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On the basis of the analysis of known literature data on CaCO3 thermal decomposition, it
is concluded that the development of a compact engineering CFD model (computational
fluid dynamics) for limestone calcination is a topical issue. This model can be based on
thermogravimetric data and standard mathematical approximation algorithms. Experiments
on thermal decomposition of finely dispersed limestone waste particles of different fractions
less than 315 m were carried out using a Q-1500 D derivatograph (system F. Paulik, J.
Paulik and L. Erdey) under non-isothermal conditions. Based on differential equations of
topochemical solid-state kinetics and the asymmetry of differential thermogravimetry (DTG)
curves, the values of activation energy, pre-exponential factor in Arrhenius equation were
calculated and the reaction mechanism of the thermal decomposition of particles was
determined from the results of non-isothermal experiments performed at the heating rate
of 100C/min in a temperature range of 600 to 9000C. A new engineering approach was
developed to the CFD simulation of the thermal decomposition of limestone wastes by
means of a two-step mechanism of solid-state kinetics using commercial CFD code ANSYS
Fluent. The findings could be used in chemical engineering to produce new highly efficient
equipment.
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Introduction
Nowadays, producing lime from finely dispersed
limestone wastes is of considerable interest. The
reason is that the finely dispersed limestone wastes
are a key problem in lime production following the
conventional technology in the shaft kilns. They are
formed while preparing limestone for calcination.
To solve this environmental problem, the cyclone
type furnaces are advisable to be used.
The use of facilities of this sort is a highly
efficient and economical method of chemical
engineering for the thermal treatment of finely
dispersed materials (production of cement, dolomite,
limestone, alumina and other mineral products). Over
recent years, numerical simulation methods based
on computational fluid dynamics (CFD) modeling
have been prevalently used to create cheap and
effective cyclone-calciner furnaces or calciners
optimize the design of these devices [1–3]. In
addition, molecular modeling techniques are widely
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used to predict the structural properties of new
materials in chemical engineering [4]. It should be
noted that the correct ÑFD model of kinetics of the
thermal decomposition determines the effectiveness
of this approach.
The use of a simplified approach based on a 1step reaction rate mechanism is dominated in most
com pute r simulation studies for industrial
applications. According to this method, the rate that
is constant for a chemical reaction is computed by
using an expanded version of the Arrhenius
expression. This requires the estimation of kinetic
parameters of the thermal decomposition reaction
(an activation energy, E and pre-exponential factor,
A) to carry out the CFD modeling of chemical
reactions. These parameters are rigidly related to the
reaction mechanism.
In the last quarter-century, a series of studies
have been performed in this direction. Different
techniques of identifying kinetic parameters from
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isothermal or non-isothermal thermogravimetric
(TG) data have been reported and used in those
investigations.
Generally, the aim of the most studies was to
calculate pre-exponential factor coupled with the
activation energy values in Arrhenius equation as
the functions of the working conditions, sample size
and heating rate.
A lot of studies have been performed to clarify
the mechanism(s) of calcium carbonate thermal
decomposition, often focusing on its kinetic analysis.
In this regard, the traditional approach to the
explanation of decarbonization mechanism and the
calculation of kinetic parameters has been developed.
The mentioned mechanism involves three following
stages: nucleation, chemical kinetic reaction and
diffusion-controlled reaction. But nowadays studies
in this field are still under way to demonstrate new
aspects of this problem. Some researchers suggested
that the overall reaction rate of the calcination process
is the component of the physical and chemical
reaction rate and is controlled only by diffusion
processes or diffusion-controlled reaction that
proceed [5,6].
Others claimed that the surface nucleation is
instantaneous for a phase boundary reaction and,
therefore, will have no effect on the reaction rate [7].
Some researchers have proposed a pioneer
topotactic mechanism to transform calcite based on
the two-step reaction rate with the diffusioncontrolled processes and the ones controlled by the
first order reactions [8].
At times, it can be noted that kinetic
calculations cannot be the most efficient way of
identifying the reaction mechanism [9]. Vyazovkin
[10] completely denied the concept of constant
activation energy and suggested an alternative concept
of «variable activation energy» which is an
unpredictable function of temperature and/or extent
of reaction.
In this way, it can be concluded that the issue
of decarbonization mechanism and calculation of
kinetic parameters remains open. Because of that,
the theory of the thermal decomposition kinetics is
increasingly complex and is traditionally based on
the use of non-isothermal kinetic methods to
determine kinetic constants.
Additionally, one of the drawbacks of nonisothermal approach is a very large value range of
kinetic parameters. Analysis of 15 studies into calcium
carbonate decomposition is reported in ref. [11] as a
confirmation of this fact, showing that the difference
in activation energy varies from 26 to 377 kcal/moles
and that in pre-exponential factor varies from 102 to
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1069 s–1.
This is attributable to the nature of the
substance, presence of impurities in the samples,
particles size distribution and the medium character
as well. But most probably, it can be explained by
using various mathematical methods to describe the
solid-state kinetics of thermal decomposition.
In other words, selecting an optimal and correct
mathematical model to describe the kinetic process
remains a challenge for theoretical studies.
The authors of this study concluded that further
work in this field of research should be followed by
using new approaches to identify the reaction
mechanism of finely dispersed limestone wastes
samples and selecting the best approximation model
that describes experimental data in a wide range of
temperatures, warming up rates and particle sizes.
Developing an adequate CFD model of the
thermal decomposition reactions of finely dispersed
limestone based on non-isothermal TG data will offer
new prospects for going beyond traditional chemical
engineering and using computer simulations in
chemical processes.
Material and methods
The thermal decomposition of four various
fractions of limestone waste with a particle diameter
(<50 m; 50–80 m; 80–140 m and 140–315 m)
was carried out using Q-1500 D derivatograph of
the system F. Paulik, J. Paulik and L. Erdey with
the registration of both analytical signals of mass
loss and thermal effects via the computer. The choice
of sample size is based on the requirements for a
particle size that is used in a cyclone furnace. The
samples were analyzed dynamically at the heating
rate of 100Ñ/min. For each run, the temperature
was raised from 25 up to 9000C under atmosphere of
air. Therm ogravime try (TG) , differential
thermogravimetry (DTG) and differential thermal
analysis (DTA) curves were recorded simultaneously
with 0.1 mg sensitivity. In each measurement, the
weight of the samples was equal to 2 mg, 50 mg and
150 mg for each fraction with diameter particles,
respectively. The sample cells were platinum crucibles
for 2 mg samples and corundum crucibles for 50 mg
or 150 mg samples, respectively. The limestone
particles were evenly distributed over the open
crucibles of 5 mm diameter. The reference cell was
left empty. Al2O3 was used as a standard.
To determine the chemical compositions of
limestone samples, ElvaX Light SDD (X-ray
fluorescence analyzer) was used. The X-ray analyses
yielded results of chemical compositions of limestone
samples that are presented in Table1.
The value of apparent density (>2.55 g/cm3)
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Table 1
Chemical compositions of limestone wastes

CaCO3, wt.% MgCO3, wt.%
93.56
3.24

SiO2, wt.%
2.05

Al2O3, wt.%
0.20

has been found. The quality of limestone wastes is
regulated by the Ukrainian National Standard for
Building Materials (carbonate rocks for lime
production No. 2.7-109-2001 S.1).
Mathematical approach
The limestone decomposition is a solid-state
0
endothermic reaction Н R  185.4 kJ / mol which
is typical of the most decomposition processes. That
is to say that inside installation (a reactor or furnace)
much heat has to be supplied to the reactant to
sustain the decomposition reaction.
The limestone thermal decomposition reaction
can be expressed as follows:
CaCO3(s)=CaO(s)+CO2(g).





The mathematical model that is used in
CFD-code Ansys Fluent for simulation of the
calcination is based on the Lagrangian approach
where thermo-chemical reactions that occur inside
a particle as well as between particle components
and gas phase species are described by the single
kinetic rate model or the two-competing rates model.
The thermal decomposition kinetics of finely
dispersed limestone can be described using the
following general expression for the decomposition
of a solid sample:


 k(T)  f () ,
t

(1)

where  is a degree of conversion; k is the rate
constant of the process; f() is the conversion
function of a solid-state reaction.



W
Wк ,

(2)

where W is a current sample weight loss at the
temperature; Wk is the final sample weight loss at
the temperature.
The mechanism of the reactions of this type
can be considered as a functions of  (f()). The
temperature dependence of the rate constant k of
the process can be expressed by Arrhenius equation
as stated above:

k  A0  e



E
RT

,
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(3)

Fe2O3, wt.%
0.15

Other impurities, wt.%
0.8

where A0 is the pre-exponential factor; E is the
activation energy; T is the absolute temperature and
R is the universal gas constant.
The definition of the conversion function f()
is very important to understand the reaction
mechanism of the thermal decomposition of the
finely dispersed lime.
The conversion function f() for a solid-state
reaction can be considered to be as follows:

f ()  a m (1  ) n   ln(1  ) ,
p

(4)

where m, n and p are factors obtained empirically
from the experiment.
Thus, kinetic investigations of decomposition
reactions based on the function f() and Arrhenius
equation parameters can provide information on the
reaction mechanisms and the influence of process
variables such as the temperature, particle size, mass
of reactant, and the ambient atmosphere of the
installation. Finally, these parameters can be used
to create a correct CFD model.
If the temperature increases at a constant rate

T
 const  q ,
t

(5)

then Eq. (1) can be expressed as follows:

 A  (E/RT)
 e
f ( ) .
T q

(6)

Logarithmically Eq. (6) can be written as:

ln

 / dT
A E 1
 ln   .
f ( )
q R T

(7)

The integral form of the non-isothermal rate
law can be presented as follows:

g()  Ae (E/RT) dt

( 8)

and
T

g( )  A q  e (E/ RT) dT ,
0

(9)
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where g() is the integral reaction model, defined
by the expression:


d

 f ()  g() .

(10)

0

According to Eq. (7), it can be plotted for
different values of f() as a function of 1/T and
linear regression can be used to determine the
activation energy E and the pre-exponential factor
A in Arrhenius equation. If the correct g() function
is used, a plot of ln(g()) versus 1/T should give a
straight line relationship from which the information
about the reaction mechanism can be defined.
Algebraic expressions of f() and g() functions
and the most common reaction mechanisms that
occur in solid-state reactions are presented in
Table 2) [7,12,13].
Nevertheless, the use of algebraic expressions
of f() and g() functions has been criticized in nonisothermal studies because Arrhenius parameters,
defined on the basis of various forms of g(), are
correlated through the relation of compensation
effect.
Therefore, som e ot her non -Arrhenius
approaches are recommended in thermal analysis
by some authors. Among these approaches, the
properties of TG/DTG curves in non-isothermal
kinetics can be used to select possible reaction
mechanisms based on «Shape method» that has been
proposed by Dollimore et al. [14]. As a major tool
to use «Shape method», a new flow chart with more
reliable parameters can be also recommended [15].
The new flow chart is within the ranges of
108<A<1014 s–1 and 100<E<230 kJ/mol. To use this
method, the values of max (the maximum rate on
the  vs. T plot) and the half width () need to be
determined. The half width can be identified as
=T2–T1, defined as the peak width on the curve of
 vs. T measured at half height. A detailed procedure
to recognize the kinetic mechanisms and the
characteristic parameters of «Shape method» are
presented by Haixiang et al. [15].
Thus, in this work a detailed kinetic analysis of
non-isothermal data, measured at =100C/min by
using the g() and f() model functions to determine
the activation energy and the pre-exponential factor
in Arrhenius equation, will be carried out. In addition,
Dollimore methods [14] with Haixiang’s correction
[15] will be used to predict the most possible reaction
mechanism and to design an adequate CFD model
of limestone decomposition kinetics.
Results and discussion
The results of CaCO3 complex thermal analysis
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The experimental thermograms that were
re cord ed in the course of non-isot hermal
decomposition of limestone waste samples (150 mg)
are presented in Fig. 1 as TG, DTG and DTA curves.
The TG curve showed that all samples were thermally
stable with a minor weight loss at T<6000C.
A rapid weight loss of the sample is observed at
the temperature range of 625–9550C and one peak
is present for all cases at T>6000C. This corresponds
to only one chemical decomposition reaction of
CaCO 3 with t he gaseo us e mission of CO 2
approximately at temperatures from 625 to 9550C,
i.e. when a loss of 44 wt.% is achieved which is an
equivalent to the stoichiometric CO2 amount in
CaCO3. This process is accompanied by a clear peak
that appears in the DTG curve and a deep
endothermic effect in the DTA curve. For samples
weighing 50 mg and 2 mg the curves look similar
and are not presented here.
According to TG data of the CaCO3 thermal
decomposition, the graphs of  vs. T and dW/dt vs.
T were determined. Figures 2a, 2b, 2c and 2d show
the degree of conversion of  vs. T. Figures 3a, 3b,
3c and 3d show dW/dt vs. T dependences,
respectively.
A characteristic feature of the thermal
decomposition of the limestone waste samples is a
smooth increase of the reaction rate in the initial
period, followed by a peak that occurs at the
conversion degree of max=76–78% for most samples
and then drops sharply.
The kinetic analysis of thermal decomposition of
limestone samples
According to Eqs. (7), (9) and Table 2, the
data on experimental thermograms were processed
as f() and g() vs. 1/T for three different sample
weights (150 mg, 50 mg and 2 mg) and four different
fractions with various particle diameters. For all
experiments, the f() and g() vs. 1/T dependences
look almost the same in all cases and almost always
correspond to the same equations shown in Table 2
(Eq. (11) for a nucleation mechanism, Eqs. (17),
(18) and (19) for a phase boundary reaction
mechanism and Eqs. (20), (21), (22), (25) and (27)
for a diffusion mechanism). These equations
correspond to the highest values of the correlation
coefficients R2 (more than 0.99) and the maximum
width of the interval in which the equation describes
the experimental data that most closely relate to the
topochemical process mechanism.
The values of activation energy and the preexponential factor were determined for each fraction
of particles and weight of the sample following the
algebraic expression of functions f() in Eq. (7).
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Table 2
Solid-state rate and algebraic expressions of functions g() and f() and their corresponding mechanism

No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

17
18
19
20
21
22
23
24

Rate mechanism

Symbol
Function name
g()
f()
I. Chemical process or mechanism non-invoking equations
Chemical reaction
F1/3
One-third order
1–(1–)2/3
(3/2)(1–)1/3
1/4
Chemical reaction
F3/4
Three-quarters order
1–(1–)
4(1–)3/4
One and a half order
Chemical reaction
F3/2
2(1–)3/2
(1–)–1/2–1
–1
Chemical reaction
F2
Second order
(1–) –1
(1–)2
–2
3
Chemical reaction
F3
Third order
(1–) –1
(1/2)(1–)
II. Acceleratory rate equations
Mampel power law
Nucleation
P3/2
(2/3)–1/2
3/2
1/2
1/2
Nucleation
P1/2
Mampel power law

2
Nucleation
P1/3
Mampel power law
1/3
33/4
1/4
3/4
Nucleation
P1/4
Mampel power law

4
Nucleation
E1
Exponential law
ln

III. Sigmoid rate equations or random nucleation and subsequent growth
Assumed random nucleation
A ,F
Avrami-Erofeev equation
–ln(1–)
(1–)
and its subsequent growth, n=1 1 1
Assumed random nucleation
A3/2
Avrami-Erofeev equation
[–ln(1–)]2/3
3/2(1–)[–ln(1–)]1/3
and its subsequent growth,
n=1.5
Assumed random nucleation
A2
Avrami-Erofeev equation
[–ln(1–)]1/2
2(1-)[-ln(1-)]1/2
and its subsequent growth, n=2
Assumed random nucleation
A3
Avrami-Erofeev equation
[–ln(1–)]1/3
3(1–)[–ln(1–)]2/3
and its subsequent growth, n=3
Assumed random nucleation
A4
Avrami-Erofeev equation
[–ln(1–)]1/4
4(1–)[–ln(1–)]3/4
and its subsequent growth, n=4
Branching nuclei
Au
Prout-Tomkins equation
ln[/(1–)]
(1–)
IV. Deceleratory rate equation
(Phase boundary reaction)
Contracting disk
R1,F0,P1
Power law
(1–)0

1/2
Contracting cylinder
R2,F1/2
Power law
1–(1–)
2(1–)1/2
1/3
2/3
Contracting sphere
R3,F2/3
Power law
1–(1–)
3(1–)
(Based on the diffusion mechanism)
One-dimensional diffusion
D1
Parabola law
2
1/2
–1
Two-dimensional diffusion
D2
Valensi equation
+(1–)ln(1–)
[–ln(1–)]
Three-dimensional diffusion,
1/3 2
2/3
1/3 –1
D3
Jander equation
[1–(1–) ]
(3/2)(1–) [1–(1–) ]
spherical symmetry
Three-dimensional diffusion,
Ginstling-Brounstein
D4
1–2/3–(1–)2/3
(3/2)[(1–)–1/3–1]–1
cylindrical symmetry
equation
Zuravlev, Lesokhin,
–1/3
2
4/3
–1/3
–1
Three-dimensional diffusion
D5
[(1–) –1]
(3/2)(1–) [(1–) –1]
Tempelman equation

25 Three-dimensional diffusion

D6

[(1+)1/3–1]2

(3/2)(1+)2/3[(1+)1/3–1]–1

anti-Jander equation

26 Three-dimensional diffusion

D7

1+2/3–(1+)2/3

(3/2)[(1+)–1/3–1]–1

27 Three-dimensional diffusion

D8

[(1+)–1/3–1]2

(3/2)(1+)4/3[(1+)–1/3–1]–1

anti-Ginstling-Brounstein
equation
anti-Zuravlev, Lesokhin,
Tempelman equation

R.I. Havryliv, V.V. Kochubei, I.V. Lutsyuk

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2018, No. 6, pp. 12-22

a

b

c

d

17

Fig. 1. The thermogram of the sample weight of 150 mg for different particle fractions: a – particles of 140–315 m diameter;
b – particles of 80–140 m diameter; c – particles of 50–80 m diameter; d – particles of <50 m diameter

Depending on the reaction mechanism, the values
of activation energy range from 165 to 560 kJ/mol.
Figure 4 presents the linear relationships
between f() and 1/T for the limestone samples
(150 mg weight) of different particle fractions.
The experimental data presented above indicate
that there is not a single mechanism that controls
the process. This again confirms that the description
of the topochemical reaction kinetics on the basis of
simplified model dependencies in many cases leads
to the receipt of rather contradictory data.
It should also be pointed out that the kinetic
model equations are derived for a monodisperse
sample. The samples are polydisperse systems under
experimental conditions even within the selected
fractions. This is particularly true for the samples of
140–315 m and 80–140 m diameters.
It can be assumed that the smallest particles
will be decomposed completely during the reaction

earlier than the larger ones. Due to this fact, the
form of the kinetic equation is distorted and the
order of the reaction changes. This error becomes
greater till the end of the reaction.
As the particles of calcium carbonate are very
small, it is reasonable to assume that the reaction in
the particles proceeds according to a shrinking core
model, i.e. the mechanism of volume contraction.
To define a possible form of equations in the
kinetic region, a flow chart («Shape method») has
been used which is determined by some features of
the conversion curves (or TG/DTG curves) for
different kinetic models [14,15].
The results are presented in Table 3 as values
of some parameters that give information on the
nature of thermal decomposition in the range of
0(T)1: Tmax (the maximum temperature as shown
by the peak on d/dT vs. T curve, Fig. 3), max (the
maximum rate on  vs. T plot, Fig. 2), S (shape
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a

c

b

d

Fig. 2. The =f(T) curves for thermal decomposition of limestone samples: à – particles of 140–315 m diameter;
b – particles of 80–140 m diameter; c – particles of 50–80 m diameter; d – particles of <50 m diameter

factor, S=(Tmax–T1)/(T2–Tmax)), Ti and Tf (the initial
(Ti) and final (Tf) temperatures on  vs. T plot, Fig. 2)
and the half width ().
The results show that the values of main
parameters vary depending on the particle size and
sample weight. Generally, all the decompositions
belong to group B, which includes mechanisms R2,
R3, D1-D3, D6, D8 according to the shape factor
S>1 [14]. Practically, all the values of max vary
between 0.7 and 0.8, implying that R2, and D4 are
the possible mechanisms.
The half width indicated the low value ranges
from 17 to 61 for low weight samples and high value
ranges from 60 to 76 for large weight samples,
respectively. According to Dollimore’s flow chart
for the above half-width values, the three-dimensional
diffusion model D4 can be recommended [14].
However, the diffusion effect on the decarbonization
kinetics is ambiguous. It seems plausible that the
inhibition of diffusion process is determined by the
thickness of the layer of dispersed material in the
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sample for the samples weighing 150 mg. Thus, the
samples of 150 mg should be used with caution as a
base for the mathematical model to calculate kinetics
at high values of  conversion. Furthermore, the
results presented above for f() and g() show that
D4 reaction mechanism is not able to control the
process.
For as much as possible approximated
representation of reaction conditions that take place
in the re al cyclone t ype furnace s and the
determination of the kinetic equation, it is necessary
to perform a single-particle thermal analysis. This
cannot be achieved under the experimental
conditions due to relation to the sensitivity limit of
the device itself. But, the samples of the material of
2 mg weight are in good agreement with these
conditions.
The revised flow chart proposed by Haixiang
et al. [15] gives new half-width values in recognizing
the reaction mechanisms. According to the above
mentioned, a new half width, , varies between 14.5
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b

c

d

Fig. 3. The d/dT=f(T) curves for thermal decomposition of limestone samples: a – particles of 140–315 m diameter;
b – particles of 80–140 m diameter; c – particles of 50–80 m diameter; d – particles of <50 m diameter

Table 3
The parameters related to characteristic feature of the limestone decomposition mechanism from TG data

Fraction
140–315 m
80–140 m
50–80 m
<50 m

Ti
Diffuse
Diffuse
Diffuse
Diffuse

Tf
Sharp
Sharp
Sharp
Sharp

140–315 m
80–140 m
50–80 m
<50 m

Diffuse
Diffuse
Diffuse
Diffuse

Sharp
Sharp
Sharp
Sharp

140–315 m
80–140 m
50–80 m
<50 m

Diffuse
Diffuse
Diffuse
Diffuse

Sharp
Sharp
Sharp
Sharp

Parameters
T2, K
Tmax, K
1042
1032
1022
1008
1045
1033
1035
1025
Sample weight 50 mg
1019
1093
1068
1013
1089
1070
1017
1082
1066
1030
1090
1075
Sample weight 150 mg
1071
1144
1132
1072
1144
1127
1071
1143
1132
1065
1140
1123

T1, K
1025
961
988
982

max, %
77.5
77.2
77.5
77.6

S
0.7
3.35
3.75
4.3

Half width (), K
17
61
57
53

64
72.15
65.5
78.4

1.96
3
4.06
3

74
76
65
60

79
73.4
82
77

6.08
3.23
5.54
3.41

73
72
72
75
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a

c

b

d

Fig. 4. Plots of linear relationships between f() and 1/T for the samples weighing 150 mg: a– particles of 140–315 m diameter;
b – particles of 80–140 m diameter; c – particles of 50–80 m diameter; d – particles of <50 m diameter

and 72.7, for max between 0.71 and 0.77, implying
that R2 is the possible mechanism of reaction. This
reaction mechanism corresponds to all samples
weighing 2 mg as well as two samples weighing
50 mg (<50 m and 50–80 m). Other samples of
50 mg and 150 mg weight have a half-width value
that is very close to 72.7.
The activation energy values according to the
R2 kinetic model account for approximately 176–
212 kJ/mol and are similar to other equation numbers
(Table 2) for the phase boundary reactions (R1, R3).
These values are found to be in good agreement
with the data presented in the literature.
Proposed CFD model
The proposed approach for determining the
reaction mechanism is appropriate to describe the
reaction in the kinetic region ( varies ca. from 0.1
to 0.9). For the initial stage (<0.2), the choice of
the model equation and values of the kinetic constants
are unclear.
According to the results presented as the linear
R.I. Havryliv, V.V. Kochubei, I.V. Lutsyuk

relationships between f(a) and 1/T, the initial stage
is well described by the nucleation model (A1, F1)
with the slightly higher values of activation energy,
that is about 210–220 kJ/mol.
It is clear that a region for (A1, F1) overlaps
with a region of R2 which indicates that it is not
possible to exactly distinguish between these two
reaction mechanisms for different weights of samples.
These data agree well with the curve =f(T)
that is shown in Fig. 2, where the initial nucleation
period is observed up to 5–7% for the samples of
large mass and 10–15% for the ones of smaller mass,
respectively.
Similar results were reported by RodriguezNavarro et al. [8]. For a single crystal of CaCO3 (ca.
221 mm in size), the initial period (<0.2) is
characterized by high energy activation values. But
the author claims that the diffusion resistance of
CO2 controls the reaction through a product layer at
the initial stages of the process (<0.2); consequently,
the activation energy increases as well.
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The presented results allow us to propose a
CFD model based on a two-stage reaction
mechanism:

k1  A1 exp( E1 / RT);
k 2  A 2 exp( E 2 / RT),

(11)

where k1 and k2 are competing rates that may be
controlled according to different a ranges. As it can
be seen from the obtained results, the activation
energy values E1=210–220 kJ/mol for the initial stage
(<0.1–0.15) and E2=176–212 kJ/mol for the kinetic
region (>0.1–0.15) can be recommended.
Conclusions
The thermal decomposition kinetics of finely
dispersed limestone waste from Pustomyty lime
production plant (Ukraine) has been studied. To
propose an effective ÑFD model based on the
mechanism of calcination reaction rate, the effects
of particle sizes and sample mass were studied by
using TG analysis.
We concluded that the totally clear choice of
the reaction model is practically impossible if it is
based solely on the existing non-isothermal TG data
by using a model-fitting method. The meaningful
conclusions concerning the real mechanism of the
decomposition process under investigation should
be based on the asymmetry of DTG (differential
thermogravimetry) as «Shape method» with the
complementary use of the revised flow-chart.
The experimental results have been considered
by the methods considered in the study; they strongly
indicate that the most possible rate that controls the
step is R2 kinetic model for a varying between 0.1
and 0.9. It is also shown that the reaction mechanism
is difficult to be determined by this method for the
initial reaction stage (<0.1).
The effective activation energy values for the
initial stage are found to be in the kinetic region of
ca. 200 kJ/mol and 220 kJ/mol, respectively.
It is proposed to use these parameters to create
the CFD model based on a two-stage reaction
mechanism.
The date on the control mechanism, the kinetic
equations and activation energy values presented in
the study are found to be in a very good agreement
with the conclusions of other scientists.
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Ê²ÍÅÒÈ×ÍÈÉ ÀÍÀË²Ç ÒÅÐÌ²×ÍÎÃÎ ÐÎÇÊËÀÄÓ
ÒÎÍÊÎÄÈÑÏÅÐÑÍÈÕ ÂÀÏÍßÊÎÂÈÕ Â²ÄÕÎÄ²Â ÄËß
ÑÒÂÎÐÅÍÍß ÊÎÌÏ’ÞÒÅÐÍÎ¯ ²Ì²ÒÀÖ²ÉÍÎ¯
ÌÎÄÅË²
Ð.². Ãàâðèë³â, Â.Â. Êî÷óáåé, ².Â. Ëóöþê
¥ðóíòóþ÷èñü íà àíàë³ç³ ³ñíóþ÷èõ äàíèõ òåðì³÷íîãî ðîçêëàäó ÑàÑÎ3, ÿê³ íàâåäåí³ â ë³òåðàòóð³, çðîáëåíî âèñíîâîê ïðî
òå, ùî ñòâîðåííÿ êîìïàêòíî¿ ³íæåíåðíî¿ CFD-ìîäåë³ (ìîäåë³
îá÷èñëþâàëüíî¿ ã³äðîäèíàì³êè) äëÿ êàëüöèíàö³¿ âàïíÿêó º àêòóàëüíèì. Öÿ ìîäåëü ìîæå áóòè îñíîâàíà íà òåðìîãðàâ³ìåòðè÷íèõ äàíèõ ³ ñòàíäàðòíèõ ìàòåìàòè÷íèõ àëãîðèòìàõ àïðîêñèìàö³¿. Òåðì³÷íå ðîçêëàäàííÿ äð³áíîäèñïåðñíèõ ÷àñòèíîê
â³äõîä³â âàïíÿêó ð³çíèõ ôðàêö³é ðîçì³ðàìè ìåíøå, í³æ 315 ìêì,
çä³éñíþâàëèñÿ íà äåðèâàòîãðàô³ Q-1500 D (ñèñòåìè F. Paulik,
J. Paulik òà L. Erdey) â íå³çîòåðì³÷íèõ óìîâàõ. Íà îñíîâ³ äèôåðåíö³àëüíèõ ð³âíÿíü òîïîõ³ì³÷íî¿ òâåðäîò³ëüíî¿ ê³íåòèêè ³
àñèìåòð³¿ êðèâèõ DTG (äèôåðåíö³àëüíà òåðìîãðàâ³ìåòð³ÿ) çíà÷åííÿ åíåðã³¿ àêòèâàö³¿, ïðåäåêñïîíåíö³àëüíîãî ìíîæíèêà â
ð³âíÿíí³ Àððåí³óñà, à òàêîæ ìåõàí³çì ðåàêö³¿ òåðì³÷íîãî ðîçêëàäàííÿ ÷àñòèíîê âèçíà÷àëè çà ðåçóëüòàòàìè åêñïåðèìåíò³â,
çä³éñíåíèõ ó íå³çîòåðì³÷íèõ óìîâàõ ç³ øâèäê³ñòþ íàãð³âàííÿ
100C/õâ ó ä³àïàçîí³ òåìïåðàòóð â³ä 600 äî 9000C. Îòðèìàí³
ðåçóëüòàòè äàþòü ï³äñòàâè çàïðîïîíóâàòè íîâèé ³íæåíåðíèé
ï³äõ³ä äëÿ ìîäåëþâàííÿ òåðì³÷íîãî ðîçêëàäàííÿ âàïíÿêîâèõ
â³äõîä³â çà äîïîìîãîþ äâîñòóïåíåâîãî ìåõàí³çìó òâåðäîò³ëüíî¿
ê³íåòèêè â êîìåðö³éíîìó CFD-êîä³ Ansys Fluent ³ ìîæóòü áóòè
âèêîðèñòàí³ â õ³ì³÷í³é ³íæåíåð³¿ äëÿ ñòâîðåííÿ íîâîãî âèñîêîåôåêòèâíîãî îáëàäíàííÿ.
Êëþ÷îâ³ ñëîâà: åíåðã³ÿ àêòèâàö³¿, â³äõîäè âàïíÿêó,
òåðì³÷íèé ðîçêëàä, òîïîõ³ì³÷íà ðåàêö³ÿ, øâèäê³ñòü ðåàêö³¿,
CFD-ìîäåëþâàííÿ.
KINETIC ANALYSIS OF THERMAL DECOMPOSITION
OF FINELY DISPERSED LIMESTONE WASTES FOR THE
DEVELOPMENT OF A NUMERICAL SIMULATION
MODEL
R.I. Havryliv, V.V. Kochubei, I.V. Lutsyuk
Lviv Polytechnic National University, Lviv, Ukraine
On the basis of the analysis of known literature data on
CaCO3 thermal decomposition, it is concluded that the development
of a compact engineering CFD model (computational fluid dynamics)
for limestone calcination is a topical issue. This model can be based
on thermogravimetric data and standard mathematical approximation
algorithms. Experiments on thermal decomposition of finely dispersed
limestone waste particles of different fractions less than 315 m were
carried out using a Q-1500D derivatograph(system F. Paulik,
J. Paulik and L. Erdey) under non-isothermal conditions. Based on
differential equations of topochemical solid-state kinetics and the
asymmetry of differential thermogravimetry (DTG) curves, the values
of activation energy, pre-exponential factor in Arrhenius equation
were calculated and the reaction mechanism of the thermal
decomposition of particles was determined from the results of nonisothermal experiments performed at the heating rate of 100C/min in
a temperature range of 600 to 9000C. A new engineering approach
was developed to the CFD simulation of the thermal decomposition
of limestone wastes by means of a two-step mechanism of solid-state
kinetics using commercial CFD code ANSYS Fluent. The findings
could be used in chemical engineering to produce new highly efficient
equipment.
Keywords: activation energy; limestone wastes; thermal
decomposition;topochemical reaction; reaction rate; CFD
modeling.
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