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Abstract

A method based on the analysis of the temperature profiles is proposed to identify changes in the physical structure and/or in the
chemical composition of a solid when a constant heat flow passes through it. This analysis is applied to natural carbonates which are
important from an industrial point of view. The thermal conductivity of the calcined and non-calcined naturals carbonates is deter-
mined in order to relate variations in the temperature profiles with changes in the structure of the solids under study. A mathematical
model, which predicts temperature profiles in spherical samples for heat transport processes similar to those studied, is proposed.
This model is able to predict temperature profiles in heat transport processes, with or without chemical reaction, and with the che-
mical reaction fitting the progressive conversion model or the unreacted core one. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Natural carbonates are minerals widely spread in
the earth crust. Some of these minerals are considered
as important calcium and magnesium sources for
different purposes. In San Juan (Argentina), naturally
occurring calcium and/or magnesium carbonates are
limestone, travertine and dolostone. Geological
reserves of limestone in San Juan (e.g. Villicum,
Retamito, Jachal), account for more than 5000 million
tons, and reserves of travertine (e.g. La Laja, El
Salado) reach to 150 million tons. Limestone produc-
tion in Argentina is about 10 million tons per year and
travertine production is 35,000 t per year [1]. Accord-
ing to their geological origin, dolostones from several
deposits in San Juan (e.g. Villicum, Sierra Chica de
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Zonda, Retamito) have different magnesium contents.
Primary and secondary dolostones, which were recog-
nised by macroscopic and stratigraphical analysis,
have been reported [2]. Dolostone production in
Argentina is about 6000t per year and geological
reserves account for more than 400 million tons [3].

One of the main industrial processes, in which these
natural carbonates are utilised is their thermal decom-
position to obtain calcium and magnesium oxides.
Thus, studies aiming to obtain information for the
design of new production units or to optimise the
existing ones are very important.

For design purposes, a mathematical model which
describes reactant and product flows along the reactor
has to be adopted, and mass and energy balances have
to be solved [4]. This procedure requires the knowl-
edge of parameters that characterise the heat and mass
transport processes between solid and gas phases.
Those are the convective and radiative heat transport
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coefficient, the coefficient for heat transport in the
solid phase (i.e. thermal conductivity of calcined and
non-calcined mineral), the coefficient for mass trans-
port in the solid phase (i.e. effective diffusion) and the
coefficient for mass transport in the boundary layer
between solid and fluid phases [5]. It is also necessary
to know the chemical reaction Kinetics, which includes
the global reaction order and the reaction rate constant
and its dependence with temperature [6—8]. The above
mentioned coefficients have to be evaluated, either to
validate mathematical models [9—11] reported as sui-
table for similar reaction systems [12—-14], or to
propose new ones.

In order to study the thermal decomposition of
dolostones, another aspect has to be considered. Some
of they behave as mechanical mixtures of calcium
carbonate and magnesium carbonate, and others as
‘double salt’, in which calcium and magnesium ions
are distributed in a unique crystalline structure [15].
Dolostones from San Juan-Argentina, belong to the
latter type, as reported in kinetic studies [16].

From a theoretical point of view, selective calcina-
tion processes are feasible in dolostones of the
‘mechanical mixture’ type. In dolostones of the ‘dou-
ble salt’ type, a selective thermal decomposition is not
feasible. In this case, as in limestone and travertine
calcination, the main reactor design problem is to deter-
mine the time necessary to reach a given conversion.

Limestone, dolostone and travertine from San Juan-
Argentina, have been studied. All tested samples have
shown surface areas between 5 and 10 m*/g. A lime-
stone from Neuquén-Argentina, which has different
geological genesis and physical properties (i.e. surface
area and porosity) is also studied to investigate the
influence of these properties on the behaviour of these
carbonates under thermal decomposition.

One of the goals of this investigation is the deter-
mination of the thermal conductivity of calcined and
non-calcined natural carbonates. For spherical sam-
ples submitted to thermal decomposition, a method
based on the analysis of the temperature profile is
proposed. This method allows to decide which math-
ematical model, unreacted core or progressive con-
version, adjusts the thermal decomposition of these
minerals. Furthermore, a mathematical model, which
predicts temperature profiles similar to those observed
in spherical samples under thermal decomposition, is
proposed.

2. Experimental
2.1. Thermal conductivity measurement

The experimental arrangement used to measure the
thermal conductivities is shown in Fig. 1. Basically,
the energy supplied by an electric heater flows axially
through cylindrical samples of the carbonate under
study (0.1 m diameter and 0.025 m height). The
radial heat flow is minimised placing a heat-insulating
layer around the lateral surface of the samples. The
temperature of the high and low temperature surfaces
is sensored with K-type (chromel-alumel) thermo-
couples inserted in each base of both samples
(Tcy, Tc,, Tes and Tcy). Those temperatures are
set regulating the power supply (high temperature
surface) and using a thermostatic bath (low tempera-
ture source).

The heat transmitted from the high temperature
surface to the low temperature one is dissipated in
two heat-exchange units. This is accomplished by
means of a cooling liquid proceeding from the ther-
mostatic bath. The energy is supplied to the system
through a VARITRANS transformer (220 V input
voltage, 0-250 V output voltage) and is measured with
a NORMA wattmeter (electromagnetic instrument,
class 0.2, range in AC, 0.5-1 A, range in AV, 75-
600 V, test voltage 2 KV).

The temperatures of the hot and cold surfaces are
measured with a digital HANSEN multimeter (range
in DC, 200 pA-10 A, range in DCV 200 MV-1000 V,
range in ACV, 200-750 V). A GOSSEN multimeter
(range in AC, 60 mA—6 A, range in ACV, 6-600 V) is
used to protect the wattmeter. A COLORA thermo-
static bath (mod. NB36130, 50-1500 W heating resis-
tances, 273-373 K temperature control range and
circulating pump) was used as cold source. Energy
is supplied to the heater regulating the output voltage
of the transformer, in order to set the temperature of
the hot surface (73,;) at about 303 K. The thermostatic
bath temperature (7.q), is regulated 5 K below the
hot surface temperature. In this way, it is possible to
determine thermal conductivities and their variations
with temperature, in case they occur.

When the thermal equilibrium is achieved, tem-
peratures of the thermocouples Tcy, Tc,, Tcs and Tcey
are measured. This procedure is repeated for higher
temperatures, keeping the differences between Ty
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Fig. 1. Experimental arrangement for thermal conductivity measurement.

and T4 almost constant, until the low temperature
source reaches ~353 K.

The thermal conductivity of the material is calcu-
lated by Eq. (1)
(6 1 —|— EZ)P

4AAT
(e1+ey) is the total length of the cylindrical samples

(m), P the power supplied to the solid through an
electric resistance (W), A the area of the hot and cold

k= (1)

surfaces (mz), k the thermal conductivity of the solid
(W/m K), AT the temperature difference between the
hot and cold surfaces (K).

The results of an experimental test are summarised
in Tables 1-6. This procedure is used to determine
thermal conductivities of calcined and non-calcined
carbonates studied. Three experimental tests were
carried out for both, non-calcined and calcined miner-
als, and thermal conductivities for these materials
were determined (Tables 2-6).
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Table 1
Experimental results from a typical test to determine the thermal conductivity of non-calcined dolostone
No. Teoa (K) Thot (K) AT (K) P (W) k (W/mK) Tprom (K)
1 3125 319 6.5 13 3.186 315.75
2 3215 330 8.5 19 3.558 325.75
3 322 331 9 19 3.360 326.5
4 324 333 9 18.5 3.267 3285
5 3295 339.5 10 19 3.023 334.5
6 3315 340.5 9 19 3.360 336.0
7 337 349.5 12.5 27 3.442 343.25
8 3385 3515 13 27 3.308 345.0
9 3435 356.5 13 27.5 3.360 350.0
10 3455 3585 13 27 3.308 352.0
11 3485 362 13.5 27.5 3.244 355.25
Table 2
Experimental results from a typical test to determine the thermal conductivity of calcined dolostone
No. Teota (K) Tho (K) AT (K) P (W) k (W/m K) Torom (K)
1 308 313 5.0 3.6 1.146 310.5
2 312 317 5.0 3.8 1.210 314.5
3 318 325 7.0 4.5 1.024 321.5
4 322 329.5 75 5.5 1.167 325.75
5 326 333 7.0 5.5 1.251 329.5
6 331 339 8.0 5.5 1.094 335.0
7 338 347 9.0 7.0 1.238 343.5
8 343 353 10.0 7.5 1.195 348.0
9 3475 3575 10.0 7.5 1.195 352.5
10 351 362.5 11.5 8.0 1.107 356.75
2.2. Temperature profiles study are spherical in order to obtain a good isometric
energy transfer. These conditions are attained by
An spherical sample of each rock studied is used to means of a previous determination of the temperature
carry out the temperature profile analysis. The samples profile of the furnace. The isometric heat transfer
Table 3
Experimental results from a typical test to determine the thermal conductivity of non-calcined travertine
No. Teota (K) Tho (K) AT (K) P (W) k (W/m K) Tprom (K)
1 310 314 4 7.1 2.826 312
2 314 319 5 8.2 2.61 316.5
3 318 323 5 8.7 2.77 320.5
4 324 329.5 5.5 10.0 2.90 326.75
5 328 335 7 11.3 2.57 331.5
6 332 3385 6.5 113 2.768 335.25
7 338 345 7 11.5 2.616 341.5
8 344 351 7 12.0 2.73 347.5
9 351.5 359.5 8 14.2 2.826 355.5
10 355 365 10 16.5 2.677 360
11 3595 369.5 10 18.2 2.90 364.5
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Table 4
Experimental results from a typical test to determine the thermal conductivity of calcined travertine
No. Teora (K) Thot (K) AT (K) P (W) k (W/mK) Torom (K)
1 310 315 5 3.2 1.019 3125
2 314.5 320.5 6 42 1.114 317.5
3 319 326 7 45 1.023 3225
4 323 330.5 7.5 4.6 0.976 326.75
5 328.5 336 7.5 5.8 1.23 332.25
6 334 3425 8.5 5.8 1.086 338.25
7 338 348 10 5.8 0.923 343.0
8 342 3525 10.5 6.3 0.955 347.25
9 347 357 10 6.5 1.035 352.0
10 350 361 11 7.8 1.129 357.5
Table 5
Experimental results from a typical test to determine the thermal conductivity of non-calcined limestone
No. Teo1a (K) Thot (K) AT (K) P (W) k (W/m K) Tprom (K)
1 310 314 4 8.75 3.483 312
2 318 323 5 12 3.821 320.5
3 325 330.5 5.5 13.5 3.908 327.25
4 3345 340.5 6 14.5 3.848 337.5
5 338 344.5 6.5 15.5 3.8 341.25
6 3425 349.5 7 17.5 3.98 346
7 347 354.5 7.5 17.0 3.715 350.75
8 350 358 8 17.5 3.483 354
9 354 362 8 18.0 3.58 356
10 358 367 9 19.5 3.45 360.5
conditions are ensured placing the spherical sample in depths (Ry=0.035, R;=0.025, R,=0.015 and

a position in which five thermocouples, located at the
same depth in the solid, measure the same tempera-
ture.

To obtain the temperature profile, four thermocou-
ples, Tsg, Tsy, Ts, and Ts; are placed at different

Table 6

R3=0.005 m) in an spherical sample (Ry=0.035 m)
of non-calcined carbonate. The temperature of the gas
surrounding the sample is measured by thermocouple
Tss. The temperature difference between the muffle
furnace and the sample surface is controlled by an

Experimental results from a typical test to determine the thermal conductivity of calcined limestone

No. Teota (K) Tho (K) AT (K) P (W) k (W/m K) Tprom (K)
1 312 317 5 5.5 1.75 314.5
2 315 322 7 6 1.365 318.5
3 320 3255 5.5 6 1.737 322.75
4 3235 330 6.5 7 1.715 326.75
5 327 3355 8.5 8 1.5 331.25
6 331 339.5 8.5 8.5 1.592 335.25
7 335 3425 7.5 8.5 1.8 338.75
8 340 349.5 9.5 9 1.508 344.75
9 344 354 10 10 1.592 349

10 349 360 11 12.5 1.809 354.5
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interactive control software based on PC which allows
for the simultaneous measurement of eight thermo-
couples.

At temperatures below 623 K, the exchange of heat
between the gas surrounding the sample and the solid
surface takes place mainly by convection, because
radiation and conduction are negligible at these tem-
peratures. Then, in this case, the differential rate of
heat flow is:

dQ = he(T, — Tp)dA, )

dQ is the differential rate of heat flow, &, the heat
transfer coefficient by convection, T, the temperature
of the gas surrounding the sample, T, the temperature
of the solid surface and dA, the differential area of the
solid.

If the experiment is carried out under isometric
energy transfer conditions, T,—T is constant for all
points of the solid surface, then, in this case, the rate of
heat flow is:

Q = 4nh.Ry* (T, — To) 3)

If the temperature profile analysis is carried out keep-
ing (Ty—T)) constant, according to Eq. (3) Q is con-
stant. In the range of temperatures above mentioned,
and under isometric heat transfer conditions, no
changes in the physical structure and in the chemical
composition of the materials are expected. Therefore,
the temperature gradient across a shell limited by two
spherical surfaces (radii R; and R;, ), may be calcu-
lated by Eq. (4) [9,17].

47'ERiRi+1k(Ti - TH—I)

Q =
Ri —Riy

“4)

k is the thermal conductivity of the solid and (7;—T;, )
the temperature gradient across the shell.

When the decomposition temperature of the solids
studied is reached (i.e. above 900 K), the heat transfer
between the gas and the solid surface takes place
mainly by radiation, because conduction and convec-
tion are negligible at these temperatures. Then, the rate
of heat flow is given by:

Q = 4nhRy*(T* — To*) (3)

where A, is the heat transfer coefficient by radiation.
The temperature control system is programmed to
keep (Tg4—T04) constant.

3. Results and discussion
3.1. Thermal conductivity calculation

Applying Eq. (1), thermal conductivities of natural
carbonates from San Juan-Argentina are determined.
No variation of thermal conductivities with tempera-
ture over the range tested are found. The values
obtained are:

Thermal conductivity of non-calcined dolostone:

knea = 3.17 £0.04

Thermal conductivity of calcined dolostone:

kea = 1.14 £0.01

Thermal conductivity of non-calcined limestone:
knat = 3.75 £0.02

Thermal conductivity of calcined limestone:

kg = 1.61+£0.01

Thermal conductivity of non-calcined travertine:
knet = 2.75 £0.02

Thermal conductivity of calcined travertine:

ke = 1.08 £ 0.01

3.2. Temperature profile analysis

(a) At constant heat flow regime, and when the
sample temperature is lower than the thermal decom-
position temperature of all tested materials (carbo-
nates from San Juan and Neuquén), temperature
profiles show similar characteristics (Curve A of
Fig. 2).

The temperature gradient across every shell adjust
to Eq. (4). Temperature profiles show that heat flows
from the gas surrounding the solid to the interior of the
sample. Different temperature gradients are observed
in equivalents shells of every tested materials. This is
due to their different thermal conductivities.

(b) When the thermal decomposition temperature of
each carbonate is reached, substantial variations in the
temperature profiles corresponding to limestone,
dolostone and travertine from San Juan, are observed
in comparison with that of Curve A of Fig. 2. These are
due to the beginning of the chemical reaction.
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Fig. 2. Temperature profiles in spherical samples: (A) before
calcination, (B) and (C) under calcination, (D) after calcination.

The whole analysis for these carbonates can be
summarised as follows:

(b.1) Below the temperature at which the chemical
reaction occurs at a reasonable rate, the temperature
profile keeps the shape of curve A in Fig. 3.

(b.2) From this point on, the temperatures of ther-
mocouples Tsy, Ts, and Ts;3 tend to equalise and the
temperature profile shown by curve B on Fig. 2, is
obtained. The whole energy that reaches the solid
surface is totally consumed by the chemical reaction
that takes place in the outer shell (the one limited by
two spherical surfaces, radii Ry and R;). Heat does not
reach the inner part of the solid and the core tempera-
ture tends to homogenise.

(b.3) The outer shell has already reacted and the
heat passes through the newly formed material (the
corresponding oxides) and the thermal decomposition
of the material between thermocouples Ts; and Ts,
begins.

During this period, the temperatures of thermocou-
ples Ts, and Ts; tend to equalise. The observed
temperature profile corresponds to curve C in Fig. 2.
This means that the heat that reaches the solid
passes through the shell limited by thermocouples
Tsg and Tsy, and is totally consumed by the chemical
reaction in the shell limited by thermocouples Ts;
and Ts,,

(b.4) When the sample is totally converted, the
temperature profile shows temperature gradients in
all shells, (curve D in Fig. 2). This behaviour agrees
with that of heat transport processes in totally calcined
carbonate species. The above mentioned conclusions
show that thermal decomposition of limestone, dolos-
tone and travertine from San Juan is a chemical
reaction that fits the unreacted core model, in which
the mass transfer process is the control step. This is
because, although the whole sample reached the
decomposition temperature, the carbon dioxide
formed in the chemical reaction diffuses through
the calcined carbonate, which has high porosity, but
not through the non-calcined carbonate, which shows
a negligible one.

(c) The temperature profile observed during the
thermal decomposition of limestone from Neuquén
is similar to that obtained before the beginning of the
chemical reaction (Curve A in Fig. 2), because the
thermal decomposition takes place in the whole
volume of the sample. In this case, temperature gra-
dients change with time in every shell, due to the
progressive conversion of carbonates into oxides.
Carbon dioxide diffuses through calcined and non-
calcined material. Thus, the thermal decomposition of
this material fits the progressive conversion model.
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Fig. 3. Heat flow through concentric shells: # 1 (limited by thermocouples placed at Ry and R,), # 2 (limited by thermocouples placed at R,
and R,) and #3 (limited by thermocouples placed at R, and R3) when Q, passes through the surface of an spherical sample.

3.3. Mathematical model for the thermal
decomposition of carbonates

A mathematical model is proposed to explain the
temperature profile observed in the thermal decom-
position of natural carbonates studied. Basically, a
heat balance over consecutive concentric shells of the
spherical sample, is carried out. From this analysis, the
temperature gradients across each shell are deter-
mined.

Heat balance over shell # 1 (between Ry and R;)

The heat that passes through the solid surface of the
sample (Qy) is equal to the energy used to carry out the
chemical reaction (Qg,) plus the energy entering the
next shell (Q,) (Fig. 3).

Qo = 4nth.Ry*(Ty — Tp) (6)
~ RiRok(To — Th)

Ql - W (7)

Ok, = 37(AH,)(rg,)(Ro* — R\?) ()

where Q) is the heat flow from the gas to the surface of
the solid, Qg, the heat consumed by the chemical

reaction at 7y, Q; the heat flow through the spherical
surface of radium R, & the heat transfer coefficient of
the boundary layer, T, the gas temperature, T, the
temperature of the solid surface, R, the sample radius,
R, the spherical surface radius at which thermocouple
Ts; is placed, T, the thermocouple Ts; temperature,
AH, the heat of reaction, r, the chemical reaction rate
at Ty, k the thermal conductivity of the solid.

RiRok(Tsg — T
47ThCR02(Tg . To) _m ORE) SOR Sl)
—

4
+ gn(AHr)(rQU)(RO3 —R%) (9)

(Qo — Or,)(Ro — Ry)
kRoR,

From the heat balance over shell #2 (between R;
and R5)

T, =Ty — (10)

(Q1 — Or,)(R1 — Ry)

T, =T —
20 kR\R>

Y

QOg, is the heat consumed by the chemical reaction at
Tsy, T, the thermocouple Ts, temperature.
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From the heat balance over shell # 3

(Q2 — Or,)(R2 — R3)
kR>R;

T35=T,— (12)
Ok, is the heat consumed by the chemical reaction
at T,, O, the heat flow through the spherical surface
of radium R, and T3 the thermocouple Ts; tempera-
ture.

Three cases are analysed using Eqgs. (10)—(12). The
first one corresponds to the heat flow through the
whole sample volume, in which no chemical reaction
is occurring (Curve A in Fig. 2). In this case
QOr, = Or, = Or, =0, and Egs. (10)—(12), become
Eq. (4).

The second case corresponds to the chemical reac-
tion adjusting the unreacted core model. Then,

01=0,=0g =0r, =0

for the chemical reaction occurring in the first shell.
This makes

TW=T,=T;

as shown in curve B of Fig. 3.

When the chemical reaction is taking place in the
shell # 2, the heat flow passes through shell # 1
(Or, = 0) and T, is obtained from Eq. (12).

In addition

0, =0r =0
Then,
T, =T;

This is observed in curve C of Fig. 3.

The third case corresponds to the chemical reaction
adjusting the progressive conversion model. Eqgs. (10)—
(12) predict temperature gradients across all shells as
the thermal decomposition of the mineral occurs. This
is because

Qo # Ory» Q1 # Or,

and

QZ 7& QR2

This is observed in the thermal decomposition of
limestone from Neuquén, which has higher porosity
and surface area than natural carbonates from San
Juan.

4. Conclusions

Changes in the physical structure and/or in the
chemical composition of a solid material can be
identified by means of the temperature analysis
reported here. To recognise those changes, the thermal
conductivity of the solid must be known because the
temperature gradients observed are related to the
material through which heat flows.

The proposed mathematical model can also be used
to predict the temperature profile of heat transport
processes, with or without chemical reaction and with
chemical reaction adjusting to the progressive con-
version model or to the unreacted core one.

The proposed method could also be applied to other
gas—solid systems, only if the thermal conductivity of
the reactants is different from that of the reaction
products.
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