
Thermochimica Acta, lOl(l986) 131-143 
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 

131 

THE MOVING BOAT TECHNIQUE AND PRACTICAL STUDIES ON 
THE DECOMPOSITION OF CARBONATES. PART 2. ANALYSIS AND 
PREDICTION OF cr-t PLOTS GENERATED UNDER A NONLINEAR 
TEMPERATURE PROGRAMME 

HEM SHANKER RAY and SOUMEN CHAKRABORTY 

Department of Metallurgical Engineering, Indian Institute of Technology, Kharagpur 721 302 
(India) 

(Received 30 September 1985) 

ABSTRACT 

Traditionally non-isothermal kinetic studies have been restricted to situations where the 
temperature rises continuously at a constant rate. The present work is concerned with the 
analysis and prediction of a-t plots when variation of temperature with time is arbitrary. 
Some actual experiments have been carried out using the moving boat technique and the 
kinetic data so generated analysed using the theory outlined. 

It is shown that it may be possible to predict entire o-t plots using a numerical approach 
provided the temperature-time plot is known and suitable values of the kinetic parameters E 
and A are assumed. The kinetic parameters can be evaluated on the basis of some given OL 
values for particular T-t plots. 

INTRODUCTION 

Non-isothermal kinetic studies are of much practical relevance. They 
relate to both batch operations as well as continuous reactors. For example, 
an electric steelmaking furnace undergoes fluctuating temperature during a 
heat lasting, say, for several hours. In a sponge iron kiln, a lump of iron ore 
undergoes reduction from the input end to the final exit, the temperature 
fluctuating throughout. It is important to develop a theory by which it 
would be possible to predict the final degree of conversion for a given 
temperature-time history. Any such prediction necessarily requires the use 
of kinetic parameters which must be evaluated through test runs. 

The progress of high temperature reactions depends on the nature of 
temperature variation and, therefore, it is very necessary to monitor temper- 
ature changes for proper process control. To obtain values of the operative 
kinetic parameters, samples of reacted mass are collected at different time 
intervals during a test run and they are analysed to obtain the respective (Y 
values. These values are then analysed to evaluate the kinetic parameters 
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with reference to the given T-t plot. It is then possible to use these values in 
the prediction of a-t plots for arbitrary T-t plots. 

In the present case the theory proposed has been tested against some data 
on the decomposition of limestone which have been generated using the 
moving boat technique (MBT) described in Part 1 of this communication [l]. 

TEMPERATURE VARIATION IN MBT 

Since this paper is concerned with the analysis of some data generated by 
MBT, the nature of temperature-time plots attainable in this technique is 
first discussed. As has been discussed in Part 1 of this communication [l], 
MBT employs a series of crucibles in a boat which enters a furnace at a 
steady speed. Volume elements of test sample contained in the crucible are 
exposed to the hot zone in the sequence of their arrangement, each individu- 
ally undergoing the same temperature (T)-time (t) schedule but for varying 
intervals. The nature of the T-t plot, which can be varied, depends on the 
speed of the boat, the temperature profile of the hot zone and the thermal 
properties of the sample. The equation defining the rate of temperature rise 
is derived as follows. 

Suppose that the entire hot zone is at isothermal temperature Tf and a 
volume element enters the zone at any given speed. The volume element is 
heated by both radiative and convective heat flux. The rate of heating is 
given by the equation 

$=K,(T;- TV) +K,(T,- T) 

= [Kl(T,2+ T2)(Tf+ T) +K,](T,- T) 

(1) 

(2) 
where K, and K, are constants and T is the temperature of the element. If 
T +c Tf or T = T, then eqn. (2) reduces to 

dT 
x=q(T,-T) 

where q is a constant. 
On integration one obtains 

T= Tf- (T,- T,) exp(-qt) (4) 

where To is the initial temperature. 
Equation (4) describes an exponential temperature rise which is obviously 

independent of the boat speed. In this case (din T/dt) is constant rather 
than (dT/dt) as in TG. 

The heating schedule is more complex when the furnace itself has a 
temperature profile. If it is assumed that Tf rises exponentially from the 
furnace mouth, then 

T, = T,(l - ei-“) (5) 
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where T, is the ultimate maximum temperature of the hot zone, j is a 
constant, and I the distance from the furnace mouth. If the speed of the 
boat is u then 1 equals ot. Incorporating eqn. (5) into eqn. (3) and 
integrating, one obtains an equation describing the variation of T with t 

T= -& [ q(1 - eivt) -ju(l - e-@)I 

This indicates an S-shaped curve. That is, initially, when the volume is 
exposed to lower furnace temperatures, the heating rate is low. It gradually 
increases as the furnace temperature increases in the interior. Subsequently, 
as the volume element heats up and approaches T,, the rate of heating 
drops. Equation (6) shows that the nature of T-t plots can be changed by 
varying the boat speed and/or the furnace temperature profile. 

It is possible to incorporate eqn. (4) or eqn. (6) into the non-isothermal 
kinetic equation for analysis of a-t plots generated under such heating 
schedules. However, the mathematics are cumbersome and the solution is 
not simple [2]. a-t plots can be more conveniently analysed and kinetic 
parameters evaluated by use of a graphical approach or a differential 
approach. 

GRAPHICAL APPROACH 

We have the basic equation 

g(a) =lae=Ai’exp(-E/RT) dt (7) 

where g(a) and f(a) are appropriate functions. Consider a general situation 
where T varies with t arbitrarily. If it is assumed that the activation energy 
remains unchanged throughout then one can calculate the values of 
exp( - E/RT) at various values of t by considering the instantaneous values 
of temperature provided the value of E is known. The total area under the 
curve so obtained multiplied by A gives g(a). The value of A can be found 
from a suitable kinetic compensation plot or otherwise. To do the reverse, 
i.e., evaluate E from a known value of g(a), one should first use a set of E 

values to calculate g( (Y) values and then obtain the correct E value through 
a calibration procedure. The area calculations are conveniently done by 
using Simpson’s one-third rule. 

DIFFERENTIAL APPROACH 

We have the well-known equation 

%=A exp(-E/RT)f(a) 

i 1 g /f(a) =A exp( - E/RT) 

(8) 

(9) 
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Now consider a general time-temperature variation 

T= f&) 

g= f;(t) 

where (dT/dt) varies with time. Now 

da !!Efyt) -= 
dt dT ’ 

combining eqn. (12) with eqn. (9) one obtains 

ln[ gfi(t)/f(.)] = In A - EJRT 

00) 

(11) 

(12) 

(13) 

Thus a plot of the left-hand side of eqn. (13) against reciprocal temperature 
would be linear and the slope and intercept would yield the values of E and 
A, respectively. If a-t and T-t plots are established experimentally, then 
the left-hand side of eqn. (13) is evaluated easily provided the form of f( CX) is 
known. The latter must be established through independent experiments. 
Once the kinetic parameters are evaluated, it should be possible to predict 
a-t plots for any other type of T-t plot. 

We shall now consider applications of these equations in analysing some 
kinetic data generated by MBT. 

EXPERIMENTAL 

Decomposition experiments were carried out using two limestone powder 
samples (2 and 3, described in Part 1 [l]) and a compact sample. The 
experimental set-up used was the same as described in ref. 1. Powder and 
lumpy compact samples were 
under different combinations of 

decomposed under several T-t schedules 
boat speed and furnace temperature profile. 

RESULTS AND DISCUSSION 

As discussed in Part 1 [l], isothermal decomposition data obtained at 
three different temperatures could be fitted to the kinetic equation 

g(a) = Log = 1 - (1 - c$‘3 = kt (14) 

Therefore 

f(cr) = 3(1 - cX)2’3 

This expression for f(a) is used in subsequent treatments. 

(15) 
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Use of graphical integration 

We first discuss the use of the graphical approach in analysing and 
predicting a-t plots. We start by noting that the E value for isothermal 
decomposition is 140 kJ mol-’ (33 kcal mol-I). Suppose we assume this 
value of E in a non-isothermal case also. We then try to calculate A on the 
basis of a fixed point in the a-t plot and predict, on the basis of these E 
and A values, the entire a-t plot. The A value is determined according to 
eqn. (1) as 

A= d4 

J ‘exp( - E/RT) dt 
0 

(16) 

Here the denominator is evaluated by Simpson’s rule as mentioned earlier. 
g(a) is given by the equation established by isothermal experiments (eqn. 
14). 

Figure 1 shows an experimental a-t plot obtained under the temperature 
schedule shown. The figure also shows four a-t plots calculated on the basis 

q E =107,5KJI MOL : A =O 06.47718 x 10' 

A E =lSO.SKJ/MOL A ~0 0686109x 10' 
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Fig. 1. Theoretical interpretation of cw-t plots for different sets of E and A values using the 
single point determination of A at t = 70 min. 
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Fig. 2. Kinetic compensation plots. 

i 

of four assumed values of E in the range 107.5-236.5 kJ mol-’ and an (Y 
value for t = 70 min. These plots show that the correct E value perhaps lies 
between 150.5 and 193.5 kJ mol-‘. Similar single-point determinations of A 
and then calculations of CX-t plots for t = 90 min and t = 40 min have been 
reported elsewhere [2]. These plots also confirm these values of E and A. 
The sets of assumed E and calculated A values conform to the kinetic 
compensation effect (KCE) as shown in Fig. 2. This figure also shows plots 
according to the KCE equations given by Gallagher and Johnson [3] for 
CaCO, decomposition in CO, and 0, atmospheres. 

Evaluation of kinetic parameters by the differential approach 

In the previous section, we were concerned with the prediction of a-t 

plots for known T-t plots on the basis of assumed values of E. We will now 
discuss the reverse problem, i.e., how the evaluate E and A when the a-t 

plots as measured experimentally are available. For evaluation of the kinetic 
parameters we make use of eqns. (13) and (15). 
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Fig. 3. Time temperature program obtained from MBT using a limestone sample (No. 2). 
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Fig. 4. Plots of a-t and a-T obtained from MBT using a limestone sample (No. 2). 
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Fig. 5. Logarithmic plot of data shown in Fig. 4. 
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Fig. 6. Plots of a-t and a-T obtained from MBT using a limestone sample (No. 3). 
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Fig. 7. Logarithmic plot of data shown in Fig. 6. 

Figure 3 shows the temperature variation with time for a particular MBT 
run and Fig. 4 shows (Y values versus both time and temperature. Figure 5 
shows a plot according to eqn. (13). The plot is linear and the slope and 
intercept have the values of 154 kJ mol-’ and 1.09 x 105, respectively. It 
should be noted that since (da/dT)/(dT/dt) equals (da/dt), one can 
directly plot, using Fig. 4, values of ln(dar/dt)/f( a) against reciprocal 
temperature to get the same result. 

Figure 6 shows a-t and a-T plots for a second sample and Fig. 7 shows 
the logarithmic plot. The latter, which is linear as expected, gives E and A 
values close to those given by Fig. 5. Two more plots for a third sample are 
shown in Figs. 8 and 9. All these sets are for different T-t plots, yet they all 
lead to almost identical values of the kinetic parameters. We may, therefore, 
accept these values for the decomposition of loose powders irrespective of 
the T-t schedule. The fundamental assumption then is this: no matter how 
temperature fluctuates there is a combination of E and A values which 
controls the changes in reaction rate during temperature fluctuations. The 
physical significance of these parameters is not clear. However, for a 
particular reaction mechanism, they have well-defined values which are not 
influenced by fluctuating temperature. 
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Fig. 9. Logarithmic plot of data shown in Fig. 8. 
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Fig. 12. Logarithmic plot for data shown in Fig. 11. 

The kinetic parameters, however, will not remain unchanged when the 
reaction mechanism changes. For example, if CaCO, is taken in packed bulk 
form instead of as a limited quantity of loose powder, heat transfer to the 
sample interior becomes difficult and the endothermic decomposition reac- 
tion tends to cool the interior. The reaction may then become heat transfer 
controlled. Figure 10 shows the T-t plot for a packed bed of limestone. The 
intermediate dip in the temperature plot is obviously due to absorption of 
heat and consequent lowering of the rate of temperature rise because of 
onset of endothermic decomposition. Obviously heat transfer plays an 
important role here. Figure 11 shows the a-t plot which was established by 
taking small weighed samples from different locations in the boat and 
determining maximum weight loss on further heating. The logarithmic plot 
shown in Fig. 12 indicates a rather small value of E ( - 40 kJ mol-‘) which 
is consistent with heat transfer control. However, the plot suffers from one 
uncertainty, i.e., the form of f(a) assumed is identical to those taken earlier. 
This may not be valid in this case. 

CONCLUSIONS 

It may be concluded that a numerical approach can be used to predict 
a-t plots for a general heating schedule provided the appropriate values of 
the kinetic parameters are known. The latter may be evaluated by using 
some control experiments where both a-t plots are experimentally de- 
termined for known T-t plots. It seems that a chosen set of E and A values 
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does not change with changes in heating schedule and, therefore, results 
obtained from controlled experiments can be extended to situations where 
temperature fluctuations are arbitrary. 
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