in Fig. 3 (curve 4). The changes in time of the 
medium temperature of two furnaces are repre- 
sented by the curves t,, =,f(~) (see curves 5 and 
6). The weight-loss curves of the magnesium 
hydroxide kilned in the form of cylinders of 
different sizes are given in Fig. 4. 

The linear law of furnace heating allows us to 
determine the thermal diffusivity coefficient 
a(m2/hr) and the Biot criterion [l]: 

._b_R_“_ ’ 
K 

1 ~- x2/R2 
_ _~___~__. 

r t(R, 7) - t(x, 7) 11 
(1) 

where b is the heating rate (b = dt,/d-r = const), 
r is the constant value: for the unlimited plate 
I’ = 3 for the cylinder r = 4. The criterion Bi 
is defined by the formula 

aR 2[t(R, 7) - 4x, ~11 
Bi = x = [I,,, - t(R, T)] (1 - x2/R2) (2) 

where a is the heat-transfer coefficient 
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FIG. 4. The curves of weight loss during kilning the 
cylinders of various sizes, made out of magnesium 
hydroxide. (1) The weight loss curve (2) The curve of 

the furnace temperature increase. 

(kcal/m2 hr “C), h is the thermal conductivity 
coefficient (kcal/m hr “C). We can calculate the 
coefficient a and the criterion Bi from the for- 
mulae (1) and (2) for the kilned samples when 
heating them in a furnace the temperature of 
which is linearly increasing. 

Conditionally we can apply these formulae to 
the kaolin samples in the process of kilning. In 
the temperature interval, when the chemical 
reactions occur, the value of the thermal diffu- 
sivity coefficient and the Biot criterion will 
have the conditional character. Let us define 
these values through a* and BP, respectively. 
The calculation results for the kaolin are given 
in Table 1. It can be seen from this table that the 

thermal diffusivity coefficient increases with 
the temperat~e rise. 

In the temperature interval, where the chemi- 
cal reactions are negligible, there is almost no 
difference between the coefficients a and a*. 
The Biot criterion is raised with the increase 
of the temperature t,, and the Biot criterion in 
the process of kilning Bi* is approximately two 
times smaller than the Biot criterion when the 
previously kilned samples are heated. 

The heater coils, of nichrome wire, were 
mounted inside of the investigated samples to 
determine directly the heat-transfer coefficient a. 
the heat capacity c and the heat of the chemical 
reaction. Apart from being heated by the furnace 
the investigated sample could gain additional 
heat with the help of this coil. The heat of the 
reaction was determined as follows: a heater 
coil was mounted inside of the unkilned cylindri- 
cal sample along its axis. Two samples were 
heated simultaneously in the furnace, the un- 
kilned sample with the coil and the kilned one 
without it. The furnace temperature was in- 
creased linearly, the samples were at first heated 
equally. The mass transfer (the sample weight 
loss) and the lag in the increase of the tempera- 
ture, compared with the kiined sample, were ob- 
served during the chemical reaction. The rate of 
heating the unkilned sample was aligned with the 
kilned one by heating the nichrome wire with an 
electric current. This process compensated for 
heat absorbed by the endothermic reaction. It is 
possible to determine the specific heat of the 
endothermic reaction through the flow of electric 
current in the heater coil and through loss of 
mass by the sample. For the kaolin, for example. 
the specific heat of the endothermic reaction is 
equal to 1,230 kcal/kg. The dehydration heat of 
the ma~esium hydroxide is g = 700 Cal/kg. 

Table 1. The ther~ophys~cul characteristics of the kaolin 

t,w) 
c( x 105 (m2jhr) 
a* x 105 
Bi 3.75 4.65 5.00 57.5 5.75 6.84 
Bi* 1.80 2.50 
a (kcal/m2 hr “C) 90 / 120 154 170 1190 200 
X x l@(kcal/m hr “C) 642 / 680 686 702 / 685 650 
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This method of the sample heating with the 
help of the heater coil allows the coefficient CC 
to be determined. For this purpose two kilned 
samples must be used, one of which has a heater 
coil attached. t 

The two samples are placed in the furnace, the 
temperature of which increases linearly. Only 
the temperature of the first sample is recorded. 
The second sample is heated additionally by 
the coil so that its surface temperature should 
always be equal to the ambient temperature (the 
furnace temperature is &(R, T) = t,). Then the 
heat supplied to the sample by the additional 
heating is obviously equal to the amount of 
heat Q received by the second sample from the 
surrounding medium. The total heat-transfer 
coefficient is 

OG36W Q 
da = dtA = __ 

AtA (3) 

where A is the heat-transfer surface of the 
samples, W is the output of the nichrome coil, 
At is the temperature drop between the samples 
at their surfaces equal to the temperature drop 
between the surrounding medium and the sur- 
face of the first sample. Having obtained the 
value of the heat-transfer coefficient a we can 
determine the specific heat 

c = 2a[t, - t(R, 4llbR (4) 

where y is the sample density (kg/m3). 
The thermal conductivity coefficient h is 

determined by the formula 

X = acy (5) 

The results of the calculations are given in 
Table 1. The dependence of the specific heat on 
temperature is represented in Fig. 5. The 
dependence of the heat capacity for the unkilned 
kaolin sample is given in the same Fig. 5 (curve 
II). The specific heat of the chemical reaction is 
determined by the total heat capacity and the 
reaction occurs in the temperature interval from 
600” to 800°C. 

The analysis of the experimental data shows, 

t Usually the coil is joined to the sample before the 
kilning. The kilning of the sample takes place with the 
coil attached. 

I ,6 
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FIG. 5. The dependence of the true (curve I) and the 
total(curve II) heat capacity of kaolin on temperature. 

that the chemical conversions on heating the 
body occur at first in the surface layer of the 
body (the chemical reaction zone). This zone 
will gradually spread into the interior of the 
body. The displacement mechanism of the 
chemical conversion zone in the first approxi- 
mation may be taken as analogous to the mech- 
anism of deepening the evaporation surface when 
drying wet solid bodies. This process is sketched 
in Fig. 6 in the case of the infinite plate 2R 
thick. The concentration of the fixed substance 
at the plate surface is assumed equal to zero, i.e. 
w(R, T) = 0. 

Let the distance between the lower surface of 
the chemical conversion layer and the plate sur- 
face be t, and the diffusion coefficient of the 

FIG. 6. The scheme for the calculation of the curve of 
mass-loss kinetics. 
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fixed substance through the plate surface layer 
be k, then we can write 

As an approximation we can assume that the 
decrease in the concentration w(x, T) in the 
chemical conversion zone takes place according 
to the straight-line law (see Fig. 6). From relation 
(6) we get: 

I = h4w (7) 

i.e. the conversion surface deepens according 
to the parabolic law. Moreover, from the rela- 
tions (6) and (7) we get 

w 
-=I.- 
WO 

When solving the diffusion problem of fixed 
substance in a capillary porous body we get an 
analogous formula with another numerical 
factor 

Using formulae (7) and (8) we can calculate the 
diffusion coefficient. The following data were 
marked from the heating kinetics curves for a 
magnesium hydroxide plate 50 mm thick. 
(R = 25 mm). The dehydration process begins 
at the average plate temperature equal to 
350°C. The time of the displacement of the 
chemical conversion zone from the surface of the 
plate to its centre was 40 min. The temperature 
of the reaction zone was 375°C at the furnace 

temperature equal to 585°C. Consequently at 
5 = 25 x lOme m, 7 = 0,666 hr. Hence 

k= o,6iz: 4 x 1O-4 = 2.3 x 1O-4 m2/hr 

The total mass content was 29.84 g and the 
weight lost by the plate during 40 min was 16.5 g. 
Hence we get 

k = 6.25 x 60(16+5)2 
40 x (29.84)2 x lo-4 = 

2.82 x lO-p m2/hr 

Using the same formula (9) we get 

k = 2.82 x $ x 1O-4 = 2.2 x 1O-4 m2/hr 

i.e. the two values are quite close. 
These calculations prove the established 

mechanism of the gradual deepening of the zone 
of chemical reactions in the capillary porous 
body. The chemical reaction zone is gradually 
displaced into the interior of the body approxi- 
mately according to the parabolic law, that 
coincides with the Stefan law for the freezing of 
humid bodies. 
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