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1. Introduction and objectives
Thermo-chemical decomposition reactions are characterized by 4 main parameters:
-

The heat of reaction and the sensible heat required to preheat the feedstock to the reaction
temperature.

-

The temperature of conversion, determined by Gibbs free energy, and a function of the
equilibrium pressure of the gaseous product: e.g. CaCO3 --> CaO + CO2, where the partial
pressure of CO2 in the reactor will determine the equilibrium temperature of decomposition.
The kinetics of the decomposition reactions, where the conversion per unit time will
determine the mean residence time of the particles to be treated.
The heat transfer coefficient from the solar reactor wall (if any) to the suspension inside.

-

Consequently, this report aims at defining the critical indicators that govern the particle processing
that are:
 Particle composition
 Particle typical diameter
 Reaction enthalpy and temperature
 Reaction kinetics
 Reaction characteristic time (resulting of previous characteristics)

2.

Selected Raw Materials and Reaction

2.1 Generalities
Several minerals require a physico-chemical and/or thermal treatment prior to their application as
mineral feedstock and use in the production of value-added products. The thermal processes are
energy-consuming, partly due to the preheating of the minerals to their reaction temperature, but
mostly due to the endothermicity of the reaction itself. Limestone is the major mineral to be
considered, as feedstock in the lime and cement industries, but also as substantial and dominant
compound of dolomite, and the contaminant of phosphate to be removed.
Limestone is hence the major focus of the SOLPART research programme, together with both the
limestone-clay-silica mixture known as the raw meal in the cement manufacturing, and dolomitic
limestone. The investigated solar decomposition of minerals can however be expanded to other
products, albeit of secondary importance. Phosphate ore, gypsum, clays, kaolinite are among
these secondary objectives. Prior to providing background information about the primary minerals,
the conditions and objectives of the thermal treatments are illustrated in Table 2-1 below.
Table 2-1: Conditions and objectives of thermal treatments of target minerals
Reaction system

T (°C)

Sensible heat
reqd.

Reaction heat

Use

kJ/kg of product

kJ/kg of
product
CaCO3 --> CaO +
CO2

850-950

1700-1800

f(PCO2)

500 to 2000,
depending on
degree of
heat recovery

Lime,
Cement

MgCa(CO3)2 -->
MgO.CaO + 2CO2

650-750

See above

1000-1100

Dolomite,
Dolomitic

f(PCO2)
4

Lime
Kaolinite -->
Metakaolinite

550-900

300 to 500,
depending on
degree of
heat recovery

~700

Pozzolanic
additive for
Cement and
Lime-mortar

Phosphate ore -->
high grade
phosphate
feedstock

700-1000

Max. 300

Slightly exothermic
by combustion of
C-contaminants at
T > 700 °C; Mostly
endothermic
through calcining
calcite

Feed stock
for
Phosphate
Industry

Clays with organic
contaminants

700-800

Exothermic through
combustion of
organic
contaminants at T
> 700 °C

Ceramics,
Pipes, Tiles

depending on
degree of
heat recovery

~700

Although sound thermal engineering design will be able to recycle about 80% of the required
sensible heat through heat recovery of products and flue gases, the reaction heat and residual
heat need to be supplied by a system-external energy source (mostly fossil fuel).
Clearly the carbonate minerals offer the highest potential for energy improvement, since both
reaction temperatures and reaction heats are elevated.
Since about 50% of the CO2 emission in the carbonate decompositions are due to the combustion
of the fuel (the remaining 50% are the released CO2 from the mineral itself), the substitution of
fossil fuels by renewable and preferably CO2-lean or CO2- free heat sources is of paramount
importance.

2.2 Limestone
Limestone is a sedimentary rock composed largely of the minerals calcite and aragonite, which are
different crystal forms of calcium carbonate (CaCO3). Limestone makes up about 10% of the total
volume of all sedimentary rocks.
Limestone has numerous uses: as a building material, as aggregate for the base of roads, as white
pigment or filler in products such as toothpaste or paints, and as a chemical feedstock for the
production of lime and soda ash. Like most other sedimentary rocks, most limestone is composed
of grains. Most grains in limestone are skeletal fragments of marine organisms such as coral or
foraminifera.
Limestone often contains variable amounts of silica in the form of chert (chalcedony, flint, jasper,
etc.) or siliceous skeletal fragment (sponge spicules, diatoms, radiolarians), and varying amounts
of clay, silt and sand (terrestrial detritus) carried in by rivers. Some limestones do not consist of
grains at all, and are formed completely by the chemical precipitation of calcite or aragonite.
Impurities (such as clay, sand, organic remains, iron oxide, and other materials) will cause
limestones to exhibit different colours, especially with weathered surfaces.
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2.3 Cement raw meal
The raw material preparation stage of cement manufacture results in the production of a raw mix
that is in a suitable state for feeding to the kiln in which it is converted by heat into clinker. This is a
chemical transformation. The raw mix consists of a mixture of materials that will react together to
form the calcium silicates that confer on the clinker its strength-giving properties. The mineral
particles in the raw mix usually consist principally of calcium carbonate from the limestone
component of the mix, and alumina-silicates from the clay or shale components, together with a
certain amount of quartz (silicon dioxide). In order to get these to react together effectively, a
number of rules must be followed – rules that have been understood from the earliest times in the
development of the industry:






The chemical reactions in the clinkering kiln largely take place at the surface of the mineral
particles, so to make these reactions to take place quickly and at low temperature, the mix
must be very finely ground.
The different solid mineral particles must approach very close to one another for reaction to
take place, and the composition of the mix must be correct, not only en masse but also on
the microscopic scale – in other words, the mix must be thoroughly homogenised.
The properties of the clinker are extremely sensitive to the amount of each mineral
component in the mix, so to make a consistent product, the composition of the mix must be
tightly controlled.

Small mineral particles are needed in order to form the silicates without having to bum the mix at
an excessive temperature or to burn for an excessively long time. In this way, the cost of
manufacture and wastage of energy are minimized. The different minerals in a raw mix have
different grinding requirements.





Calcium carbonate (calcite) decomposes in the kiln, evolving carbon dioxide, and the
decomposition “opens up” the crystal structure, making it more reactive.
Clay minerals such as kaolinite [Si2Al2O5(OH)4] also decompose on moderate heating (by
dihydroxylation) and so become more reactive. But unreacted particles have a more
serious effect, by leaving an excess of calcium oxide in the rest of the mix. Particles less
than 50 μm are considered satisfactory. Larger particles, unless burned very hard, leave
masses of small belite crystals, interspersed with melt phases, that are too large for free
lime to penetrate from the outside and convert them to alite.
Silicon dioxide (quartz) is unreactive unless very fine, and particles need to be less that 45
μm for easy reaction. Larger particles leave dense masses of belite that are impenetrable
to attack by free lime to form alite, and may be unstable enough to invert to inert γ-calcium
orthosilicate.

The main raw materials used in cement manufacture are limestone and shale. Limestone is a
sedimentary rock consisting almost entirely of CaCO3 (see above). Shale is also a sedimentary
rock but more obviously layered than limestone and is generally easily broken into thin slices or
flakes. Its composition is fairly typical: 65% silica (SiO 2). 12% alumina (Al2O3), 5% iron III oxide
(Fe2O3) and variable amounts of other minerals and organic matter. Shale forms by compaction of
layers of clay or mud over long periods – millions of years. If subjected to high temperature and
pressure, it can change to slate.
In the manufacture of cement the limestone and shale; or limestone, clays and sand are extracted
separately from local quarries and then crushed and stored.
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These natural materials are then blended in proportions of approximately 85% limestone and 15%
shale (to respect the Michaelis index of cement composition) and are then ground to a very fine
powder known as raw meal. Small amounts of corrective materials can also be added to produce
the desired composition. The chemical composition of the raw meal is checked every hour to
eliminate natural variations that would influence the consistency, performance and quality of the
final cement product. The raw meal is stored in large silos to provide sufficient stocks (at least eight
hours) for the next continuous operation, i.e. burning.
With over 85% of limestone in the raw meal mix, thermodynamics and kinetics are controlled by
the limestone behaviour to a large extent. A typical example of chemical analysis using limestone
and shale is characterized in Table 2-2.
Table 2-2: Example of limestone/shale mix in cement raw meal
material

SiO2

Al2O3

Fe2O3

CaO

MgO

LOl

Na2O

K2O

Limestone 1.28

0.17

0.08

54.25

0.69

43.33

0.01

0.03 0.01

0.02

0.003

16.75

6.70

1.27

1.20

5.16

0.39

1.54 0.73

0.36

0.134

Alluvial
Clay

65.7

TiO2 P2O5 Mn2O3

LOI is “loss on ignition” – the mass lost when the material is heated to 950 °C, consisting of water
held in clay minerals, carbon dioxide evolved by carbonates, organic substances and so on.

2.4 Phosphate Ores
2.4.1. Generalities
The application of solar calcination offers a vast potential of disseminating the research findings
and among them phosphate thermal processing, since the major phosphate producing countries
also experience high values of DNI: 97% of the world production of phosphate ores is indeed
located in 16 countries, each producing multi-million ton/year [Jasinski, 2005 and 2007], and
arranged in descending order of their production capacities including: USA, Morocco, China,
Russia, Tunisia, Jordan, Brazil, Israel, Syria, South Africa, Egypt, Australia, Senegal, India, Togo
and Canada. Only 5 Mt/yr are produced by all other countries. Since the origin of these phosphate
rocks differs, their mineralogy and composition varies widely, as illustrated for some deposits in
Tables 2-3 and 2-4 [Abouzeid, 2008]. Depletion of current economically exploitable reserves are
estimated at somewhere between 60 to 130 years. Increasing demand and increasing prices will
make more reserves economically exploitable [Evans and Johnston, 2004]. Based upon the
current rate of extraction (~150 Mt/yr) and the available extractable reserves (180,000 Mt), the life
time of these known reserves is about 120 years [Jasinski, 2007].
Table 2-3: Mineralogical composition of phosphate ores (in %) [Abouzeid, 2008]
Phosphate
ore

Apatite *

Algeria

Calcite

Dolomite

Quartz

84

10

2.5

Morocco 1

65

22

12

Morocco 2

93

1.5

2.5

Morocco 3

82

14

7

Kaolinite

Feldspar/
Mica

Tunisia 1

85

2

3

3

Tunisia 2

90

4

1.5

1.5

Tunisia 3

85

6

1

6

Jordan-mean

74

11

12

Senegal

83

3

11

Togo-mean

87

8

1.5

Brazil, Patos

55

30

2.5

Brazil, Bahia
Inglesa

62

18

13/1.5

China,
Jingxian

46

21

23

1/-

China,
Jinning

58

11

27

-/3

8

2/5

* Apatites are mostly fluor-apatite [Ca10(PO4)6F2] and hydroxy-apatite [Ca10(PO4)6(OH)2].
The ability of anions to substitute phosphate in apatite is not restricted to F- and OH-, but also CO32, silicate, aluminate, titanate and arsenate may also occur. Likewise, calcium may be replaced in
part by trace metals such as uranium, rare earths, cadmium, magnesium, strontium and barium.
[USGS, 2003].
Table 2-4: Chemical composition of phosphate ores (in %) [Abouzeid, 2008]
Phosphate
ore

P2O5

CaO

MgO

CO2

Algeria

28.90

47.95

1.46

7.66

Morocco 1

26.65

44.02

2.24

8.29

Morocco 2

31.84

50.05

0.41

5.35

Morocco 3

32.05

52.01

0.27

6.59

Tunisia 1

29.55

48.23

0.47

6.14

Tunisia 2

30.29

49.63

0.51

5.88

Tunisia 3

28.12

47.39

0.45

6.59

Jordan-mean

30.53

48.51

0.26

4.75

Senegal

35.51

50.05

0.06

1.96

Togo-mean

52.01

44.21

0.20

1.55

Brazil, Patos

25.45

31.40

0.21

0.45

Brazil, Bahia

17.22

28.88

0.72

3.92
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Inglesa
China,
Jingxian

19.24

35.47

3.93

12.30

China,
Jinning

21.39

30.98

0.95

2.67

2.4.2. Upgrading of the phosphate ores
The techniques for upgrading the phosphate ores are diverse. They include a size reduction and
screening, attrition scrubbing and classification, electrostatic separation, magnetic separation,
chemical dissolving of carbonates, pyrite flotation and other physico-chemical treatments
[Abouzeid, 2008].
These techniques, or part of them in combination, are commonly applied, and outside the scope of
the SOLPART research. The final upgrading of some of the ores is however performed through
thermal processes (calcination), where solar irradiance could replace the use of fossil fuels.

2.4.3. Thermal treatment of phosphate ores
The main objectives behind the thermal treatment of the ores are:
-removing water

120-150 °C

Drying

-removing organic matter

650-750 °C

Calcination

-dissociation of the carbonates 850-1000 °C Calcination
-removal of fluorine

up to 1510 °C Defluorination

Drying, which is a required step in wet processing of phosphate ores, is included in the thermal
treatment, although at moderate temperatures only.
Calcination of the phosphate ores is necessary for obtaining a phosphate product suitable for the
production of light green phosphoric acid, which is in turn used in the production of pure, edible,
super phosphoric acid. This last product is used in the preparation of pure chemicals, food, soft
drinks, or pharmaceutical preparations.
Defluorinated phosphates are produced by adding defluorinating agents such as phosphoric acid
and soda compounds, and calcining the mix between 1370 and 1510 °C. Fluorine is driven off. The
resulting phosphate is essentially a solid solution of calcium phosphates as well as calcium silicate,
and suitable as an animal feed supplement. Defluorination occurs in dedicated rotary kilns, at
temperatures not readily achievable in a solar furnace.
The calcination itself proceeds at moderate to high temperature, both to remove organic
contaminants and decompose the carbonates. It is a well-known technology, already described by
Kunii and Levenspiel [1969]. The underlying principles are the oxidation of carbonaceous
contaminants (exothermic reaction), and the endothermic decomposition of CaCO3, the major
compound considered in the Solpart research. The worldwide phosphate calcining capacity is
around 20 Mt/yr. Although different types of phosphate calciners have been described in literature
(vertical shafts, rotary kilns; traveling grate kilns, flash calciners), about 75 to 80% of world
calcination is treated in fluidized bed reactors, with design capacities between 2,000 and 9,000
t/day, and with major references in Algeria, Morocco and the USA (Idaho, Wyoming, North
Carolina).
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The SOLPART-developed techniques might be able to partly or wholly substitute or complement
the current calcination processes, with concentrated solar heat being capable to supply the
sensible heat of the phosphate ore pre-heating to reaction temperature, and the endothermic
carbonate decomposition heat of about 3,000 kJ/kg of CaO produced.

2.5

Dolomite

Dolomite is an anhydrous carbonate mineral composed of calcium magnesium carbonate, ideally
CaMg(CO3)2. The word dolomite is also used to describe the sedimentary carbonate rock, which is
composed predominantly of the mineral dolomite.
The mineral dolomite crystallizes in the trigonal-rhombohedral system. It forms white, tan, gray, or
pink crystals. Dolomite is a double carbonate, having an alternating structural arrangement of
calcium and magnesium ions. Small amounts of iron in the structure give the crystals a yellow to
brown tint. Manganese substitutes in the structure also up to about 3% MnO. A high manganese
content gives the crystals a rosy pink colour. Lead, zinc, and cobalt also substitute in the structure
for magnesium.
Dolomite is used as an ornamental stone, a concrete aggregate, and a source of magnesium
oxide, as well as in the Pidgeon process for the production of magnesium. Where calcite
limestone is uncommon or too costly, dolomite is sometimes used in its place as a flux for the
smelting of iron and steel. Large quantities of processed dolomite are used in the production of
float glass. In horticulture, dolomite and dolomitic limestone are added to soils and soilless potting
mixes as a pH buffer and as a magnesium source. Calcined dolomite is also used as a catalyst for
destruction of tar in the gasification of biomass at high temperature. Dolomite is used in the
ceramic industry and in studio pottery as a glaze ingredient, contributing magnesium and calcium
as glass melt fluxes.

3.

Thermodynamics

3.1 Principles of the reactions
The schematic of the reactions is illustrated in Figure 3-1. High grade heat is converted into
chemical energy by promoting an endothermic reaction of compound A, whereby reaction product
B is stored, and reaction product C (mostly a gas or vapour) is either stored for further re-use or
exhausted. An inert gas can be used to help removing components C from the reaction mixture.

Figure 3-1: Schematic of the minerals’ decomposition reaction
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The amount of heat needed is proportional to the amount of material (m), the endothermic
heat of the reaction (ΔHr) and the conversion (α), given by:

Q  mH r , with α ≤ 1.
It should however be stressed that the total heat to be applied, will exceed ΔHr, since also the
sensible heat of reactant A will need to be supplied between its initial temperature and the reaction
temperature, hence with an important influence on the overall heat efficiency. Not only the data at
thermodynamic equilibrium are important, the kinetics, i.e. the rate of progress of the reaction
needs to be considered since it must be compatible with the required reactor design. This is dealt
with in section 3 of the report.

3.2 Thermodynamic assessment
3.2.1 Gibbs' Free Energy
The thermodynamic criteria for the preliminary screening of candidate reactions are assessed
from available thermodynamic equilibrium data. Two parameters are useful for the initial screening
of reversible reactions. The first is the "turning" or equilibrium temperature, T eq, defined as the
temperature at which neither forward nor reverse reactiions are thermodynamically favored. T eq is
derived by applying the definition of the Gibbs' free energy to the condition of T eq.
ΔG (Teq, P)=0
where ΔG is the Gibbs' free energy change for the reaction, simplified as ΔG=ΔH-TΔS, in this
case
Teq 

H Teq , P 
S Teq , P 

with ΔH and ΔS respectively the reaction enthalpy and reaction entropy at pressure P and
temperature Teq. The reaction entropy is positive for the decomposition, and of equal value but
negative for the reverse (recomposition) reaction.
The second screening parameter is the heat of reaction ΔHr, expressed in kJ/kg of reactant,
and determined by the free energy of formation and the Kirchhoff's law.

3.2.2 Calculation results
From the calculations, Table 3-1 illustrates both screening parameters for the selected
reaction pairs. Figure 3-2 plots the equilibrium temperature versus the equilibrium pressure.
Table 3-1: Possible reaction pairs
Reaction A ↔ B + C (+D)

Cp (of A) [kJ/kgK]

Ca(OH)2↔CaO+H2O
Mg(OH)2 ↔MgO+H2O

1.2085
1.3057
0.8227+0.000497T-

CaCO3 + H2O ↔Ca(OH)2+CO2
CaCO3↔CaO+CO2
MgCO3↔MgO+CO2
CaMg(CO3)2 ↔CaO+MgO + 2CO2

12,858.72/T2
0.8227+0.000497T12,858.72/T2
0.8387
0.92
11

Teq (P=1
atm)
[C]
479
259

ΔHr at Teq
[kJ/kg of
A]
1288
1396

573

137

839

1703

303
490

1126
868

For cement raw meal, as mixture of ~85% of limestone, and 15% of alumina-silicates, the
specific heat is about 1.05 kJ/kgK. The equilibroum temperature is ~839 K, and the reaction heat
is ~1659 kJ/kg.

1600
1400
1200

Teq (K)

1000
800
600
400
200
0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

P (atm)
Ca(OH)2

CaCO3

Mg(OH)2

CaMg(CO3)2

CaCO3Ca(OH)2

MgCO3

Figure 3-2: Equilibrium temperature versus pressure for selected reaction pairs

Figure 3-2 shows 2 distinct Teq versus P zones. In the lower ranges of partial pressures, as
often representative of the calcination reactions where reaction gases or vapours are vented to the
atmosphere, the effect of pressure-induced changes of Teq is significant, even of the order of 100 K
at very low values of P. Only at high partial pressures does the value of T eq remain nearly constant.

4.

Kinetics of the selected reactions

4.1 Kinetic models of the mineral conversion
4.1.1 Introduction
For operation with a continuous feed of solids, the exit stream consists of particles of different ages
and degrees of conversion. The average conversion of this stream is thus dependent upon two
factors:


The rate of reaction of single particles in the reactor environment



The residence time distribution of solids in the reactor.

This section will consider the rate of reaction of single particles. The residence time distribution will
depend upon the reactor type selected, and will be examined in WP 1.2.

4.1.2 Kinetic model for the minerals’ conversion
The conversion of solids can follow one of two extremes of behaviour. At one extreme, heat
diffuses rapidly enough into the particle so that the reaction is more or less uniform throughout the
12

particle. At the other extreme, diffusion is so slow that the reaction zone is restricted to a thin front
which advances from the outer surface into the particle.
Real situations lie somewhere between both extremes. However, because these extremes are
easy to treat, we used them whenever possible to represent the real situation. The thermal
decomposition of limestone proceeds with either thermal diffusion (large particles) or reaction rate
(small particles) as rate controlling steps.
According to the step that is rate-controlling, different kinetic expressions are obtained. The
detailed derivation of the expression is given elsewhere [Kunii and Levenspiel 1969, Yagi and
Kunii, 1961]. The conversion equations are usually expressed in terms of a characteristic time τ,
the time to completely convert an unreacted particle into product.
A/ Continuous reaction for solids of unchanging size
As a first approximation, the rate of decomposition of the feedstock, can be represented by a first
order reaction, with
(1-α) = exp(-kt)
With k the reaction rate constant (s-1), t the time of progress of the reaction, and α the fraction of
mineral converted.
α = (C0−C )/(C0−C∞)
Ci is the species concentration at time 0, t and at the end of reaction (∞).
B/ Unreacted core model for solids of unchanging size
Here, the reaction progresses mainly with the progress of heat penetration in the particles. Within
this unreacted core approach, 2 sub-criteria are used.
(i) Shell-model with control by chemical reaction
The rate of solid conversion is proportional to the area of the reaction front. Thus for a core of
radius rC in a particle of initial radius R, the rate of conversion is given by:
t/τ = 1- (1- α)1/3
(ii) Shell-model with control by diffusion through product layer
The direct application of Fick’s law for diffusion through the product blanket gives the progression
of the reaction with time as:
t/τ = 1-3(1- α)2/3+2(1- α)
The right rate-controlling step can be determined from experimental observations.
Normally, the following behaviour is seen:
Temperature effect: generally, when a reaction is rate-controlling the temperature dependence is
very strong; when mass transfer controls, the temperature dependence is minor.
Particle size effect: small particles follow the continuous-reaction model, whereas large particles
follow the shrinking core model with ash diffusion controlling at high temperature, but reaction at
the unreacted core controlling at low temperature.
In addition, the controlling mechanism and the value of the rate constant can be estimated by
following the conversion with time for different sized particles. The equations derived above show
that:
τ

dp for the unreacted core model with reaction controlling;
13

τ

dp2 for the unreacted core model with diffusion through the product blanket controlling.

An extensive study of limestone decomposition by Vosteen [1970] has determined the effect of the
various reaction steps on the overall rate control. For small particles, the reaction rate is
controlling, whereas for larger particles, thermal diffusion takes over.
This can be demonstrated theoretically by assessing the thermal gradients within a particle.
Application of the basic principles of both heat transfer to the particle and heat conduction within
the particle, allows determining the required working conditions. To estimate the temperature
variation within particles, the maximum temperature difference between the centre and the surface
of a sphere whose outer surface temperature changes at a constant rate should be considered.
When dynamic equilibrium is reached, Fourier’s transient conduction equation, capable of
representing this steadily rising temperature profile in a spherical particle, is,

where is the radial position within the sphere of diameter
this situation are,
, for

. The boundary conditions for

to

, for
α
The solution for the temperature difference between outer surface and inner core is given by
Carslaw and Jaeger [1986] as:

, surface temperature of the sphere
, core temperate of the sphere
Applying various values of to an inorganic particle, i.e. sand with its characteristic properties at
773 K, results in a set of curves as function of the diameter in Figure 4-1.
20

500K/s
100K/s
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18
16
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14
12
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14

700
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900
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Figure 4-1: Maximum temperature difference (∆Tmax) between the surface and core of the particle
in function of the particle diameter at different heating rates, β (particles of λp= 0.60 W/mK, Cp,p =
1150 J/kgK and ρp = 2800 kg/m3)

These calculations show that the relative temperature differences within small particles between
the particle surface and core are very limited, certainly when considering that the surrounding
temperature in the fluidized bed significant exceeds 773 K.
The heating rate will vary with the heating techniques applied, between minimally 1.5 K/s in a
thermogravimetic analysis (TGA) to >>100 K/s in a bubbling fluidized bed or circulating fluidized
bed [Baeyens and Geldart, 1980]. In order to minimise
below 10 K even at high heating
rates, it is appropriate to use small particles below 300 μm. No significant thermal gradient will
occur in small particles, even when working at high heating rates: the core and the surface of the
particle will behave thermally in a similar way.
Solar energy capture and subsequent heat release require a fast heat transfer from the exchanger
wall to the particles or vice versa. This heat transfer is conditioned by the degree of gas and solid
turbulence achieved in the systems. The heat transfer coefficient depends on the gas/solid
contacting mode. It ranges from 10 W/m2K for a static bed, to 50 - 150 W/m2K in a fixed bed with
forced gas circulation as in TGA, and several hundreds of W/m2K for bubbling fluidized bed and
circulating fluidized bed [Zhang et al., 2016]. This again confirms that fluidized beds are specifically
considered as one of the top technologies for solar energy systems, in general, and for minerals’
conversion specifically. In a TGA, the temperature ramp, , will vary from ~ 0.2 to 1.5 K/s; in a
rotary kiln, it will be close to 10 K/s; whereas in a fluidized bed, heating rates of 10-100 K/s have
been measured [Baeyens and Geldart, 1980].

4.1.3 The time-needed for a given degree of conversion
The previous equations provide results of the required time for a given conversion α, once the time
needed for complete conversion in known.
The decomposition of limestone has been investigated both theoretically and experimentally by
many authors [Furnas, 1931; Slonim, 1930; Kito and Wen, 1975], but were mainly concentrated on
large size limestone (>1 cm). Only little work on smaller sizes is available.
In his extensive thermogravimetric study, Vosteen [1970] determined the time needed for complete
conversion of a spherical CaCO3 particle, with τ dp for small particles and τ dp2 for large ones.
The data are given for a single spherical particle in still air (Nu=Sh=2) and for operation under
turbulent flow (Nu=Sh=∞). Operation in rotary kilns and fluidized beds will approach the ∞-concept
due to high interstitial turbulence achieved. The data are given for decomposition in a CO 2-free
atmosphere (
and under these conditions it is possible to decompose CaCO3 at
temperature below 800 °C.
For operations where the decomposition must proceed against combustion gases and the CO2
generated by decomposition, it is evident that the decomposition time τ will increase and will
approach ∞ for conditions of temperature where the equilibrium pressure PEQ is lower than the real
partial CO2 pressure of the calcination environment. It is therefore necessary to apply a correction
coefficient so that:
with
The Vosteen data are moreover established for spherical particles. In practice, no limestone or
mineral is perfectly spherical and its shape depends largely on the nature of the deposit, the type
of crusher used, the sieving etc. The shape of the particle is very important for reaction kinetics
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and heat transfer. It is to be expected that a flake or a rod will decompose faster than the
equivalent volume sphere of limestone and this affects the required time for complete
decomposition, τ. In practice, the τ values of Vosteen must be corrected both for operation CO 2
pressure (KC) and limestone shape (KS) and

Wührer [1958] indicates shape coefficient KS as 0.83 for cubes and 0.44 for rods.

4.2 Kinetics from experimental investigations
4.2.1 Introduction to thermogravimetric analysis (TGA)
With thermogravimetric analysis, the kinetic constants of the different reactions can be determined.
In this research, a DTG 60A Thermogravimetric Analyser was used at atmospheric pressure with a
nitrogen flow of 50 mL/min for the reduction reactions. For selected reaction pairs, selected reverse
oxidation reactions were studied in air (50 mL/min). The weight was recorded every second with an
accuracy of 0.001 mg and the TGA pan was made of aluminium. The weight of the samples was
between 15 and 20 mg. Different temperature ramps (heating rates, β, in K/min) were used for the
experiments and all the experiments were repeated at least three times. The average results are
used with a standard deviation of maximum 5 %. The TGA experiments result in a plot of the
weight loss in function of the temperature.
Calcium and magnesium carbonates and hydroxides samples used were sieved Tyler mesh 400
(38 μm) and 280 (53 μm) with average size ~45 μm. Cement raw material was used as such, with
an average dsv of ~6 μm for the specific sample examined.
The external heating rate, β, can be programmed in TGA experiments, and literature data are
available for different β values. The influence of the heating rate is very important since the heat
supplied must be sufficient to cover the total endothermic heat of reaction: when the heating rate is
too low, the reaction will retard and will result in an apparently lower value of the reaction rate
constant [Van de Velden et al., 2008 and 2010; Brems et al., 2011]. This is clearly illustrated in the
experimental results of 3.2.1. below: a wider temperature range is covered for the conversion at
the higher heating rate, corresponding to kinetic limitations of the conversion.
In literature, very different experimental TGA conditions can be found with broad ranges of sample
amount, temperatures, heating rates, and reaction atmospheres. Most experiments are performed
at a fixed heating rate, thus in a dynamic mode and the thermal decomposition is often described
by a power law equation. A significant variation for the kinetic parameters can be found in
literature. This can be explained by the existence of temperature profiles inside the sample,
especially for coarse particle sizes of the sample; the thermal gap between system and sample;
the influence of the heating rate on the reaction taking place during decomposition; and the
existence of a more complex reaction mechanism than a straightforward control by the reaction
rate itself [Brems et al., 2011].
Since the value of β relates time and temperature, the TGA plots represent the conversion with
time. The dynamic thermogravimetry was conducted on the samples at four constant heating rates,
i.e. β = 25, 50 and 99 or 100 K/min. In literature, a low value of β is mostly applied. This was
applied for the oxidation reactions at 5 K/min. The experiments were repeated three times and the
average results are used in the further treatment.
Since most of the reactants A have a Cp around 1 J/gK, the heat capacities of the samples (0.015
to 0.02 g) are very low (≤ 0.02 J/k).
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All Figures hereafter were experimentally determined by the authors (EPPT) for the sole
purpose of the SOLPART project.

4.2.2 TGA results: decomposition reaction
(i) Carbonates and hydroxides
Illustrations of the TGA plots are given below for different heating rates. All the reactions have a
decomposition that is spread over a range of temperatures. Figure 4-2 shows the TGA curve of
CaCO3 at different heating ramps. It can be seen that the degradation takes place in a temperature
range from 710 °C till 900 °C. These values are slightly higher than the literature data where a
temperature range from 635 °C till 865 °C is given [Halikia et al., 2001]. Because the curves for
different temperature ramps (β) are not coinciding, the optimum temperature and the conversion
are dependent of β, as expected [Van de Velden et al., 2008].
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Figure 4-2: TGA curves of CaCO3 at different temperature ramps, β [K/min]

The TGA curve of Ca(OH)2 is illustrated in Figure 4-3. For Ca(OH)2, the TGA curve shows that
degradation takes place in two steps. The main degradation takes place in a temperature range
between 410 °C and 570 °C, the second step of the degradation takes place at around 700 °C.
Khachani et al. [2014] report that thermal dehydroxylation of Ca(OH)2 occurs between 390 and 476
°C, the retained mass is about 76.5 %. At temperatures higher than 600 °C, a second mass loss is
observed, representing less than 5 % of the overall weight loss (26 %). This two-step
decomposition is confirmed in Figure 4-3.
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Figure 4-3: TGA curves of Ca(OH)2 at different temperature ramps, β [K/min]
Figure 4-4 shows the TGA curves of MgCO3 at different heating rates. It is clear that the
decomposition of MgCO3 occurs in different stages. Literature specifies that MgCO 3 can be
represented by the general formula xMgCO3.yMg(OH)2.zH2O. The first decrease in weight between
130 and 350 °C is due to loss of water of crystallization. The second degradation between 306 and
520 °C is attributed to the loss of hydroxyl water and carbon dioxide. The last decrease is also due
to the loss of carbon dioxide [Khan et al., 2001; Liu et al., 2011]. If a complete reaction is required,
temperatures in excess of 600 °C should be applied. At temperatures below 500 °C, only ~50 % of
the conversion will be achieved.
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Figure 4-4: TGA curves of MgCO3 at different heating rates, β [K/min]
The TGA curve of Mg(OH)2 is illustrated in Figure 4-5. It can be seen that the degradation takes
mainly place in a temperature range from 360 till 500 °C. Halikia et al. [1998] report that at 20 to
300 °C molecular water is released, at 300 to 400 °C the Mg-OH bonds break, at 400 to 600 °C the
formation of intermediate dehydration products takes place and beyond 600 °C intermediate
structures decompose.
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Figure 4-5: TGA curves of Mg(OH)2 at different temperature ramps, β [K/min]
The TGA curve of dolomite is shown in Figure 4-6. The main decomposition takes place between
720 °C and 870 °C, but the decomposition occurs in different stages. Salma et al. [2009] report
that the decrease at a temperature of 150 °C is due to stretching of ionic bonds between Mg 2+ and
CO32- and Ca2+ and CO32-. At 450 °C dolomite is decomposed due to the release of carbon dioxide
and the residual substance is a mixture of mainly CaCO3 and MgO. The last decrease in the TGA
curve is due to the decomposition of CaCO3 into CaO and CO2. If a complete conversion is
required, the charging temperature should exceed 850 °C.
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Figure 4-6: TGA curves of dolomite at β = 75 K/min

In all of the experimental results shown above, it is clear that the different reactions see their onset
at values close to the minimum value of Teq, as shown in Figure 3-2: due to the continuous purging
of the TGA equipment with N2, the partial pressure of the reaction gaseous/vapor products
remains very low since they are continuously removed.
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(ii) Specific case of cement raw meal
The average TGA-curve of cement raw meal at a temperature ramp of 75 K/min is illustrated in
Figure 4-7.
Whereas the limited weight loss at temperatures below ~150 °C is due to the evaporation of raw
meal moisture, a higher weight loss (of about 4%) is noticed below 600 °C due to the dehydration
of the alumina-silicates. The main decomposition between ~800 and 900 °C corresponds with the
decomposition of CaCO3.
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Figure 4-7: TGA curves of cement raw meal at β = 75 K/min

4.2.3. Modeling kinetic expressions from experimental TGA results
Transforming TGA data into kinetics
The thermogravimetry measures the weight of the sample every second, recording M0, Mt and M∞,
at the initial measurement time t0, time t and the time for completing the reaction t∞. The conversion
is calculated as
α=(

0−

)/(

0−

∞)

The reaction rate constant can be derived within the complete time and/or temperature scale, as
described in detail for other chemical processes by Brems et al. [2011].
Since α is the conversion, the relative amount of feed left at any time is (1- α).

The assumption is made that the reaction rate constant follows the Arrhenius equation:

  EA 
k  A exp 

 RT 
In this equation k is the reaction rate constant (is s−1 for a first order reaction), A the preexponential factor (same units as k), EA the activation energy (J/mol), R the universal gas constant
(8.314 J/molK) and T the temperature (K).
The rate of degradation, dα/dt is a function of the rate constant k (T-dependent) and a function of
conversion f(α) (T-independent) [Brems et al., 2013]. This results in:
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d
 k T f  
dt
Since k is described by the Arrhenius expression, the overall expression of the reaction rate is:

  EA 
d
f( )
 k T f    A exp
dt
 RT 
There are 2 types of models developed in literature, i.e. the simple iso-conversional models, and
the more complex models that assume a dominant reaction mechanism.
Coats and Redfern [1965] introduced the time-dependent temperature (the heating rate) as
dT/dt:

β=

  EA 
d
A

exp
f( )
dt

 RT 

After integration and recombination, this equation becomes [Ebrahimi-Kahrizsangi and Abbasi,
2008]:

 d  A T
  EA 
   exp 
g     
dT
f
(

)

RT




0
T0

g(α) is the integrated form of the conversion dependence, yet without specific analytical solution. T0
is the temperature at α=0. Replacing EA/RT with x transforms the previous integral in the following
form:


 exp(  x) 
px    
dx
2
x


x
Using g(α) from the previous equation [Ebrahimi-Kahrizsangi and Abbasi, 2008], the equation is
converted into:

g x  

AE A
R



 exp(x )
AE A
dx 
p(x )
2
R
x


x 

To find a solution for p(x), the integral using a Taylor series approximation is solved as: [Brems et
al., 2011]

ln

 AR
g ( )
 ln 
2
T
 E A

 2 RT
1 
EA


 E A
 
 RT

In literature, several expressions for g(α) are proposed, based upon the concepts of diffusion,
nucleation and the order of the reaction, and applicable to different decomposition reactions
[Brems et al., 2011]: coarse biomass (diffusion), plastic solid waste (reaction order), lignin (mostly
nucleation). For chemical reactions, and certainly when using a small particle size of the solid raw
material, the reaction mechanism is generally reaction rate controlled, thus eliminating diffusion
and nucleation models for further consideration. Different expressions for g(α) are summarized by
Brems et al. [2011], Ebrahimi-Kahrizsangi and Abbasi [2008] and Chen and Wang [2007]. Since
diffusion and nucleation models are not further considered, only some common expressions for
reaction rate control are shown.
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When the left hand side of the final conversion equation ln

g ( )
is plotted versus 1/T, after
T2

introducing the selected g(α)-expression, the activation energy EA can be calculated from the slope
of the linear expression. From the intersect with the y-axis the pre-exponential factor A can be
calculated and the reaction rate constant k is determined by the Arrhenius equation.

Table 4-2: Selected expressions of g(α) with reaction order (n) controlling
n=2

g(α) = [(1-α)1−2-1]

n=1

g(α) = [-ln(1-α)]

For n=1, the reaction rate expression is

4.3.2. Application of the different models to the selected minerals
Within the approaches of Table 4-2, models with n of 1 or 2 resulted in R2-values in excess of
0.994 and 0.923, respectively. Other reaction rates (n= 0.5, > 2) provided R² values below 0.7. It is
hence concluded that the reaction rate expressions with order of reaction 1 provide a fair approach
to the different reactions. Table 4-3 summarizes the results for these 1st-order reaction, personally
preferred for reasons of simplicity, hence with g(α)=-ln(1-α)]. The activation energies were hence
determined for the experimental values of α at different temperatures. Since the onset of the
conversions was measured by TGA at a temperature close to the lowest equilibrium temperature,
as determined in Figure 3-2, no conversion proceeds below Teq.
From the first order kinetics, the values of the activation energy and of the pre-exponential factor
were determined. Values are given in Table 4-3, allowing the prediction of the kinetic rate constant,
k, at any required temperature by using the Arrhenius equation.

Table 4-3: 1st-order reaction results for different reactions.
Reaction

EA [kJ/mol]

A [s-1]

Mg(OH)2 ↔MgO+H2O

198

4.26×1016

MgCO3↔MgO+CO2

52

86.3

Ca(OH)2↔CaO+H2O

131

2.09×106

CaMg(CO3)2↔MgO+CaO+2CO2

219

1.15×1012

CaCO3+H2O ↔ Ca(OH)2+CO2

185

2.89×108

CaCO3↔CaO+CO2

228

7.03×107

Cement raw meal

224

6.53×107
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For the given reversible reactions, the maximum conversion is given by the first order equation. To
achieve 95 % of the maximum conversion in a first order reaction, the required reaction time at (T eq
+ 100 K) is of the order of seconds only for all of the reactions studied, thus indicating that the
reactions can be completed in less than a minute. This is however tentative only, and pilot/large
scale experimentation is certainly required.

4.4 Example of detailed kinetics for cement raw meal
Different type of initial conditions were set-up (e.g. temperature, carbon dioxide content, particle
diameter) to test the kinetic model.
For calculations of a single limestone particle, results are shown below for an initial particle
diameter set at 10 μm.

Figure 4-8: Calcination process at lower reaction temperatures.

Figure 4-8 shows the influence of lower reaction temperature on the calcination process, i.e.
decomposition of limestone, and Figure 4-9 shows the influence of higher reaction temperature on
the calcination process. From these two figures it is clear that the temperature increase results in
an increase of limestone decomposition which represents a reasonable physical trend.
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Figure 4-9: Calcination process at higher reaction temperatures.

Figure 4-10: Influence of CO2 content on the calcination process.
Figure 4-10 shows the influence of carbon dioxide content on the calcination process. As can be
seen the increase of carbon dioxide content reduces the limestone decomposition. The initial
limestone particle diameter for this figure was 10 μm, the gas temperature was set to 1200 K and
the carbon dioxide was the variable parameter. It should be remembered that very high CO 2 partial
pressures will significantly increase the required reaction time, as indicated in 4.1.3. The use of a
purge gas (air) is hence necessary to keep CO2 levels to below 50 vol%.
Figure 4-11 shows the influence of particle size on the calcination process. As can be seen bigger
limestone particles need more time to decompose than the small particles. For this figure the initial
gas temperature was set to 1400 K, and initially there was now carbon dioxide.
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Results again from the single limestone particle tests show that the right range of particle
temperature is covered, that the conversion of limestone depends on the carbon dioxide content
and that the reaction kinetics of the calcination process are able to obtain reasonable trends.

Figure 4-11: Influence of limestone particle size on the calcination process at 1400K.

5. Conclusions and Recommendations towards reactor selection and
design (WP 1.2)
5.1. Thermodynamic and kinetic assessment (WP 1.1)
The thermodynamics of the different decomposition reactions is governed by the Gibbs' Free
Energy approach. Equilibrium temperature and pressure are defined. The heat of reaction is
determined by the free energies of formation and applying Kirchhoffs' law.
When an inert carrier gas (air) is used in the reactor environment, the partial pressure of the
gaseous/vapor reactants of the reactions will be reduced, thus reducing the equilibrium
temperatures (depending on the reaction under scrutiny).
Kinetics are very fast, and were determined by TGA, all performed for screened samples of particle
size around 45 µm. The Arrhenius equation was applied, leading to values of the activation energy
and of the pre-exponential factor.
Using the Arrhenius equation, the reaction rate constant, k, can thereafter be predicted for any
temperature (however still for a reference particle size of 50 µm).
Since the kinetic rate constant is proportional to the particle size (for the continuous reaction
model, appropriate for smaller particles < 300 µm), an inverse proportional function of the partial
pressure (concentration) of the gaseous/vapor reactant in the reaction mix, and proportional to the
sphericity of the particles, these factors will determine the theoretical decomposition time. This
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decomposition time is also a function of the required conversion yield, and varies between 0.1 and
10 seconds for the operating conditions of the intended SOLPART reactors.
Applied to the specific case of cement raw meal, with Sauter mean particle size of 4 to 8 µm, the
time for decomposition is less than 1 second.
These findings have an important design impact, and include:
* The decomposition of cement raw meal, dolomite and limestone decompositions is to a large
extent determined by the reaction rate and thermodynamics of their major constituent CaCO 3
(100% in limestone, ~85% in cement raw meal, and ~58 % in dolomite).
For the non-priority phosphate ores, the elimination of carbonaceous contaminants, and the
decomposition of CaCO3 are the dominant factors in the thermal treatment.
* Both contributions of the sensible (Cp ΔT) and reaction heat ΔHr need to be considered in the
thermal balance of the operation. The sensible heat will normally for 70 to 80% be supplied by preheating the feedstock using exhaust gases from the calcination and/or cooling stages (multi-stage
operation, e.g. [Baeyens et al, 1989]). The balance of the sensible heat and the reaction heat will
need to be supplied by captured solar heat.
* Temperatures of relevant and interesting decompositions range from 550 (kaolinite) to 1000 °C
(phosphate ore).
* Cement raw meal is a mixture of several compounds providing the correct CaO-Al2O3-SiO2
(Michaelis diagram) composition, with limestone however representing > 85% of the composition of
the raw meal.

5.2. Implication for most appropriate reactor selection and design (WP 1.2).
Having established that particles with size < 300 µm behave according to the continuous reaction
model, with a time for complete decomposition being proportional to the particle size, it is important
to consider raw materials with such a small particle size.
This is not a problem for cement raw meal, where feedstock is mixed and milled to an average
Sauter diameter below about 6 µm.
It is also not a problem for limestone and dolomite. Traditional (rotary and vertical) kilns can only
accept limestone and dolomite in the range of ~10 to 120 mm. The quarry operations however
produce 25 to 40 % of minus 10 mm limestone/dolomite, which is thereafter milled to minus 150
µm for low-value soil amendment, filler, and other products. If this smaller size fraction could be
transformed into calcined lime and/or CaO/MgO, added-value will be created.
In phosphate ore thermal treatment, fluidized beds are already the preferred technique. Solar
reactors can be applied in a fluidized bed mode, and could hence substitute the current fossil-fuel
fired fluidized beds.
Looking specifically at the main SOLPART target of cement raw meal the following observations
should be considered.
The best available technology, the one with the lowest energy consumption, for the cement
manufacturing today, is the use of a rotary kiln together with multi-stage cyclone preheater system
and a calciner. Figure 5-1 illustrates the stages of the cement production process. As can be seen,
cement manufacturing is a complex process which consists of several sub-processes. There are
four sub-processes in the cement manufacturing process that have the most influence on final
cement quality and fuel consumption. These four sub-processes are: raw material preheating,
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calcination, clinker burning, and clinker cooling.. Prior to the raw material preheating, the raw
material is collected, crushed, mixed with additives and transported to the cyclone preheating
system.
The cyclone preheating systems have been developed to enhance the heat exchange process
between the raw material and the flue gases. The preheating system takes place prior to the
calciner and the rotary kiln and can have several stages, depending on how many cyclones are
used. At each stage of the preheating system, e.g. in each cyclone, the principle of the heat
exchange is the same. Raw material is heated by moving counter to the flow of the hot flue gases
coming from the rotary kiln. This counter-flow movement effect is due to the particle separation
phenomena occurring within the gas cyclones. The separation of the solid particles from the gas is
done by the highly tangential flow entering the cyclone. The centrifugal force acting on the particles
directs them to the wall, separating them from the flow, and due to the gravitational force the
particles slide to the lower part of the cyclone.

Figure 5-1: Cement manufacturing process [Mikulčic et al., 2012].
After preheating, raw material enters the cement pre-calciner. The calcination process is a strongly
endothermic reaction that requires combustion heat released by the fuel, indicating that
endothermic limestone calcination and exothermic fuel combustion proceed simultaneously. To
ensure a temperature of 850°C, needed for a stable calcination process, cement pre-calciners use
heat from the combustion of solid fuels along with the exhaust gases from a rotary kiln [Mikulčic et
al., 2015].
Clinker burning is the highest energy demanding process in cement production. It occurs after the
calcination process. The clinker is produced in a rotary kiln which rotates 3-5 times per minute, and
is positioned at an angle of 3-4 degrees. This angle causes the material to slide and tumble down
through the hotter zones towards the flame. The temperature of 1450˚C ensures the clinker
formation. After the clinkering process in the rotary kiln is finished, the cement clinker is rapidly
cooled down to 100-200˚C.. This process is done rapidly to prevent undesirable chemical
reactions. Blending of clinker with different additives follows the clinker cooling process. At that
point the composition of the final product - cement is obtained. Afterwards the cement is milled,
stored in the cement silo, and distributed to consumers.
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Only the pre-calcination step, generally performed in a lean pneumatic conveying mode, is
considered in the SOLPART objectives.

5.3. The design strategy (WP 1.2)
The previous data set the fundamentals of the design strategy, but are really related to the ideal
condition of the kinetic behavior of an ideal single particle.
The main goal of WP 1.2 is the determination of selected reactor dimensions to firstly fulfill
requirements of conversion (and thus of residence time), and secondly to achieve the required
heat transfer rate. The recycle loop is of additional importance and its design can be based upon
correlations found in literature [e.g. Smolders et al., 2001; Pitié et al., 2013]. Figure 5-2 illustrates
the complete design sequence of the reactor, and the aspects already covered in WP 1.1. The
design procedure will start with gathering data concerning production capacity, particle and gas
characteristics, reaction kinetics and heat transfer necessities.
Particle characteristics include the particle size distribution and average size, absolute particle and
bulk density, sphericity and heat capacity. All but the last property are nearly independent of
temperature. Important gas properties include gas density, viscosity, thermal conductivity and heat
capacity, which are all temperature dependent. Moreover, the composition of the gas mixture in the
reactor (decomposition products, carrier gas) is also an important parameter in reactor design.
Experimental work of WP 1.1 defined the reaction kinetics. For small particles, the continuous
reaction model seems the most appropriate approach. The heat balance over the reactor
determines the necessary rate of heat exchange. At sufficiently high solids mixing rates (fluidized
beds > rotary kiln >> pneumatic conveying), the reactor can be assumed to be isothermal.
Considerations of reaction kinetics and heat transfer effects will result in an optimum temperature
for a required conversion. Within this overall design strategy, WP 1.2 will deal with the relevant
problems to be solved before building a pilot-scale unit, as listed in Table 5-1.
A specific focus of the SOLPART research will be the heat supply from direct solar irradiance, of
major influence on the heat balance, and to be examined during the SOLPART testing.
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Figure 5-2: Design strategy of WP 1.2. Highlighted items were covered in WP 1.1
Table 5-1: Relevant problems to be solved before a pilot-size unit can be built.
Hydrodynamic considerations

Thermal considerations

Optimum particle characteristics (size,
sphericity) *

Heat balance including pre-heating,
reaction and heat recovery *

Residence time distribution is gas/solid
contacting reactors **

Solids residence time **°

Particle attrition rates ***

Types of coolers/preheaters °

Dust formation *

Thermal decomposition rates °

Operating carrier gas velocities *, **

Thermal decrepitation °

- in upflow bubbling fluidized bed
- in lean pneumatic conveying
- in rotary furnace
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* studied experimentally in WP 1.2; ** studied theoretically and experimentally in WP 1.2 ; ***
studied experimentally in previous research [Zhang et al., 2016] ; ° studied theoretically in WP 1.2.
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