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Gypsum Calcination in a Fluidised Bed Reactor 

ABSTRACT 

Gypsum, Calcination, Plaster, Fluidisation, Modelling, Nucleation 

Gypsum (calcium sulphate dihydrate) is of great industrial importance with over 95,000 

ktonnes being used in the world per annum. The greatest use of gypsum is in the 

production of plaster (calcium sulphate hemihydrate) for use as an interior finisher. Plaster 

is produced by the calcination (thermal decomposition) of gypsum. The most popular 

design is a continuous calciner where gypsum is fed continuously and is directly heated by 

hot air. 

There are a number of different phenomena occurring within a calciner, including heat 

transfer, mass transfer, particle and gas mixing, elutriation and the dehydration reaction 

itself. All these processes interact with each other. Although a lot of research has been 

carried out in these areas already, the literature has been found to contain significant 

discrepancies. This study contains experimental work which has been carried out in order 

to better understand the physical processes occurring within a gypsum calciner. 

The rate of dehydration of gypsum (35-67µm in diameter) has been studied in a fluidised 

bed reactor. Experiments were carried out at bed temperatures of 100 to 170°C. The 

fluidising gas was air with water vapour pressures of 0.001 to 0.30 atm. The dehydrations 

were under differential conditions. The results show that the dehydration under these 

conditions can be successfully modelled using the two dimensional Avrami-Er'ovev 

expression. 

A study of the fluidisation and elutriation properties of gypsum in batch vessels (cylindrical 

and conical) has been carried out. The mechanics of elutriation has been investigated and 

modelled for various freeboards, superficial gas velocities and air humidities. 

Tracer tests have also been carried out on a laboratory scale continuous conical kettle. 

Sodium carbonate was used as the inert tracer material. Runs were carried out at different 

air and gas flowrates and different bed temperatures. Residence time distributions were 

elucidated. 

Finally, the above experimental data and component models have been investigated for 

their applicability to producing a model of the laboratory scale gypsum calciner. 



Acknowledgements 

I would like to thank Dr Richard Holdich for his support and guidance 

throughout the course of my PhD research. 

I also thank BPB Gypsum for funding the research, especially John Houghton and 

Jim Fletcher for the benefit of their experience. 

Thanks also go to all the staff of the Department of Chemical Engineering. 

Finally, I would like to express my deepest gratitude to Suella for having the patience to 

read through, and comment on, my thesis. 



CONTENTS 
00 

CHAPTER ONE - INTRODUCTION 

1.1. Gypsum 1 

1.1.1. Use of Gypsum and Plaster 2 

1.1.2. Gypsum Dehydration Sequence 3 

1.2. Production of Plaster from Gypsum 4 

1.2.1. Raw Material 4 

1.2.2. Product 4 

1.2.3. Typical Wall Board Production Process 5 

1.2.4. Conical Calciner 6 

1.2.5. Interactions and Complexities of the Calciner 8 

1.3. Thesis Overview 10 

i 



CHAPTER TWO - REVIEW OF GYPSUM DEHYDRATION AND 

FLUIDISATION LITERATURE 

2.1 Review of properties relevant to Particulate Scale 12 

2.1.1 The Chemistry of the CaSO4-H20 system 13 

2.1.2 Physical Properties 15 

2.1.3 Phase Analysis 16 

2.1.3.1 Proximate Analysis (PA) 16 

2.1.3.2 Thermal Analysis (TA) 17 

2.1.3.2.1 TGA 17 

2.1.3.2.2 DTA 18 

2.1.3.2.3 DSC 19 

2.1.3.3 X-Ray Diffraction (XRD) 20 

2.1.3.4 Summary 21 

2.2 Gypsum/Hemihydrate Dehydration and Solid-State kinetics 21 

2.2.1 Structural changes 23 

2.2.2 Thermodynamics 24 

2.2.3 Factors affecting the rate of dehydration 26 

2.2.4 Phase Diagram 27 

2.2.5 Solid State Reaction Mechanisms 29 

2.2.6 Experimental Methods for deducing reaction kinetics 32 

2.2.7 Dehydration Rate Controlling Mechanism 34 

2.2.8 Derivation of a Mathematical Rate Expression 34 

2.2.8.1 Model of Ashmore et al (1961)BPB 34 

2.2.8.2 Model of McAdie (1964) 35 

2.2.8.3 Model of Molony and Ridge (1968) 36 

2.2.8.4 Model of Heide (1969) 36 

2.2.8.5 Model of Ball and Norwood (1969) 37 

2.2.8.6 Model of Ball & Urie (1970) 39 

2.2.8.7 Model of Taylor & Bains (1970) 39 

2.2.8.8 Model of Murat and Comel (1971) 40 

2.2.8.9 Model of Negro (1972) 40 



2.2.8.10 Model of Negro & Stafferi (1973) 41 

2.2.8.11 Model of Gagnaire et al (1979) 41 

2.2.8.12 Model of Khalil (1982) 43 

2.2.8.13 Model of Yonemoto et al (1988) 43 

2.2.8.14 Model of Deutsch et al (1994) 44 

2.2.8.15 Model of Strydom et al (1995) 46 

2.2.8.16 Model of Hudsen-Lamb et al (1996) 46 

2.2.8.17 Model of Arii & Fujii (1997) 47 

2.2.9 Discussion 48 

2.3 Consideration of internal heat and mass transfer 50 

2.3.1.1 Intraparticular Diffusion 50 

2.3.1.1.1 Ordinary/Bulk Diffusion 51 

2.3.1.1.2 Knudsen Diffusion 52 

2.3.1.1.3 Transition Diffusion 52 

2.3.1.1.4 Surface Diffusion 53 

2.3.1.2 Internal Heat Transfer 53 

2.4 Fluidisation Properties 54 

2.5 Fluidisation 55 

2.5.1 Components of the Fluidised Bed 56 

2.5.2 Fluidisation Regimes 56 

2.5.2.1 Classification of Fluidising Regime 58 

2.5.2.2 Aeratable Fluidisation 59 

2.5.2.3 Fluidisation Regime 60 

2.5.3 Calculation of Minimum Fluidisation velocity, UMF 61 

2.5.4 Calculation of Minimum Bubbling Velocity, UBF 61 

2.5.5 Calculation of Terminal Velocity, UT 61 

2.5.6 Pressure Drop Over The Bed 63 

2.5.7 Calculation of Bubble size and Velocity 63 

2.5.7.1 Maximum Bubble Size 64 

2.5.7.2 Bubble Growth 65 

2.5.8 Effect of Bubble Size on Bed Expansion 66 

V 
r 



2.6 Fluidisation in a Conical Vessel 67 

2.7 Heat Transfer and Mass Transfer in a Gas Fluidised Bed 68 

2.7.1 Heat Transfer 68 

2.7.1.1 Particle-Gas Heat Transfer 69 

2.7.1.1.1 Temperature Gradient 70 

2.7.1.2 Particle-Surface Heat Transfer 71 

2.7.2 Mass Transfer in a Gas Fluidised Bed 72 

2.8 Solids Mixing in a Gas Fluidised Bed 74 

2.8.1 Vertical Solids Mixing 75 

2.8.2 Radial/Axial/Horizontal mixing 76 

2.8.3 Gas Backmixing 76 

2.8.4 Segregation 76 

2.8.4.1 Internals 76 

2.9 Reaction Kinetics In a gas Fluidised Bed 77 

2.10 Elutriation 79 

2.10.1 Mechanism 80 

2.10.2 TDH Estimation 80 

2.10.3 Elutriation Rate Constant 82 

2.10.3.1 Elutriation Rate Constant Correlations 83 

2.10.4 Critical Particle Diameter 87 

2.10.5 Elutriation Below the TDH 88 

2.11 Conclusions 88 



I 

CHAPTER THREE - METHOD FOR DETERMINING THE DEHYDRATION 

KINETICS OF DSG GYSPUM 

3.1. Apparatus 88 

3.1.1. Details of Components 89 

3.1.2. Inert Bed 91 

3.1.3. Instrumentation and Calibration 92 

3.1.3.1. Thermocouples 92 

3.1.3.2. Pressure Transducers 93 

3.1.3.3. Flow Meters 93 

3.1.3.4. Humidity meters 93 

3.1.4. Control 95 

3.1.4.1. Control Box 95 

3.1.4.2. Software 96 

3.1.4.3. Temperature Control 97 

3.1.4.4. Humidity Control 97 

3.2. Dehydration method 98 

3.2.1. Calculation of Conversion 98 

3.3. Humidity Probe Response 99 

3.3.1. Probe Response Time 100 

3.3.2. Gas Mixing 101 

3.3.3. Relative Humidity Probe Response 102 

3.3.3.1. Results 103 

3.3.3.2. Comment 105 

3.3.4. Gas mixing and relative humidity probe response 106 

3.3.4.1. Results 107 

3.3.4.2. Modelling the Relative Humidity Probe Response 108 

3.3.4.3. Data Analysis 112 

3.4. Materials 113 

3.4.1. Particle Classification using the Cyclone 114 

3.5. Conclusions 115 



CHAPTER FOUR - DETERMINING THE DEHYDRATION KINETICS OF DSG 

GYPSUM: RESULTS AND DISCUSSION 

4.1 Dehydration Experiments 118 

4.1.1 Determining Differential Conditions 118 

4.1.2 Effect of C02 on Dehydration 120 

4.1.3 Effect of Temperature on Dehydration 121 

4.1.4 Dehydration with different Particle Sizes 123 

4.1.5 Dehydrations Carried Out Under Higher Humidity 123 

4.1.6 Hemihydrate runs 125 

4.2 Evaluation of reaction mechanism and rate constants for DSG 127 

4.2.1 Reaction steps 132 

4.2.2 Calculation of activation energy 133 

4.2.3 Comparison of reported results with those from the literature 134 

4.3 Internal Heat and Mass Transfer Models 135 

4.3.1 Heat transfer to Particles in Dehydration Experiments 136 

4.3.2 Mass Transfer Models 138 

4.4 Modelling the dehydration reaction 140 

4.5 Conclusions 143 



I 
9 

CHAPTER FIVE - FLUIDISATION AND ELUTRIATION IN BATCH VESSELS 

5.1. Fluidisation in a cylindrical column 

5.1.1. Apparatus 

5.1.2. Materials 

5.1.3. Experimental Procedure 

5.1.4. Results 

5.1.4.1. Minimum Fluidisation Velocity 

5.1.4.2. Fluidisation Classification 

5.1.4.3. Determination of Effective Sphericity 

5.1.5. Discussion 

5.2. Conical Fluidisation Experiments 

5.2.1. Apparatus 

5.2.2. Materials 

5.2.3. Experimental Procedure 

5.2.4. Results and Discussion 

5.2.4.1. Minimum Fluidisation Velocity 

5.2.4.2. Flow Pattern Observations 

5.2.4.3. Flow pattern in Laboratory Kettle 

5.2.5. Discussion 

5.3. Elutriation Experiments 

5.3.1. Apparatus 

5.3.2. Material 

5.3.3. Experimental Procedure 

5.3.4. Results 

5.3.4.1. Bubble size and Bed Expansion 

5.3.4.2. Determination of Elutriation Rate 

5.3.4.3. Calculation of Go 

5.3.4.4. Estimation of TDH 

5.3.4.5. Calculation of Elutriation Rate Constant x*; h 
5.3.4.5.1. Method 

5.3.4.5.2. Elutriation Rate Constants 

144 

144 

145 

146 

146 

147 

148 

148 

150 

150 

150 

151 

152 

152 

152 

152 

153 

154 

155 

155 

157 

158 

158 

159 

162 

163 

164 

164 

165 

165 



5.3.4.5.3. Comparison of Experimental Runs with Literature correlations 167 

5.3.4.5.4. Fitting a curve to Elutriation Rate Constant 170 

5.4. Conclusions 1 ý1 



J- 

CHAPTER SIX -A METHOD FOR CARRYING OUT TRACER TESTS IN A 

CONICAL CALCINATION KETTLE 

6.1. Apparatus 173 

6.2. Kettle Operation 176 

6.2.1. Initial Checks 176 

6.2.2. Start up 177 

6.2.3. Normal Operation 177 

6.2.4. Shutdown 178 

6.3. Tracer Test Method 178 

6.3.1. Tracer material 178 

6.3.2. Method 179 

6.3.3. Analysis Techniques 180 

6.3.3.1. DIONEX Ionic Chromatography 180 

6.3.3.2. Proximate Analysis Method 180 

6.3.3.2.1. Method for Free water/Soluble Anhydrite 181 

6.3.3.2.2. Method for Hemihydrate 181 

6.3.3.2.3. Method for Dihydrate 182 

6.3.3.2.4. Method for Insoluble Anhydrite 182 

6.3.3.2.5. Particle Size Distribution 183 

6.3.3.2.6. Particle Density 183 

6.3.3.2.7. Bulk Density 183 

6.4. Material 183 



T 

CHAPTER SEVEN - TRACER TEST RESULTS AND DISCUSSION 

7.1. Solids Feed Calibration 185 

7.2. Tracer Tests and Operating Characteristics 186 

7.2.1. Kettle control and operation 186 

7.2.2. Particle Sizing 190 

7.2.3. Sample density 191 

7.2.4. Sodium Carbonate Analysis 192 

7.2.5. Proximate Analysis 195 

7.3. Conclusions 198 



CHAPTER EIGHT - COSIDERATION OF INTERNAL GRADIENTS WITHIN 

THE CALCINER 

8.1. Geometry of the conical kettle 199 

8.1.1. Bed Volume 201 

8.2. Temperature Gradient 201 

8.2.1. Burner Exit 201 

8.3. Velocity and Water vapour pressure gradients 204 

8.3.1. No reaction 204 

8.3.2. Consideration of Dehydration Reaction 205 

8.3.3. Consideration of Gas Backmixing 209 

8.4. Bubble Size and Bed Expansion 212 

8.5. Conclusions 215 

Aid 



CHAPTER NINE - MODELLING THE CONICAL KETTLE CALCINER 

9.1. General Model of the Ci lciner System 217 

9.1.1. Conical Kettle 219 

9.1.1.1. Solids Mixing and Elutriation 220 

9.1.1.2. Dehydration reaction 220 

9.1.1.3. Steady State Heat Balance 221 

9.1.1.4. Steady State Mass Balance 222 

9.1.2. Cyclone 224 

9.1.2.1. Theoretical Considerations 224 

9.1.2.2. Cyclone Mass Balance 225 

9.1.3. Bag Filter 226 

9.1.3.1. Mass Balance 226 

9.2. Consideration of Particle Movement 227 

9.2.1. Introduction of Mass Fraction to the Mass Balance 228 

9.3. Considering the Experimental Data 229 

9.3.1. Particle movement between kettle and cyclone 230 

9.3.2. Considering the Kettle Heat Balance 231 

9.3.3. A simple model considering Dehydration Kinetics 232 

9.4. Discussion 237 



CHAPTER TEN - CONCLUSIONS AND FURTHER WORK 

REFERENCES 

NOMENCLATURE AND ABBREVIATIONS 

APPENDIX A- REPRINT OF CAVE AND HOLDICH 2000 

APPENDIX B- VENKATESH METHOD 

APPENDIX C- LABORATORY SCALE KETTLE OPERATING CONDITIONS 



Chapter One - Introduction 

CHAPTER ONE - INTRODUCTION 

This thesis studies the chemical and physical processes in the industrial production of 

plaster from gypsum. Gypsum is the common name for calcium sulphate dihydrate, 

CaSO4.2H20. Plaster is the common name for dehydrated gypsum. Plaster is composed of 

a mixture of the different calcium sulphate phases, including calcium sulphate 

hemihydrate, CaSO4. '/2H20 and calcium sulphate anhydrite, CaSO4. The aim of the work 

undertaken in this thesis was to improve the understanding of the processes occurring 

during the calcination (thermal decomposition) of gypsum to produce plaster in a conical 

kettle calciner. The topics covered in this thesis are: 

" An experimental study of the dehydration kinetics of gypsum in a fluidised bed 

reactor; 

"A study of the fluidisation properties of gypsum particles in cyclindrical and conical 

vessels; 

" An investigation of the elutriation properties of gypsum particles in a cylindrical 

vessel; 

9A solid tracer study in an experimental scale conical gypsum calcination vessel; 

" An investigation into using the above experimental data and component models to 

produce a model of the laboratory scale gypsum calciner. 

The introductory chapter deals with gypsum dehydration technology and its current 

industrial relevance. The areas of research carried out in the thesis are highlighted along 

with a guide to the topics covered in each of the chapters. 

1.1. Gypsum 

The production and use of gypsum is a huge global industry with around three billion 

ECU of business being generated by the European gypsum industry alone. The gypsum 
industry in Europe supports the employment of over 400,000 people [Bennet, 1998]. 

Approximately 105Mt of gypsum is produced annually world-wide [Bruce, 1999] and of 

this approximately 90ý/c is mineral (natural) and 10% synthetic gypsum. Around 30Mt of 
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Chapter One - Introduction 

gypsum is produced in Europe [Bennet, 1998], with synthetic gypsum accounting for a 

larger proportion of the gypsum at 35%. 

Mineral gypsum exists in a variety different forms: 

" Selenite - Selenite is composed of well-developed crystals and is colourless and 

transparent and has a pearl like lustre. 

" Alabaster - Pure alabaster is a fine grained massive material which is white and 

compact. It is commonly carved and polished for statues and ornaments. 

" Satin Spar - Satin Spar is a fine translucent variety composed of monoclinic crystals. 

It is valued for ornaments and jewellery. 

Mineral gypsum is usually associated with impurities such as limestone, sand, shale and 

other oxides and sulphates which can alter its colour and physical properties. Gypsum 

deposits occur in many countries, with Britain, USA, Canada, France, and Italy among the 

leading producers. The largest gypsum deposits in the UK are found in Central England 

and Sussex. 

Since the 1980's there has been a large increase in the production and use of synthetic 

gypsum [Bennet, 1998]. Synthetic gypsum is formed as a by-product of several industrial 

processes. The main sources are from flue gas desulphurisation (DSG gypsum) and the 

production of wet phosphoric acid from phosphate rock (phosphogypsum). Greater 

quantities of phosphogypsum are produced than any other synthetic gypsum, however 

they are hard to market because of the high levels of impurities, including radioactive 

elements [Roskill, 1997]. Well over 90% of the synthetic gypsum used in Europe is DSG 

[Bennet, 1998].. In the UK there are two large DSG plants at the Drax and Ratcliffe power 

stations. 

1.1.1. Use of Gypsum and Plaster 

Gypsum has been used since the earliest times as a building material with the first 

recorded use in the 13`h century BC by the Egyptians in order to hold the stones of the 

pyramids together. Other civilisation such as the Assyrians, Greeks and Romans also 

made use of the properties of gypsum. For example, plaster was frequently used to cover 

the exteriors and interiors of temples, in some cases even when the building was made of 
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marble. Plaster used in this way provided an excellent ground for decorative painting, for 

example in the production of frescos. 

The construction industry currently accounts for 90% of the total demand for gypsum 

[Roskill 1997] through its use in cement as a retarding agent (30%) and to produce 

plaster/plaster board products. In Europe, board products and accessories generate 1 

billion ECU, plasters, mortars and compounds 1.7 Billion ECU and blocks and tiles 0.3 

Billion ECU [Bennet, 1998]. 

The property utilised by the plaster/plasterboard industry is that when gypsum is heated 

(or calcined) it looses chemically combined water to form hemihydrate or anhydrite 

phases depending upon the calcination conditions. Water can then be added to form a 

pliable mortar which can be shaped prior to hardening back to gypsum. Gypsum boards 

are formed by sandwiching a core of wet plaster between two sheets of heavy paper. 

When the core sets and is dried, the sandwich becomes strong and rigid. Other properties 

which aid its application in the home are that it is fire resistant, has a low thermal 

conductivity and is sound resistant. 

Other uses for gypsum include use as a fluxing agent, fertiliser, filler in paper and textiles, 

and retarder in portland cement. It is also used as a filler in toothpaste. 

1.1.2. Gypsum Dehydration Sequence 

Plaster is produced from the dehydration of gypsum. The calcium sulphate dihydrate 

dehydration sequence is shown in Figure I. I. Calcium sulphate dihydrate (hereafter 

referred to as dihydrate) dehydrates on heating to calcium sulphate hemihydrate (hereafter 

referred to as hemihydrate). Hemihydrate can exist as (3 and a forms. The (3-hemihydrate 

is produced by dry calcination and is the main constituent of plaster. The a-hemihydrate is 

produced by wet calcination at elevated pressures or atmospheric pressure with the 

addition of acid or aqueous salt solutions. This reaction is reversible in the presence of 

water. Hemihydrate on heating dehydrates further to calcium sulphate anhydrite (hereafter 

referred to as anhydrite). At high temperatures dihydrate can be dehydrated directly to 

anhydrite. Anhydrite exists in 3 forms, Am, All and Al depending upon the temperature 

of reaction. AIR is meta-stable at ambient conditions and will readily rehydrate to 
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hemihydrate in the presence of water vapour. All is stable at ambient conditions and Al is 

not stable below 1180°C. 

-2H20, ß, 

-I DHI0(v) -0.5H20(V) 
CaSO4.2H20 10 CaSO41 /2H20 CaSO4 CaSO4-. w" CaSO4 

+1.5H20(j) +0.5H20(v)/u, 
GYPSUM GYPSUM PLASTER ANHYDRITE-III 

Calcium Sulphate Calcium Sulphate Calcium Sulphate 
Dihydrate Hemihydrate >70'C 

>70'C 

ANHYDRITE-II 

Calcium Sulphate 
>200'C 

ANHYDRITE-I 

Calcium Sulphate 
>118ß'C 

FIGURE 1.1: CaSO4/H2O REACTION SYSTEM 

1.2. Production of Plaster from Gypsum 

1.2.1. Raw Material 

The particular form of gypsum used by industry to produce plaster is dependent upon 

supply and economics. The gypsum source can have a great effect on the quality of board 

produced. The work in this thesis focuses on the use of DSG gypsum as the raw material. 

DSG Gypsum is desirable as a raw material for a number of reasons. Firstly, it is generally 

cheaper than natural gypsum. Secondly, the use of natural gypsum in plasterboard 

manufacture meant that historically plaster board plants were generally located near 

gypsum mines in order to reduce raw-material transport costs. The use of DSG gypsum 

means that manufacturers can locate plasterboard plants nearer to centres of populations 

and thus reduce transportation costs of product to consumers. 

1.2.2. Product 

The properties of plaster produced from gypsum are dependent upon the relative 

quantities contained of the different calcium sulphate forms. Plasters with different 

compositions have different applications as shown in Table 1.1: 
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TABLE 1.1 DIFFERENT TYPES OF PLASTER (ADAPTED FROM COBURN, 1989) 

Type Uses Composition 

Plaster of Paris Intricate castings Around 1O0% hemihydrate 

Dental/medical casts 

Repairs 

Plaster Board Manufacture 

Retarded hemihydrate Modern commercial building plaster 50-70c% hemihydrate, 

gypsum plaster 30-50°Io Anhydrite 

Anhydrous Gypsum plaster Wall and ceiling plastering, particularly Mostly anhydrite with some 

where either a flat finish or a patterned hemihydrate 

surface is required 

Keenes Plaster Plastering where a very hard finish is 10(Y/ anhydrite 

required 

1.2.3. Typical Wall Board Production Process 

A typical process for producing wall board is shown in Figure 1.2 and described below: 

Gypsum 
Store 

Cyclone 

Rick 
Drier 

J4 

Additives 
& Water 

ý' . 

10 
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FIGURE 1.2: TYPICAL WALL BOARD PRODUCTION 

The gypsum is crushed, blended with waste-board reclaim, and screened to form pieces 

that are no more than 2" in diameter. Once crushed and screened, the gypsum goes to a 

dryer that evaporates any surface moisture on the rocks. The gypsum leaves at 

approximately 40-70°C and is then fed to the calciner. Following calcination, the plaster is 

fed to a ball mill. Water and additives are mixed in depending on the different properties 

required of the finished wallboard. The slurry is then spread between two paper sheets 

that serve as a mould. The continuous sheet of wallboard travels on moving belts and 

roller conveyors to the knife where it is cut into specified lengths. The cut boards are then 

flipped and sent into a kiln to dry before distribution. 

1.2.4. Conical Calciner 

A vast array of different industrial processes have been developed for the calcination of 

gypsum. These include various designs of kilns, kettles and autoclaves. [Coburn, 19891. 

However, they all operate using the same principle. The gypsum is added to the calciner 

and heated (either directly or indirectly) where it undergoes thermal decomposition and 

the plaster product is removed. Calciners can operate both batchwise and continuously. 

BPB Gypsum use a conical calciner (shown in Figure 1.3) at their East Leake site to 

produce plaster with a high content of hemihydrate. The kettle is an enclosed steel 

chamber which is continuously fed gypsum. The gypsum is heated directly by the 

combustion products of natural gas. As the gypsum dehydrates water vapour is released. 

The plaster is removed continuously. 

-6- 



Chapter One - Introduction 

Gas 
Cleaning 

4 

Fluic 
B 

FIGURE 1.3: CONTINUOUS KETTLE 

The specifications of the full size conical kettle at BPB Gypsum's East Leake site and the 

experimental scale conical kettle which was used in tracer tests (Chapters Six and Seven) 

are shown in Table 1.2: 

TABLE 1.2 SPECIFICATIONS OF KETTLE CALCINER AT EAST LEAKE 

Full Size Experimental Scale 

Fuel Gas Gas 

Throughput Up to 45 tonnes/hour Up to 30 kg/hour 

Typical Residence = 20 minutes = 20 minutes 
Time 

Heat Requirement 620,000 kJ/tonne of Stucco 

Bed Temperature 130-150 °C = 130-150 °C 

Combustion Flame 800 °C = 800 °C 

Excess Air 100 % 100 - 200% 

Feed Gypsum DSG or Quarried DSG or Quarried 

Kettle Height 6m 0.515 m 

Bed Height 3.05 m 

Base Diameter 1.725 m 0.088 m 

Top Diameter 6.1 m 0.28 m 
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UK natural gas is typically used as the fuel in the full size kettle, with flow rates in the 

region of 500--->1,000 Nm3/hr. Oil can also be used as a fuel. A further 15.000-23,000 

Nm3/hr of excess air are fed along with the gas. The inlet pressure is in the region of 220 

mbarg and the outlet pressure is in the region of -5--10 mbar``. A high degree of 

elutriation occurs within the bed, and between 40 to 60% of the gypsum exits the bed in 

this manner. The particles are then recovered using cyclones and bag filters/electrostatic 

precipitators. The particles recovered in the cyclone can either be returned to the kettle or 

added to the product stream. The temperature of the exit gas is 142- 156°C. 

Full details of the operating conditions of the laboratory scale conical kettle are given in 

Chapter Six, along with detailed engineering diagrams and operating instructions. 

Average compositions of the product of the full size and experimental scale conical 

kettles are given below: 

" Gypsum: 4 

" Hemihydrate: 85 

" Free Water: 0.0 

" Anhydrite III: 0.8 

- 12 % (by mass) 

- 89 % 

-> 0.2 % 

-> 6.2 % 

1.2.5. Interactions and Complexities of the Calciner 

The aim of the thesis is to present a study of the chemical and physical processes occuring 

in the laboratory scale kettle and therefore improve understanding of the operation of a 

full scale conical kettle calciner. 

The generation of a model to describe the operation of the conical kettle is an inherently 

complex task. There are a number of different phenomena occurring within the kettle, 

namely heat transfer, mass transfer, particle and gas mixing, elutriation and the 

dehydration reaction itself. The task is further complicated by the fact that all these 

processes interact with each other. Figure 1.4 shows how the different phenomena interact 

with the properties within the kettle. 
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FIGURE 1.4: BASIC INFLUENCE DIAGRAM FOR THE CALCIINER 

MIXING 

Figure 1.4 is a simple influence diagram showing the main parameters which affect the 

operation of the calciner. The boxes represent the four principal phenomena occurring 

within the kettle, namely the reaction, heat transfer, mixing and mass transfer. The arrows 

show which physical properties affect these phenomena and which are affected by these 

phenomena. In order to improve clarity the circle has been used to represent an `arrow 

junction'. All arrows leading to the circle represent influences on the four main 

phenomena. 

The kettle can be considered to operate on two different scales. Firstly, the industrial scale 

which is governed by internal gradients within the reactor, transfer processes, mixing etc. 

These are termed as the fluidisation properties of the system. Secondly, on the particulate 

scale where internal heat transfer, mass transfer and the movement of the reaction front 

are important. These are referred to as the kinetic properties of the system. This is 

illustrated in Figure 1.5. 
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Much work has been done on the study of these phenomena in cylindrical fluidised beds. 

However, it has been found that theory and experimental work can deviate by several 

orders of magnitude. Also much work is specific to a particular system, with very little 

work carried out on conical fluidised beds. A further complication to the development of a 

model is that there are a number of physical gradients which may exist within the kettle. 

These include temperature, water vapour pressure and superficial gas velocity, which may 

all change with the height of the vessel. In addition to this the geometry of the vessel is 

not perfectly symmetrical with the inlet on one side and the outlet directly opposite. 

1.3. Thesis Overview 

The general aim of this thesis is to better understand the interactions and operation of a 

conical kettle calciner. That is, to investigate the phenomena which are required to 

establish a coupled model of this fluidisation process with respect to a laboratory scale 

calcination kettle. These phenomena have been identified as the kinetic and fluidisation 

properties of the system. More specifically, a model would have to combine aspects of 

reaction engineering, particle mixing, elutriation, cyclone separation, heat and mass 
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transfer and particle recycle. This thesis details both experimental and theoretical studies 

into these phenomena. 

The thesis is composed of the following chapters. 

" Chapter Two - Review of Gypsum Dehydration and Fluidisation Literature 

As detailed in Chapter 1 the operation of the conical kettle depends upon a number of 

physical phenomena. These are defined as being the kinetic and fluidisation properties of 

the system. Chapter Two discusses the literature covering these properties relative to the 

operation of the experimental scale kettle. This literature review includes detailed 

discussions of the solid state chemistry of gypsum and of the fluidisation properties of 

gypsum. 

" Chapter Three - Method for Determining the Dehydration Kinetics of DSG Gypsum 

In order to investigate the kinetic properties of the calcination reaction a fluidised bed 

reactor was designed to study the dehydration of DSG calcium sulphate dihydrate. 

Chapter Three describes the apparatus and the experimental method. A study of the 

various time responses of the experimental system is included. 

" Chapter Four -Determining the Dehydration Kinetics of DSG Gypsum: Results and 

Discussion 

Chapter Four presents the results of experiments to investigate the effect of temperature, 

particle size and water vapour pressure on the dehydration kinetics of DSG gypsum. A 

solid state model is proposed for the dehydration reaction. 

" Chapter Five - Fluidisation and Elutriation in Batch Vessels 

Chapter Five details an investigation into the fluidisation properties of DSG gypsum 

including the elutriation of gypsum particles. The results are presented and discussed in 

this chapter. 

" Chapter Six -A Method for Carrying out Tracer Tests in a Conical Calcination Kettle 

Chapter Six contains a discussion of the operation of an experimental scale kettle used to 

study the extent of solids mixing. This was carried out using sodium carbonate as an inert 

tracer. The experimental method and analysis techniques are detailed. 
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9 Chapter Seven - Tracer Test Results and Discussion 

Chapter Seven presents the results of the tracer tests. The affect of varying the operating 

conditions are discussed. A model of the solids residence time is described. 

" Chapter Eight - Consideration of Internal Gradients Within the Calciner 

A number of physical gradients, such as water vapour pressure, gas velocity and 

temperature, may exist within the kettle during operation. The presence of these gradients 

have been investigated using theory and results from the tracer test experiments. 

9 Chapter Nine - Modelling the Conical Kettle Calciner 

The application of the theoretical modelling approach is discussed in Chapter Nine and 

using experimental data derived from the dehydration reactions, elutriation experiments 

and the tracer tests. The applicability of the experimental data is discussed. 

" Chapter Ten - Conclusions and Further Work 
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CHAPTER TWO - REVIEW OF GYPSUM DEHYDRATION AND 

FLUIDISATION LITERATURE 

Chapter Two contains a review of current literature relevant to the physical processes 

which occur within the conical kettle calciner. The conical kettle calciner is used to 

thermally dehydrate gypsum to produce plaster. This literature review covers the kinetic 

and fluidisation properties of the system. 

The kinetic parameters are examined in Sections 2.1 to 2.3. These are defined as being 

those phenomena occurring on the particle in the calciner unit and include dehydration 

kinetics, internal heat transfer and internal diffusion. A study is made of the chemistry of 

the CaSO4/H2O (calcium sulphate/water) system and solid state reactions. This includes 

all the physical, chemical and thermodynamic properties of the calcium sulphate phases, 

along with methods of phase analysis. A phase diagram giving conditions for equilibrium 

is presented based upon thermodynamics. Next the nature of solid state reactions is 

introduced. The different mechanisms which can control the kinetics of solid state 

reactions are studied and the techniques used to study them discussed. Consideration is 

given to the heat and mass transfer processes occurring within particles. A detailed review 

of experimental studies into the dehydration kinetics of calcium sulphate dihydrate and 

hemihydrate is also given. 

The fluidisation properties of the system are reported in Section 2.4 - 2.10. These have 

been defined as those properties which contribute to the extent and quality of fluidisation 

within the calciner unit. The general fluidisation properties of DSG gypsum/plaster are 

investigated along with fluidisation in conical vessels. Next, the heat transfer, mass 

transfer and reaction kinetics in a fluidised bed are studied. Finally, the elutriation of 

particles from a fluidised bed are studied. Where possible equations and correlations have 

been applied to the laboratory conical calciner system to determine their relevance. 

2.1 Review of properties relevant to Particulate Scale 

A review is given for the properties relevant to the particulate scale. The review is divided 

into two separate sections: 
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" Physical/Chemical Properties - The physical and chemical properties of the different 

calcium sulphate phases are stated along with the thermodynamics and methods for 

determining the different calcium sulphate phase compositions. 

0 Kinetic properties - The kinetic properties relevant to the calcination of gypsum are 

investigated. A discussion of solid state reactions and a complete review of previous 

experimental investigations into the dehydration rate of dihydrate and hemihydrate 

are presented. Consideration is also given to internal heat and mass transfer. 

2.1.1 The Chemistry of the CaSO4-H20 system 

The CaSO4-H20 system is characterised by five solid phases, four of which can exist at 

ambient conditions. The fifth phase, Anhydrite I, exists only at temperatures in excess of 

1180°C [Wirsching, 1990] : 

1. Calcium Sulphate dihydrate ; CaSO4.2H20 Dihydrate, D 

2. Calcium Sulphate hemihydrate 

3. Calcium Sulphate Anhydrite III 

4. Calcium Sulphate Anhydrite H 

5. Calcium Sulphate Anhydrite I 

CaSO4.1/2H20 

CaSO4 

CaSO4 

CaSO4 

Hemihydrate, H 

Anhydrite III, AM 

Anhydrite II, AH 

Anhydrite I, Al 

The important physical properties of the different calcium sulphate phases are shown in 

Table 2.1. Calcium sulphate hemihydrate occurs in a and 1 forms. Plaster consists on the 

whole of the (3-hemihydrate form, which is produced by the dry calcination of gypsum at 

120-180°C. (3-hemihydrate is made up of flaky rugged secondary particles . 
The a- 

hemihydrate is formed from gypsum by wet calcination at elevated pressures or at 

atmospheric pressure with the addition of acid or aqueous salt solutions between 80- 

130°C. The a-hemihydrate consists of compact, well formed, transparent, large primary 

particles [Wirsching, 19901. The properties of hemihydrate can lie anywhere between 

those of the two end members ((x and (3) depending upon the water partial pressure when 

formed [Ball and Norwood, 1969]. 

Anhydrite is the common name for the totally dehydrated forms of Calcium Sulphate. 

Three phases have been put forward for AM, 
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" PAIII - Formed by careful heating of ßH at up to NOT 

" PAM' - Formed directly from D without the formation of H when small particles 

are heated rapidly at low water vapour pressures. The specific surface area can be up 

to 10 times that of (3AIH 

" aAIII - Formed by careful heating of aH at high water vapour pressures 

[Wirsching, 1990] 

PH formed by the rehydration of (3AIH at high water vapours and has different properties 

to that formed from PAIR'. 

There is considerable controversy concerning the existence of other hydrate phases of 

calcium sulphate [Hand, 1997]. The other proposed hydrates are: 

"A series of subhydrates of the form CaSO4. nH2O where n varies from 0 to 2/3 [Bunn, 

1941] 

"A series of subhydrates of the form CaSO4. nH2O where n varies from 0 to 1 [Cano & 

Chatelain, 1958] 

" CaSO4.3/5 H20[Bezou, Buisson, Mutin & Nonat, 1990] 

" CaSO4.2/1 H20[Bushuev & Borisov, 1982] 

" CaSO4.4/5 H20[Abriel, 1983] 

There is no clear evidence as to the existence of any of these further hydrates. On the 

whole it appears that any further hydrates only exist under conditions of high water 

vapour pressure [Hand, 1997]. 
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2.1.2 Physical Properties 

TABLE 2.1: PHYSICAL PROPERTIES OF GYPSUM, HEMI AND ANHYDRITE [ADAPTED FROM WIRSCHING, 1990 

& KROSCHWITZ, 1992] 

Calcium Calcium Anhydrite III Anhydrite II Anhydrite I 

Sulphate Sulphate 

Dihydrate Hemihydrate 

Formula CaSO42H, O CaSO4I/2H2O CaSO4 CaSO4 CaSO4 

MW 172.17 145.15 136.14 136.14 136.14 

Water of 20.92 Wt % 6.21 Wt % 0 0 0 
Crystallisation 

Density, kg/m3 2310 a: 2757 2580 2930-2970 Not known 

ß: 2619-2637 

Hardness, Mohs 1.5 - - 3-4 Not known 

Solubility, 0.21 a: 0.67 hydrates to 0.27 - 
g/100g H2O @ hemihydrate 
20°C 

ß: 0.88 

Thermodynamic <40°C Metastable metastable 40-1 180°C >1 180"C 
Stability 

Forms/Stages 2 forms, a 3 Stages, P III 3 Stages, A II-s 

P 1III' All-u 

a A II-E 

Synthesis < 40°c a: >40°C from a& 1AI1I; 200-1 180°C >I 180°C 
Conditions aqueous sol 50°C in 

vacuum, 100°C 
in air 

ß: 45-200°C in 1AIII'; 100 °C 
dry air in air 

Production <40°c a: 80-180 °C 1AIII, 1AIII' : 300-900°C Not 
Temp 290°C produced 

ß: 120-180 °C aA III: 110°C 

Kelly et al (1941) conducted an extensive study into the thermodynamic properties of the 

gypsum-hemihydrate-anhydrite system. The authors proposed a number of relations which 

gave thermodynamic properties for temperatures between 25 and 152°C with no serious 

errors. The relations for specific heats are given in Table 2.2: 
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TABLE 2.2: SPECIFIC HEATS, Cp, FOR GYPSUM, HEMIHYDRATE AND ANHYDRITE 

Cp (Cal/mol K) 

CaSO4.2H20 21.84 + 0.076 T (T = °K) 2.1 

CaSO4. '/, H20 (ß) 11.48 + 0.061 T (T = °K) 2.2 

CaSO4 14.10+0.033T (T=°K) 2.3 

2.1.3 Phase Analysis 

Phase analysis allows the differentiation between the dihydrate, hemihydrate and 

anhydrite forms of calcium sulphate. Analysis techniques must be carried out immediately 

after sample production as AIII is metastable at ambient conditions. In the presence of 

water vapour it reverts back to hemihydrate. Also, the hemihydrate phase will readily 

absorb up to 2% of its own weight of water vapour without transforming to dihydrate. 

This water can be completely removed by heating at 40°C [Wirsching, 1990]. 

The analysis of the separate phases has been attempted by many experimenters. 

Techniques used include proximate analysis (PA), X-ray diffraction (XRD), infra-red 

spectroscopy (IRS), microscopy, calorimetry, differential thermal analysis (DTA) and 

gravimetric thermal analysis (TGA). These techniques have been used qualitatively rather 

than quantitatively. It has also been reported that the quantitative analysis of the phases is 

difficult and requires considerable experience to get ± 5% accuracy [Wirsching, 1990]. 

The distinction between a and (3 forms of hemihydrate is not possible by hydration 

methods. However, it is possible by thermal analysis by examining the exotherm after 

hemihydrate dehydration [Barber et al, 1991]. The analysis of Al is not relevent here as it 

is only produced and is stable at temperatures > 1000°C. 

The standard methods of phase analysis are described below: 

2.1.3.1 Proximate Analysis (PA) 

Proximate analysis is a relatively simple technique involving hydrating, heating and 

weighing samples in order to deduce the phase composition. The full analysis method is 

given in Chapter Six (Section 6.3.3.2) 
. The results of this technique are quoted to 0.1 %, 

however it is stressed that this is not the true precision. A sensitivity of 1-5%, depending 

upon the experience of the analyst, is probably more reasonable. The great advantage of 
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this technique for phase analysis is that a large number of samples can be analysed 

simultaneously. 

2.1.3.2 Thermal Analysis (TA) 

The term Thermal Analysis (TA) is applied to a group of techniques in which a physical 

property of a substance is measured as a function of temperature, while the substance is 

subjected to a controlled temperature program. Three TA techniques are commonly used 

for the analysis of CaS04-H20: 

9 Thermal Gravimetric Analysis (TGA) 

" Differential Thermal Analysis (DTA) 

9 Differential Scanning Calorimetry (DSC) 

2.1.3.2.1 TGA 

Thermal analysis methods alone rarely give sufficient information to permit a complete 

interpretation of the reactions in a particular system. The results must usually be 

supplemented by other TA or general analytical techniques. Alternative TA methods are 

best applied simultaneously which avoids ambiguity from using different instruments. 

TGA involves measuring mass changes of a sample subjected to a controlled 

heating/cooling rate as a function of time/temperature. A typical TGA curve for 

hemihydrate is shown in Figure 2.1: 

\° O 

t rn .ý 

Tern perature (deg C) 

FIGURE 2.1: TYPICAL TGA CURVE FOR CASO4-H20 SYSTEM 

E 

0 

> 

0 

Wirsching (1987) used TGA to assess for dihydrate 
, hemihydrate, calcium carbonate and 

magnesium carbonate with an accuracy of 1-2%. However the results given in the paper 

show that the analysis was carried out for samples of ancient mortar (pure dihydrate) and 
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lime based finishing (pure hemihydrate). It is not known how accurately the technique 

would differentiate between dihydrate, hemihydrate and anhydrite. It is impossible to 

distinguish between AIR and AH as there is no mass loss with temperature. 

2.1.3.2.2 DTA 

Differential Thermal Analysis (DTA) is a technique for recording the difference in 

temperature between a reference material and the sample against either time or 

temperature, as the two specimens are subjected to an identical temperature regime in an 

environment heated or cooled at a controlled rate [Pope & Judd, 1977]. If heat is released 

by the sample then the sample temperature increases relative to the reference. This is 

termed an exotherm. If heat is absorbed by the sample then the sample temperature 

decreases relative to the reference. This is termed an endotherm. If no heat is released or 

absorbed there is a small and steady temperature differential occurs between the reference 

and sample materials primarily due to the differences in heat capacity and thermal 

conductivity [Pope & Judd, 1977]. 

Figure 2.2 show a typical DTA curve for gypsum. The onset temperature for the 

dihydrate-4hemihydrate endotherm is typically around 112-115 °C, with the peak 

temperature occurring between 140-150°C. The hemihydrate-AIII endotherm overlaps 

the first endotherm and has a distinct peak at around 167°C. The subsequent AH-AH 

exotherm occurs between 300-400°C 

AT 

deg C 

a: -1.5 H20 
b: -0.5H20 
c: AIIItoAII 

FIGURE 2.2: TYPICAL DTA PHASE ANALYSIS FOR CASO4-H2O SYSTEM 

DTA has been one of the most extensively used phase analysis techniques. Ball & 

Norwood (1969), Ball & Urie (1970), Negro & Stafferi (1972), Khalil et al (1971), Kuntz 

(1965), Khalil (1982), Khalil & Hussein (1972) and Enayetallah (1977) have all used the 
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technique for qualitative phase analysis. DTA curves are derived and the peaks are 

examined to deduce which phases are present. The majority used heating rates of 10 

°C/min. However Kuntz (1965) stated that a rate of 6°C/min at temperatures < 200°C and 

12°C/min > 200°C gave better peak definition and resolution. 

DTA has been used for quantitative analysis by Holdridge and Walker (1967) and 

Holdridge (1965). Phase compositions were assessed by calculating the areas of the 

exotherms and endotherms, since the area is directly related to the quantity of the phase 

present. In both papers a rate of 10°C/min was used up to 800°C, allowing determination 

of impurities along with the standard phases. It was found that the AIII-AII exotherm 

was difficult to evaluate. Holdridge & Walker (1967) gave an accuracy of ±5%. 

2.1.3.2.3 DSC 

Differential Scanning Calorimetry (DSC) is defined as being a technique in which the 

heat-flow rate (power) to a sample is monitored against time or temperature while the 

temperature of the sample, in a specified atmosphere, is programmed (Höhne et al, 1996). 

The data provided by a DSC scan is similar to that from a DTA scan, with the heat flow 

rate (1) plotted against either the time or the temperature. However the peak definition is 

the reverse to that for DTA. That is, upward peaks are defined as Endotherms as heat is 

added to the process, whereas downward peaks are defined as Exotherms. 

FIGURE 2.3: GYPSUM DSC CURVE [ FROM BARBER ET AL (1991)] 
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DSC has only been reported as having been used qualitatively. Barber et al (1991) state 

that the technique is most useful for identification of the phases after the calcination of 

dihydrate. 

2.1.3.3 X-Ray Diffraction (XRD) 

X-rays form part of the electromagnetic spectrum and have a wave length of 0.5-2.5 A. X- 

rays are diffracted by crystals as the X-rays have a wavelength of the same order as the 

interatomic distance in the crystals. In XRD a beam of monochromatic X-rays is applied 

to the crystal. The diffracted beam is made up of rays scattered by all the atoms in the 

crystal which lie in the path of the incident beam. A given substance always produces a 

characteristic diffraction pattern, whether it is present in a pure state or part of a mixture. 

The intensity of the diffraction pattern of a particular phase in a mixture depends on the 

concentration of that phase in the mixture [Cullity, 1956]. For powder XRD the sample is 

reduced to 10 µm and held together with a suitable binder. It is assumed that the powder 

assumes a random orientation. A typical gypsum XRD pattern is shown in Figure 2.4. 

Ball and Urie (1970), Negro & Stafferi (1972), Beretka & Brown (1983), Baldin (1987), 

Khalil et al (1971), M`Adie (1965), Enayetallah (1977), Khalil (1982) and Khalil & 

Hussein (1972) have all used XRD for qualitative phase analysis. The XRD curves were 

examined for distinctive peaks to assess which phases were present. One of the most 

common problems was that the AM and H peaks are hard to distinguish due to their 

similar crystal structure. 
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H 

H H 

G 
G G 

50 40 30 20 10 

20 

FIGURE 2.4: TYPICAL CALCINED GYPSUM XRD 

XRD was used quantitatively by Molony and Ridge (1968) to deduce dihydrate and 

hemihydrate composition with an accuracy of ±2%. A further advance is the use of 

simultaneous XRD and XRF (X-Ray fluorescence) studies with which quantitative 

analysis of the dihydrate, hemihydrate and anhydrite can be carried out [Yellepeddie and 

Bonvin, 1996]. 

2.1.3.4 Summary 

To summarise there are a number of different methods which allow the phase analysis of 

calcium sulphate and its hydrates. The thermal analysis techniques are relatively accurate, 

but do not differentiate between AIH and AH and are slow to perform. Similarly XRD can 

have a high accuracy but its difficult to differentiate between H and AM and a random 

orientation of the particles is required. Since DSG particles are often needle like in shape 

(see Figure 6.7-6.8) this is difficult to achieve. The proximate analysis technique has a 

lower accuracy, however a large number of samples can be analysed simultaneously. 

2.2 Gypsum/Hemihydrate Dehydration and Solid-State kinetics 

The dehydration (or calcination) of calcium sulphate dihydrate and calcium sulphate 

hemihydrate are examples of thermal decomposition reactions. Thermal decomposition is 

defined as a chemical process where there is a breakdown of one or more of the 

constituents of the reactant into simpler atomic groupings as a result of a temperature 

-22- 



Chapter Two - Review of Gypsum Dehydration and Fluidisation Literature 

increase [Bamford & Tipper, 19801. The thermal decomposition of a solid can be 

represented by the following equation: 

Ars, ) B(S) + Crs) 

Where A is the solid reactant (in this case either dihydrate or hemihydrate), B is the solid 

product (in this case either hemihydrate or anhydrite) and C is water vapour. The 

dehydration of dihydrate and hemihydrate are shown diagrammatically in Figure 2.5. It 

can be seen that dihydrate can either dehydrate to hemihydrate or directly to AIH. 

Hemihydrate can dehydrate to AIII. AIH will revert back to hemihydrate under conditions 

of high water vapour pressure. A further solid state reaction is the production of AH from 

AIR. This does not result in any gas being given off but to a change in structure. The Al 

anhydrite phase is not considered as it only exists at temperatures over 1000°C. Generally, 

it is desirable to maximise the hemihydrate formed in the production of plaster. 

-2H 20(V) 

-1.5H20(V) -0.5H20(V) 
CaSO4.2H20 , 10 CaSO41 /2H20 ' CaSO4 º CaSO4 CaSO4 

+1.5H20(q +0.5H20(V), (I) 
GYPSUM GYPSUM PLASTER ANHYDRITE-III ANHYDRITE-II ANHYDRITE-I 

Calcium Sulphate Calcium Sulphate Calcium Sulphate Calcium Sulphate Calcium Sulphate 
Dihydrate Hemihydrate >703C >20OPC >1180'C 

>7OC 

FIGURE 1.1: CaSO4/H20 REACTION SYSTEM 

The decomposition reactions occur at different temperatures, as shown in Table 2.3: 
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TABLE 2.3: TYPICAL DECOMPOSITION REACTION TEMPERATURES [WUNDERLICH 1987] 

Reaction Temperature. °C 

Start Max End 

CaSO4.2H2O CaSO4. l /, H2O + 11 /, H2O [Fine] 75 240 307 

CaSO4.2H20 > CaSO4. ' /, H2O + 11 /, H2O [Coarse] 83 245 339 

CaSO4. I /, H2O ) CaSO4 +1 /2 H2O (g) 111 260 405 

There are a number of distinguishing features of solid phase reactions, namely [Bamford 

& Tipper, 1980] : 

" The chemical reaction occurs within a restricted zone of the solid characterised by 

locally enhanced reactivity (this zone is generally referred to as the reaction interface) 

" Where more than a single reactant is involved 
, solid product may constitute a barrier 

layer which tends to oppose further reaction 

The dehydration reaction occurs over three steps [Deutch et al, 1994] : 

" Breaking of the bonds involving water molecules to calcium sulphate. 

" Diffusion of the water molecules through the crystal; the initial phase and newly 
formed phase. 

" transport of the water molecules to the bulk. 

2.2.1 Structural changes 

The crystal structure of calcium sulphate consists of chains of alternate Ca 2+ and S042- 

ions. In gypsum the water of crystallisation is embedded between the layers, forming a 
layer lattice and thus allowing easy cleavage along these planes. 

There is some controversy over how the geometry of the gypsum crystal changes with 
heating. Khalil (1982b) believes it progresses as shown in Figure 2.6: 
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'Monocyclic form of dihydrate 
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FIGURE 2.6: CRYSTAL CHANGES DURING DEHYDRATION REACTION 

Deutch et al (1994) believes that as water is expelled from the dihydrate crystal a 

reordering of the Ca2+ and S042- ions occurs. This leads to the change in lattice shape 

from monocyclic to orthorhombic. The lattice shrinks from a volume of 123A3 for the 

dihydrate unit cell to 88k3 for the hemihydrate unit cell. The remaining water molecules 

in the hemi are positioned in hexagonal canals built by the tetrahedral S042 anions and 

Ca 2+ cations. This explains why there is little change in structure from hemihydrate to 

soluble anhydrite. The volume of the unit cell for soluble anhydrite is 89A3 

Wirsching, (1990) states that the lattice symmetry of gypsum is monoclinic, hemi is 

rhombohedral and soluble anhydrite is hexagonal. 

2.2.2 Thermodynamics 

Kelly et al (1941) studied the thermodynamic properties of the gypsum-hemi-anhydrite 

system and derived the relationships for the heats of dehydration (AH) and free energy 

(AF) given in Table 2.4: 
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TABLE 2.4: THEORETICAL THERMODYNAMIC EXPRESSIONS [FROM KELLY ET AL, 19411 

CaSO4.2H20 -ý CaSO4.1 /2H2O(a) + 3/2H2O(g) 

AH (Cal/mol) 

AF (Cal/mol) 

19486 + 6.29 T-0.0 17 T2 

19486 - 14.49 T logT + 0.017 T2 -20.50 T 

2.4 

2.5 

CaSO4.2H2O - CaSO4. '/2H2O(ß) + 3/2H20 

AH (Cal/mol) 

AF (Cal/mol) 

20640 + 0.82 T-0.006 T2 

20640 - 1.89 T logT + 0.006 T2 - 51.48 T 

2.6 

2.7 

CaSO4.2H20 - CaSO4(II) + 2H, 0 

AH (Cal/mol) 

AF (Cal/mol) 

24630 + 7.16 T-0.0 195 T2 

24630 - 16.49 T logT + 0.0195 T2 - 33.18 T 

2.8 

2.9 

CaSO4.2H20 - CaSO4(IIIß) + 2H20 

AH (Cal/mol) 27810 + 7.16 T-0.0195 T2 2.10 

AF (Cal/mol) 27810 - 16.49 T logT + 0.0195 T2 - 33.43 T 2.11 

CaSO4.2H20 - CaSO4(IIIa) + 2H20 

AH (Cal/mol) 

AF (Cal/mol) 

26750 + 7.16 T-0.0195 T2 

26750 - 16.49 T logT + 0.0195 T2 - 33.43 T 

2.12 

2.13 

CaSO4.1/2H2O(ß) - CaSO4(IIIß) + '/2H2O 

AH (Cal/mol) 

OF (Cal/mol) 

7170 + 6.34 T-0.0135 T2 

7170 - 14.60 T logT + 0.0135 T` - 18.06 T 

2.14 

2.15 

CaSO4. '/H-O(ß) - CaSO4(IIIß) + '/H- O 

OH (Cal/mol) 

OF (Cal/mol) 

7170 + 6.34 T-0.0135 T2 

7170 - 14.60 T logT + 0.0135 T2 - 18.06 T 

2.16 

2.17 
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2.2.3 Factors affecting the rate of dehydration 

It has been found that the rate of the dehydration reaction increases with: 

" Increasing temperature [Hensen et al, 1973; Kondrashenkov et al, 1980; Khalil, 1982; 

Holdridge et al, 1967; Lavrov, 1968]; 

" Decreasing particle size [Kondrashenkov et al, 1980, Khalil, 1982; Li et al, 1987]; 

" Decreasing water vapour pressure [Bobrov, 1978]. At high water vapour pressures the 

hemi to anhydrite reaction is retarded more than the gypsum-hemi reaction [McAdie. 

1964]; 

" Decreasing air pressure [Taylor et al, 1970] to a maximum at 1 mm Hg. 

Holdridge et al (1967) have shown that gypsum dehydration occurs from = 70 °C although 

the exact temperature at which the reaction starts depends upon the water vapour pressure. 

Gypsum is thermodynamically stable at temperatures below 40°C [Wirsching, 1990]. As 

the gypsum is fed to the kettle at around 70°C the reaction may already have begun. The 

reaction will also continue for those particles entrained in the gas exit. 

As the temperature is increased, the reaction rate increases and there is a greater 

possibility of the formation of the undesirable anhydrite phases. It has been shown that 

heating gypsum at 180°C for 30 minutes resulted in the formation of anhydrite only 

[Hensen, 1973]. Gypsum, hemi and anhydrite can co-exist within a single grain of 

gypsum, with the thickness of each successive layer depending upon temperature, rate of 

heating, particle size and possibility of rehydration [Khalil, 1982b; Khalil & Hussein, 

1972; Molony and Ridge, 1968]. 

Kelly et al (1941) states that it is not possible to remove all the molecules of water from 

CaSO4. one to one quarter H2O Wt% is retained by the anhydrous CaSO4 lattice at 

temperatures below 360°C. This phenomena was not found to occur during the 

experiments carried out in Chapters Three and Four. 

Taylor et al (1970) found that reducing the pressure below 1 atmosphere at 100°C led to 

an increase in reaction rate. It was also found that water vapour removal aided the reaction 

at high pressures and impeded the reaction at low pressures. 
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2.2.4 Phase Diagram 

The dehydration of dihydrate and hemihydrate is strongly influenced by water vapour 

pressure. If the water vapour pressure is high enough at a given temperature then the 

dehydration reaction will not proceed. This limiting water vapour pressure is defined as 

the dissociation pressure and can be calculated from the thermodynamic expressions 

described below [Daniels and Alberty, 1966]. 

The Gibbs free energy change, OG, for a reaction can be used to determine if a reaction is 

thermodynamically possible under certain conditions of temperature and pressure. If OG 

has a negative value then the reaction will proceed and if AG is positive then the reaction 

will not proceed. If AG is 0 then the reactants and products are in equilibrium [Daniels 

and Alberty, 1966]. AG can be calculated from the following thermodynamic expressions 

for water vapour pressures of 1 atm: 

AG=AH - TOS 2.18 

In order to take into account the effect of water vapour pressure on the dehydration, 

equation 2.18 is modified to give: 

AG = AH - TOS +RT1nKp 2.19 

Therefore the dissociation pressure can be calculated for different temperatures by setting 

AG in expression 2.19 to zero and using the thermodynamic expression mentioned 

previously. 

Figure 2.7 shows the calculated phase diagram for the CaSO4/H2O system along with 

experimentally determined values for the dissociation pressure. These were determined 

using equations 2.18 and 2.19 and the data given in Tables 2.2 and 2.4: 
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-+- Mod: D=AIII(B)+2W a Can Pat Z Stenstrom 

FIGURE 2.7: COMPARISON OF MODELLED DISSOCIATION PRESSURE WITH EXPERIMENTAL VALUES [Dl, 

D2, H(B)l, H(B)2, H(B)3, H(B)4, D=H(A), D=AII FRM KELLY, 1941; CAN PAT FROM DAILY, 1958; STENTROM FROM 

STENSTROM 1992] 

Figure 2.7 illustrates the regions where the water vapour pressure is too high for the 

dehydration reactions to proceed. The points represent experimental values for the 

dissociation pressures. The lines represent theoretical values for the dissociation pressure 

from thermodynamics. Figure 2.7 shows the experimental data to fit the theoretical 

models well. 

As the reactions are in the solid state, the chart show the direction of the reaction and the 

final product. This is because solid state reactions cannot exist in equilibrium and will 

complete to one of the states shown (although this may occur at a slow rate). For example, 

at 100°C and 0.6 atm PH20 the AM phase will proceed to hemihydrate and dihydrate to 

hemihydrate. The diagram also shows which are the potential reactions depending upon 

the operating conditions. For example at 150°C and 0.2 atm PH20 all the dehydration 

reactions can occur. 
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2.2.5 Solid State Reaction Mechanisms 

The kinetics of solid state reactions must be considered in a different way to reactions in 

the liquid and gaseous states. The kinetics of many solid-state reactions can be 

represented by the general equation f((x)=kt, where a is the fraction reacted in time t and 

the function f((x) depends upon the reaction mechanism and the geometry of the reacting 

particles. 

The different mechanisms are described below: 

" Diffusion controlled - The rate of diffusion within the solid is the rate controlling step. 

The particle geometry is considered in the derivation of the models. One-dimensional 

diffusion models (D1) consider a flat reacting layer, two-dimensional models (D2) 

consider diffusion controlled reaction in a cylinder and three dimensional models (D3 

and D4) consider reaction in a sphere. 

" Phase boundary controlled - The rate of reaction is controlled by the movement of a 

reaction interface at a constant velocity. Models have been derived based upon simple 

geometrical systems. The R2 model considers a cylinder or circular disk reacting from 

the edge inwards and the R3 model a sphere reacting from the surface inward. 

" Order of reaction - Although not directly applicable to solid state reactions it has been 

found that some solid state reactions follow first order reaction kinetics (F1). 

" Nucleation - If nucleation is a random process then the nuclei will grow larger and 

eventually impinge on each other so that growth ceases where they touch. This was 

considered by Avrami and Erofe'ev who proposed the A2 and A3 models. 

Each reaction model described above has a distinctive `shape' which is shown in Figure 

2.8. This is a reduced time plot, i. e. the conversion (a) is plotted against the time divided 

by the half time (t/t5o). The equations given in Table 2.5 can be compared with 

experimentally derived rate data to determine the mechanism by which the reaction occurs 

and hence to evaluate the reaction rate constant. 
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TABLE 2.5: SOLID STATE MECHANISM EQUATIONS [TAKEN FROM SHARP ET AL 1966 AND BAMFORD & 

TIPPER, 1980] 

Equation 

Diffusion Controlled One dimensional, D1(a) a2 = kt 2.20 

Two Dimensional, DZ(a) (1-(x)ln(1-a) +a= kt 2.21 

Sphere, D3(a) kt =[ 1-(1-(X)'°]2 2.22 

Ginstling-Brounshtein, (1_2a/3)-(1-(X)2h'3 = kt 
D4((X) 

Phase Boundary controlled Contracting Area, RZ(a) [ 1-(1-a)"2] = kt 2.23 

Contracting Volume, kt = 1-(1-(x)"3 2.24 
R3(a) 

Order of Reaction First Order, F1((x) kt = -In( 1-a) 2.25 

Second Order kt = (1-(x)-' 2.26 

Third Order kt = (1-(X)-2 2.27 

Nucleation Avrami-Erofe'ev 2, A2(a) kt = [-ln(1-a)]"2 2.28 

Avrami-Erofe'ev 3, A3(a) kt = [-ln(1- (y)]1/3 2.29 

Avrami-Erofe'ev 4, A4(a) kt = [- ln(1- (Y)]' 2.30 

Prout Tompkins 2.31 
a kt=1n 

(1-a) 
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FIGURE 2.8: COMPARISON OF COMMON SOLID STATE MECHANISISMS 

Once the mechanism has been decided upon the other kinetic parameters can be 

calculated. In general the rate constant of a solid state reaction increases with temperature 

according to an exponential law (Arrhenius equation): 

k= Ae -E/RT 

High E 

- 

1/T 

FIGURE 2.9: ARRHENIUS PLOT 

,ý Low E 

- Slope = -E/R 

2.32 

A series of reactions at different temperatures are carried out with all the remaining 

experimental conditions constant. Reaction rate constants can then be determined for each 

temperature. An Arrhenius plot of In k versus l/T (K) allows the activation energy, E, and 

-32- 



Chapter Two - Review of Gypsum Dehydration and Fluidisation Literature 

frequency factor A, to be calculated from the gradient and intersect as shown in Figure 

2.9: 

2.2.6 Experimental Methods for deducing reaction kinetics 

The purpose of a kinetic study is to obtain information concerning the reaction 

mechanism through comparison of a series of measured variables ((X, t) with the 

theoretical relationships which have been derived based on the geometry of the interface 

initiation and advance and/or diffusion processes occurring within the solid. The problem 

may be regarded as the identification of the functional relationship between a and time, 

f((x)=kt, where k is the conventional rate coefficient. 

Two alternative approaches have been used in the literature [Bamford & Tipper, 1980] for 

the determination of solid state kinetics: 

" Isothermal: yield-time measurements are made whilst the sample is maintained at a 

constant temperature 

" Controlled Rate: Measurements made while the temperature of the sample is 

increased at a controlled rate, i. e. TG and DTG/DSC 

Measurements using both techniques have been used in the determination of kinetic 

properties of gypsum and hemihydrate. It should be noted that in the more traditional 

isothermal methods there will be a finite period before the sample reaches the reaction 

temperature. This can be minimised through careful experimental design. Also, the 

mechanism which is occurring need to be proposed in order to determine the kinetic 

parameters by controlled temperature rate methods [Wilburn and Sharp, 1994]. 

Most methods of analysis proceed by determining which rate equation provides the most 

accurate fit to the experimental data. However, obedience to a particular relation is then 

consistent with, but not proof of, reaction according to the model from which the relation 

was derived. Kinetic evidence alone cannot be regarded as a positive demonstration of the 

operation of a particular mechanism [Bamford & Tipper, 1980]. 

If meaningful results are to be obtained from analysis of the a-t curve then consideration 

of the possible errors is necessary. The following list gives some areas where care must be 

taken: 
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"c must be meaningfully defined and capable of being measured accurately. 

" The onset of reaction may be proceded by an initial surface process. 

" Error in measurement may distort the shape of the final a-t curve. 

9 The composition of the products may vary with a. 

" Enthalpy change during reaction may cause local and/or temporary deviations from 

isothermal conditions (the reaction vessel must also be maintained at a constant 

temperature). 

" Rates of nucleation/growth may vary with crystalographic surface and in different 

polymorphs of the same compound. 

" Kinetic behaviour may change during the course of the reaction. 

9 Rate characteristics can be changed by pre-treatment (for example preirradiation, cold 

working, ageing, conditions of dehydration etc. ). 

" The occurrence and significance of melting. 

" The influence of the distribution of particle sizes [Bamford & Tipper, 

19801 

Difficulties in analysing kinetic data can also occur due to the following: 

" The reaction mechanism differs when the experimental conditions are varied. 

" The mechanism of the later stages of the reaction differ to that followed initially. 

" Induction periods occur. 

" Gas adsorbs to the particle preventing from a reaching unity. 

" The surface area changes as a result of cracking. 

" Heat transfer determines the rate of reaction. [Hancock & Sharp, 1972] 

Carter (1961) stated that for a reaction model to be regarded as valid then the kinetic data 

must obey the model to 100% conversion. However the quality of kinetic data is generally 

poor at the beginning and end of the reaction. Sharp et al (1966) state that the conversion 

must be greater than 70%. Criado et al (1984) suggest that 15-80% conversion is usually 

sufficient. 
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2.2.7 Dehydration Rate Controlling Mechanism 

Several studies have investigated the controlling mechanism for the gypsum dehydration 

reaction. The different studies have given conflicting results: 

" Reaction is controlled by the rate of intraparticular diffusion (Okhotnikov et al, 1985). 

" Controlling mechanism is either kinetic or diffusion, depending upon temperature and 

structural conversion (Baldin, 1984). 

" The rate of dehydration of gypsum to hemi at 160-200°C is controlled by heat or mass 

transfer. The rate of dehydration of gypsum to hemihydrate at 80-140°C is controlled 

by reaction kinetics. The rate of reaction of hemi to anhydrite is controlled by 

diffusion [Sugimoto et al, 1966]. 

" For coarse particles the reaction rate is influenced by heat transfer across the 

hemihydrate and anhydrite shield due to their poor thermal conductivity [Khalil et al, 

1972]. Sugiyama et al (1969) have studied the effects of heat transfer on the rate of 

calcination for a single particle of 1.75 to 4.96 cm in a fluidised bed between 210- 

350°C. Heat transfer was found to have a great effect on the reaction rate. 

" Deutch et al [1994] believe that the controlling mechanism in the reaction of 

hemihydrate to soluble anhydrite is diffusion as no structural changes occur. 

2.2.8 Derivation of a Mathematical Rate Expression 

A number of authors have attempted to give a mathematical expression for the 

dehydration reaction of both dihydrate and hemihydrate. The information required to 

successfully model the dehydration is the reaction mechanism, activation energy (E), 

frequency factor (A) and the physical properties of the material studied (i. e. particle size 

distribution, source, etc). The expressions and their derivation methods are described 

below in chronological order. A brief summary is contained in Cave & Holdich (2000) 

which is reprinted in Appendix A. 

2.2.8.1 Model of Ashmore et al (1961 f PB 

Ashmore et al [ 19611 studied the dehydration of mineral gypsum by isothermal 

gravimetry. Two different gypsum samples were used: 
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1. Solid sphere; d=1.5", mass = 62.5g 

2. Powdered; mass = 80g (size distribution not given) 

The dehydration results were modelled using 2 kinetic expressions: 

Contracting volume: 1- ] 1- a= kt 2.24 

1St Order: 2.303 log 
1= 

kt 2.33 
1-a 

It was found that equation 2.24 fitted for 60-70% of the gypsum reaction, corresponding 

to hemihydrate production. This equation modelled the solid dehydration more 

successfully. Equation 2.33 fitted up to 80% of the reaction and gave a better fit to the 

powder dehydration. Rate constants are given in the paper. The activation energy was not 

calculated. 

2.2.8.2 Model of McAdie (1964) 

4g samples of pure calcium sulphate dihydrate with size distribution of 177-250. tm were 

dehydrated isothermally between 100 to 140°C at 0 to 760 mm H2O using a dynamic 

nitrogen atmosphere. 

It was found that low water vapour pressure catalysed both stages of the dehydration 

reaction, while increasing the water vapour pressure retarded the hemihydrate=AIH more 

than the dihydrate=hemihydrate reaction. Above a certain water vapour pressure there 

was no evidence of the second reaction occurring. An even higher water VP was found to 

supress the first reaction. Not all dehydrations resulted in the clear cut suppression of the 

second reaction, in some cases there was an induction period at the hemihydrate stage 

before commencing to the AIII stage. It is probable that the hemihydrate produced was a 

mixture of the a and ß forms. 

McAdie modelled the kinetics using the simple linear expression for a zero-order process: 

a= kt 

The rate constants which were derived are shown in the Table 2.6: 

2.20 
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TABLE 2.6: DERIVED REACTION CONSTANTS 

Reaction Calculated at loglo A E (kJ/mol) 

D=H 

H=AIII 

a=0.25 

a=0.8 

12.6-24.4 

9.2-16.8 

109-202 

88-130 

2.2.8.3 Model of Molony and Ridge (1968) 

4.5 g samples of reagent grade gypsum sieved with a 295 µm mesh were calcined by 

isothermal gravimetry. The furnace was operated under vacuum at 85 °C. The products 

were analysed at regular intervals using XRD. 

The main product was found to be AIII, and partially reacted grains were found under the 

microscope to be covered with a layer of product. 

As the particles were approximately equiaxial and dehydration appeared to proceed by an 

interface moving through the microcrystals `diminishing sphere' kinetics were used to 

model the reaction (correlation coefficient = 0.97), however it was found that `plate 

kinetics' also fitted equally well (0.98). The author took this to demonstrate that formal 

kinetics alone could not be used to distinguish between possible mechanisms. 

A- B(1 - (X)1'3 = kt 2.34 

`Diminishing Sphere' 

A-B(1-a)"2 = kt 2.35 

`Diminishing plate' 

The authors did not calculate any rate constants and concluded by stating that dehydration 

is a diffusion controlled process where the reaction begins at the nuclei on the surface of 

small crystals. 

2.2.8.4 Model of Heide (1969) 

The dehydration was studied using DTA of gypsum micro crystals (size unknown). The 

DTA runs were carried out using air and nitrogen atmospheres and sample sizes of 2-10 

mg. The TA curves were analysed over the first part of the reaction (up to 40% 

conversion) and estimated the activation energy to be 135 kJ/mol. The order of the 

reaction was assessed using the Freeman-Carrol procedure to be n=0.62 (-2/3) shown in 

equation 2.36. However equation 2.28 and 2.29 were found to better describe the reaction 
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Reaction order 2/3 

Avarami Erove'ev 2: 

Avarami Erove'ev 3: 

kt=[1-(1-a)12] or 

kt = [-ln(1- a)] 

kt = [-ln(1- a)]"3 

The authors did not give a calculated value of the frequency factor. 

2.2.8.5 Model of Ball and Norwood (1969) 

2.28 

2.29 

The dehydrations were carried out by isothermal gravimetry using AnalaR calcium 

sulphate dihydrate with a particle diameter of 40-60 µm. Samples of mass 100 ± 10 mg 

pressed into lcm diameter disks were used. Experiments with different mass disks and 

powder showed no difference in behaviour. The runs were carried out under atmospheric 

pressure using nitrogen charged with water vapour as the dynamic gas (70 cc/min). 

DTA analysis showed that only (3-hemihydrate and AIR were formed. The hemihydrate is 

produced in a wedge such that lower decomposition temperatures require higher vapour 

pressures to stabilise the hemihydrate. AIII is also formed at low temperatures and low 

partial pressures, under these conditions dehydration occurs as a single step with no 

evidence for hemihydrate production as an intermediate. The results of the experiments 

are shown below in Figure 2.10. The decomposition curves were interpreted and it was 

found that the rate controlling process changed with both temperature and partial pressure 

as shown in Figure 2.11: 

kt =[1-(1-(X)"3] 2.36 
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FIGURE 2.10: VARIATION OF REACTION PRODUCT WITH WATER VAPOUR PRESSURE AND TEMPERATURE 

[BALL AND NORWOOD, 1969] 

FIGURE 2.11: VARIATION OF CONTROLLING REACTION MECHANISM WITH TEMPERATURE AND WATER 

VAPOUR PRESSURE [BALL AND NORWOOD, 1969] 

Both 1-d and 2-d diffusion models fitted the data well when the reaction was diffusion 

limited: 

1-d diffusion : a2 = kt 2.20 

2-d diffusion : (1-(x)ln(1-(x) +a= kt 2.21 

The nucleation rate controlling step was best represented by the Avrami Erove'ev 

equation: 

2[-In( 1-(X)] "2 = kt 2.28 

The `contracting disc' mechanism best represented the boundary controlled reaction rate: 

[ 1-(1-(X)' 12] = kt 2.23 

Activation energies for some of the rate controlling processes were calculated to be: 

TABLE 2.7: CALCULATED ACTIVATION ENERGIES [BALL AND NORWOOD, 1969] 

kJ/mol 

PH2O (mm Hg) Nucleation Control Boundary Control Id Diffusion 2d diffusion 

10S 80.0 36.0 

4.6 246.2 48.6 

17.0 144.9 93.0 44.0 41.0 

25.4 96.7 50.3 47.3 

44.6 51.1 46.5 

The authors do not give a value for Log A (the frequency factor) 
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2.2.8.6 Model of Ball & Urie (1970) 

AnalaR calcium sulphate dihydrate was dehydrated at 170°C until its loss in weight was 

20.7%, it was then allowed to rehydrate in the atmosphere to form hemihydrate. The 

sample was found by XRD to be pure (3H. The sample was sieved to give the following 

size distribution: 

64-75 µm ---> 75 % 

53-64 µm ---> 15% 

A similar experimental procedure was followed to Ball & Norwood (1969) where the 

sample were pressed into 1 cm discs and the reactions carried out at atmospheric pressure 

under nitrogen with a controlled water vapour pressure. AM was found by XRD to be the 

only product. 

The reaction mechanism was found to be most accurately modelled by Id diffusion which 

could be best represented by the D1 diffusion law: 

a2 = kt 2.20 

A close fit was found with all the experimental conditions indicating that the reaction 

mechanism did not change. The calculated rate constants and activation energies are 

shown in Table 2.8: 

TABLE 2.8: CALCULATED ACTIVATION ENERGIES [BALL & URIE, 1970] 

Temperature °C 115 123 133 140 Activation Energy 

PH, o (mm) (kJ/mole) 

10-5 0.0210 0.0238 0.0282 0.0390 26.6 

0.8 0.0155 0.0211 0.0279 0.0338 34.1 

4.6 0.0079 0.0128 0.0178 0.0230 57.0 

17 0.0079 0.0128 0.0235 0.0350 83.8 

24 0.0068 0.0122 0.0199 0.0310 84.6 

31 0.0058 0.0188 0.0300 134.0 

42 0.0126 0.0320 205.2 

2.2.8.7 Model of Taylor & Bains (1970) 

Taylor and Bains (1970) studied the isothermal dehydration of calcium sulphate dihydrate 

at 100°C and varying air pressures. The experiments were carried out using natural 

gypsum with a close sieve range of 49-60µm. The sample mass was not given. 
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The best fit to kinetic data for a up to 0.6-0.7 was given using the contracting volume 

equation: 

1-3 (1-(x )=kt 2.24 

The reaction rate was found to be 0.00199 min-' at 762.6 mmHg, rose to 0.00914 min-' at 

0.7 mmHg and then fell to 0.00714 min-' at 7x 10-3 mmHg. 

2.2.8.8 Model of Murat and Comel (1971) 

The reaction of 30 different types of gypsum with a size distribution =< 1004m was 

followed by micro and macro DTA. The macro DTA studied 1.6g samples of gypsum at 

300°C/min and 25°C/min. The micro DTA studied 10mg samples of gypsum at 

300°C/min. The kinetics were found to exhibit distinct stages: 

1. Nucleation formation stage/Initiation 
2. Nuclei growth stage/Propagation 
3. Molecular water diffusion/Steam Diffusion 

The overall rate of reaction was between 0.4 and 0.8. 

2.2.8.9 Model of Negro (1972) 

Activation energy = 251-502 kJ/mol 

Activation energy = 104-251 kJ/mol 

Activation energy = 58-62 kJ/mol 

Negro (1972) carried out DTA using a heating rate of 2 °C/min on samples of both a and 

ß hemihydrate. The water vapour pressure was 10 mm Hg for the a runs and 9 mm Hg for 

the ß runs. The samples had a size distribution of 40-44 µm. The mass of the sample is 

unknown. 

Negro found that random nucleation (A2) best described the reaction mechanism for both 

a and F Hemihydrate: 

[-ln(1-a)]' ýý = kt 

The reaction constants were calculated to be: 

E (a) = 75 kJ/mole 

E (ß) = 80 kJ/mole 

A= 10 " seconds 

2.28 
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2.2.8.10 Model of Negro & Stafferi (1973) 

The dehydration of synthetic and natural gypsum was studied by DTA and gave the data 

given in Table 2.9: 

TABLE 2.9: REACTION CONSTANTS [NEGRO & STAFFERI, 1973] 

Activation Energy, kJ/mol A, s Reaction Order Mechanism 

Synthetic Gypsum 113 10'7 0.68 A3 

Selenite 88 10'4 0.72 A3 

Alabaster 126 1019 0.75 A2 

It was also found that gypsum spa had three different reaction stages each with a different 

activation energy. The average reaction order was 0.68. 

2.2.8.11 Model of Gagnaire et al (1979) 

Gagnaire et al (1979) studied the dehydration of gypsum using a helium fluidised bed 

reactor. The extent of the reaction was calculated by measuring the water vapour pressure 

of the exit gas by gas chromatography. The natural gypsum used in the experiments was 

found to be difficult to fluidise; Pyrex beads were added to give a completely fluidised 

bed. 

" Effect of temperature - 

40 g of gypsum with a size distribution of 63-80 gm was fluidised by 0.26 mol/min of 

Helium. 10 g of pyrex beads (size distribution not given) were added to aid fluidisation. 

Dehydration reactions were carried out at 97,91 and 87 °C. It was found that the water 

vapour pressure had two `crests' at the lower temperature which converged toward a 

single crest at the higher temperature. This is shown in Figure 2.12. The reaction took 3.5 

hours to complete at 97 °C, 5 hours to complete at 91 °C and 6.5 hours to complete at 87 
oC. 

" Effect of sample mass - 

The dehydrations were carried out as above at a temperature of 91 T. Dehydrations were 

carried out using 6g, 10g, 15g, 20g, 30g, and 40g. It was found that larger masses led to a 

longer reaction period and a more defined double 'crest'. This is shown in Figure 2.12 

" Effect of fluidising velocity - 
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The dehydrations were carried out as above using a 30g sample at 91 T. Dehydrations 

were carried out at helium flow rates of 0.26,0.24 and 0.15 mol/min. All three reactions 

produced water vapour pressure with twin 'crests'. 

Gypsum Dehydration 
91 Deg C; 40 g Sample 

16 

14 

12 

$ 10 

m 8 

m6 
a 

4 

0 
0234 

Time (h) 

Exit Gas VP -Alpha 

N is the function associated with vapour leaving the 

Gypsum Dehydration 
91 Deg C; 6g Sample 

56 0 0.2 0.4 0.6 0.8 
Time (h) 

-4- Exit Gas VP-Alpha 

FIGURE 2.12: FLUIDISED BED DEHYDRATION OF 40g OF GYPSUM AT 91 °C 

FIGURE 2.13: FLUIDISED BED DEHYDRATION OF 6g OF GYPSUM AT 91°C 

The authors state that the `twin peaks' are attributable to the vapour pressure exceeding a 

critical value and impeding the second dehydration reaction. When vapour pressure drops 

below this value the reaction can continue to completion. Therefore to attain differential 

conditions the water vapour pressure given off by the decomposing dihydrate must be less 

than this critical value. 

Gagnaire et al (1979) state that the reaction can be modelled by: 

c 
fN dt 

fi(t)= Qo 
Kn0 2-E(t) 

Where X is the degree of advancement of the reaction; 

Q is the Fluidising flow volume; 

reactor ; 
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K is the Constant connecting N to y (molar content of water vapour in the gaseous 

mixture leaving the reactor); 

n0 is the Initial gypsum mole value; 

E is the number of moles of water associated with each mole of CaSO4. 
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However the authors did not attempt to use this expression to model the reaction. 

2.2.8.12 Model of Khalil (1982) 

Khalil (1982) studied the dehydration of ig of gypsum by isothermal gravimetry at the 

following conditions: 

" Particle Diameter (µm) : 2109,1204,649,222,127,96.5,88 

" Temperature (°C): 70,80,90,100,120,140,160,180,200 

" Measurements (hrs): 0.25,0.5,1,2,5,10,15,20 

The paper includes full experimental data for each run. 

Khalil (1982) stated that rate could be expressed by equation 2.38 for the majority of a 

In t=Ba "2 

where B= constant 

2.38 

It was found that the expression did not give good accuracy at high temperatures and low 

particle sizes. The author suggested that this was due to the sampling frequency being too 

small when the rate was high. Khalil (1982) studied the effect of temperature and particle 

size on B and found that B was proportional to the temperature and inversely proportional 

to the square root of the mean particle radius; i. e. 

In t 
KTa "2 

r 
= ý/, 

2.39 

2.2.8.13 Model of Yonemoto et al (1988) 

The dehydration of calcium sulphate hemihydrate was studied between 110 and 140 °C at 

water partial pressures of 0.19 kPA to 3.68 kPa by isothermal gravimetry. It was found by 

SEM that the crystal form did not change as the reaction progressed. The authors go on to 

give a new type of model which requires translation. Graphs of the conversion versus time 

are reproduced in the paper. 

2.2.8.14 Model of Deutsch et al (1994) 

Deutsch et al (1994) studied the decomposition of gypsum by isothermal gravimetry. Five 

different gypsum samples were examined: 
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1. Natural Gypsum - Selenite 

- Satin Spa 

2. Pure Synthetic Gypsum - British Drug House Ltd (BDH) 

- E. Merck Ltd 

- Johnson Matthey Ltd (JM) 

Samples of 20.5 ± 0.5 mg of an unknown size distribution were dehydrated under the 

following conditions: 

" Purge gas: Air, dry/humid 

" Temp (°C): 40,50,60,70,90 

Table 2.10 below gives the approximate required dehydration times for the samples: 

TABLE 2.10: DEHYDRATION TIMES [DEUTSCH ET AL, 1994] 

Selenite Satin Spa BDH Merck JM 

°C D=H H=AIII D=H H=AIII D=H H=AIII D=H H=AIII D=H H=AIII 

40 - - - - - - - - 72h - 

50 - - - - - - - - 34 h slow loss 

60 85h 130h 65h 100h 50h 160h 90h 160h minn 30h 

70 44 h 72 h 20 h 50 h 16 h 24 h 16 h 22 h mins 5h 

90 5h 8h 4h 6h 3h 5h 3h 5h secs <ih 

The kinetics were modelled based upon the 60°C, runs as at lower temperatures the 

reactions are too slow and higher the reactions too fast. Deutch et al (1994) initially tried 

modelling the whole extent of the reaction, however it was found the kinetics at the 

beginning 10% and end 10% of the reaction were quite different to the main. Tables 2.11- 

12 give the top two models for each sample for both the D=H and the H=AIH reactions 

based on sample mass loss. 
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TABLE 2.11: TABLE RATE EQUATIONS D=H [DEUTSCH ET AL, 1994] 

D=H Whole reaction D=H Without Extremes 

Mechanism Equation Mechanism Equation 

Merck Power Law kt = a1"3 Power Law kt = a"4 

Power law kt = a'12 Power law kt = cc 1/3 

BDH Avrami Erove'ev kt = [-In( 1-a)] 1/3 Avrami Erove'ev kt = [-In( 1-(X)] "3 

Power Law kt =a Avrami Erove'ev kt = [-ln(1-a)]1/2 

JMC 2"d Order kt = 11(1 -(x) 2°d Order kt =1 /(1-a) 

1st order kt = -ln(1-a) 1" order kt = -l n(1-a) 

Selenite Power Law kt =a Avarami Erove'ev kt = [-ln(1-a)]112 

Avrami Erove'ev kt = [-ln(1-a)]'/3 Avrami Erove'ev kt = [-In( 1-a)] 1/3 

Satin Spa Power Law kt = a"2 Avrami Erove'ev kt = [-In( 1-a)] "3 

Power Law kt =a Power Law kt = a'/2 

TABLE 2.12: RATE EQUATIONS H=AI11 [DEUTSCH ET AL, 1994] 

H=AIII Whole reaction H=AIII Without Extremes 

Mechanism Equation Mechanism Equation 

Merck 2°d Order kt =1 /(1-a) 3rd Order kt =[ I/( 1-(X)] 2 

3`d Order kt =[ I/( 1-(X)] 2 2nd Order kt = 1/0 -a) 

B DH 1'` order kt = -ln(1-(x) Contracting Volume kt = 1-(1-(x)1"3 

Contracting Volume kt = 1-(1-(X)"3 Avrami Erove'ev kt = [-ln(1-a)]'/2 

JMC 2nd Order kt =1 /(1-a) 2"d Order kt = 11(1 -(x) 

3`d Order kt =[1 /(1-(X)]2 3d Diffusion kt = [1/0-a) `/3]` 

Selenite Contracting area kt = 1-(1-a)1/2 Avrami Erove'ev kt = [-In( 1-a)] lie 

Contracting Volume kt = 1-(1-(X)1/3 Contracting area kt = 1-(1-a)"2 

Satin Spa 1 "` order kt = -ln(1-a) 2d Diffusion kt = (1-(x) ln(1-a) +a 

2 dimensional diffusion kt = (1-a) ln(1-(x) +a 1 s` Order kt = -ln(1-a) 
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The authors state that a mathematical equation which fits the data best does not 

necessarily represent the true reaction mechanism. The difference in the best fit is often 

negligible showing that more than one model can fit the data. 

2.2.8.15 Model of Strydom et al (1995) 

Strydom et al (1995) carried out a number of dehydration reactions on synthetic gypsum 

with a particle diameter of between 45-106 µm using a Netzsch STA 409 simultaneous 

TG/DSC instrument. Sample sizes between 5 and 15 mg were dehydrated under a 

dynamic nitrogen atmosphere. Heating rates between 1 and 5 °C/min were employed. A 

kinetic software package was used to evaluate the kinetic behaviour. The reaction was 

found to proceed by the mechanisms shown in Table 2.13: 

TABLE 2.13: RATE DATA 

a Mechanism Equation Correlation coef. E, kJ/mol In A 

0-0.1 3-dimensional diffusion [1-(1-(X)"3]2 = kt 0.64 392 ±100 49 ± 14 

(Janders) 

0.1-0.7 1 s` order with autocatalytic ? 0.99 100.5 ± 1.2 10.6 ± 0.4 

activation 

0.7-0.8 Sestak-Berggen (up to 180 °C) ? 0.95 96 ± 15 10 ±3 

The initial and final stages of the reaction are not well defined. Strydom (1995) suggests 

that CaSO4.0.15H20 is formed and that there is a parallel reaction from H to both the 

anhydrous form and the form containing 0.15 moles of water. 

2.2.8.16 Hudsen-Lamb et al (1996) 

Hudson-Lamb et al (1996) studied the dehydration of both synthetic and natural gypsum 

of between 45 and 106 µm. The reactions were studied using a Netzsch STA 409 

simultaneous TG/DSC instrument. Sample sizes between 8.5 and 10.5 mg were used 

under a dynamic nitrogen atmosphere. A kinetic software package was used to evaluate 

the kinetic behaviour. It was found that the synthetic and natural gypsums followed 

different reaction mechanisms. These are shown in Table 2.14 and 2.15 respectively 
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TABLE 2.14: RATE DATA-NATURAL GYPSUM [HUDSEN-LAMB ET AL, 1996] 

a Mechanism Equation Correlation coef. E, kJ/mol In A 

0-0.2 3-dimensional diffusion [1-(I - a)"3]2 = kt 0.73 88 ±18 7.7 ± 2.7 

(Janders) 

0.2-0.5 1 s` order with autocatalytic ? 0.97 97.9 ± 4.3 10.1 ± 2.1 

activation 

0.5-0.7 d-dimensional Avrami- ? 0.99 97.2 ± 20.4 10.6 ± 2.6 

Erofe'ev equation 

0.8-1.0 2-dimensional Avrami- ln(1 _ a)]"2 = kt 0.95 96 ± 15 10.1 ± 0.1 

Erove'ev equation 

TABLE 2.15: RATE DATA-SYNTHETIC GYPSUM [HUDSEN-LAMB ET AL, 1996] 

a Mechanism Equation Correlation coef. E, kJ/mol In A 

0-0.1 3-dimensional diffusion [1- (1- a)113]2 = kt 0.63 137.2 ± 24.5 - 
(Janders) 

0.1-0.8 d-dimensional Avrami- ? 0.99 107.3 ± 2.4 11.9 

Erofe'ev equation 

0.5-0.7 1" order decomposition 1- a= e-k` 0.98 106.9 ± 1.5 11.9 ± 0.2 

It was found that impurities have an effect on the reaction kinetics making the accurate 

determination of the mechanisms and rates difficult. 

2.2.8.17 Model of Arii & Fujii (1997) 

Arii and Fujii (1997) studied the decomposition of calcium sulphate dihydrate by 

controlled rate thermal analysis (CRTA). CRTA is a technique that monitors the 

temperature versus time profile needed to maintain a chosen, fixed rate of change of a 

property of a sample in a specified atmosphere. In this instance the rate of mass loss. It 

has been suggested by the authors that CRTA gives improved sensitivity and resolution of 

the thermal analysis curve and provides better kinetic data than other TA techniques. 

The dehydrations were carried out using =15mg of reagent grade calcium sulphate 

dihydrate (purity = 99.7%). The dehydrations were run from ambient temperature to 250 

°C in a static air environment. A Rigaku Thermo Plus TG/DTA 8120D analyser was used 
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for the experiments, with a CPU to control the heating rate based on the rate of heat loss. 

The rate of mass loss was measured under two conditions: 

" Crucible covered with a lid with a pinhole - This is sufficient to increase the partial 

pressure of the water vapour. Therefore the curve resolution is improved by the effect 

of the self generated high humidity atmosphere. 

" Open crucible - The two step wise dehydration reactions follow each other closely and 
fuse to such an extent that that the curves can no longer be distinguished. 

CRTA was carried out at 3 different rates; C, C/1.67 and C/2.70 where C=3.0 x 10-2 min- 

The different stages were modelled. For the first stage of the dehydration the A4 Avrami 

Erove'ev kinetic model (2.40) was found to have the best fit with a correlation coefficient 

of 0.831-0.946. The activation energy was estimated at 119 ±7 kJ/mol. A was assumed to 

be 2x 109 min-1. 

4(1 - (x)[- ln(1- (X)]'-'/4 = kt 2.40 

The authors found it difficult to unambiguously select the correct mechanism for the 

second dehydration reaction as all the kinetic models gave a good fit. The activation 

energy was estimated independently of the kinetic equation to be 97 ± 18 kJ/mol A was 

assumed to be 2x 109 min-. The kinetic model selected based upon the estimated 

activation energy was to be the R3 phase boundary controlled. 

3(1 _ a)1-1/3 = kt 

2.2.9 Discussion 

2.41 

Fundamental to a model of the kettle is an in-depth understanding of the dehydration 

reaction. A number of authors have attempted to elucidate the dehydration kinetics. Both 

isothermal gravimetry and thermal analysis methods have been used to derive the kinetic 

expressions. The earlier papers tend to use isothermal techniques. It has been found that 

there are over 10 different models and mechanisms proposed for the gypsum dehydration 

reactions with no general consensus. In fact it has often been found that several different 

models fit the data equally well. Similarly quite a large range of activation energies have 

been calculated. It has been found that the activation energy for the dehydration of 
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dihydrate=hemihydrate is generally higher than that of hemihydrate=AIII. The 

activation energy for the dihydrate to hemihydrate reaction has been found to range 

between 80-392 kJ/mol and for the hemihydrate to AIII reaction from 27-205 kJ/mol 

Another weakness with the literature dealing with the dehydration rate is a lack of 

experimental data and results. Important experimental variables are often not mentioned 

(e. g., particle diameter, sample size, water vapour pressure). Also experimental results, 

such as the exact mechanism equation, frequency factor (Log A) and activation energies 

(E) are sometimes not given and merely alluded to. 

The type of gypsum used also greatly affected the applicability of the model. Differences 

in crystalline characteristics (i. e. size and amount of defects) were assumed to be one of 

the main reasons for differences in kinetic characteristics. Therefore it is important to 

study the dehydration of DSG gypsum since it has not been studied previously ands is one 

of the major sources in the production of plaster. 

The main contributing factor for the difference in kinetic data will be the fact that none of 

the authors considered the necessity for the reactions to be carried out under differential 

conditions. The general term `differential conditions' as applied to gas/solid reactions 

means that the difference in reactant concentration between the reactor feed and effluent is 

not significantly affected by the reaction under study. This condition must be met for valid 

kinetic data [Borgwardt, 1985]. In this instance `differential conditions' requires that the 

H2O evolved from a given particle does not interfere with the rate of calcination of 

neighbouring particles. It has repeatedly been found that the rate of dehydration is reduced 

by increasing the water vapour pressure. Therefore to obtain meaningful data any 

experiment studying the reaction must consider using: 

1. A high throughput of sweep gas to remove H2O generated by the reaction. 

2. Minimise the sample size to limit the H2O produced. 

3. Disperse the particles to a low density over the cross-sectional area of the reactor. 

It follows that differential conditions will be more difficult to achieve as the specific 

decomposition rate of dihydrate/hemihydrate increases; i. e. with high temperatures and 

small particles. 
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Therefore it is necessary to consider the dehydration reaction under differential conditions 

and to carry out a experimental study into the affect of temperature, particle size and 

water vapour pressure on the reaction kinetics. 

2.3 Consideration of internal heat and mass transfer 

The other important parameters to consider at the particulate scale are internal mass and 

heat transfer. The details of these process are summarised in Figure 2.14: 

CaSO 4Layer 
CaSO 4 1/2H O Layei 

CaSO42H, O Layer ............ 46, 

From hulk through particle 

- `ý "m 

Heating 
Conductive Heat 

Transfer 
4m r 4. r 

Heat sunk at reaction interface 

Cooling 

From Reaction Front Particle Surface 
Through Particle to Bulk 

FIGURE 2.14: MASS AND HEAT TRANSFER IN PARTICLE 

H2O Mass 
Transfer 

The mass transfer process includes the movement of water vapour from the reaction 

interface through the particle structure to the surface and the bulk gas. The heat transfer 

process is made up of the movement of heat into the particle from the outside and the 

cooling of the particle as a result of the endothermic reaction. Relevant transfer equations 

will now be presented. Figure 2.14 shows that it may be necessary to consider the 

movement of heat and water vapour through the different calcium sulphate phases. 

2.3.1.1 Intraparticular Diffusion 

It is necessary to be able to predict the effective diffusivity of water vapour through the 

particle in the bed. This problem is closely related to the calculation of the effective 
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diffusivity of material through catalysts, which has been studied for many years. 

Prediction is made on the basis of: 

9 Enlightened empiricism. 

" Physical measurements. 

" Theoretical models. 

0 Probable effects of reactor conditions. [Satterfield, 1970] 

The basic physical parameters required to assess the diffusivity are: 

" Surface area - For example calculated using the BET (Brunaeur-Emmett-Teller) 

9 Total porosity 

0 Pore size distribution [Satterfield, 1970] 

Intraparticle diffusion is possible by a number of mechanisms: 

" Ordinary/Bulk diffusion " Knudsen diffusion 

" Transition diffusion " Surface diffusion 

The key features of these are outlined in the following sections: 

2.3.1.1.1 Ordinary/Bulk Diffusion 

Ordinary diffusion in gases (i. e. remote from solid or liquid surfaces) results from 

differences in concentration between regions of a mixture, with the limiting condition for 

diffusion being uniform concentration. For stagnant binary gas mixtures the molal flux is 

proportional to the concentration gradient in the direction of the diffusion [Satterfield, 

1970] : 

2.42 

Where J, is the molal flux, gmol/s cm2 

D12 is the diffusion coefficient of gas 1 diffusing in gas 2 

Yý is the mole fraction of gas 1 

CT is the total concentration of the mixture, gmol/cm3 

Much experimental work has been done on air-water systems. 
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Bulk diffusion within a particle occurs when the mean free path of the gas is much smaller 

than the pore diameter. Therefore collisions between gas molecules are much more 

frequent than those between the molecules and the pore walls [Coulson & Richardson, 

1971]. Intraparticular diffusion occurs by ordinary diffusion and the diffusion coefficient 

should be multiplied by a geometric factor to take into account the tortuosity of the flow 

pattern and that flow will be impeded by the fraction of the particle which is solid, i. e. 

De=DW 
T 

Where De is the effective diffusion 

coefficient 

yf is the internal particle porosity 

T is the tortuosity factor 

2.43 

The tortuosity is difficult to measure theoretically, however it can be determined from 

experimental values of De, D and yf. 

2.3.1.1.2 Knudsen Diffusion 

Knudsen diffusion occurs when the mean free path of the gas is much greater than the 

pore diameter. Collisions between gas molecules are much less numerous than collisions 

with the pore wall [Coulson & Richardson, 1971]. The molecules hitting the wall are 

momentarily adsorbed and then given off in a random direction [Satterfield, 1970]. 

A number of models have been derived for Knudsen diffusion, however on the whole they 

are for straight round pores and are therefore not directly attributable to the gypsum which 

has longer thin channels. 

2.3.1.1.3 Transition Diffusion 

The transition region between bulk and Knudsen diffusion occurs when both processes 

are important in the transport process. The total rate of transition diffusion is a function of 

bulk and knudsen diffusion [Satterfield, 1970]. 
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2.3.1.1.4 Surface Diffusion 

Surface diffusion is the movement of molecules over the surface in the direction of 

decreasing concentration [Coulson & Richardson, 1971 ]. This process is only significant 

if appreciable diffusion occurs. 

There have been two experimental studies into the rate of diffusion of water though 

gypsum. ConwayBPB (1968) calculated a mean water vapour diffusivity of 0.14 

lb/ft2/hr/atmos for 3/8" wall board. Isidra et al (1970) calculated an effective diffusivity of 

0.36-0.42 for H2O through Hemihydrate and 0.423-0.5 for H2O through anhydrite. 

2.3.1.2 Internal Heat Transfer 

There are two heat transfer processes occurring on the particle: 

1. Convective heat transfer to the particle surface (see Section 2.7.1) from the fluidised 

bed. This is proportional to the surface temperature. The convection process is defined 

by the following equation: 

qc = hdAAT 2.44 

Where q, is the rate of heat transfer by convection 

ha 
, 

is the average unit thermal convective conductance over the area 

A 

A is the heat transfer area 

AT is the temperature difference between the surface and the bulk 

temperature 

2. Conductive heat transfer. This takes two forms. Firstly from the surface of the particle 

to the centre and this acts to heat the particle up. Secondly, from the progressing 

reaction front. Since the dehydration reaction is endothermic this cools the particle 

down. The conduction can be described by Fourier's law: 

qk = -kA 
dT 
dx 

Where qki is the rate of heat transfer by conduction 

2.45 
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k is the thermal conductivity 

Models defining the heat and mass transfer processes within the particles are set up and 

discussed in Chapter 4. The models are then compared with the results from the 

dehydration reaction experiments. 

2.4 Fluidisation Properties 

The fluidisation properties of the system are those properties which indicate the extent 

and quality of fluidisation within the calciner unit. These are now investigated along with 

a review of the current understanding of fluidisation. The aim of this thesis is to 

investigate the operation of a conical kettle calciner. The kettle calciner is shown in 

Figure 2.15: 

GAS AND SOLID EXIT 
SOLID FEED 

SOLID EXIT 

FIGURE 2.15: FLUIDISATION PROPERTIES 

Gypsum particles are fed directly to the bed in the kettle. The particles in the kettle are 

fluidised by the combustion products from burning natural gas. Particles exit over the 

weir and are also elutriated with the exit gas. 

The fluidisation properties of the system are broken down into the following topics for 

review: 

0 Fluidisation of particles; 
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0 

0 

0 

Heat and mass transfer processes in a fluidised bed; 

Reaction kinetics in a fluidised bed; 

The elutriation of particles from a fluidised bed. 

Where possible equations and correlations have been applied to the calciner system to 

determine their relevance. Accordingly, the following typical calciner physical conditions 

and properties will be assumed: 

Particle 

Bed 

Gas 

: Diameter, dp 

Density, ps 

Shape Factor, ýS 

= 50µm 

= 2650 kg M-3 

= 0.64-0.7* 

( determined in Section 5.1.4.3 for samples of DSG / calcined DSG ) 

: Temperature, TB 

Bed Porosity, sB 

Density, pg 

Viscosity, µ 
Superficial Velocity, uo 

= 150 °C 

= 0.5 

= 0.6kgm3 

= 1.8x10-5 Pas-' 

= 0.12 m s"' 
[NOTE: THE UNDERSTANDING AND KNOWLEDGE OF FLUIDISED SYSTEMS IS INCREASING AT A HIGH RATE; AS 

MANY AS 100 PAPERS MAY APPEAR IN ANY GIVEN YEAR [CouLsoN & RICHARDSON, 1991 ]. THEREFORE THE 

FOLLOWING REVIEW BY NECESSITY COVERS A WIDE SPECTRUM OF KNOWLEDGE. 

2.5 Fluidisation 

Fluidisation is the levitation of a mass of particles by a fluid. In this state the fluidised bed 

behaves like a fluid in that: 

9 It has zero angle of response; 

" It seeks its own level; 

It assumes the shape of the containing vessel. [Green, 1984] 

" Less dense objects float on the bed [Coulson & Richardson, 1991 ] 

There is also intense mixing and fluid/solid contact within the bed and heat transfer is 

rapid. Fluidised beds have numerous industrial applications as a result of these properties, 

such as catalytic cracking, drying and calcination [Kunii et al, 1991]. 
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There is also intense mixing and fluid/solid contact within the bed and heat transfer is 

rapid. Fluidised beds have numerous industrial applications as a result of these properties, 

such as catalytic cracking, drying and calcination [Kunii et al, 1991 ]. 

2.5.1 Components of the Fluidised Bed 

A fluidised bed is typically made up of the components shown in Figure 2.16: 

Freeboard 

Splash Zone 

Bed 

Grid or Distributor Plate 

Plenum 

FIGURE 2.16: COMPONENTS OF A FLUIDISED BED [ADAPTED FROM PELL, 1990] 

In most cases the bed rests upon a grid/distributor plate. However, instead of a distributor 

plate the conical kettle has a combustion tube, shown in Figure 2.15. 

2.5.2 Fluidisation Regimes 

When a fluid passes up through a bed of particles at low flow rates the pressure drop is 

proportional to the flow rate. The fluid merely percolates through the void spaces between 

the stationary particles. This is termed the fixed bed (see Figure 2.17a). When the 

frictional drag of the particle is equal to the apparent weight per unit area, the particles 

rearrange to give less resistance to flow and the bed begins to expand. This is termed the 

expanded bed. 

The expansion process continues until the particles have assumed the loosest stable form 

of packing. If the velocity is increased further, the individual particles separate from one 

another and become freely supported in the fluid and the bed is said to be fluidised. This 

occurs at the minimum fluidisation velocity (see Figure 2.17b). Further increases cause the 

particles to separate still further from each other, and the pressure drop over the bed 

remains equal to the weight of the fluid and particles. 
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For liquid/solid systems, increases in flow rate above the minimum fluidising velocity 

usually results in a smooth progressive expansion of the bed. Gross flow instabilities are 

damped and remain small and large scale voids of liquid are not observed under normal 

conditions. This is termed Particulate Fluidisation (see Figure 2.17c). This is exhibited 

by some gas-solid systems over a small range of velocities just above the minimum 

fluidising velocity. 

In general, gas/solid systems exhibit Aggregative Fluidisation at flow rates above the 

minimum fluidisation velocity and are termed a boiling bed (see Figure 2.17d). 

Fixed Minimum 
Bed Fluidisation 

II 
Fluid 

(a) 

il 
Fluid 

(b) 

Particulate Aggregative Turbulent 
Fluidisation Fluidisation Fluidisation 

1' 1 }' 
Fluid Fluid Fluid 

(c) (d) (e) 

FIGURE 2.17: FLUIDISATION REGIMES [ADAPTED FROM KUNII ET AL, 1991) - MAY NEED TO REDO 

Bubbles form at the distributor plate and grow in size as they rise through the bed. This is 

due to: 

0 Falling hydrostatic pressure 

" Coalescence with other bubbles 

" Flow of gas from continuous to bubble phase [Green, 1984] 

The bubbles are responsible for a large amount of mixing of the solids. Liquid/Solid 

systems only tend to display aggregative fluidisation for very dense solids fluidised by 

very low-density liquids. A rising bubble draws up a spout of particles behind it and 

carries a wake of particles along with it. The wake detaches itself at intervals. The pattern 

within the bed containing a large number of particles is complex. 

As the gas velocity is increased significantly above the terminal velocity of the particles in 

the bed, the upper surface of the bed disappears and entrainment becomes appreciable. 
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Instead of bubbles, turbulent motion of solid clusters and voids of gas of various sizes and 

shapes occurs. This is termed turbulent fluidisation (see Figure 2.17e). 

Figure 2.18 shows how the pressure drop over a bed of particles changes with increasing 

fluid flow rate. 

Fluidised 
Fluidised Bed 

Bed Fixed 
, -ý 
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-p v Velocity 
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Fixed Decreasing 
Bed ,' Velocity 

Log u Log u 

FIGURE 2.18: GRAPHS SHOWING PRESSURE DROP OVER BED FOR INCREASING BED VELOCITY [ADAPTED 

FROM COULSON & RICHARDSON, 1991] 

2.5.2.1 Classification of Fluidising Regime 

Many researches have attempted to classify the fluidisation regime based upon the 

physical properties of the system [Kunii et al, t9911. The widely accepted method was 

devised by Geldart [1973]. Geldart's method relates the particle density and the average 

particle size to a specific regime of fluidisation, for fluidisation by air at ambient 

conditions, as shown in Figure 2.19. 
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FIGURE 2.19: GELDART CLASSIFICATION [ADAPTED FROM GELDART, 1986] 

Geldart characterised solids into four different types [Geldart, 1986]: 

"C- Cohesive - Normal fluidisation extremely difficult as interparticular forces are 

greater than those resulting from the gas. 
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0 

0 

0 

A- Aeratable - Fluidise easily, with a smooth fluidisation at low gas velocities and 

controlled bubbling with small bubbles at high velocities. 

B- Bubbly - Fluidise well with vigorous bubbling action. 

D- Spouting - Deep beds difficult to fluidise. Behave erratically, giving exploding 

bubbles or severe channelling; or spouting behaviour if gas 

distribution is uneven. 

Figure 2.19 shows that the expected fluidisation regime of the DSG gypsum is A 

(aeratable). The next section concentrates on the aeratable fluidisation regime. 

2.5.2.2 Aeratable Fluidisation 

Aeratable fluidisation has received considerable research interest due to the large number 

of commercial applications. The bed expands considerably between the minimum 

fluidisation velocity (umf) and the minimum bubbling velocity (Umb). As the superficial 

velocity (u) is increased above umb the passage of each bubble disrupts the weak meta 

stable structure of the expanded bed; the bed height becomes smaller because the dense 

phase voidage is reduced with gas leaving the system in fast moving bubbles. The dense 

phase eventually assumes a stable voidage between cmf and Emb [Geldart, 1986]. When the 

air supply is cut off, the bed collapses slowly at a velocity uc. A graph of bed height 

against time can be used to empirically calculate the minimum bubbling velocity, umb 

[Pell, 1990]. This is shown in Figure 2.20: 

Fully Expanded Bed 

Al 

I 

a> 
Co 

\Bubbles Coming Out 

ense Phase Deaeration 

Time 

Slope of is Umb 

A is Hmb, the bed height 

at minimum fluidisation 

FIGURE 2.20: DEAERATION OF TYPE A PARTICLES [ADAPTED FROM PELL, 1990] 

It has been found that the bubble size in the bed is affected by the particle diameter, the 

amount of fines, the pressure and the temperature [Geldart, 1986]. Gross circulation 

occurs even when only a few bubbles are present, and the circulation is especially 
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pronounced in large beds. Gas exchange between bubbles and the dense phase is high, 

probably due to splitting and coalescence. There is a maximum stable bubble size [Kunii 

et al, 1991 ]. 

2.5.2.3 Fluidisation Regime 

The extent of fluidisation will not only depend upon the physical properties of the 

particles, but also upon the velocity of the gas and the physical properties of the gas. 

Grace (1986) developed Figure 2.21 based upon two dimensionless constants, d*p and u4 

defined below: 

I/3 I/3 

u*=u ¬ 2.46 d *=d P, 
" 2.47 

µ P, - PTg pP µ_ 

For the conditions given in Section 2.4, u* is calculated to be 0.11 and dp to be 1.82. 

Kunii and Levenspiel (1991) added information from other sources to give more detail to 

the diagram including umf, ut and the boundary between Geldart classifications. 
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FIGURE 2.21: GENERAL FLOW REGIME FOR GAS/SOLID FLUIDISED BED [ADAPTED FORM KUNII AND 

LEVENSPIEL, 1991] 

As can be seen, the calciner system fits into the regime of bubbling A type solids. Also, 

the regime is very close to the terminal velocity curve. This indicates that a lot of 

elutriation would be expected. 
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2.5.3 Calculation of Minimum Fluidisation velocity, UMF 

The minimum fluidisation velocity, umf, can be calculated from the Carman-Kozeny 

Equation for spherical particles[Coulson & Richardson, 1991]: 

'_ 

U 
mf 

= 0.0055 £B dp (Ps Pg )g 
2.48 

(1-£B) µ 

Where Umf Is the minimum fluidising velocity, m/s 

g is 9.81 m/s2 

The minimum fluidisation velocity at the conditions described above has been calculated 

at 0.37 cm/s (0.0037m/s). The calciner operates in the region of 0.12 m/s; i. e. around 30 

times the estimated umf 

2.5.4 Calculation of Minimum Bubbling Velocity, UBF 

The minimum bubbling velocity, Umb, can be calculated from the Abrahamsen-Geldart 

Correlation [Pell, 1990] : 

Umb / Umf 
2300 p0.126 9 0. s23 

e0.716 
F 

2.49 

p g0.934 
0.934 d0.8 P) (Pý - 

Where Umb is the minimum boiling fluidising velocity, m/s 

F is the fraction of solids which are less than 45 microns 

For the conditions above, Umb, has been calculated to be approximately twice the 

minimum fluidising velocity. Therefore the calciner will exist in a `bubbly' region. This is 

in agreement with Figure 2.21. 

2.5.5 Calculation of Terminal Velocity, UT 

For spherical particles with a particle Reynolds number of less than 0.4 it can be assumed 

that the terminal velocity can be calculated from Stokes law [Pell, 1990]. Therefore: 

_ 
d2 (pp - p) g 

µ 
uý - 18 

Where Ut Is the particle terminal velocity, m/s 

Rep is calculated from: 

2.50 
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Rep = 
dp p, u 

µ 

FIGURE 2.22: CALCULATION OF UT AND REP 

2.51 

Figure 2.22 shows the calculation of ut and Rep for different size particles. As can be seen, 

the particle Reynolds number is close to the limit of 0.4 for decent accuracy. Therefore a 

more detailed method for calculating the terminal velocity, which also takes into account 

the shape factor of the particles. The method of calculation uses the equations for 

dimensionless particle diameter and velocity (2.46 and 2.47) and the equation below 

[Haider and Levenspiel, 1989] 

18 
uý= (d; ) 

i 

+ 
2.335 -1.7440, 

(d; )° 
2.52 

Where D is the shape factor 

Figure 2.23 shows the results of this calculation; the Haider & Levenspiel equation leads 

to a calculated lower terminal velocity at larger particle diameters: 

-63- 



Chapter Two - Review of Gypsum Dehydration and Fluidisation Literature 

Accurate Prediction of 
Terminal Velocity 

3- 

2.5- 

2- 

1.5 - 

1 

0.5 

0 

- ------------- 

- ---- ------ ---------- - ---------- 

0 50 100 150 200 
Diameter, um 

Stokes ut -i Accurate ut 

FIGURE 2.23: ACCURATE DETERMINATION OF TERMINAL VELOCITY (EQUATIONS 2.51 AND 2.52) 

Figure 2.23 shows that during normal operation the terminal velocity is exceeded of 

particles with a diameter of around 30 µm. Also, both approaches can be used with little 

margin of error for particles less than 30 µm. 

2.5.6 Pressure Drop Over The Bed 

The pressure drop over a fluidised bed is equal to the weight of the bed per unit area. 

Therefore, the pressure drop can be calculated from: 

dP = (1- E)(p, - p)gh 2.53 

Where dP is the pressure drop over bed, Pa 

[Pell, 1990] 

2.5.7 Calculation of Bubble size and Velocity 

The extent and nature of bubbling in a gas fluidised bed is determined by the properties of 

the fluidised solids, the velocity of the gas and the scale of the bed. Bubbling is limited at 

high velocities when there is so much gas that it becomes the continuous phase and the 

solids become the discontinuous phase. This condition is considered to be the onset of 

turbulent fluidisation. Fast fluidisation is deemed to occur at even greater velocities and 
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voidage. In general, the type of bubbling occurring can be predicted from the solids 

Geldart classification: 

" Group C- Cohesive materials are difficult to fluidise and the gas tends to make 

channels through the solid bed without aerating most of the bed. Bubbling is difficult 

to achieve. At high enough gas throughputs and with good distribution it can be 

possible to aerate the whole mass. However, a continuous gas phase containing 

dispersed solids is observed rather than discrete bubbles. 

9 Group A- Bubbling does not occur until a velocity, Umb, is reached. Bubbles grow in 

size as they rise until they reach a maximum size. The maximum stable bubble size is 

a function of the particle terminal velocity. 

" Group B- Bubbling occurs once u,,, f is exceeded and the bubbles can grow to 

enormous sizes limited only by the diameter of the container 

" Group D- The particles are very coarse and tend to produce jets rather than bubbles. 

The fluidising container can have a profound effect on bubble properties. In small units it 

is possible for bubbles to expand to the point where they fill the container and slugging 

begins. This is an equipment based limitation to bubble size and can cause severe scale up 

problems if not recognised. 

2.5.7.1 Maximum Bubble Size 

The maximum size of bubbles in a fluidised bed is limited by the phenomena described 

below. Davidson and Harrison (1963) first postulated a mechanism for a stable bubble 

size. The authors proposed that bubbles split when particles are carried through the base 

of the bubble by the circulation of gas within the bubble. The gas was assumed to 

circulate with velocity of the order of ub, so that a bubble breaks if ub exceeds the terminal 

velocity of a bed particle. Geldart (1986) states that since the predictions are at best 

approximate, equation 2.54 below can be used to predict ub. The resulting expression for 

the stable bubble size is then given by equation 2.55 

ub=0.71 gdeq 2.54 
ß deq, 

max - 
2ug 2.55 

where deq = the equilibrium bubble diameter 
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The maximum stable bubble sizes predicted by this method have been found to give 

results of the right order of magnitude but smaller than physically observed [Pell, 1990]. 

Geldart (1977) suggests that the maximum stable bubble size is better determined from 

the bubble rise equation where the bubble velocity is taken as ut, based on 2.7dp; where dp 

is the mean size of the powder. That is, ut is calculated for particles of size: 

dp = 2.7dp 2.56 

It is claimed that bubble sizes calculated in this way approximately match the bubble size 

back calculated from observed bed density in large units [Geldart, 1986]. 

2.5.7.2 Bubble Growth 

Bubbles tend to coalesce and grow as they travel up the bed. This mechanism has the 

capability of producing bubble diameters of the order of several meters in large reactors. 

Table 2.16 gives standard correlations for calculating the bubble size in fluidised beds. Z 

indicates the distance above the distributor, D the bed diameter and AO the distributor area 

per orifice. 

TABLE 2.16: CORRELATION FOR BUBBLE SIZE IN FLUIDISED BEDS 

Author Expression Notes 

Darton et al (1977) Bubble Size 0.8 2.57 Units in m 
dh = 0.54(u -u mf 

)0.4 z+4 
A/No 

¬ 

Initial Bubble Size deq =1.63(A(, (u -u mf ))0'4gß' ̀  2.58 

Geldart (1972) Bubble Size dn =1.43(A(, (u-umf))°4gß'. 2 +0.027z(u-umf 2.59 Units in m 

Initial size (z=0) dh =1.43(Ao (u - u� - ))°. 4¬-° 2 2.60 

Mori and Wen (1975) Bubble Size deq =deq. m -(deq. m - dq. o)e-0.3z/D 2.61 cm and cm/s 
wheredgm =0.374(itD2(u-u ))"4 Inf 

Initial size (z=0) dego =0.374(A0 (u-Umf))0.4 2.62 
for perforated plates 
dego =3.76x10-3(u-umf)` 
for porous plates 

Rowe (1976) Bubble Size dt, = (u -u mf 
)0.5 (z + z0 )0.75 gß0.25 2.63 cm and cm/s 

4 for 

porous plate 

Initial size (z=0) db. 
o =0 for porous plates; no general results given 2.64 

for other types of distributor 
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2.5.8 Effect of Bubble Size on Bed Expansion 

The observed bed expansion will be a function of vessel size due to the effect of bubble 

growth. In small pilot or laboratory scale facilities bubbles will not grow to a very large 

size. However as the system is scaled up, bubble size will increase and with it the bubble 

velocity. As the bubble velocity increases, the fraction of bubble volume in the bed must 

decrease. Accordingly, the overall bed expansion at constant fluidisation parameters must 

decrease as bed height increases. Furthermore, one would expect density to increase as a 

function of height along the bed and so local measurement of bed density would not apply 

to the whole bed [Pell 1990]. 

In order to calculate the bubble velocity and bed expansion the following method 

proposed by Geldart (1986) can be utilised: 

1. Calculate isolated rise velocity 

Geldart (1986) recommended equation 2.65 to predict the rise velocity of an isolated 

bubble, ub- in fluidised beds. V, Ns1h (the ratio of the wake volume to the volume of the 

wake and bubble) can be assumed to be 0.4 for group A and Group B particles: 

/6 

ubý _1 
ýg-de for Vw/V, h=0.4 ubý = 0.5111gde 2.65 

3V9P9 1 
VsPh 

2. Calculate average rise velocity 

The average rise velocity of a bubble, uA at any level in a freely bubbling bed is 

calculated using equation 2.66 which takes into account the minimum fluidisation 

velocity and the overall superficial gas velocity [Davidson and Harrison, 1963]: 

UA =(U-Umf)+Ub 

3. Average local bubble fraction 

2.66 

The local average bubble fraction ýb at any height can then be estimated from equation 

2.67 [Geldart 1986]: 

cn = 
Qb 

= 

(U 
-U mfý 2.67 

(//AUAJ 

UA 
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The local average bubble velocity will be found to increase and the average local bubble 

fraction decrease with height above the distributor. 

The expanded bed height can then be calculated since the variation of bubble void 

fraction with height is known. 

2.6 Fluidisation in a Conical Vessel 

Large scale fluidised beds encountered in industry can be seriously affected by bubbling 

and slugging when the superficial gas velocity is above the minimum fluidisation velocity. 

One method to overcome this problem is to use a conical shaped vessel rather than a 

cylindrical one. The conical vessel causes a gradual decrease in superficial velocity due to 

the varying cross sectional area, thus minimising the potential for bubbling/slugging. 

There is a wealth of information about fluidisation in cylinders. However, literature on 

conical bed fluidisation is extremely scarce with the majority of papers concentrating on 

liquid-solid fluidisation. In fact, only a handful of papers concerning gas-solid conical bed 

fluidisation exist. These are detailed below. 

Biswal, Bhowmik and Roy A, B (1984) studied the fluidisation of 0. lcm-0.3cm diameter 

glass beads in perspex cones with apex angles of 10,30,45 and 60°. An inlet diameter of 

4cm and bed height of between 9 and 15 cm were used with dry air as the fluidising 

medium. A calming section was utilised to achieve a uniform distribution and the pressure 

drop was measured at the entrance and exits of the cone. The variation of fluid mass 

velocity with pressure drop was noted in the experimental runs. Correlations were derived 

from the experimental data for the calculation of the pressure drop and minimum 

fluidisation velocity in the conical beds. The correlations were developed based on the 

Ergun equation and were found to give results with an accuracy of ± 20%. 

Solids mixing has been studied by both Venkatesh et al (1996) and Toyohara & 

Kawamura (1993). Each set of experimenters observed the same phenomena shown in 

Figure 2.24: 
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ABCD 

aP 

U 
FIGURE 2.24: SOLIDS MIXING IN A CONICAL BED 

As the gas superficial velocity is increased from zero the pressure drop across the bed 

increases linearly. When point A is reached the inner core becomes fluidised while the 

bed remains fixed outside the core. Between points B and D the increasingly intense 

bubble fluidisation causes the particles at the top of the bed to move from the core to the 

periphery region. Partial particle circulation occurs between the periphery and the core of 

the bed. At velocities greater than that at point C the entire periphery regions begin to 

move downward, and at velocities above that at point D the bed exists in a completely 

mixed state. 

Venkatesh et al (1996) derived equations for the pressure drop and minimum fluidisation 

velocity from the Ergun equation. The derived equations were found to fit experiments on 

the fluidisation of 16µm NiO/A1203 particles. 

The expressions were used to calculate the minimum fluidisation velocity of DSG in the 

laboratory scale kettle and a minimum fluidisation velocity of 0.0028m/s (0.28cm/s) was 

deduced. This is shown in Appendix B along with the relevant equations. 

2.7 Heat Transfer and Mass Transfer in a Gas Fluidised Bed 

Fluidised beds have excellent heat and mass transfer characteristics. 

2.7.1 Heat Transfer 

Particles entering a fluidised bed rapidly attain the bed temperature and particles within 

the bed are uniformly at the same temperature. Non-reacting particles can often be 

assumed to have uniform internal temperature, exceptions occur in energetic processes 

(e. g. endothermic/exothermic reactions). Heat transfer to surfaces is also excellent [Pell, 
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19901. As the gypsum dehydration reaction is endothermic, the transfer of heat from the 

gas phase to the bed is a very important parameter. Also, due to the energetic nature of the 

reaction there may be a temperature gradient over the particle 

Many experimental studies have been carried out into heat transfer in fluidised beds. 

Agreement between correlations is poor. Reasons for the inconsistency are: 

" Critical dependence upon system geometry 

" Differences in the quality of fluidisation 

" Flow patterns [Coulson & Richardson, 1991 ] 

Another major cause of inconsistency is poor temperature measurement. It is impossible 

to measure the temperature of a particle using a thermocouple without disrupting the bed 

flow pattern. In fact, an immersed thermocouple measures the bed temperature rather than 

particle temperature [Singe & Ferron, 1978]. 

Several theoretical models have been proposed for the heat transfer mechanism. However, 

they have limited application due to the requirement of parameters which are not 

generally available [Botteril, 1986]. 

The main heat transfer areas in the laboratory scale kettle are: 

" Heat transfer between the fluidised bed and kettle walls 

" Heat transfer from the hot gas to the fluidised bed [WatkinsBPB, 1977] 

Heat loss in the cyclones is also an important parameter. The heat transfer processes are 

described below 

2.7.1.1 Particle-Gas Heat Transfer 

As a result of the large surface area possessed by a mass of small particles, particle to gas 

heat transfer is only rarely a limiting factor in fluidised bed heat transfer. The exceptions 

are found to be such instances as drying and temperature sensitive reaction [Botteril, 

1986]. As the gypsum dehydration is such a temperature sensitive reaction it is apparent 

that this is important. 

Much experimental work has been carried out into deriving heat transfer coefficients 

between the particles and gas stream. This requires a knowledge of: 
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" Heat flow 

0 Interfacial area 

" Temperature driving force [Coulson & 

Richardson, 1991] 

Many of the earlier studies have been found to be inaccurate due to one of these variables 

being incorrectly determined. Frequently, workers have failed to measure temperature 

differences between gas and solids in the bed. Also incorrect area for transfer are often 

assumed since it was not appreciated that thermal equilibrium existed everywhere in the 

bed, except in a small area immediately above the distributor [Coulson & Richardson, 

1991]. It has been shown that a temperature gradient in the bed is undetectable after the 

first 2mm above the distributor plate for particles with a diameter of 200 µm or less 

[Botteril, 1986]. 

Kunii and Levenspiel (1969) carried out heat transfer experiments up to Rep = 50 and 

correlated their results by the following equation: 

Nugp=0.03ReP'. 3 

2.7.1.1.1 Temperature Gradient 

2.68 

The temperature gradient at the gas inlet of a gas fluidised bed can be calculated from the 

following equation presented by Botteril (1986): 

Tg, in -Tp2.69 
Tg - Tp 

Where Tg, in is the temperature of input gas 

Tp is the particle temperature 

Tg is the gas Temperature 

n is the ratio of gas temperature drop as defined in eqn 2.69 

5.51n n µ1-3d0-7c P Pý8 
2.7o in = 

Pý. 3uo. 3k¬ (1 - £) 
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Where In is the depth into bed where ratio of gas temperature drop =n 

(as defined in equation 2.69) 

Cpg is the specific heat of gas 

Kg is the gas thermal conductivity 

2.7.1.2 Particle-Surface Heat Transfer 

The heat transfer coefficients for heat transfer from the fluidised bed to the reactor wall in 

the presence of bubbling are one to two orders of magnitude greater than those observed 

in packed beds [Scatterfield, 1970]. 

Under usual bubbling fluidised bed operating conditions, the heat transfer coefficient 

between an immersed surface and a gas fluidised bed, hbs, can be thought of to consist of 

3 additive components: 

" Particle convective component, hp,, which is dependent upon heat transfer through 

particle exchange between the bulk of the bed and the region adjacent to the heat 

transfer surface; 

" The interphase gas convective component, hgc, by which heat transfer between particle 

and surface is augmented by interphase gas convective heat transfer; 

" The radiant component of heat transfer, hr. [Botteril, 1986] 

Thus: 

hbs = hpc + hgc + hr 
Appoximate range 40µm- 1 mm >800µm and at >900° K 

of significance high pressure 

For the operating range in the calciner, the most significant mechanism of bed to surface 

heat transfer will be by particle convection. 

In particle convection, the particles act as heat-transferring elements and bring material at 

the bulk temperature in close proximity to the heat transfer surface. A rapid circulation 

gives a high heat transfer coefficient. The amount of bubbling is important as it should be 

sufficient to give good mixing but at the same time should not be sufficient to cause an 

appreciable blanketing of the heat transfer surface by the gas. This leads to a further 

problem for determining the surface-bed heat transfer coefficient. Namely that the gas 
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velocity up the bed will increase as a result of the evolution of steam from the gypsum 

[Botteril, 1986]. 

Zenz (1983) produced a chart which presents the heat transfer as a function of particle 

Reynolds number and bed voidage over a wide range. The chart includes experimental 

and theoretical results and was recommended by Pell (1990) to give a conservative figure 

for the heat transfer coefficient for vertical tubes and walls. The chart is produced below 

as Figure 2.26. The Rep in the kettle is estimated at 0.2 leading to a value of Nu of around 

0.1. 
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FIGURE 2.25: ZENZ CORRELATION FOR VERTICAL HEAT TRANSFER SURFACES (FROM PELL 1990) 

2.7.2 Mass Transfer in a Gas Fluidised Bed 

Interphase mass transfer in a fluidised bed is generally excellent, partly because of the 

turbulent mixing, but mostly due to the large solid surface/unit volume. 

The fluidised bed can be considered to be made up of 3 phases (see Figure 2.27): 

9 Bubble phase (lean) - Gas voids containing virtually no solids. 

0 Particulate phase (dense, emulsion) - Particles fluidised by interstitial gas. 

" Cloud phase - Region where gas recirculates round the bubbles. [Grace, 1986; Clift, 

1986] 
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FIGURE 2.26: PHASES OVER WHICH MASS TRANSFER OCCURS [ADAPTED FROM GRACE, 1986] 

There are two resistances to mass transfer between the dense phase and the bubble phase: 

0 Resistance at the boundary layer - Mass transfer at the outer surface of the bubble 

occurs due to diffusion effects and convective flow. 

0 Resistance at the cloud boundary - Mass transfer at the cloud boundary due to 

molecular diffusion, gas adsorption, shedding of elements of the cloud during wake 

shedding, bubble shape dilations and as a result of coalescence. 

[Grace, 1986] 

The majority of the models for mass transfer take a 2-phase approach. That is they assume 

one of the resistances is controlling and group the cloud phase in with the particulate or 

bubble phase. 

The mass transfer coefficient is difficult to measure experimentally because: 

" The large surface area of the solids leads to rapid attainment of equilibrium. 

" The bubbling behaviour of these beds makes it difficult to determine the proper 

driving force. 

1991] 

[Kunii & Levenspiel, 

Much experimental work has been done, and Grace (1986) suggests Equation 2.71 

derived by Sit and Grace (1981) for the mass transfer coefficient in a freely bubbling bed: 

0.5 

K= 
Umf 

+ 

4D£mfUb 

2.71 

93 Tudeq 
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Where Kq is the mass transfer coefficient 

Ub is the bubble rise velocity 

dey is the equivalent volume diameter 

2.8 Solids Mixing in a Gas Fluidised Bed 

Solids within a fluidised bed can generally be considered to be fully mixed [Coulson & 

Richardson, 1991 ] and most industrial applications operate at such gas velocities that the 

bed will be mixed [Pell, 1990]. The mixing rate is of interest in order to: 

9 Deduce the time to achieve a mixed state. 

" Establish whether a temperature profile exists within the bed. This is of particular 

importance where fuels are burnt at the bottom of the bed. [Pell, 1990] 

Solid mixing has been found to influence: 

" Gas-solid contacting. 

" Thermal gradients. 

" Heat and Mass transfer coefficients. 

" The required location and number of feed/withdrawal points. 

9 Presence and extent of dead zones at the distributor plate. [Baeyens & Geldart, 1986] 

It has been found that for a fluidised bed with mixed particle size distribution and density 

it is difficult to assess the degree of mixing [Pell, 1990]. This will be true in the gypsum 

system, since the particles in it will have a size distribution and a density distribution. The 

density distribution of the particles will be influenced by the extent of conversion of the 

gypsum feed. It may be possible to assume that the overall density is constant since the 

difference between the densities is not great. Furthermore, there will be an increasing gas 

velocity up the bed due to the evolution of steam. 

The amount of solid mixing and segregation is primarily determined by the gas velocity 

along with: 

0 Particle shape. 

" Particle size. 
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" Density. 

0 

0 

Size distribution. 

Bed and column geometry. [Baeyens & Geldart, 1986] 

Flow patterns within the bed can also be time-dependent and cyclic; with changes 

occurring over several minutes [Baeyens & Geldart, 1986]. 

Few satisfactory quantitative studies of solids mixing have been made [Coulson & 

Richardson, 1991 ] 

2.8.1 Vertical Solids Mixing 

The mechanism of vertical mixing in a fluidised bed is driven by the rising gas. A bubble 

carries a portion of the lower bed behind the bubble in a section called the wake. Its 

passing also pulls along a trail of upwardly transported material termed the drift. This 

effect is illustrated in Figure 2.28. As the bubble travels up the bed, the top of the bubble 

pushes solids up and to the side; these then move down the sides and leave a trail of 

material that has been pushed up from below. As the bubble rises, it pulls material up 

from below to fill the space the bubble displaced on its upward journey through the bed 

[Pell, 1990] 

When the bubble breaks the surface of the bed the front of the bubble lifts some of the 

contents of the bed up out of the bed. If the solids are not entrained they fall back to the 

surface. The drift is also pulled to the surface of the bed, albeit at a lower velocity. 

Therefore the drift and wake end up at the surface of the bed. 

1 

ýý 

1 

Vb 

Vw 

db= Bubble diameter 
Vb = Bubble volume 
VW= Wake volume 
Vd = Drift volume 

FIGURE 2.27: TYPICAL BUBBLE [ADAPTED FROM BAEYENS & GELDART, 1986] 

The rate of mixing has been correlated with Ar, Rep and Qb (visible bubble flow rate) by 

Baeyens and Geldart (1986). 
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It has been found that vertical mixing is less in a bed tapered towards the base [Coulson & 

Richardson, 1991 ] 

2.8.2 Radial/Axial/Horizontal mixing 

It is recognised that the rate of radial mixing is much lower than that of vertical mixing, 

often in the order of 10% [Pell, 1990]. This horizontal mixing is of particular importance 

in systems where solids are fed below the bed surface. There is little reference to this; 

however the number of feed points should be designed to give a good distribution of 

solids [Pell, 1990]. 

2.8.3 Gas Backmixing 

Backmixing is the process where the upward flowing gas is carried back down the reactor 

by the downward flowing solids [Pell, 1990] 

If the gas is adsorbed to the solid surface then backmixing is enhanced [Pell, 1990]. 

Experimental data is sparse, however backmixing is known to be affected by: 

0 Particle size 

" Fines content 

" Vessel Geometry 

" Downward velocity of the dense phase 

[Pell, 1990] 

As the water vapour pressure has an affect upon the reaction rate this parameter may be of 

importance. 

2.8.4 Segregation 

At high gas velocities a bed will mix large and fine particles and dense and light particles. 

However, as the gas velocity decreases the larger, denser particles may sink to the bottom 

and the lighter, smaller particles rise to the top of the bed. This is termed segregation. 

2.8.4.1 Internals 

The presence of internals, such as tubes or baffles, within the bed can greatly influence the 

flow patterns: 
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Vertical tubes - Radial mixing reduced slightly 

Horizontal tubes - Depends upon cross section occupied; vertical mixing can be inhibited 

to the point where the bed effectively becomes staged [Baeyens & Geldart, 19861 

2.9 Reaction Kinetics In a gas Fluidised Bed 

Fluidised beds have been used since the 1920's as chemical reactors. They are generally 

perceived to have the following advantages and disadvantages: 

TABLE 2.17: ADVANTAGES AND DISADVANTAGES OF FLUIDISED BED REACTORS [ADAPTED FROM KUNII & 

LEVENSPIEL, 1991 & SATTERFIELD, 1970] 

Advantages Disadvantages 

Uniform Temperature Backmixing of Gas and Solids 

Good rates of heat transfer Gas By passing 

Ease of Solids handling Solid Entrainment 

Low pressure drop Attrition, erosion and agglomeration 

Continuous operation with few mechanical parts Scale up difficulties 

Effective gas/solid contact 

The dehydration of gypsum is a heterogeneous gas-solid reaction. Several problems are 

inherent to the assessment of the chemical kinetics of the calcination of gypsum. 

" Since more than one phase is present, the movement of chemicals from one phase to 

another must be considered; i. e. in this case the movement of water from the gypsum 

particle to the fluidised bed. Thus the kinetic terms will incorporate mass transfer 

terms. Mass transfer terms differ in number and type depending upon the specific 

heterogeneous system and therefore no generic rate expression exists [Levenspiel, 

1972]. In fact in a number of experimental studies into the dehydration of gypsum the 

effects of diffusion have not been considered. It will be shown later (Section 4.3.2 that 

the for small particles (< 100 µm) the rate of water diffusion and heat transfer do not 

limit the reaction rate. 

" The gypsum particles undergo physical changes, in particular to surface area and 

density. These properties have a bearing upon mass transfer, heat transfer and kinetics 

and fluidising properties [Kunii & Levenspiel, 1991]. These have not been considered 

in any experimental study into the dehydration of gypsum. 
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" The reaction controlling mechanism may change with temperature, particle properties, 

pressure, particle size etc [Kunii & Levenspiel, 1991]. Gypsum also has different 

grades and size distributions which will affect the controlling mechanism. 

" Since gypsum calcination is an endothermic reaction, heat transfer is also of prime 

importance. For example, heat transfer is the limiting step in the calcination of 

limestone for particles above a certain size. This has not been considered in any 

experimental study into the dehydration of gypsum. 

" Residence times for both solid and gas phases are required. This is further 

complicated by the solid phase having a size distribution and different physical 

properties as the reaction proceeds [Kunii & Levenspiel, 1991]. 

A further complication is that the reaction in the calciner can be considered to take place 

over three separate regions: 

1. Just above the gas inlet 

2. Bed 

3. Freeboard (i. e. area above bed surface) [Kunii & Levenspiel, 1991 ] 

In the calcination kettle these relate to the area next to the hot gas exit where temperatures 

can be in excess of 800°C, the bulk of the bed where temperatures are around 150°C and 

in the gas exit where temperatures are around 150°C. 

The dehydration of gypsum in the kettle will be governed by the following four 

mechanisms: 

1. Heat transfer to the particle. 

2. Dehydration reaction. 

3. Diffusion of H20(g) through the particle to the surface. 

4. Mass transfer of the gas through the gas film to the main body of the fluid 

Diffusion and mass transfer limited processes tend to occur in relatively high temperature 

regions, whereas chemically controlled processes occur at lower temperatures. This is 

because the rate of reaction depends, according to the Arrhenious equation, on the factor 

e-E/RT whereas diffusion and mass transfer are not so strongly influenced by temperature 

[Coulson & Richardson, 1971]. 
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Many fluidised bed reactor models have been developed, however on the whole the 

results have been disappointing. In many cases the model is reaction specific and has 

never been subject to direct experimental testing [Kunii & Levenspiel, 1991]. 

2.10 Elutriation 

Elutriation is the carry over of particles from a fluidised bed. The flux of solids is called 

the entrainment, Gs (kg M-2 s-1) and the bulk density of solids in the gas stream is called 

the holdup, p (kg M-3) . This is of importance in the calcination kettle as between 40 and 
60% of the feed leaves the bed through the gas exit. As the bed is continuously fed it is 

necessary to be able to calculate the rate at which particles are carried out of the bed. The 

entrainment rate is required for cyclone design, and more importantly to assess residence 

time of particles in the reaction system. It has been found that the smaller particles in the 

gas exit tend to be over calcined, and the larger particles in the solid exit tend to be under 

calcined. 

In the simplest sense elutriation occurs when the superficial gas velocity within the bed 

exceeds a particle terminal velocity. Figure 2.22 demonstrates that the fluidising 

conditions within the calciner are very close to the terminal velocity, hence a large amount 

of elutriation is expected. However, the terminal velocity is not the sole criterion for 

elutriation. Coarser solids with terminal velocities greater than the superficial velocity are 

often entrained in experimental studies. 

The holdup in the freeboard varies with height, as shown in Figure 2.29. After particles 

are cast into the freeboard, the coarse particles and fine clusters fall back as the local high 

velocities which threw them out of the bed are dissipated. Fines whose concentration in 

the gas exceeds the carrying capacity tend to collect on the sides of the column and fall 

back. The point at which the entrainment becomes constant is termed the Transport 

Disengagement Height, TDH [Pell, 1990]. When the gas stream exists above the transport 

disengagement height then both the size distribution and entraining rates are close to 

constant. The saturation carrying capacity of the gas stream represents the largest flux of 

solids that can be entrained out of the vessel when the gas exit is above the TDH [Kunii 

and Levenspiel, 1991]. 
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II 

I 

I 

Holdup 

Freeboard 

TDH 

Splash Zone 

Bed 

FIGURE 2.28: TRANSPORT DISENGAGEMENT HEIGHT [ADAPTED FROM GELDART, 1986] 

2.10.1 Mechanism 

There is no clear agreement over the specific mechanism involved by which particles are 

ejected into the freeboard [Geldart, 1986]. There are a number of accepted theories to 

account for the origin of the elutriated particles: 

" Roof - As bubbles are at a higher pressure than the bed surface, they pop on reaching 

the surface spraying the bubble roof into the freeboard [Do et al, 1972; Peters, 1981; 

Saxena & Mathur, 1984; Tanimoto et al, 1983]. 

" Wake - As the bubbles rise at a higher velocity than the surrounding gas their wake 

material may be thrown as a clump into the freeboard. Also, when two bubbles 

coalesce at the surface of the bed there is an especially energetic ejection of particles 

from the wake of the trailing bubble [George & Grace, 1978; Levy et al, 1983] 

Bubbling beds tend to follow the wake ejection mode of particle ejection [Kunni and 

Levenspiel, 1991]. Therefore the particles initially ejected from the bed can be considered 

to be a representative sample of the bed material. 

Considering the disagreement in the mechanism of elutriation it should come as no 

surprise that theoretical and empirical correlations for the elutriation parameters can vary 

by factors of over 100. 

2.10.2TDH Estimation 

Numerous correlations have been proposed to predict the TDH. They have been based on 

a number of different parameters, including the superficial gas velocity, gas density, 
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particle density, particle diameter, bubble size, column diameter and gas viscosity. Again, 

the accuracy of the correlations is not great and can only really be used to give an 

approximation of the TDH. Table 2.18 gives a summary of the correlations from the 

literature: 

TABLE 2.18: CORRELATIONS FOR PREDICTING TDH 

Investigator Correlation Kettle TDH, m 

Zenz & Weil (1958) TDH(F) - Graphical - see Figure 2.29 0.50 2.72 

Amitin et al (1968) TDH(F) = 1.08 ug1 Z (6.71-1.2 loglo ug) 0.66 2.73 

Frantz & Juhl (1972) TDH(F) = 8.410-4dpp90.3390.29Dc0.16ugm 2.2e-9 2.74 

where m=D, -o. ' 3 

dP, D, TDH in ft; pg in lb/ft3; µ in lb/ft. hr; ug in ft/s 

Fournol et al (1973) TDH(F) = 103 ug2/g 1.47 2.75 

Horio et al (1980) TDH(F) = 14 (db/g)". ' 0.14 2.76 

Baron et al (???? ) TDH(F) = 0.22 Ub` 0.11 2.77 

From sciazko et al 

1991 

Sciazko et al (1991) TDH(C) = 1.5db0.5 0.47 2.78 

Baron et al (1988) TDH = (2.1 ub)0.5/2g 0.12 2.79 

NOTE: TDH(F) IS THE HEIGHT AT WHICH THE FINES HOLD UP IS CONSTANT. TDH(C) IS THE MAXIMUM HEIGHT 

REACHED BY THE COARSE PARTICLES (i. e. up<ut). 
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0.46 data 0.61 data --- 0.92 data t 1 . 22 data ---1.53 data 

0.01 

FIGURE 2.29: ZENZ AND WEIL GRAPHICAL METHOD FOR ESTIMATING TDH INCLUDING ESTIMATED TDH FOR 

EXPERIMENTAL DATA 

The correlations above were used to estimate the TDH of the conical kettle and an 

average value of 50 cm was found. 

2.10.3EIutriation Rate Constant 

It has been generally accepted that the rate of elutriation of a size fraction dpi from a bed 

of free-flowing solids is proportional to its concentration in the bed, Xbi, and the bed cross 

sectional area, A [Tasirin & Geldart, 1999]. Thus the elutriation rate of i size particles, E; 

(kg/s): 

Ei =x*inAXbi 2.80 

The proportionality constant, K ih, is defined as the elutriation rate constant of i diameter 

particles at a height h above the bed. K*; h is a function of the gas velocity and the physical 

properties of the particles and gas. The majority of the experimental studies into K ih have 

been with freeboards greater than the TDH, and this is defined as K K. 
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Therefore the overall solids flux above the TDH, GS can be calculated from: 

GS = KiooXbi 

2.10.3.1 Elutriation Rate Constant Correlations 

2.81 

A large number of papers have been published giving correlations for the elutriation rate 

constant for different physical conditions. Table 2.19 summarises the experimental 

conditions and the published correlations: 
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Figure 2.31 shows results of the correlations for different particle sizes and the conditions 

given in Section 2.4 for typical operation of the laboratory scale conical kettle. It can be 

seen that the results of the correlations vary enormously. This demonstrates that the 

correlations should not really be used beyond the scope of their experimentation. Errors 

can occur in the derivation of the correlations due to: 

" The offtake being below the TDH 

" Fines being generated in the bed due to hydrodynamic, chemical and mechanical 

effects [Geldart, 1986] 
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FIGURE 2.30: COMPARISON OF CALCULATED ELUTRIATION RATE CONSTANT FROM MODELS 

2.10.4 Critical Particle Diameter 

100 

For particles with a diameter of less than 10-30µm, depending on conditions, cohesive 

effects may become important and affect the behaviour of the fine material. The fines will 

cling to larger particles and each other. Some work has been carried out on this subject 

and the equations in Table 2.20 give estimations of the critical particle diameter where 

cohesive effects become important: 
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TABLE 2.20: CRITICAL PARTICLE DIAMETER CALCULATION 

Investigator Equation Value for DSG Equation 

Baeyens et al (1992) d, ritPp 0.725_10325 34 um 2.93 

Ma & Kato (1998) C/( dcrit pp g)=4.5 32 um 2.94 

C= 0.456pp0.269 

2.10.5EIutriation Below the TDH 

Below the TDH, the rate of entrainment increases as the surface of the bed is approached. 

Several models have been proposed by Kunii and Levenspiel (1991), Zenz and Weil 

(1958) and Milioli and Foster (1995). However the difference between theory and 

experimental studies is great. 

2.11 Conclusions 

Chapter Two has highlighted the areas where further work is required in order to produce 

a model of the kettle. The aim of this thesis is to increase understanding in the areas 

relevant to the production of a general model for the operation of a DSG calciner. The 

areas in the literature which requires further investigation are discussed below along with 

the required experimental work: 

1. Dehydration kinetics 

In order to derive a model of the calciner the dehydration kinetics of gypsum must be well 

understood. A large amount of experimental work has already been carried out to 

elucidate the dehydration kinetics of dihydrate and hemihydrate. However the research 

thus far has given widely different results. The first area of experimentation is to 

investigate the kinetics. This has been carried out in a fluidised bed reactor and under 

differential conditions. The method and results of this work are detailed in Chapters Three 

and Four 
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2. Fluidisation Properties 

Although a lot of research has been carried out on fluidisation, the difference between 

theoretical models and experimental research has been found to vary by as much as 

several orders of magnitude. Therefore an experimental study has been carried out into the 

fluidisation properties of DSG gypsum. Particular emphasis has been placed on the 

elutriation of DSG gypsum as the superficial velocity in the kettle has been calculated to 

be greater than the terminal velocity of the majority of the particles in the bed. This work 

is detailed in Chapter Five. 

3. Tracer Study 

In order to apply information from kinetic studies of the dehydration of gypsum to the 

calciner it is necessary to be able to model the residence time distribution of particles in 

the vessel. To study this a series of tracer tests have been carried out on the laboratory 

scale kettle. This work is detailed in Chapters Six and Seven. The tracer tests also allowed 

the affect of different conditions (temperature, gas flow rate etc) on the operation of the 

kettle to be studied. 
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CHAPTER THREE - METHOD FOR DETERMINING THE 

DEHYDRATION KINETICS OF DSG GYPSUM 

Chapter Two identified the fact that knowledge of kinetic data for the dehydration of 

calcium sulphate dihydrate is lacking and this knowledge is fundamental to understanding 

the operation of the calcination kettle. An experimental rig was designed and 

commissioned to study the dehydration of DSG gypsum under differential conditions. For 

this reaction differential conditions occur when the H2O evolved from a given particle 

during dehydration does not interfere with the rate of calcination of neighbouring 

particles. 

This chapter gives a description of the experimental rig which allows dehydration 

reactions to be carried out at constant temperature and water vapour pressure. A fluidised 

bed was used in order to allow particles inserted into the bed to quickly achieve bed 

temperature. Fluidised beds also allow for excellent mass transfer and mixing. 

This chapter also includes a full description of the instrumentation and control methods. 

The effects of gas mixing and the response of the relative humidity probe are also 

discussed. 

3.1. Apparatus 

Figure 3.1 shows the experimental apparatus designed in order to study the dehydration of 

DSG gypsum under differential conditions: 

-90- 



Chapter Three - Method For Determining The Dehydration Kinetics of DSG Gypsum 

FIGURE 3.1: EXPERIMENTAL RIG TO STUDY DEHYDRATION OF DSG GYPSUM 

3.1.1. Details of Components 

The rig comprised of the following components: 

" Piping - Nylon tubing (10 mm internal diameter) was used before the air heater. 

" Filter/Regulator - Compressed air was supplied from the University mains supply. 

The regulator (RS 722-586/621) prevented damage to the equipment from pressure 

surges and could control the inlet pressure from 0.3 to 10 bar. The filter prevented 

contamination of the bed, for instance by oil. 

" Heater - Two 240V in line ceramics heater (RS 200-2547) were used. The heaters 

could heat gases up to 540°C. The first heater was used to preheat the air in order to 

vaporise water injected to achieve high water vapour pressures (see Section 3.1.1.4). 

The second heater controlled the temperature of the fluidised bed (see Section 

3.1.4.3). The second heater was held in an aluminium box which was supplied with an 

air cooling line to prevent the heater burning out. The air which had passed over the 

heater was then fed through the sample inlet line. This heated up the sample injection 
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line which prevented condensation forming when high humidity air was used to inject 

the sample. 

" Plenum and Bed Flanges - The plenum flange and the flanges at the top of the bed 

were constructed from 10 mm thick brass. The dimensions are shown in Figure 3.2. 

" Distributor Plate - The distributor plate was an 80 mm diameter stainless steel 

sintered disc. 

9 Bed Tube - The bed tube was constructed from pyrex. Dimensions shown in Figure 

3.2. 

" Sample Pot - The sample was placed in a 0.94 cm (3/8 inch) diameter stainless steel 

tube at the top of the bed. The sample could then be quickly inserted into the bed by 

diverting the airflow round the bed and opening the ball valve below the pot. 

" Cooling - The exit hot gas was cooled in a 1.8m length of 10 mm internal diameter 

copper piping. 

" Cyclone - The cyclone was made from pyrex and used to collect particles elutriated 

from the bed. The dimensions are shown in Figure 3.2. 

" Bag Filter - Particles not captured in the cyclone were caught in the bag filter (RS 

185-0711). The filter media is thermal bonded resin-free synthetic fibres. 

" Valves - Stainless steel ball valves and needle valves were used as indicated on 

Figure 3.1. 
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3.1.2. Inert Bed 
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10 mm dia. 

2 mm Perspex 

1c 

2. Cyclone 

The two prerequisites for the material of the inert bed were: 

1. That the material would not affect the dehydration reaction. 

2. That the material would have an elutriation velocity higher than that of the sample. 

i 

200 

160 

1 
25 

Point (1) is the most vital as (2) can be satisfied in most cases by judicious selection of the 

particle size. Alumina and Ballotini (small glass beads) were investigated as possible 

candidates. It was found that ballotini was the best material. The alumina acted as a 

desiccating agent and absorbed moisture from the compressed air supply. This was then 

released as the bed was heated up to the temperature set point. The dehydration reaction 

involves the release of water and so the bed may have interfered with the release of water 

vapour from the bed. The ballotini did not exhibit this effect. 

Figure 3.3 shows the particle size distribution (psd) of the inert ballotini bed. The ballotini 

was prepared by fluidising at high air flow rates until no particles were elutriated 

40 60 
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FIGURE 3.3: SIZE ANALYSIS OF INERT BALLOTINI BED 

3.1.3. Instrumentation and Calibration 

The experimental rig had the following instrumentation: 

"4 Thermocouples (Ti, T2, T4, T5) 

"3 Pressure Transducers (P 1, P2, P3) 

"3 Rotameters (R 1, R2, R3) 

94 Humidity meter (H1, H2, H3, H4) 

3.1.3.1. Thermocouples 

Four K-type thermocouples (RS 256-528) were used on the rig. Each thermocouple was 

linked to a computer which recorded the readings taken in the following locations: 

TI ; Before the distributor plate 

T2 ; Bed - 10 mm above distributor plate 

T4 ; Freeboard - 150 mm above distributor plate 

T5 ; End of cooling section 

Each thermocouple had a range of -200- 1100°C. The thermocouples required regular 

calibration as the readings tended to drift with time. The calibration was carried out using 

a digital thermocouple simulator. The simulator had `outputs' of 0,100,500 and 1000°C. 

The output of the hand held calibrator was checked using a digital thermometer. 
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3.1.3.2. Pressure Transducers 

Three pressure transducers (RS 286-670/686) were present on the rig. 

TABLE 3.1: PRESSURE TRANSDUCER SPECIFICATIONS 

PI P2 P3 

Location After Flow meter After distributor Top of bed 

Type Gauge Gauge Gauge 

Output mV mV mV 

Pressure Range (Bar) 0-2.07 0-0.34 0-0.34 

Regression Bar = 16.90 V-0.01 Bar = 5.46 V Bar = 5.49 V 

The transducers had a power active element piezoresistive bridge construction. Each 

transducer was linked to a computer which recorded the readings. The pressure 

transducers were calibrated using a hand held digital pressure meter. The transducers were 

calibrated and the derived linear regressions used to convert the mV signal to a bar 

reading are shown in Table 3.1. 

3.1.3.3. Flow Meters 

Three Loflow (Rotameter style) flow meters were present on the rig and their 

specifications are shown in Table 3.2: 

TABLE 3.2: ROTAMETER SPECIFICATIONS 

Location Flow Range (L/min) Float Accuracy 

RI Heater air line 3-21 Stainless Steel ± 2% 

R2 Heater by pass 5-50 Acetal ± 2% 

R3 Cyclone exit 20-135 Acetal ± 2% 

3.1.3.4. Humidity meters 

Four R500 humidity meters (RS 203-170) were employed on the rig. The probes use a 

capacitive sensor to measure humidity and a platinum sensor to measure temperature. The 

probes were used in the following locations: 

H1 At gas exit of the fluidised Bed 
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H2 At gas exit after H1 

H3 ; Compressed air line before humidifier/desiccator 

H4 ; After humidifier/desiccator 

The meters can be used to measure temperature as well as the relative humidity. The 

probe had the following specifications: 

TABLE 3.3: HUMIDITY METER SPECIFICATIONS 

Variable Range Accuracy 

Humidity RH 0-100 % 0-80% ± 2% 

80-100% ± 3% 

Temperature °C -10-100°C -10-80°C ± 0.5°C 

80-100°C ±1 °C 

The probe reading was measured using a digital volt meter. 

Air humidity is a measure of water vapour present in air. The percentage relative humidity 

of air is defined as: 

Part ial pressure of water vapour in air % Relative Humidity =x 100 3.1 
Partial pressure of water vapour in saturated gas 

The humidity probes were calibrated using saturated salt solutions. Saturated salt 

solutions of LiBr, LiCl, MgC12, Na2Cr2O7 and KCl were used. The solutions were 

prepared by dissolving twice the quantity defined by the solubility of the salt at 20 °C into 

500 cm3 of 60°C distilled water. The solution was then allowed to cool to ambient 

temperature. In order to calibrate the probes they were put above the solution until it read 

a constant humidity. Sample calibration plots are shown in Figure 3.4: 
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FIGURE 3.4: SAMPLE HUMIDITY PROBE CALIBRATION CURVES 

The readings of probes HI and H2 were logged during experimental runs using either 

digital volt meter (DVM) or a data logging device (PICO logger). The readings of probes 

H2 and H3 were not logged. 

3.1.4. Control 

The experimental apparatus was controlled using a central computer to collect data and 

switch the heater on and off. The computer read Ti, T2, T4, T5 and P 1, P2, P3. Figure 3.5 

shows a simplified control block diagram: 

Heater 

Computer Control 
ýý Instruments Box 

FIGURE 3.5: CONTROL BLOCK DIAGRAM 

The control box selects the different instruments sequentially and receives the instrument 

readings. This is then read by a digital volt meter and the reading transferred to the 

computer for storage. The control box also switches the heater on and off depending on a 

signal from the computer. The signal is activated by reading the bed temperature reading 

(T2) and comparing it to the set point. 

3.1.4.1. Control Box 

The control box was designed and constructed to carry out the following functions: 
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" Selects the instrument to be read via a multiplexer chip. 

" Sends the reading to a digital volt meter. 

0 Switches the heater on and off. 

Figure 3.6 shows the circuitry in the control box: 

P= Pressure Transducer 

= Solanoid 

=OR Gate 

FIGURE 3.6: CONTROL BOX CIRCUIT DIAGRAM 

The multiplexer was the CD4067B 16-channel digitally controlled analogue switch. The 

amplifiers industrial standard (741) featuring overload protection. The frequency-voltage 

converter constructed using the Maplin LM331 kit. 

3.1.4.2. Software 

The computer program which controls the rig was written in Quick Basic (45). The 

computer program controls the temperature of the fluidised bed via following routine: 

1. Heating - Heats the fluidised bed to a specified set point; Heating duty = 75% 

- Compared T2 to set point and goes to control section when they are equal 

2. Control - Controls the bed at the specified set point; Heating duty = 50% 
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- Switches heater on when T2 < set point; Switches heater off when T2 > 

set point 

- Goes to cooling section when user presses `c' 

3. Cooling - Cools the bed to ambient temperature; Heating duty = 0% 

3.1.4.3. Temperature Control 

Figure 3.7 shows the control sequence and the three phases of the program. It has been 

found that the control system can control the bed temperature to ±2°C. This is shown in 

Figure 3.8 which shows temperature control at 100,130 and 160 °C. 
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FIGURE 3.7: TEMPERATURE CONTROL PHASES (HEAT/CONTROL @ 12 L/MIN; COOL @ 40 L/MIN) 

FIGURE 3.8: COMPARISON OF TEMPERATURE CONTROL AT DIFFERENT TEMPERATURES 

3.1.4.4. Humidity Control 

The most difficult parameter to control was found to be the water vapour pressure of the 

fluidising gas. Various water vapour pressure were achieved in the following manner: 

" Water vapour pressures of 0.001 atm were achieved by passing the air through a 

desiccant before entering the bed. 

" Water vapour pressures of 0.01 atm were achieved by not passing the air through the 

desiccator unit. 

" Water vapour pressures of 0.03 atm were achieved by replacing the silica in the 

desiccator with water, and bubbling the air through it. 
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" Water vapour pressures of 0.03-0.09 atm were achieved by placing the desiccator unit 

with water in it into a hot water bath (70-100°C) and bubbling the air through it. 

" Water vapour pressures greater than 0.1 atm were achieved by injecting distilled water 

using a syringe pump after the first heater (see Figure 3.1). The first heater heated the 

air to >350°C in order to fully vaporise the injected water. The second heater was then 

used to control the temperature of the fluidised bed. 

It was found to be impossible to control the higher humidities at consistent values 
between runs, i. e. although a consistent humidity could be achieved during a run it could 

not be replicated exactly. Also, the control of the higher humidities using the syringe 

pump was erratic, possibly due to condensation forming in the piping, pressure 
fluctuations and water droplets forming at the injection point. 

It was found that at higher water vapour pressures condensation formed in the sample 

inlet pipe when a sample was injected. Therefore this piping was heated using the air used 

to cool the second air heater to raise the temperature of the sample injection pipework and 

prevent condensation occurring. 

3.2. Dehydration method 

The dehydration experiments were carried out as follows. Dry compressed air was blown 

through the inert bed, and was heated until the bed reached the required temperature. The 

water vapour pressure of the air was then controlled to the required value as described in 

Section 3.1.1.4. The sample to be dehydrated was then loaded into the sample pot and the 

humidity probe datalogger switched on. Air was then bypassed around the bed to inject 

the sample into the bed. The extent of the decomposition reaction was assessed by 

measuring the humidity of the gas exiting the bed using H1. When the reaction was 

completed the dehydrated sample was elutriated to the cyclone 

3.2.1. Calculation of Conversion 

The changes in temperature and relative humidity with time can be used to calculate the 

rate of removal of water molecules from the gypsum. The data output from the 

experiments is given in terms of a relative humidity over time and so can be used to 

calculate the amount of water given off during a reaction. This data can also be presented 
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in terms of conversion data by evaluating the cumulative relative humidity area divided by 

the total area. Conversion versus time data is required to calculate the rate of the reaction. 

This is shown in Figure 3.9: 

RH 
RH = 

Water Vapour Pressure 

Saturated Water Vapour Pressure 

a 

Cumulative Area 
a. -- 

Total Area 

FIGURE 3.9: CONVERSION OF RELATIVE HUMIDITY VERSUS TIME TO CONVERSION VERSUS TIME 

In order to determine actual rate of water leaving the gypsum particles it is necessary to 

know the response times of the bed and probe. These response times were determined 

experimentally as described in Section 3.3. 

3.3. Humidity Probe Response 

It is necessary to know how the water from the dehydration reaction is generated in the 

bed in order to calculate the dehydration rate. The relative humidity probe reading will not 

give a true representation of the water generated from the dehydration reaction because of 

the two phenomena described below and illustrated in Figure 3.10: 

1. Gas mixing in the Fluidised bed and piping(transfer function 1 in Figure 3.10) 

2. Response time of the Relative Humidity probe (transfer function 2 in Figure 3.10) 
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Transfer Function 1 Transfer Function 2 
Relative Humidity Relative Humidity Relative Humidity 

of Bed, RH(1) MMMAW-- 
at probe, RH(2) probe reading, RH(3) 

RH(2) 

RH(3) 

13 13 13 E3 91 0 

Digital Volt Meter 

FIGURE 3.10: PROCESSES AFFECTING THE READING OF THE RELATIVE HUMIDITY PROBE 

3.3.1. Probe Response Time 

A common method for experimentally determining the time response of an analyser is to 

carry out a step test. In the step test the response of the analyser is studied during a rapid 

shift from one steady-state input to another. The data can then be processed to determine 

the time delays exhibited. Figure 3.11 gives a typical response of an analyser with a dead- 

time of TL and a first order time delay of i. 

1 

0.8 

Responce 0.6 

0.4 

0.2 

0 

Elapsed time since application of input step 

FIGURE 3.11: TYPICAL ANALYSER RESPONSE TO A STEP INPUT (HUSKINS, 1981) 

For most purposes it has been found that analyser systems can be modelled using a pure 

lag/dead-time plus first or second order time delay. It would be expected that the relative 

humidity probe will have a small pure lag as this is normally associated with the 

transmission of samples through sample lines [Huskins, 1981 ]. This has been estimated at 
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5 seconds based on a flow rate of 14 L/min air at 20°C . It is expected that a time delay of 

some sort will exist at the probe due to the diffusion of water vapour to the probe cell and 
the to the electronics in the system. 

3.3.2. Gas Mixing 

It is necessary to characterise the extent of gas mixing within the bed in order to elucidate 

meaningful kinetic data. There are two idealised flow patterns in reactors, namely plug 
flow and mixed flow. Tracer tests on gas fluidised beds have shown that the flow patterns 

within the bed are significantly different to the two idealised states [Fogler, 1986] and so 

neither of these models can be used to represent the bed accurately. The E-curve, or 

residence time distribution curve (RTD), is the distribution of the period of time for 

elements of fluid to pass through a reactor [Levenspiel, 1972]. 

Plug Flow Mixed Flow Gas Fluidised Bed 

ýrý 

E=C 

<zxz: > -b- 
rc-- 

1/t(av) e (-t/t(av)) 

Area =1 

FIGURE 3.12: COMPARISON OF IDEAL AND GAS FLUIDISED BED MIXING 

00 
0 

0 
00 

The E-Curve of a gas fluidised bed has been found from tracer tests to be composed of 

three sections. First there is a short delay during which little or no tracer comes through. 

Following this there is a sharp rise and then a steady decrease in the amount of tracer 

detected. The initial sharp rise is thought to be due to the gas first passing through the bed 

in the bubble phase. The slower decrease is due to gas in the bubble phase moving 

through the bubble, cloud and emulsion phases [Fogler, 1986]. The actual shape of the E- 

curve will depend on a number of factors, such as the extent of bubbling, bed height and 
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bed composition. Figure 3.12 shows the E-curves for the ideal reactors compared with an 

example E-curve for a gas fluidised bed. 

The extent of gas mixing can be calculated by studying the E-curve of the bed. There are a 

number of techniques for evaluating the E-curve experimentally, all of which are classed 

as stimulus-response techniques [Levenspiel, 1972]. The most common techniques 
involve the use of a tracer input, which is a material that can be detected and does not 
disturb the flow pattern of the bed. Commonly used tracer signals are pulse inputs and 

step inputs. 

Once the E-Curve for the bed has been deduced models can be used to assess the 

residence time distribution of gas in the bed. Common models are: 

1. Zero adjustable parameters 

2. One adjustable parameter 

- Segregation model 

- Maximum mixedness model 

- Tanks in series 

- Dispersion model 

3. Two adjustable parameters - Combination of ideal reactors [Fogler, 1986] 

A series of experiments were carried out to study the time response of the probe and the 

overall time-response of the fluidised bed and probe in series. These experiments 

comprised of: 

" Studying the response of the relative humidity probe to a step change at ambient 

conditions. 

0 Studying the response of the probe and bed in series to a pulse tracer test at different 

temperatures. 

3.3.3. Relative Humidity Probe Response 

The time-response of the humidity probe to a step change in steady state relative humidity 

was studied using the apparatus shown in Figure 3.3: 
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RH 
Probe 

Air 
Compressor 

<er A 

FIGURE 3.13: APPARATUS USED TO DETERMINE THE STEP CHANGE RESPONSE 

Air at ambient temperature and pressure was bubbled through beaker A at 14 L/min using 

an air compressor. Experiments were conducted with beaker A containing either water, 

silica or a saturated salt solution of magnesium chloride or sodium dichromate. The air 

was circulated through the system until the relative humidity probe gave a constant 

reading. The beaker was then bypassed by closing valve 1 and opening valve 2. The inlet 

to the compressor was also opened to atmosphere so the air was no longer being 

recirculated throughout the system. The response of the probe to this step change in 

relative humidity was logged at 1 second intervals. Each experiment was repeated three 

times. 

The relative humidity step changes studied are shown in Table 3.4: 

TABLE 3.4: STEP CHANGES STUDIED IN PROBE RESPONSE EXPERIMENTS 

Beaker A Step change, relative humidity % 

Water 83 to 38 

Silica 6 to 35 

Magnesium Chloride 32 to 37 

Sodium Dichromate 48 to 38 

3.3.3.1. Results 

Figure 3.14 shows typical relative humidity probe to the step change responses for each of 

the step changes studied. It was found that the relative humidity probe output started to 

change as soon as the steady state input was changed. This indicated that the dead-time 

was insignificant. The experimental data was then normalised to give a step increase from 
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0 to 1 and a step decrease from 1 to 0. This is shown in Figure 3.15. It can be seen that the 

magnitude of the relative humidity step increase/decrease does not affect the normalised 

response and so it can be assumed that the same delay function holds for all the 

experiments. 
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FIGURE 3.14: TYPICAL STEP CHANGE RESPONSES 

FIGURE 3.15: NORMALISED STEP CHANGE RESPONSES 

The normalised response of the relative humidity probe was modelled using a Is` order 

delay function of the form: 

Step Increase: xr =1- e-r/ z° 3.2 

Step Decrease: xt = e-t/'rp 3.3 

Where: Xt = Output at time t 

Irp = Probe time constant 

Figures 3.16 and 3.17 show the fit of the step responses to the ist order delay model. It can 

be seen that the data fits the model well. The calculated time response, Tp for each run is 

included in the Figures 
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FIGURE 3.16: FIT OF STEP INCREASE TO 1ST ORDER MODEL 

FIGURE 3.17: FIT OF STEP DECREASE TO 1ST ORDER MODEL 

The calculated values of 'Tp vary from 2.3 to 4.2 seconds, with an average value for the 12 

experiments of 3.15 seconds. Figures 3.18 and 3.19 show the data from the experimental 

runs compared with a first order delay model with a time constant of 3.15 seconds. It can 
be seen that experimental data fits the 1 s` order response model well. 
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FIGURE 3.18: 1ST ORDER FIT TO STEP INCREASE DATA WITH 'LP=3.15 SECONDS 

FIGURE 3.19: 1ST ORDER FIT TO STEP DECREASE DATA WITH TP=3.15 SECONDS 

3.3.3.2. Comment 

The response of the relative humidity probe can be modelled using a first order delay 

function with a time constant, gyp, of 3.15 seconds. This is a reasonable value, with 

Huskins (1981) giving a time constant for the electronics in an analyser system of -1 

second. The experiments demonstrate that the relative humidity probe has a significant 

time delay which will affect the reading of the relative humidity. For example, The 
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dehydration of 40µm DSG at 170°C has a half time of around 10 seconds (see Section 

4.1.3). 

It is likely that the time constant will differ with both the flow rate of gas over the relative 
humidity cell and the temperature. It is difficult to study the response of the probe at 
different conditions of gas flow rate and temperature using the apparatus described above. 
The probe response was therefore studied in conjunction with the gas mixing within the 
fluidised bed using the apparatus for the DSG dehydration reactions (described in Section 

3.1). 

3.3.4. Gas mixing and relative humidity probe response 

The E-curve for the fluidised bed and the relative humidity probe in series was deduced 

using a pulse tracer study described below. 

The pulse response of the bed and probe was studied using water/steam as the tracer. 

Experiments were carried out using the apparatus described in Section 3.1 adapted as 

shown in Figure 3.20. The fluidised bed was heated up to the required temperature. When 

steady state was reached, i. e. when the bed temperature and relative humidity probe 

temperature stopped fluctuating, 0.1ml of distilled water was rapidly injected into the bed. 

The water injected into the bed was quickly converted to steam and removed from the bed 

in the gas exit stream. The rate at which water vapour left the bed was recorded at 1 

second intervals using the relative humidity probe. Experimental runs were carried out at 

temperatures of 60,80,100,110,120,130,140,150,160 and 170°C at 14L/min. Runs 

were also carried out at 140°C and 160°C at 20,25 and 30 L/min. 

The humidity probe data was logged using both a DVM and a Datalogger read by the 

computer. The response of both units was also checked. 
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FIGURE 3.20: APPARATUS USED TO STUDY GAS MIXING IN BED 

3.3.4.1. Results 

For each temperature the total mass of water released from the bed after injecting the 

sample was calculated using relative humidity versus time data. The total mass of water 

was calculated to be slightly less than the amount actually injected, with an average value 

of 0.098g. The accuracy of the quantity of water injected into the bed was 0.1 g±0.01g. 

Figure 3.21 shows the mass of water released from the bed versus time. It can be seen that 

as the temperature of the bed increases the period of time for all the water to be released 

decreases. At temperatures greater than 110°C the rate of water release is very rapid. It is 

assumed that at temperatures of 110°C and lower, the rate of water boiling is important, 

leading to a lower rate of release. Bed temperatures of 120°C and greater have a similar 

shape, and it is assumed that this is purely due to the gas mixing and that the rate of water 

boiling is not significant. 
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FIGURE 3.21: MASS OF WATER GIVEN OFF IN TRACER TEST 

3.3.4.2. Modelling the Relative Humidity Probe Response 

A model needs to be generated in order to take into account the effect of gas mixing and 

the probe delay. 

A number of different models are commonly used to describe the residence time 

distribution of non-ideal reactors. The tanks in series model is a one parameter model 

which is widely used to represent non-ideal flow. The fluid is considered to flow through 

a series of equal-sized stirred tanks with the one parameter being the number of tanks in 

the chain. The model is described by the equation 3.4 [Levenspiel, 1972] : 

N-1 NN t 
E(t) =e- "t/t 3.4 

tN (N -1)! 

Where: N= number of stirred tanks 

t= time 

t= residence time in N tank system 

. ". Each tank in the series has a time constant, it =t N 

3.5 

Typical E-curves for the tanks in series model are shown in Figure 3.22: 
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FIGURE 3.22: E-CURVE FOR THE TANKS IN SERIES MODEL 

The `tanks in series' model was chosen to represent the system because: 

" It is known that the probe has a first order delay function 

" The `tanks-in-series' model gives E-curves which are the same shape as those given 

by the water injection experiments 

" It is relatively simple to back calculate to the actual water generation in the bed using 

Is' order dynamics. 

Figure 3.23 shows the E(t) curves for the input of 0.1 ml of water into the bed at 

temperature from 100 to 170°C. The E(t) curves were derived by normalising the area of 

the relative humidity versus time plots to an area of 1. The tanks in series model was then 

fitted to this data. The N=2 and N=3 models were found to be the best fit to the data. The 

N=2 model was been chosen to represent the system because it is the simpler of the two. 

Figure 3.24 gives the Ee versus 0 and demonstrates how well the model fits to the 

experimental data, in this case to the 120,140 and 160°C runs. 
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FIGURE 3.23: COMPARISON OF DIFFERENT E(T) CURVES FOR DIFFERENT TEMPERATURES 

FIGURE 3.24: SAMPLE FIT OF 2 STAGE MODEL TO 170°C 

Figure 3.25 shows how t changes with temperature. It can be seen that as the temperature 

increases, the residence time in the N tank model decreases. This is to be expected because 

as the temperature is increased, the volumetric flow rate within the bed increases. Figure 

3.26 shows how the response changes with air flow rate. As expected, higher gas flow 

rates have a lower response time. Figure 3.27 also compares the response of the DVM 

with the Datalogger. As can be seen the response times are very similar, with the data 

logger having a slightly longer response time. This could be as a result of the additional 

data processing which is occurring. 
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3.3.4.3. Data Analysis 

A model to analyse the dehydration reactions data was generated based on the tanks in 

series approach. This allowed the calculation of the actual water generation in the bed 

during the dehydration experiments based on relative humidity versus time data from the 

relative humidity probe. The relative humidity generated in the bed was calculated as 

shown in Figure 3.28: 

Real 
System 

Model 

Raw Data-RHA(t) 

RH(A) 
RH(C) Raw Data 

Actual rate of 
water generation 

RH(Probe) 

---------- --- 
RH 
Probe 

-mac. 
- 

RH(C) 

H(B) 

T' RH (A) 

Calculate RHB(t) from RHA(t) 

Calculate RHc(t) from RHB(t) 

Relative Humidity Data From Probe 
U 

RHB= RHA+ it dRHA/dt 
U 

RHc = RHB + it dRHB/dt 

It should be noted that RHB is not equal to RHPROBE 

FIGURE 3.28: CALCULATION OF RELATIVE HUMIDITY GENERATION FROM RAW DATA 

However, the data from the probe is `noisy', and this is amplified when the derivative is 

taken. This means that the RHc curve is very `noisy' which makes determining rate 

constants difficult since RHc is relied upon to evaluate the rate constant. 

Two method were devised to overcome this problem 

1. Fitting functions to data 

2. Data smoothing 

-114- 



Chapter Three - Method For Determining The Dehydration Kinetics of DSG Gypsum 

Of the two methods tried, the data smoothing method was found to be the most 

successful. It was difficult to find expressions which would adequately fit all the 

experimental data. The data smoothing was accomplished using Mathcad a dedicated 

mathematics package. The data smoothing is executed as shown in Figure 3.29 

Import raw data from Quattro Pro to Mathcad 

I 

Use CSPLINE function to return intermediate data points between those given in 
the experimental data 

I 

Use SUPSMOOTH function which carries out an adaptive nearest neighbour 
smoothing technique 

I 

Import smoothed data back to Quattro Pro to evaluate relative humidity readings 
in bed using the `Tanks in Series' model 

FIGURE 3.29: DATA SMOOTHING ALGORITHM 

3.4. Materials 

All the experimental work carried out to determine the rate constant for the dehydration of 

gypsum was caned out using the same type of synthetic gypsum (Drax DSG) obtained 

from flue gas desulphurisation and received from BPB Gypsum. The original sample had 

the following characteristics: 

" Particle size distribution as received and dried: 

d1o = 17µm 

d25 = 31µm 

d50 = 48µm 

d75 = 65µm 

d90 = 83µm 
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" Proximate analysis (method see Chapter 6.1.1.1.2) 

CaSO4.2H20, D = 96 % (Mass %) 

CaSO4.2H20, H = 0% 

CaSO4.2H20, AIII = 0% 

CaSO4.2H20, All = 0% 

H2O, FW = 0.2 % 

Impurities = 4.4 % 

3.4.1. Particle Classification using the Cyclone 

The DSG gypsum was separated into cuts of a specific d50 in order to provide samples 

with different particle size distributions as follows: 

" 1.5 kg of DSG was dried in an oven containing a desiccating agent at 40°C for 24 

hours to remove any free moisture 

" The sample was sieved at 105 µm to remove large lumps and stones. 

" The sieved DSG was placed in the fluidised bed system described in Section 3.1 and 

elutriated at increasing air flow rates. The elutriated particles were retained in the 

cyclone hopper. As the flow rate is increased the size of the particles elutriated 

increases. 

A series of DSG samples with increasing d50 were obtained and their d50 are shown in the 

table below. The 35,40,50,60 and 67µm samples were used in the dehydration 

experiments. 

TABLE 3.5: D50 OF DSG AND HEMIHYDRATE SAMPLES 

Flow rate, L/min DSG d50, µm Hemihydrate d50, µm 

20 35 

25 40 40 

45 50 49 

60 55 

70 60 58 

90 67 63 

Samples of hemihydrate were prepared from the 40,50 and 60 pm DSG cuts. The DSG 

was heated in an oven at 170°C for 3 hours and allowed to rehydrate in air overnight. This 
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method was used by Ball & Urie (1970) to produce pure Hemihydrate from Dihydrate. 

The total mass loss from the DSG was consistent with the production of hemihydrate. 

Hemihydrate production is confirmed on examination of the TG/DSC curves. As expected 

the d50 of the calcined DSG is smaller than before heating due to particle shrinkage (See 

Table 3.5 

3.5. Conclusions 

An experimental rig was developed and designed in order to study the dehydration of 

DSG gypsum in a fluidised bed reactor. The control and methods of experimentation have 

been discussed and a description of the gypsum to be used in the dehydration reactions 

given. The combined response time of the probe and the fluidised bed has also been 

investigated in order to facilitate the calculation of the rate of water being removed from 

particles injected into the bed. 

The next chapter presents the results of the DSG gypsum dehydration experiments. 
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CHAPTER FOUR - THE DEHYDRATION KINETICS OF DSG 

GYPSUM: RESULTS AND DISCUSSION 

One of the major shortfalls of the literature concerning the calcination of gypsum is the 

lack of consistent dehydration rate data. Important experimental variables are often not 

mentioned (e. g., particle diameter, sample size, water vapour pressure). Also, experimental 

results such as the exact mechanism equation, frequency factor (Log A) and activation 

energies (E) are sometimes not given or merely alluded to. The equipment described and 

studied in the previous chapter has been used to study the dehydration of DSG gypsum 

under differential conditions in order to fill this gap in the literature. The results of the 

dehydration experiments are reported within this chapter. The results are compared with 

theoretical models describing the internal heat transfer and mass transfer in order to 

determine the validity of the data. 

4.1 Dehydration Experiments 

Dehydration reactions were carried out at various operating conditions of temperature and 

water vapour pressure and with different diameter DSG particles. Unless otherwise stated 

the data in the figures below has been corrected to take into account the gas mixing and 

probe response as described in Section 3.4.3. The Drax DSG gypsum material used in the 

experiments has been described in Section 3.4 and the experimental method stated in 

Section 3.2. 

4.1.1 Determining Differential Conditions 

The experimental parameters were: 

" Dry air (water vapour pressure = 0.001 atm) 

9 Flow rates = 13-17 nL/min 

" Sample Masses = 0.3-4g 

9 Bed Temperatures = 100-170°C 

" Drax DSG Gypsum, d50 = 40 µm 

The first set of experiments were designed to determine what process conditions were 

necessary to achieve differential conditions. Differential conditions are required for the 
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derivation of meaningful kinetic data, and in this instance occur when the water vapour 

given off in the dehydration reaction does not affect the rate of reaction. Sample mass and 
fluidising rate were altered until differential conditions were achieved. Figure 4.2 

demonstrates the effect of sample mass on the dehydration rate at 140°C. As can be seen, 

the rate decreases with mass until a point is reached where reductions in sample size have 

no effect. 

Differential conditions were found to occur with a sample mass of 0.4 g and a fluidising 

flow rate of 14 nL/min (4.6 cm/s). This is shown in Figure 4.2, where dehydrations at 

170°C and a sample mass of 0.4 g are shown at various fluidising flow rates. Flow rates 

from 13 nL/min to 17 nL/min are shown to have no effect on the rate of dehydration. 

Therefore, differential conditions exist. A fluidising flow rate of 14 nL/min was chosen for 

use in further experiments in order to achieve greater sensitivity at the relative humidity 

probe. This is due to the ratio of water released to air flow being greater. 
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FIGURE 4.1: EFFECT OF SAMPLE MASS ON CONVERSION AT 140°C, 0.001 atm WATER VAPOUR PRESSURE 

AND 40µm DSG PARTICLES 
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FIGURE 4.2: EFFECT OF GAS FLOW RATE ON RATE OF DEHYDRATION; 170°C, 0.001 atm H20,0.4g DSG 

[NOTE: THE DATA IN FIGURES 4.1 AND 4.2 HAS NOT BEEN MODIFIED TO TAKE INTO ACOUNT THE GAS MIXING 

AND PROBE RESPONSE] 

4.1.2 Effect of C02 on Dehydration 

The experimental parameters were: 

" Dry C02 (water vapour pressure = 0) 

" Flow rates = 14 nL/min 

" Sample Masses = 0.4 g 

" Bed Temperatures = 100°C 

9 Drax DSG Gypsum, d50= 40 µm 

The next set of dehydration experiments were carried out using CO2 as the fluidising gas 

rather than air. This was done so that a comparison could be made between fluidising 

media. CO2 has markedly different properties to air and so differences due to intraparticle 

diffusion or heat transfer would be apparent. 

Figure 4.3 shows the dehydration rate was the same for both gases and therefore 

iniraparticle diffusion and external heat transfer can be deemed not to be rate limiting. The 
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rate limiting step must be due to the properties specific to the particle, i. e. internal 

diffusion, internal heat transfer or the reaction kinetics. 

4.1.3 Effect of Temperature on Dehydration 

The experimental parameters were: 

" Dry air (water vapour pressure = 0.001 atm) 

" Flow rates = 14 nL/min 

" Sample Masses = 0.4 g 

" Bed Temperatures = 100-170°C 

" Drax DSG gypsum, d50 = 40 µm 

One of the primary parameters which affects the rate of dehydration is the reaction 

temperature. The third set of experimental runs were concerned with assessing the effect 

of temperature on the rate of the dehydration reaction. Dehydration reactions were carried 

out using 0.4 g samples at temperatures from 100 to 170 T. 

Figure 4.4 shows the conversion versus time plot for each of these experiments. As 

expected, an increase in temperature led to an increase in the rate of dehydration. Also, it 

can be seen that the shape of each of the curves is similar, suggesting that the same 

dehydration mechanism is occurring. 

-121- 



Chapter Four - Determining The Dehydration Kinetics of DSG Gypsum: Results and Discussion 

1 

0.8 
C 

0.6 

o 0.4 
0 

0.2 

0 IIIIIII 

01234567 
Time, minutes 

o C02 x Air 

FIGURE 4.3: EFFECT OF FLUIDISING GAS ON RATE OF DEHYDRATION 100°C 

1- 

0.8 - 
C 
0 0.6 
Cl) 
a) 
o 0.4 
0 

0.2 

0 
01234 

Time, min 

0 100 x 110 0 120 0 130 + 140 0 150 x 160 ® 170 

5 

FIGURE 4.4: DEHYDRATION OF DSG GYPSUM AT DIFFERENT TEMPERATURES; WATER VAPOUR PRESSURE 

= 0.001 ATM AND 40µm PARTICLES 

[NOTE: THE DATA IN FIGURES 4.3 AND 4.4 HAS NOT BEEN MODIFIED TO TAKE INTO ACOUNT THE GAS MIXING 

AND PROBE RESPONSE] 
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4.1.4 Dehydration with different Particle Sizes 

The experimental parameters were: 

" Dry air (water vapour pressure 0.001) 

9 Flow rates = 14 nUmin 

9 Sample Masses = 0.4 g 

" Bed Temperatures = 100-170°C 

" Drax DSG gypsum, d50 = 35-67 µm 

Another important parameter previously found to influence the rate of dehydration is the 

particle size. Figure 4.5 shows the effect of particle diameter on the conversion versus time 

plot for 130°C. The dehydration reaction occurs at a similar rate, which implies that 

temperature is a more important parameter than particle diameter. The shape of the curve 

in each case is similar indicating that the same mechanism occurs regardless of particle 

diameter. 
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FIGURE 4.5: EFFECT OF PARTICLE SIZE ON DEHYDRATION RATE; 110°C, 0.001ATM H2O 

4.1.5 Dehydrations Carried Out Under Higher Humidity 

The experimental parameters were: 

0 Dry air (water vapour pressure = 0.00 1 atm to 0.35 atm) 
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" Flow rates = 14 nL/ruin 

" Sample Masses = 0.4 g 

9 Bed Temperatures = 100-170°C 

" d50 = 40,50,60 µm 

The third parameter which has been found in the literature to affect the reaction rate is the 

water vapour pressure. The water vapour pressure has two effects on the reaction: 

1. Final product - The final product of the dehydration of DSG can be either AIII or 
hemihydrate, or no reaction may occur at all depending upon the operating conditions. 
The dehydration phase diagram discussed in Chapter Two illustrated this and is 

reproduced below as Figure 4.6. 

2. Rate - The dehydration rate has also been found to be affected by the water vapour 

pressure. For example, experiments by McAdie (1964) showed that the rate of 

dehydration increased slightly when increasing the water vapour pressure to a 

maximum at around 0.07 atm PH2O and then decreased with further increases in water 

vapour pressure. The temperature was also found to have a greater effect than water 

vapour pressure. 

Figure 4.7 shows the effect of water vapour pressure on the dehydration reaction. It can be 

seen that as the water vapour pressure is increased the rate of reaction is decreased. Also, 

the shape of the dehydration curves is very similar. 
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4.1.6 Hemihydrate runs 

The experimental parameters were: 

" Water vapour pressure = 0.00 1 atm 

" Flow rates = 14 nL/min 

" Sample Masses = 0.4g 

" Bed Temperatures = 100 to 160°C 

" Hemihydrate from d50 = 40,50 µm DSG cut 

The possible gypsum dehydration reactions are shown below: 
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CaSO4.2H20 NO- CaSO4. -1/2H20 

' pl- Ca5O4 

Calcium Sulphate Calcium Sulphate Calcium Sulphate 
Dihydrate Hemihydrate 

FIGURE 4.8: CALCIUM SULPHATE DEHYDRATION SCHEME RELEVANT TO CALCINER 

Knowledge of the dehydration rate of hemihydrate to soluble anhydrite, AIII, allows an 

assessment of which dehydration steps are being followed. If the dehydration rate of 

hemihydrate to calcium sulphate is slower than the dehydration rate of dihydrate to AIII 

then the one step dehydration of dihydrate straight to AIII must be occurring. If the rate of 

hemihydrate dehydration is quicker than the dehydration rate of dihydrate, then either the 

one step dihydrate dehydration to AIII is occurring, or the dihydrate to hemihydrate step in 

the two step dehydration is limiting the rate of reaction. 

On carrying out the dehydration reactions with the hemihydrate samples it was apparent 

that the hemihydrate dehydration occurs at a much higher rate than the gypsum 

dehydration since the reactions complete much more quickly. This is shown in Figure 4.9 

which compares the dehydration reaction for 40µm DSG and the hemihydrate from 40µm 

DSG at 100 °C. The areas of the Figures have been normalised to make comparison more 

easy. 
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FIGURE 4.9: DEHYDRATION OF 40µM GYPSUM AND HEMIHYDRATE AT 100°C 

4.2 Evaluation of reaction mechanism and rate constants for DSG 

Of the kinetic models for solid state dehydration considered it was found that the A2 

nucleation model fitted the experimental data best. The A2 model is described by the 

equation kt = 
V- ln(1- a) (equation 2.28). The rate constant k was found for each of the 

DSG dehydrations using a spread sheet package to optimise the fit for values of 

conversion from 5 to 95%. Figure 4.10 shows the reduced time plot for 60µm DSG 

dehydrated at various temperatures. The data points can be seen to correspond to the A2 

model line. Figure 4.11 shows a typical fit between experimental and theoretical data for 

50µm DSG particle at 130°C. The model can be seen to fit the data well. The A2 equation 

was found to fit well for all the reaction conditions and Table 4.1 

calculated rates of reaction for the DSG Gypsum: 

summarises the 
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TABLE 4.1: CALCULATED RATE CONSTANTS (MIN") BASED ON A2 MODEL 

DSG (Rate, min") 

pro= 0.001 

dso 35µm 40µm 50µm 60µm 67µm 

100 0.54 0.51 0.37 0.33 0.30 

110 0.90 0.83 0.71 0.77 0.52 

115 - - - - - 
120 1.69 1.49 1.13 0.90 1.11 

130 2.78 2.64 2.35 2.40 1.97 

140 5.47 4.10 4.75 3.55 4.10 

150 8.60 6.63 8.73 7.75 7.17 

160 11.62 12.77 11.77 12.78 12.21 

170 18.00 18.78 18.17 20.13 16.23 

DSG (Rate, min-') 

PH20= 0.01 PH20 = 0.03 Px2o = 0.08 

d50 40µm 50µm 60µm 40µm 60µm 40µm 60µm 

100 - - - 

110 0.59 0.40 0.363 

115 - 0.69 - 

120 1.41 1.03 1.14 0.463 0.463 

130 - 2.45 - 

140 3.73 4.84 2.58 2.96 3.08 3.215 2.657 

150 - 10.05 - 

160 11.15 - 9.00 12.02 8.03 8.931 6.792 

170 - 17.89 - 

PH20 = 0.12 px2o =0.16 PH2o = 0.18 PH20= 0.25 PH20=0.35 

40µm 50µm 60µm 50µm 60µm 40µm 40µm 50µm 60µm 40µm 60µm 

140 1.75 1.41 1.9 2.7 2 

160 10.3 4.7 6.1 6.8 6.7 8.3 5 5.94 
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Figure 4.12 compares the rate of reaction with the reaction temperature for different sized 

particles fluidised using dry air. As the temperature is increased the rate of reaction 
increases. Figure 4.13 shows the effect of particle diameter on the dehydration reaction of 

DSG. There is a slight trend for the rate of reaction to decrease with increasing particle 

diameter. 
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FIGURE 4.13: RATE OF DEHYDRATION FOR DIFFERENT PARTICLE SIZES, WATER VAPOURT PRESSURE 

The combined effects of particle diameter and temperature are better illustrated in Figure 

4.14. It is apparent that the temperature has a much greater effect than the particle 

diameter. Figure 4.15 shows the dehydration rate for 40 and 60 µm particles at different 

water vapour pressures and at 140 and 160°C. The rate of dehydration can be seen to 

decrease with increasing water vapour pressure. 
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FIGURE 4.15: EFFECT OF WATER VAPOUR PRESSURE ON RATE OF DEHYDRATION 

Deducing the conversion versus time plots for the hemihydrate dehydrations was more 

problematic. This was because the reactions occurred very quickly and were therefore 

more susceptible to the influence of `noise' as described in Section 3.4. Also, the area 

under the humidity-time plot had a lower value due to there being less water released. The 

mass of sample could not be increased otherwise differential conditions would have been 

compromised. So, to calculate the reaction rate constant, the A2 mechanism was assumed 

to be able to describe the dehydration reaction and the integral of equation 2.28 was fitted 

to the RH(, data calculated for the dehydrations. It should be remembered that although 

these calculated rate constants and the assumed mechanism may not truly represent the 

hemihydrate to AIII dehydration they can still be used to compare the calculated rates of 

DSG gypsum [Criado and Ortega, 1984]. The calculated rate data has been termed the 

apparej/t dehydration rate data. 

The hemihydrate dehydration reaction was found to occur at a much greater apparent rate 

than the dihydrate reaction as mentioned in Section 4.1.6. This can be seen in Figure 4.16 

which compares the dehydration rates of 40 pm particles at 0.001 atm H2O and different 

temperatures. Figure 4.17 demonstrates the reduction in rate with water vapour pressure. 

The rate of decline is much greater than dihydrate dehydration. This is to be expected as 

the hemihydrate dehydration reaction has lower disociation pressure than the dihydrate 

dehydration reaction. 
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TABLE 4.2: CALCULATED APPARANT DEHYDRATION RATE (MIN-) FOR HEMIHYDRATE 

Mean particle diameter 

Water vapour pressure 

40µm 50µm 50µm 50µm 

0.001 atm 0.01 atm 0.078 atm 0.09 atm 

Temperature = 100 °C 9 min-' -ý -- 
110°C - 7.59 min-' -- 

120 °C 11.69 min-' - -- 

130 °C - 14.59 min"' -- 

140 °C 21.219 min-' 23.789 min-' 7.579 min"' - 

150 °C - 24.319 min-' -- 

160 °C 44.69 min"' - - 3.4869 min-' 
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FIGURE 4.16: COMPARISON OF DEHYDRATION RATE OF 40µM HEMIHYDRATE AND DIHYDRATE 

FIGURE 4.17: REDUCTION OF DEHYDRATION RATE OF HEMIHYDRATE WITH WATER VAPOUR PRESSURE 

4.2.1 Reaction steps 

As stated in Section 4.1.5 knowledge of the rate of reaction will help elucidate the 

mechanism of reaction. The calculated rate of reaction for hemihydrate dehydration is 

higher than the rate of dehydration of the DSG. This indicates that both reaction pathways 

are possible; i. e. that dihydrate is progressing to AIII either directly or forming 

hemihydrate as an intermediate. 

A spreadsheet has been developed which enables the rate of generation of hemihydrate to 

be calculated if the reaction proceeds via hemihydrate. The calculated rate constants for 

dihydrate to AIII and hemihydrate to AIII are input and using knowledge of the reaction 

mechanism equation a plot of the intermediate hemihydrate is produced. This is calculated 

by deducing an equation for the dihydrate to hemihydrate dehydration and using this along 

with the experimentally determined hemihydrate to AIII rate. This is then used to generate 
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a mass of water loss versus time plot which is compared to one produced from the 

dihydrate to AIII experimental data. For example Figure 4.18 shows the experimental and 

model dehydration rate data for 40 pm particles in dry air at 140°C. This can then be used 

to calculate the mass fraction of hemihydrate formed in the dehydration of 40 µm DSG at 

140 °C with time should hemihydrate, be an intermediate; and is shown in Figure 4.19. 

1 

0.8 

C 

0.6 
N 

o O. 4 
U 

0.2 

0 

21 100-. - 

18 
un 80 

15 

12 üi 60 
ca 

9a 
40 

-6 ja 

3 20 

0.4 
0 0.1 0.2 0.3 0.4 

Time, minutes 
D to Aill (exp) H to Aill (exp) "D to H (mod) 
Water Gen (e)p) - Model Wat Gen - Dihydrate Hemihydrate " Anhydrite III 

FIGURE 4.18: SPREADSHEET MODEL TO CALCULATE POTENTIAL RATE OF HEMIHYDRATE DEHYDRATION TO 

AIII FOR 40µM DSG AT 140°C 

FIGURE 4.19: POTENTIAL MASS FRACTION OF HEMIHYDRATE PRODUCED DURING DEHYDRATION OF 40µM 

DSG AT 140°C 

The spreadsheet calculation showed that as you increase the temperature of reaction, more 

hemihydrate is generated as the DSG proceeds to AIII, should hemihydrate be an 

intermediate. This is because at lower temperatures the rate of dehydration of dihydrate to 

AIII is much greater than the rate of hemihydrate to AIII. A similar effect was observed 

when the water vapour pressure is increased. 

4.2.2 Calculation of activation energy 

Arrhenius plots have been drawn and the activation energy, E and frequency factor, A 

have been calculated for the reaction data. Values of E and A have only been determined 

for those sets of data with consistent water vapour pressures and with more than three 

data points. Figure 4.20 gives a typical Arrhenius plot for the 35µm dehydrations of DSG. 

Figure 4.21 demonstrates the difference between the Arrhenius plots for gypsum and 

hemihydrate. The hemihydrate plot has a lower gradient and a lower intersect than the 

gypsum plot. The rate constant values calculated from the Arrhenius plots are given in 

Table 4.3. 
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FIGURE 4.20: TYPICAL ARRHENIUS PLOT FOR 35µM DSG, 0.00IATM H2O 

FIGURE 4.21: COMPARISON OF DRY ARRHENIUS PLOT, HEMIHYDRATE AND DIHYDRATE 

TABLE 4.3: ACTIVATION ENERGY AND FREQUENCY FACTORS FOR DEHYDRATION EXPERIMENTS 

DSG 

PH20 = 0.00 1 

ds,,, µm 35 40 50 60 67 

E, kJ. gmol-1. K-1 70 71 79 81 76 

A, min-' 3.8x109 5.3x10° 4.0x101° 7.6x10'° 1.9x10'° 

DSG Hemihydrate 

PH2O - 0.01 PH20 = 0.001 PH20 = 0.01 

ds,,, µm 40 50 60 40 50 

E, kJ. gmo1-l. K-1 79 92 83 36 42 

A, min-1 3.3x1010 1.8x1012 9.5x10'0 8.7x10' 4.8x106 

The activation energy for the dihydrate to AIII reaction is greater than that for the 

hemihydrate to AIII reaction. This suggests that the hemihydrate to AIII reaction is easier. 

4.2.3 Comparison of reported results with those from the literature 

The calculated rates of reaction compare favourably with those reported in the literature. 

The reaction constant have been derived by a number of authors. Their results are 

summarised in Table 4.4: 
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TABLE 4.4: SUMMARY OF OTHER REACTION MODELS FOR THE DEHYDRATION OF GYPSUM 

Author Method Model Activation Energy 

(kJ/mol 

Frequency Factor 

(log, 0A) 

M'Adie (1964) IG Zero Order 88-202 9.2-24.4 

Heide (1969) DTA order = 0.62 135 - 

Ball & Norwood (1969) IG Various 36-246.2 - 
Murat & Commel (1971) DTA Various 58-502 - 

Negro & Stafferi (1973) DTA A3/A2 88-126 14-19 

Strydom (1995) DTA Various 96-392 4.34-21 

Hudsen-Lamb et al (1996) DTA Various 106.9-137.2 5.1 

Arii & Fujii (1997) CRTA A4/R3 97-119 7.5 

The experimental activation energies and frequency factors calculated are in the lower 

range of values stated by previous authors, although they are in the same order of 

magnitude. This implies that the reaction in the fluidised bed is taking place at a quicker 

rate than in previous studies. 

The activation energy for the DSG dehydrations with PI-0 20 = 0.001 atm was 70-81 

kJ. gmole-'. Ký'. The activation energy for the DSG experimental runs with PH20= 0.01 atm 

was 79 - 92 kJ. gmole'. K-'. Therefore the reaction is more temperature sensitive at the 

higher humidity. The activation energy of the hemihydrate dehydration was calculated to 

be 36-42 kJ. gmole'. K-'. 

4.3 Internal Heat and Mass Transfer Models 

From the experimental results described in section 4.1 it is apparent that the dehydrations 

are not limited by heat and mass transfer external to the particles. It is also apparent that 

the temperature, water vapour pressure and particle size have an effect upon the rate of 

dehydration. However it is also important to consider whether heat and mass transfer 

inside the particles is limiting the rate of dehydration. This was investigated by setting up a 

series of models to describe these transfer processes inside the particles. 
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4.3.1 Heat transfer to Particles in Dehydration Experiments 

In Section 4.1.2 it was concluded that external heat transfer from the fluidising gas to the 
fluidised particles was not rate limiting. However, the effects of internal heat transfer were 

not considered. There are two main heat transfer processes occurring on the particle: 

9 Heat transfer from gas to particle - Heats particle up 

" Heat transfer due to dehydration reaction - Reaction endothermic therefore cools 

particle down 

A spreadsheet model was set up to calculate how the temperature of the particle changes 

with time when inserted into the fluidised bed for the dehydration experiments. The 

following assumptions were made to establish the model: 

1. The particles are spherical; 

2. The heat absorbed by the endothermic reaction is directly proportional to the 

conversion calculated from the A2 model and the appropriate rate constant. The heat 

of dehydration of gypsum is 121,800 J. mol-' [Wirsching, 1985]. 

3. The fluidised bed (bulk) is at a constant temperature; 

4. The particle Nusselt number can be calculated from equation 4.1 [Kunii & Levenspiel, 

1991]: 

NuP =2+(0.6-1.8)Reps 4.1 

5. The heat transfer coefficient from the gas to the particle, hgp, can be calculated from 

equation 4.2 (Kunii & Levenspiel, 1991): 

hgl) = 
Nupkg 

4.2 
dp 

Where kg is the gas thermal conductivity. 

6. If the Biot number, Bi, calculated from equation 4.3 is smaller than 0.1 then the whole 

particle is at the same temperature [Kreith & Bohn, 1997]; 

Bi = 
hgdp 

4.3 
ks 

Where ks is the solids thermal conductivity. 
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7. The temperature of the particle is a function of the heat transferred from gas to particle 

and the heat adsorbed as a result of the endothermic reaction 

8. The heat transfer from bed to particles is purely convective and is given by equation 
2.44: 

qc = haAAT 2.44 

The particle temperature variation with time was calculated from the spreadsheet for DSG 

with d50 = 35,40,50,60 and 67µm and bed temperatures from 100-170°C. In each 

instance the Biot number was calculated to be less than 0.1. Figure 4.22 shows a typical 

plot of particle temperature versus time for 35µm and 67µm particles at 100°C. It was 

found that when the particles are inserted into the bed they reach bed temperature almost 

instantaneously. 

Furthermore the dehydration reaction affects the particle temperature. As the reaction 

proceeds the particle temperature decreases to a minimum value when the reaction is 

50% complete. This temperature trough was found to be more pronounced at higher bed 

temperatures due to the increased reaction rate. The trough was also found to be more 

pronounced with increasing particle diameter. The trend of the reaction rate decreasing 

with increasing particle diameter could be due to the larger temperature trough. 
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FIGURE 4.22: CALCULATED PARTICLE TEMPERATURE PROFILE FOR 100°C DEHYDRATIONS 

FIGURE 4.23: CALCULATED PARTICLE TEMPERATURE PROFILE FOR 170°C DEHYDRATIONS 

[PLEASE NOTE EXPANDED DEPENDENT AXIS SCALES] 

12 14 16 

It is concluded that although internal heat transfer will reduce the particle temperature 

slightly, the effect will be small even at high temperatures for large particles for the particle 

sizes considered. 
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4.3.2 Mass Transfer Models 

The second process which may affect the rate of reaction is the internal mass transfer of 

the water vapour through the particle to the bed. The contribution of the diffusion of water 

vapour from the interior of the particle to the surrounding fluidised bed to the overall 

reaction rate can be estimated from effective diffusivity. 

The gypsum particles are fractured during the dehydration reaction as a result of the water 

vapour rapidly leaving the particles. The surface area (determined by BET analysis) of 

gypsum particles can typically increase from 0.2 m2. g' to 6.2 m2g-' during dehydration. 

The effective diffusivity, De, can be estimated according to the random pore model given 

as equation 4.4 [Wakao and Smith, 1962]: 

-1 
De =i+1 90 4.4 

DM DK 

where so = the porosity of the calcined particle 

DM = the molecular diffusivity 

DK = the Knudsen diffusivity 

The Knudsen diffusivity can be estimated from equation 4.5 [Feuertes et al, 1993b]: 

DK=97rp 
, I, o. s 

w 4.5 

where rp = the average pore radius 

T= the reaction temperature 

W= the molecular mass of water vapour 

The particle porosity and average pore radius of calcined DSG gypsum were measured 

from BET analysis to be 11% and 35 nm respectively. For a dehydration occuring with a 

bed temperature of 140°C, the effective diffusivity of the water vapour in the calcined 

particle is 0.004 cm2s'. This value is almost one order of magnitude less than one reported 

in the literature [Isida et al, 1970]. For the purposes of estimating the contribution of 

diffusional resistance to the overall rate the lower value was used. This provided an over 

estimation of the time taken for water to diffuse out of the particle. 
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The diffusional equation for a spherical particle rendered dimensionless for numerical 

solution is: 

aP 1a2 aP 
ao x2aX X 

where 

r Dt p 
x=R; 8=R2; P=P w 

0 

where r= the radial position, 

R= the particle radius, 

P,,, = the partial pressure of water and 

Po = the total pressure. 

4.6 

4.7 

Equation 4.7 was solved using the computer package PDESOL by NumericaTM with the 

upper boundary condition of P,, at 0.25 atmospheres and the differential lower boundary 

condition of 

aP 
ao X_o 

4.8 

Figure 4.24 shows the result of this calculation for a 45 pm diameter particle. From Figure 

4.24 it is apparent that the diffusion of water vapour out of fluidised particles under these 

conditions is rapid and the process is predominantly chemical reaction controlled. 

-139- 



Chapter Four - Determining The Dehydration Kinetics of DSG Gypsum: Results and Discussion 

E 
ca 
w 

U) 
U) 
a) 16- 

0 
CL 
M 

a) 
cu 
3: 

-25.00 -15.00 -5.00 5.00 15.00 25.00 

Particle Radius, um 

-4-0.00 ms -O-0.12 ms ---0.25 ms 

-X - 0.37ms --*-- 0.49 ms -------0.62 ms 

FIGURE 4.24: VARIATION OF WATER VAPOUR PRESSURE PROFILE IN 45 µM PARTICLE WITH TIME: INTERNAL 

WVP =1 atm AT TIME 0, EXTERNAL WVP = 0.25 atm AT TIME 0 

4.4 Modelling the dehydration reaction 

Some general formulae need to be deduced to take into account rate of dehydration of 

DSG particles with temperature, water vapour pressure and particle size so that the 

calciner operation can be modelled. The experiments described in Sections 4.1 illustrate 

that the temperature and the water vapour pressure have the greatest effect on the release 

of water vapour from the DSG particles. The following assumptions have been made in 

order to model the rate of water evolution from the DSG particles as a function of 

temperature and water vapour pressure. 

1. Effect of Temperature: 

The effect of temperature on the rate of reaction has been modelled using the Arrhenius 

expression (equation 2.32). An Arrhenius relationship has been derived for the 0.001 atm 

runs at temperatures of 100-170°C. The average values for the particle sizes 35-67 were 

taken since the particle diameter had little effect on the dehydration rate (see Figure 4.14). 

The reaction constants were calculated to be: 

"E= 76.3 KJ/gmol 

"A=l. 9x 10' °min-' 
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Figure 4.25 shows the Arrhenius plot for the average dehydration rate values. Figure 4.26 

shows the fit of the Arrhenius plot to the actual data points for the 0.001 atm DSG 

dehydrations. 
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FIGURE 4.25: FIT OF AVERAGE DATA TO ARRHENIUS PLOT 

FIGURE 4.26: FIT OF DATA TO ARRHENIUS PLOT 

2. Effect of water vapour pressure: 

At water vapour pressures above the dissociation pressure the dehydration reaction will 

not proceed (see Section 2.24). It is also known that as the water vapour pressure 

increases, the rate of dehydration decreases. Therefore it has been assumed that for a 

certain temperature, the rate of dehydration decreases to zero at the dissociation pressure. 

The dissociation pressure for the dihydrate to AIII dehydration can be described by the 

following equation (illustrated in Figure 4.27): 

( 
Temp, ° C-70 

dissociation pressure, atm = 0.442 e 27.9 4.9 

It is assumed that particle diameter has only a minor effect on the rate of dehydration. 

Figure 4.28 shows the dehydration rates for different temperatures at different water 

vapour pressures averaged for different particle diameters. 
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04 

In order to model the effect of water vapour pressure on the dehydration reaction it was 

assumed that the main parameters were: 

" the water vapour pressure; 

" the reaction dissociation pressure at reaction temperature ; 

" the reaction rate at the reaction temperature under a water vapour pressure of 0.001 

atm (the lowest considered in the experimental study). 

It was found that the rate could be predicted using the following equation: 

(WVP, atm-0.001) 1 

Rate of reaction = Rate at 0.001 atm el 
0.035 Dissociation pressure, atm J 4.10 

And therefore: 

-(P-0.001) 
T-343 

76.3 . 
035 0.442e 27.9 

k =1.9x10 '0e RTe 4.11 
P=wvp, atm 
T=Temp, K 

Where R is equal to 0.008314 kJ/mol K, k in I /min. The fit of this curve to the data is 

shown in Figure 4.29 Therefore, from only the temperature and the water vapour pressure 

the dehydration rate of DSG gypsum can be predicted for this system. Figure 4.30 shows 

how the experimental data corresponds to the model. 
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FIGURE 4.29: PREDICTION OF RATE BASED UPON WATER VAPOUR PRESSURE 

FIGURE 4.30: CORRELATION OF MODEL AND EXPERIMENTAL DATA 

4.5 Conclusions 

The dehydration kinetics of DSG and hemihydrate have been studied in a fluidised bed 

reactor under differential conditions. Three parameters for DSG dehydration have been 

investigated; temperature of reaction (100°C to 170°C), particle diameter (35µm to 67µm) 

and water vapour pressure (0.001 atm to 0.35 atm). The A2 nucleation model was found 

to fit well for each dehydration run between 5 to 95% conversion allowing the rate of 

reaction to be calculated. The reaction rate increased with increasing temperature, 

decreasing particle diameter and decreasing relative humidity. The temperature had the 

greatest effect upon the rate, followed by the particle diameter and then the relative 

humidity for the operating conditions considered. The dehydration of hemihydrate was 

much faster than the dehydration of DSG. 

A del has been developed which give the overall reaction rate under different conditions 

of water vapour pressure and temperature. It was found that particle size was not a 

sigrfificant factor for the gypsum particles studied. Therefore the local reaction rate in a 

gypsum calciner can be predicted given the operating conditions. In order to apply this 

dia a to a mathematical model of the kettle, the extent of solids mixing is required. The 

following chapters discuss a method for calculating this using an inert tracer. 
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CHAPTER FIVE - FLUIDISATION AND ELUTRIATION IN BATCH 

VESSELS 

It is necessary to understand the fluidisation properties of the calcination system in order 

to develop a model of the operation of the calciner. The fluidisation properties were 
defined in Chapter One as those physical conditions within the calciner that contribute to 

the extent and quality of fluidisation within the kettle. Chapter Two highlighted that the 

majority of information in the literature is specific to a certain system and that the results 

of theoretical and experimental studies can differ by several orders of magnitude. 

This chapter details experimental studies into the fluidisation properties of DSG gypsum 

and calcined gypsum. Three sets of experiments were carried out: - 

1. The fluidisation of DSG gypsum and calcined DSG gypsum in an 80 mm diameter 

column. 

2. The fluidisation of DSG gypsum in a 1/2 conical kettle with a transparent front. 

3. The elutriation properties of DSG gypsum in an 80 mm diameter column. 

The experimental techniques used are described in the following chapter. The results of the 

experiments are presented and discussed relative to the operation of the laboratory scale 

kettle. 

5.1. Fluidisation in a cylindrical column 

The initial study into the fluidisation properties of DSG gypsum was carried out in an 80 

mm diameter cylindrical column. The experiments were carried out at ambient temperature 

and pressure. The aim of the experiments was to see how well current theories could 

predict the fluidisation properties of the particles at low superficial velocities. 

5.1.1. Apparatus 

The experimental apparatus is shown in Figure 5.1 
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EXPERIMENTAL APPARATUS USED TO STUDY FLUIDISATION PROPERTIES 

Ambient air is pumped by a mains operated air compressor through a rotameter style flow 

meter (range 0.6-5 litres/min, equivalent to a superficial velocity of 0.002-0.017m/s). The 

flow rate is controlled using a needle valve on the entrance to the flow meter. The air then 

passes through the plenum which is charged with glass beads to encourage even 

distribution of the air. The air passes through a distributor plate constructed of Vyon 

(Porvair Ltd) and through the bed. The air exiting the bed is cleaned by passing it through 

a cloth air filter. The pressure can be read at various points in the bed (P0-P3) using water 

filled manometers. 

5.1.2. Materials 

The experiments were carried out using two different samples from BPB gypsum. Both 

were sourced from the Drax power station. The first was Drax DSG gypsum, and the 

second calcined Drax DSG gypsum. The physical properties are provided in Table 5.1: 
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TABLE 5.1: COMPARISON OF THE PHYSICAL PROPERTIES OF THE SAMPLES USED IN THE FLUIDISATION 

EXPERIMENTS 

Sample 1: Drax DSG Sample 2: Calcined Drax DSG 

152°C for 20 minutes 

Absolute Density, pp 2340 kg/m3 2620 kg/m3 

Average particle diameter, dp 47 p. m 39 pm 

Bed voidage, &,,, 0.48 0.56 

BET surface Area, m2/g 0.19 6.35 

The particle size distribution of the two samples is shown below in Figure 5.2 
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FIGURE 5.2: PARTICLE SIZE DISTRIBUTION OF SAMPLES FOR FLUIDISATION 

5.1.3. Experimental Procedure 

The fluidisation experiments were carried out as follows: 

0 The apparatus was dismantled and the bed was charged with the sample up to a 

height of approximately 12 cm. 

" The side of the bed was tapped to level out the top of the bed until the bed height 

reduced no further. 

" Air was passed through the system at increasing flow rates up to 5 1/min. 

Manometers P0, P 1, P2 and P3 were read at each flow rate. 

" Air was passed through the system at decreasing flow rates down to 0 1/min. 

Manometers P0, P 1, P2 & P3 were read at each flow rate. 

5.1.4. Results 

The results of the fluidisation experiments are presented below: 
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5.1.4.1. Minimum Fluidisation Velocity 

Figures 5.3 and 5.4 show pressure drop over the bed with increasing and decreasing air 

velocity for both the Drax DSG and the calcined Drax DSG. 
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The calcined and uncalcined DSG exhibit similar fluidisation properties. Initially, the 

pressure drop over the bed increases linearly with increasing air velocity. The pressure 

drop reaches a maximum and drops to a lower value when fluidisation occurs. This 

reduction in pressure drop corresponds to the bed `unlocking'. Further increases in air 

velocity produce little change in the pressure drop. 

On decreasing the air velocity a constant pressure drop is maintained until the minimum 

fluidisation velocity is reached. Further velocity decreases result in the pressure drop 

decreasing proportionally to air velocity. No pressure peak is observed. 

The minimum fluidisation velocities of the two samples are shown in Table 5.2: 

TABLE 5.2: EXPERIMENTALLY DETERMINED MINIMUM FLUIDISING VELOCITY 

Minimum Fluidisation Velocity, m/s Min. Fluidisation Porosity 

Increasing Decreasing &,,, f 
Velocity Velocity 

Drax DSG 0.015 0.011 0.562 

Calcined Drax DSG 0.013 0.010 0.591 
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The minimum fluidising velocity, umf, was calculated using the Carman-Kozeny equation 
[Coulson & Richardson, 1991] given as equation 2.48 in Chapter Two. The minimum 
fluidisation velocities for the samples were calculated based on their average particle 
diameter to be: 

Drax DSG, Umf = 0.63 
cm/s 

Calcined Drax DSG, u, Y, f = 0.60 cm/s 

These values compare favourably with the experimentally determined values. 

5.1.4.2. Fluidisation Classification 

According to the Geldart classification method, both DSG samples should behave as 
Group A (Aeratable) particles when fluidised (See Section 2.5.2.1). Group A particles 
fluidise easily, with a smooth fluidisation at low gas velocities and controlled bubbling with 

small bubbles at high velocities. However, the observed fluidisation regime resembled 

more closely that of group C (Cohesive) particles. 

Cohesive fluidisation usually occurs with particles smaller than 20µm and is characterised 

by the gas having difficulty expanding the bed. The Geldart classification was evaluated 

based upon 47 pm particles for Drax DSG and 39 µm particles for calcined Drax DSG 

particles. As the samples have a particle size distribution over several orders of magnitude 

it is no surprise that cohesive effects are encountered. At higher superficial air velocities 

this should give way to a more even fluidisation when the cohesive forces are completely 

overcome. 

It was also found that on increasing the bed height for a constant superficial air velocity 

the size of bubbles increased and the number of bubbles decreased. This was as a result of 

bubble coalesence. 

5.1.4.3. Determination of Effective Sphericity 

The sphericity of a particle. ýS, characterises how spherical a particle is and is defined by: 

Surface of sphere 
S Of the same volume 

=dam, / d, s. i Surface of particle 
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Where ds,, is the surface volume diameter (Sauter mean diameter) 

d,, is the volume diameter 

" For spheres ýs 1 

" All other particle shapes 0<0, <1 

The effective sphericity of the particles in the two samples can be calculated from Darcy's 

Law (equation 5.2) and the Carmen-Kozeny equation. 

AP 

L 

Darcy's Law u0 

Where k is the permeability of the fluidised bed 

AP µ 
_ L-k' uo 

5.2 

The Carmen-Kozeny equation given as equation 2.48 can also be given in the form of 

equation 5.3: 

AP 5. (I-c)2. Sv2 
-ý3 

Carmen-Kozeny Equation LE5.3 

Where S,, is the specific surface of the particles in the bed 

Equations 5.2 and 5.3 can be manipulated to provide equation 5.4 which can be used to 

calculate the specific surface of the particles in the bed. 

3 
SV- E 

5(1 - E)2"k 5.4 

The Sauter mean diameter (ds, ) and the shape factor can then be calculated from the 

specific surface. Table 5.3 gives the calculated parameters for the two samples: 

TABLE 5.3: DETERMINATION OF SHAPE FACTOR 

S,,, m' ds,, µm 

Drax DSG 179700 33 0.7 

Calcined Drax 241800 25 0.64 
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5.1.5. Discussion 

The results of the simple fluidisation experiments show that common fluidisation 

correlations can be used to predict basic fluidisation parameters such as the minimum 

fluidisation velocity. It was also found that the fluidisation exhibits some cohesive 

properties, although these should be less noticeable at the higher superficial gas velocities 

at which the calcination kettle operates (i. e. at velocities much greater than the minimum 

fluidisation velocity). It is also important to note that both DSG and calcined DSG 

exhibited very similar fluidisation properties. 

5.2. Conical Fluidisation Experiments 

Section 2.6 discussed the scarcity of literature concerning conical bed fluidisation. The 

majority of papers concentrate on liquid-solid fluidisation. In fact, only a handful of papers 

addressing gas-solid conical bed fluidisation exist. Correlations and theory developed for 

cylindrical fluidisation cannot strictly be applied to conical fluidisation due to the vastly 

different geometries. Experiments were carried out in a half conical kettle with a 

transparent front in order to investigate the fluidisation of DSG gypsum in a conical bed. 

5.2.1. Apparatus 

The experimental apparatus is shown in Figure 5.5 along with the dimensions of the half 

conical kettle. 

- Bag 
Filter 

305mm 

; yclone 

= 50mm 

185mm 

I 

243mm 

64.2 

Mains -- Air Bed 

FIGURE 5.5: HALF CONICAL KETTLE APPARATUS 

70mm 

The half kettle was provided by BPB Gypsum. Air is supplied to the kettle from the 

University supply, and the flow rate controlled via a needle valve at the entrance to a 
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rotameter style flow meter. The air enters the kettle through a single tube to the base of 
the bed to simulate the entrance of air through a burner. The exit air is cleaned by passing 
it first through a gas cyclone and then through a fibrous bag filter. The pressure can be 

read at 10 cm intervals up the height of the bed using water filled manometers. 

The geometry of the half kettle is compared to the laboratory kettle in Table 5.4: 

TABLE 5.4: COMPARISON OF THE GEOMETRIES OF THE'/2 KETTLE AND LABORATORY KETTLE 

'/2 Kettle Laboratory Kettle 

Top Diameter, D (mm) 305 280 

Ht of Cylindrical Section/D 0.61 1.1 

Ht of conical section/D 0.80 0.74 

Bottom diameter/D 0.23 0.31 

Cone incline 25.8° 25.0° 

The half kettle is not geometrically similar to the lab scale kettle. The greatest difference is 

that the disengagement height in the laboratory kettle is much greater. This will have a big 

influence on the extent of elutriation. 

5.2.2. Materials 

The fluidisation experiments described below were carried out using Drax DSG samples as 

described in Section 3.4. The sample was dried at 40°C and sieved at 105 µm. Material is 

sieved prior to use in the laboratory kettle (See section 6.1.1). The prepared DSG had a 

d50 of 50 µm and a particle size distribution as shown in Figure 5.6: 
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FIGURE 5.6: PSD OF DSG GYPSUM SAMPLE USED IN HALF CONICAL KETTLE 
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5.2.3. Experimental Procedure 

The fluidisation experiments were carried out as follows: 

" The apparatus was dismantled and the bed was charged with the sample up to a 
height of approximately 20 cm. 

" The side of the bed was tapped to level out the top of the bed until the bed height 

reduced no further 

0 Air was passed through the system at increasing flow rates up to 150 nL/min. The 

manometers were read at each flow rate. 

9 Air was passed through the system at decreasing flow rates down to 0 1/min. The 

manometers were read at each flow rate. 

5.2.4. Results and Discussion 

5.2.4.1. Minimum Fluidisation Velocity 

The minimum fluidisation velocity occurred at 3nL/min. This corresponded to a superficial 

gas velocity of 0.17 cm/s in the cylindrical section. This is a great deal lower than the 

minimum fluidisation velocity in the cylindrical column, as a result of the increased 

superficial velocity as the diameter reduces in the conical section. The Venkatesh equation 

(Venkatesh et al, 1996; see Section 2.6) predicts a value of 0.13cm/s for the minimum 

fluidisation velocity. 

5.2.4.2. Flow Pattern Observations 

As expected, the solids flow pattern at flow rates above the minimum fluidisation velocity 

was found to consist of a fluidised central column with the solids surrounding it remaining 

fixed. This is represented in Figure 5.7. Elutriation was minimal, however the central 

fluidised section shrank as solids were `spat' onto the fixed section. 

As the flow rate was increased, elutriation increased to such an extent that visual 

observation was difficult. The maximum flow rate achievable in the rig was 150nL/min, 

which equivalent to a superficial velocity of 0.07 m/s in the cylindrical section. It was 

observed that material was moving down the sides of the vessel whilst the middle section 

was freely fluidised. It could also be observed that the gas flowed preferentially along the 

`burner' tube. Finally, significant channelling was observed. Glass beads (diameter = 1.5 
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cm) were placed at the bottom of the conical section in an attempt to encourage better gas 
distribution but these were found to have no effect. 

Not fluidised 

Fluidised 

FIGURE 5.7: SOLIDS PATERN AT MINIMUM FLUIDISATION 

FIGURE 5.8: POTENTIAL SOLIDS FLOW PATTERN 

5.2.4.3. Flow pattern in Laboratory Kettle 
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There are two potential flow patterns which could be occurring within the laboratory kettle 

during normal operation: 

1. Circulatory motion: 

This was observed at high flow rates in the V2 kettle and is illustrated in Figure 5.8. The 

solids in the centre are fluidised while solids on the edges of the bed move downwards. 

2. Completely mixed: 

The solids within the kettle may exist in a completely mixed state. This has been found to 

occur at very high flow rates [Toyohara & Kawamura, 1993]. 

It is not possible to effectively predict the particle motion in the kettle from the half kettle 

results for a number of reasons. Firstly, the kettles are not geometrically similar, which 

affects the velocity profile as shown in Table 5.5. At the maximum obtainable gas flow rate 

in the experimental rig (150nL/min) the superficial velocity at the bottom of the kettle is 

approximately the same as in the laboratory kettle under typical operating conditions. 

However the velocity at the top of the '/2 kettle is around half that in the laboratory kettle. 
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TABLE 5.5: VELOCITIES AT DIFFERENT PARTS OF THE KETTLES 

'/2 Kettle Laboratory kettle 

Flow rate (nL/min) 150 (maximum obtained in experiment) 465 (typical Value) 

Superficial velocity, cylinder 0.07 m/s 0.12 m/s 
Superficial velocity, bottom 1.30 m/s 1.27 m/s 

Secondly, there are a number of factors which further complicate solids mixing within the 

laboratory kettle. These are: 

" Calcination reaction - During the calcination reaction large quantities of water vapour 

are released. Therefore, there will be a further factor affecting the velocity gradient up 

the vessel. Also, the reaction may occur preferentially at certain radial positions in the 

vessel leading to a radial velocity gradient. 

" Internal geometry - The internal geometry of the laboratory kettle is not as simple as 

the half kettle shown in Figure 5.5. The presence of the combustion chamber, solids 

inlet piping, exit weir and air lance will affect the solids mixing. 

5.2.5. Discussion 

The results of the experiments in the half kettle show that the modified Ergun equation 

developed by Venkatesh (1996) for use in a conical vessel is valid for use with DSG 

gypsum particles. At high gas flow rates a circulatory mixing pattern was seen; however 

observation within the kettle was hampered by the large amount of elutriation occurring. 

This further highlights the extent and importance of entrainment within the kettle. 

Although a circulatory flow pattern was seen in the half conical kettle, it cannot be 

assumed that the same pattern will occur in the laboratory scale kettle due to the 

geometrical differences between the two vessels and the physical phenomena occurring 

within the kettle (e. g. calcination, temperature effects etc). 

It is apparent that in order to understand the extent of mixing within the laboratory scale 

kettle it will be necessary to carry out trials on the laboratory kettle itself. A residence time 

distribution study was carried out on the laboratory scale kettle in order to achieve this. 

This work is detailed in Chapters Six and Seven. Note that solid/gas contacting has 

implications for the heat and mass transfer correlations. All the correlations derived in the 
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literature are based on a cylindrical geometry and so may not strictly be applied to the 

calcination kettle. 

5.3. Elutriation Experiments 

During normal operation the kettle has a very high rate of elutriation; this is as a result of 

the gas superficial velocity being much greater than the terminal velocity of the majority of 

the particles in a typical DSG sample (Section 2.10). The fluidisation experiments in the 

half kettle at velocities of the same magnitude as that in the laboratory kettle resulted in so 

much elutriation that observation was difficult. It is therefore apparent that the ability to 

predict the predicted rate of elutriation is an important part of modelling the operation of 

the laboratory kettle. 

However, Section 2.10 showed that current knowledge of elutriation is limited and that 

although there are a large number of correlations predicting elutriation rates they are 

generally specific to certain conditions. Figure 2.31 shows that elutriation rate constant 

calculated using the literature correlations for the operating conditions within the kettle 

can vary by several orders of magnitude 

The aim of the next set of experiments was to investigate the elutriation of DSG particles 

from a fluidised bed and also to observe the fluidisation of gypsum at velocities close to 

those which occur in the calciner. 

5.3.1. Apparatus 

The apparatus used to study the elutriation of DSG particles is described below and shown 

in Figure 5.9 
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Cyclones 
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/Desiccator Flow Meters 

vv 

Compressed 

Air 
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FIGURE 5.9: ELUTRIATION EXPERIMENT APPARATUS 

IIVUC 

Bag Filter 

Compressed air was supplied from the mains supply and passed through a filter/regulator. 

The air was passed through a humidifier/dessicator unit. The unit was either charged with 

silica to dry the air to give a relative humidity of around 5% or saturated sodium 

dichromate solution to humidify the air to around 40% relative humidity. The flow rate 

was controlled using a needle valve which was positioned before three rotameter style flow 

meters. The flow meters, RI, R2 and R3, have ranges of 0.6-5 L/min, 3-19 L/min and 20- 

135 L/min respectively. The required flow meter was selected using the ball valves on the 

feed to the meter. The air then passes through an 8 cm diameter cylindrical fluidisation 

vessel; through a distributor plate (Vyon, Porvair Ltd) and then up through the bed. The 

total column height (distributor plate to gas exit pipe) could be adjusted up to 45cm. The 

column height was adjusted by altering the length of nylon tubing which separates the two 

flanges shown in Figure 5.10. 
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Upper Flange 

Rubber Seal - 

Rubber Seal 

Nylon Tubing 

Metal Plate 

Lower Flange 

FIGURE 5.10: DETAIL OF COLUMN HEIGHT ADJUSTMENT 

Any elutriated particles were collected in the two cyclones (one medium efficiency and one 

high efficiency) and bag filter. The pressure is measured at P0, P1 and P2 in the apparatus 

using pressure transducers. The readings were taken and logged using a computer. A 

humidity/temperature probe (See Section 3.1.3.4) was located at the exit of the flow 

meters. 

5.3.2. Material 

The elutriation experiments were carried out using the same DSG sample that was used in 

Tracer experiments T5 to T7 (See Section 6.2). The DSG came from Radcliffe power 

station, and the PSD of the material is shown in Figure 5.11 below. Full details of the 

physical properties are included in Table 6.1 
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FIGURE 5.11: PSD OF MATERIAL USED IN ELUTRIATION EXPERIMENTS 

5.3.3. Experimental Procedure 

The elutriation experiments were carried out as follows: 

9 The column was charged with enough DSG particles to give a bed height of 10 cm. 

The humidifier/desiccator was charged with either the silica or sodium dichromate 

solution 

" Air was passed through the rig at a low flow rate (3-4 L/min) to mix the bed without 

elutriation. A sample of the bed material was taken for size analysis. 

" The elutriation experiment was begun by setting the air flow rate to 15L/min for long 

enough to collect a weighable sample (2-10 minutes) in the cyclones. During this time 

the pressure, humidity and temperature values were recorded at the various positions 

in the rig. After sufficient material had been collected in the cyclones and bag filter, it 

was weighed and aIg sample retained for size analysis. A sample from the bed was 

also taken for size analysis. This was repeated twice. Any sample elutriated from the 

bed and not required for size analysis was returned to the bed. 

" The previous step was repeated for flow rates of 30,45 and 55 L/min. 

5.3.4. Results 

The DSG particles fluidised very well at the higher flow rates, with no evidence of 

cohesive type fluidisation observed at lower flow rates. The bubbling was good and no 

slugging was seen. Increasing the flow rate increased the quantity of bubbles, bed height 
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and rate of mixing. Also, increasing the flow rate increased the quantity of particles being 

elutriated. It was found that the majority of the particles were caught in the primary 

cyclone, a very small amount in the secondary cyclone and practically none in the bag 

filter. Table 5.6 lists the experimental runs carried out: 

TABLE 5.6: ELUTRIATION EXPERIMENTS CARRIED OUT 

Relative Humidity, % Column Height Flow rate, L/min 

la 4.7 41 15 

1b 5.4 41 30 

1c 5.3 41 45 

1d 6.2 41 55 

2a 6.5 30.7 15 

2b 9.5 30.7 30 

2c 9.3 30.7 45 

2d 10.1 30.7 55 

3a 3.8 20.5 15 

3b 4 20.5 30 

3c 4 20.5 45 

3d 4.3 20.5 55 

4a 38.0 20.5 15 

4b 41.9 20.5 30 

4c 36.5 20.5 45 

5a 31.2 41.5 30 

5b 34.9 41.5 45 

5.3.4.1. Bubble size and Bed Expansion 

As the gas flow rate was increased through the fluidised bed, the expansion (i. e. height) of 

the bed was seen to increase. This occurs as a result of the bubbles within the bed 

increasing in size. It was also observed that the bed height was not stable and tended to 

oscillate. Figure 5.12 shows the maximum and minimum bed heights observed for different 

gas velocities: 
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FIGURE 5.12: BED EXPANSION VERSUS GAS VELOCITY 

The bubbling phenomena must be examined in order to predict the bed expansion. The 

method outlined in Section 2.7 has been followed and the results are presented below: 

1. Average particle diameter = 50 µm; u,.. f = 0.01 m/s 

2. From equation 2.56, dp' = 2.7dp = 135 µm 

3. Calculate ut based on dp' from equation 2.52 gives ut = 0.776 m/s 

4. Substituting ut into equation 2.55 (Davidson and Harrison equation) the maximum 

stable bubble size, deq, max, is calculated to be 0.12 m. This is a reasonable value for the 

maximum bubble size. However it is apparent that this value was not reached in the 

elutriation experiments since slugging was not observed. 

5. The initial bubble size at the distributor plate can then be estimated from equations 

2.58 to 2.64. Since the distributor used was a porous plate, the correlations given by 

Darton et al (1977), Geldart (1972) and Rowe (1976) gave values of zero. The values 

calculated from the correlation of Mori and Wen (1975) and are given in Table 5.7 

TABLE 5.7: BUBBLE SIZE AT BASE CALCULATED FROM CORRELATIONS 

Calc deq_o 0.05 ms-' 0.11 ms-' 0.19 ms-' 0.26 ms-' 

Mori and Wen, (1975), eq 2.61 0.06 cm 0.38 cm 1.21 cm 2.35 cm 

6. The bubble sizes at various points in the bed were then calculated using equations 2.57, 

2.59,2.61 and 2.63. The results of the calculations are shown in Figure 5. XX. The 

correlations all give similar values for the bubble diameter at different heights in the 
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bed. Figure 5.14 gives the average values for the bubble diameter for each of the gas 

velocities of interest. Slugging in a fluidised bed is said to occur when the bubble 

diameter reaches 50-75% of the vessel diameter [Pell, 1990]. Figure 5.14 shows that 

slugging might be expected to occur in the experimental apparatus at high velocities 

and at high bed heights. Slugging behaviour was not observed during the experiments. 
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7. Using the values of deq at various heights in the bed, the isolated rise velocity was 

calculated from equation 2.65. The average rise velocity at each point in the bed was 

then calculated using equation 2.66. Following this the average local bubble fraction 

was calculated from equation 2.67. Figure 5.15 shows how the calculated bubble 

fraction varies with bed height for the different velocities studied. The bed expands 

more at higher gas velocities since more of the bed is composed of bubbles. Using 

information from Figure 5.15 it is possible to estimate the expansion of the bed with 

the initial conditions defined as per the previous experiments. The calculated and 

theoretical bed expansions are shown in Figure 5.16. The calculated values give a good 

fit to the experimentally determined vales for the bed height. 
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FIGURE 5.16: COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL BED EXPANSION 

5.3.4.2. Determination of Elutriation Rate 

The elutriation rate is defined as the mass of material elutriated from the bed per unit time. 

Figure 5.17 shows how the rate of elutriation changes with time for each experimental run: 
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Figure 5.18 shows that the rate of elutriation is highest at high velocities and low 

disegagement height. This is to be expected. It can also be seen that the rate of elutriation 

reduces with time. The reduction in rate is more noticeable at high velocities and low 

disengagement heights. This reduction of rate with time is a result of 

" The selective removal of the entrainable particles 

" The reduction in bed height with time. 
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5.3.4.3. Calculation of Go 

Go is defined as the initial rate of elutriation in the elutriation experiment. This can be 

calculated from the data given in Figure 5.18 by fitting an exponential curve to the data 

and calculating where the curve hits the y-axis (i. e. when time equals zero). A sample plot 

is shown in Figure 5.18. Figures 5.19 and 5.20 show the effect of column height and gas 

velocity on the Go: 
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FIGURE 5.19: EFFECT OF COLUMN HEIGHT ON THE INITIAL RATE OF ELUTRIATION 

FIGURE 5.20: EFFECT OF SUPERFICIAL GAS VELOCITY ON THE INITIAL RATE OF ELUTRIATION 

Increasing the superficial velocity and decreasing the disengagement height increases the 

rate of entrainment. It appears that decreasing the disengagement height has a greater 

effect on the elutriation rate, and this is shown in Figure 5.21. Increasing the water vapour 

pressure leads to a small increase in the initial rate of elutriation. This is probably due to 

the increased gas viscosity of air with higher water vapour pressures. 
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FIGURE 5.21: COMPARISON OF THE EFFECT OF COLUMN HEIGHT AND GAS VELOCITY ON INITIAL 
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FIGURE 5.22: ESTIMATION OF TDH FROM INITIAL ELUTRIATION RATE 

5.3.4.4. Estimation of TDH 

80 

The TDH (Transport Disengagement Height) can be estimated from the data given in 

Figure 5.19. The TDH is defined (Section 2.10.2) as the height at which the rate of 

entrainment becomes constant. Figure 5.22 shows the data from Figure 5.19 fitted with a 

power law expression (Ax-") to enable a point where the elutriation rate becomes constant 

to be assessed. The estimated TDH values from the experiments are given in Table 5.8. 

Table 5.8 also contains calculated values for the TDH height from averaging the results of 

equations 2.72-2.79: 

TABLE 5.8: ESTIMATION OF TDH 

Gas 
I 'elocity 

, n/ S 

Column Height where 
no change in Go 

Bed Height, cm TIMT calculated from 

experiment, cm 
TDII estimated from 

equations 2.72-2.79, on 

0.05 <20 13 <7 15 

0.11 -45 14 -31 32 

0.19 > 50 15 > 35 67 

0.26 > 50 18 > 32 105 

The equations give a reasonable estimate of the TDH. It is therefore predicted that the 

kettle will operate with a disengagement height below the TDH. 

5.3.4.5. Calculation of Elutriation Rate Constant K*jh 
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5.3.4.5.1. Method 

The elutriation constant of i sized particles at a disengagement height of h, K*; h, has been 

defined using the following equation in Section 2.10.3: 

E; =x#;,, AXb; 2.80 

Where E; is the elutriation rate of i sized particles 

Therefore the initial rate of elutriation, G, is equal to: 

GO Ei = 
IKihXbiA 

5' 5 

i=0 ton 

Also, the elutriation rate of i sized particles can be calculated from: 

E; =G. x,; 5.6 

Where xi is the mass fraction of i size particles in the elutriated solids 

And so, the elutriation rate constant for i size particles can be calculated from: 

K'h _ 
OXei 5.7 

bi 

Therefore, the elutriation rate of the elutriated particles can be calculated using Equation 

5.7 and making the following assumptions: 

" Go can be calculated assuming an exponential fit to elutriation rate vs time plots. 

" The particle size distribution of the elutriated material is equal to that from the first 

sample taken during the elutriation experiment. 

5.3.4.5.2. Elutriation Rate Constants 

The elutriation rate constant, Kih, was calculated for each particle size for each 

experimental run using equation 5.7. Figures 5.23 to 5.26 show the calculated elutriation 

rate constants for experimental runs l a-5b (defined in Table 5.6): 
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FIGURE 5.25: ELUTRIATION RATE OF PARTICLES IN RUNS 3a-d (DRY, 20.7 cm) 

FIGURE 5.26: ELUTRIATION RATE OF PARTICLES IN RUNS 4a-c & 5a-b (WET, 41/20.7 cm) 

Each of the graphs above has a similar shape. As expected, the elutriation rate increases as 

the particle diameter decreases up to a maximum. The maximum occurs at the critical 

particle diameter, which has been defined as the point where cohesive forces affect the rate 

of elutriation, for example by small particles sticking to the big particles. In each run the 

critical particle diameter occurred at approximately 12 µm. Correlations by Baeyens et al 

(1992) and Ma & Kato (1998) predicted a value of around 33 pm. Tasirin and Geldart 

(1999) also found that these correlations over-predicted the critical particle diameter. At 

particle sizes below the critical particle diameter the elutriation rate constant decreases 

until a point is reached where the elutriation rate constant remains relatively constant. This 

occurred at particle sizes of around 6 µm. Also, particles bigger than predicted by the 

calculated terminal velocity were elutriated. 
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Increasing the humidity increased the elutriation rate constant. This is shown in Figure 

5.27 which compares low and high relative humidity runs: 
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FIGURE 5.27: COMPARISON BETWEEN ELUTRIATION RUNS AT LOW AND HIGH RH-20.7cm COLUMN 

FIGURE 5.28: COMPARISON BETWEEN ELUTRIATION RUNS AT LOW AND HIGH RH-41cm COLUMN 

Baron et al (1992) also found that the elutriation rate constant was increased by increasing 

the relative humidity. 

5.3.4.5.3. Comparison of Experimental Runs with Literature correlations 

All the literature correlations surveyed are for disengagement heights above the TDH. The 

majority of the experimental runs described in this chapter were carried out with the 

disengagement height lower than the TDH. Figure 5.29 shows the elutriation rate 

constants for the runs with the disengagement height greater than the TDH (it is assumed 

that the 0.11 ms 1/40.7 cm column runs are within this regime). 
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Figures 5.30 and 5.31 show the fit of the correlations for determining the elutriation rate 

constant (Table 2.19) with the experimentally determined data. 
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FIGURE 5.31: COMPARISON OF CORRELATIONS WITH EXPERIMENTAL DATA FOR U=0.11m/s 

Figures 5.30 and 5.31 demonstrate that the curves from correlations in the literature are 

not adequate for predicting the elutriation rate of particles in the experimental system at 

the conditions described. The majority of the correlations differ by several orders of 

magnitude from the experimental data. The correlations of Yagi & Aochi (1955), Tanaka 

(1970) and Geldart appear to give the best fits, but even these differ significantly from the 

experimental data. This is illustrated in Figures 5.32 and 5.33 using more sensitive axes: 
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FIGURE 5.33: CORRELATION WHICH FIT THE 0.11ms' ELUTRIATION RUNS BEST 

5.3.4.5.4. Fitting a curve to Elutriation Rate Constant 

Figures 5.30 to 5.33 demonstrate the degree to which published correlations for the 

elutriation rate constant differ between themselves and differ from the experimental data 

presented in this Chapter. The form of each of the correlations was investigated for curve 

fitting to the experimental data for particle sizes greater than 14µm and for the runs with 

the disengagement height, D, greater than the calculated TDH. 

It was found that an equation using the same form as the Zenz and Weil equation (2.89) 

gave the most satisfactory fit to the data. The equation is given as 5.7 and the curve fitting 

shown in Figure 5.34. 
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FIGURE 5.34: CURVE FITTING TO ELUTRIATION RATE CONSTANT FOR EXPERIMENTS ABOVE TDH 

As has already been stated, it is likely that the kettle operates in a region where the 

disengagement height is less than the TDH. Therefore more experimental data is required 

within this region and models are required to describe this process. 

5.4. Conclusions 

A number of experiments have been carried out to determine the fluidisation properties of 

calcined and uncalcined DSG gypsum. These included experiments carried out at velocities 

and gas viscosities similar to those which would be encountered in a full scale conical 

kettle. It has been found that the fluidisation properties of both DSG gypsum and calcined 

DSG gypsum are very similar and can be predicted using conventional fluidisation theory. 

Although little work has been published on fluidisation in conical vessels it was found that 

the Venkatesh method [Venkatesh, 1996] for deducing the minimum fluidisation velocity 

in a conical fluidised bed gave a good result in comparison with the experimental work on 

the half conical kettle. However, attempts to determine the extent of mixing within the half 

kettle were inconclusive and this will be further investigated in Chapters Six and Seven. 

The main requirement for further work is in the investigation and prediction of elutriation 

rates. The correlations in the literature were found to give values for the elutriation rate 

constant both several orders of magnitude greater and several orders of magnitude less 

than those determined in the experimental work presented. It is therefore suggested that 
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further experiments are carried out in this area in an experimental rig with the same 

geometry as the conical kettle and under similar operating conditions. This would yield 

sufficient information to allow the modelling of particle flow in the calciner system. The 

predicted fluidisation conditions in the laboratory scale kettle are discussed in further detail 

in Chapter Eight. 
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CHAPTER SIX -A METHOD FOR CARRYING OUT TRACER 

TESTS IN A CONICAL CALCINATION KETTLE 

The experiments described in Chapter Five to determine the extent of solid mixing within 

the kettle were inconclusive due to the extent of elutriation. A better understanding of the 

solids mixing inside the kettle is required in order to develop a model of the calcination 

system. The extent of mixing within the kettle can be evaluated using a tracer test to 

elucidate the residence time distribution (RTD) of particles in the system. Also, by carrying 

out a series of runs at different operating conditions, the effect of the different parameters 

on kettle performance can be assessed. Parameters known to affect the performance of the 

kettle include bed temperature, bed hold-up, gas and air flow rates. 

Chapter Six describes the method used to carry out tracer tests on the laboratory scale 

kettle gypsum calciner. The kettle is housed at BPB Gypsum East Leak site and is capable 

of calcining around 20-40 kg/hr of gypsum. The experimental method for carrying out the 

tracer tests is described along with the materials and analytical methods used. The results 

of the experiments are presented in Chapter Seven. 

6.1. Apparatus 

Figure 6.1 is a schematic of the laboratory scale calcination kettle. A photograph of the 

experimental rig is shown in Figure 6.3: 

The laboratory scale kettle allows gypsum to be calcined entirely by direct heat transfer 

between the hot gases leaving a centrally situated burner and the gypsum plaster bed. 

Natural gas was used as the fuel. The kettle was constructed from stainless steel and the 

dimensions of the kettle are provided in Figure 6.2. Gypsum was fed into the kettle from 

the storage hopper via a vibrating chute. The rate of vibration (and hence the rate of solids 

input) was computer controlled. The solid product exits over a weir via a rotary valve to 

the hotpit. The rate of material exiting over the weir was controlled using the air lance. 

The gas and elutriated particles exited from the kettle to a cyclone. The cyclone was also 

constructed from stainless steel and the dimensions of the cyclone are provided in Figure 

6.2. The coarse dust fraction was removed from the gas stream by the cyclone and fed 

back into the kettle feed rotary valve via an air slide. Both rotary valves were operated at 

full speed. The fine dust fraction was drawn from the top of the cyclone into the reverse jet 

bag filter. The bag filter comprised of two zones, one zone was in operation while the 
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other was being cleaned. Any dust escaping the cyclone was collected in the bags and 

dropped into collection hoppers during the reverse jetting phase of the sequence. The 

timing of the reverse jetting was set to cycle at once every fifty minutes. 
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The apparatus contained the following instrumentation: 

67 ID 

55 ID 

88 ID 

2. Laboratory Cyclone 

LI) 

-174- 



Chapter Six -A Method for Carrying Out Tracer Tests In A Conical Calcination Kettle 

" Thermocouples - The bed/calcination temperature was measured using three 

thermocouples located at a height of 15 cm up the bed. The thermocouples were 

radially equidistant. There was also a thermocouple located at the gas exit of the 

cyclone which measured the reek (exit gas) temperature. 

" Pressure Transducer - The reek pressure was measured using a pressure transducer 

on the gas exit of the kettle. 

9 Flow meters - Flow meters were present on the fuel gas, combustion air and air lance 

streams. The air and gas feeds were measured using electronic flow meters. The flow 

rate of air to the air lance was measured using a rotameter style flow meter. 

" Kettle mass - the kettle mass was measured using a load cell. 

A computer situated in the control room monitored the operating parameters throughout 

calcination. All the instrumentation was computer logged except for the flow meter on the 

air lance. 

There were two control loops on the calcination apparatus: 

" Temperature Control - The calcination temperature was controlled on one of the bed 

thermocouples. The computer compared the reading to the set point and alters the 

power to the feed vibrator accordingly. 

" Kettle Holdup - The kettle hold up was controlled using the air lance. Increasing the 

air flow through the lance encourages more material to flow over the weir into the 

collecting vessel. This was carried out manually. 

The flow rates of the gas and air can also be controlled. Furthermore, the kettle suction 

could be changed by opening/closing the damper on the reek stack just above the kettle lid. 
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3 

FIGURE 6.2: PHOTOGRAPH OF LABORATORY SCALE CONICAL KETTLE 

6.2. Kettle Operation 

The kettle was operated as described below: 

6.2.1. Initial Checks 

.: ý::, 

Prior to operating the kettle the following system checks were carried out: 

" The gas exit line following the cyclone has trace heating was switched on prior to the 

run. This was necessary to remove the threat of condensation forming in the piping 

prior to the bagfilters. This significantly reduced the risk of pipe blockage and blinding 

of filter bags due to hemihydrate rehydration and aggregate formation. 

" Some of the feed gypsum was placed into the kettle feed hopper. Some gypsums can 

be contaminated with stones and bits of paper which if they were to find their way into 

a rotary valve would result in severe damage. As a precaution the gypsum was sieved 

prior to use. 
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" The PID (proportional-integral-derivative control) terms and calcination set point were 

programmed into the control unit. 

" The gas isolation valves were opened. 

" Finally, the computer was switched on and the logging of the instrumentation begun. 

6.2.2. Start up 

The kettle was started up as follows. Firstly the main control panel and the rotary valves 

were switched on. Then the feed vibrator was switched on and the calcination temperature 

controller powered up. The combustion fan was switched on and the air flow valve 

adjusted to give the required flow rate of air for combustion. Approximately 1kg of 

gypsum was then fed into the kettle prior to lighting the burner. This was achieved by 

setting the calcination temperature controller to manual and the gypsum feed rate to 100%. 

The feed vibrator therefore operated at maximum output. When the kettle hold up read 

1 kg the controller was put back into automatic mode. Finally, the burner was ignited and 

the gas flow rate was adjusted to the desired value. 

6.2.3. Normal Operation 

Once the fuel gas was lit the calcination temperature rose quickly. The controller 

automatically actuated the feeder when the temperature approached the set point. The 

calcination temperature was controlled by the controller changing the output to the feed 

vibrator. During the initial stages of a calcination it was necessary to allow the kettle hold 

up to reach the desired level. This was achieved by switching off the supply to the air lance 

therefore reducing the flow of material over the weir to a minimum. When the hold-up 

reached the required level it was necessary to balance the amount of material entering the 

kettle with that flowing over the weir. This was achieved by opening the valve on the air 

lance supply and altering the flow of air to achieve the required holdup. It was also 

necessary to control the suction applied to the kettle. If too much suction was applied then 

a higher proportion of material was drawn through the cyclone. This quickly blinds the 

filter bags. If the suction was too low i. e. a positive pressure exists in the kettle, then dust 

was released from the kettle and there was an increased tendency for material to be pushed 

over the weir, thus affecting hold-up. A suction of between -2 and -4 mbar was maintained 

as far as possible. 
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6.2.4. Shutdown 

The equipment was shutdown as follows. The gas to the burner and the feed vibrator were 

switched off. The calcination temperature controller was put into manual and the output 

set to 0%, i. e. no feed to the kettle. The other process equipment was allowed to continue 

operating until the calcination temperature dropped below 100°C. When the calcination 

temperature had dropped sufficiently the combustion air fan was switched off along with 

all the rotary valves. The dust collector was kept running in order to allow the reverse 
jetting to thoroughly clean the bags. The dust collector was switched off after both bags 

were cleaned. Finally both dust collection vessels were emptied. 

6.3. Tracer Test Method 

One method to assess the extent of solid mixing within a reactor is to add a `pulse' of inert 

material at the feed and analyse its change in concentration in the exit stream with time. 

This method was developed to carry out a tracer test on the laboratory scale kettle as 

outlined below. 

6.3.1. Tracer material 

The tracer material must exhibit similar properties to the particles in the bed. The following 

criterion were deemed to be the most important: 

" Similar density to dihydrate/hemihydrate (2000-3000kg/m); 

" Stable at temperatures > NOT (possible maximum temperature at burner); 

9 Easy and repeatable analysis. 

A review of potential tracer material was made and sodium carbonate, Na2CO3, was found 

to be the most suitable. It has a density of 2530 kg/m3 and has been found by TG/DSC to 

decompose at temperatures greater than 800°C. It can easily be identified by Ionic 

Chromatography for Na' ions. [Note: Previous trials have been carried out by BPB 

Gypsum on their continuous calciners using calcium fluoride as the tracer material. 

However the analysis method is laborious and the material was found to thermally 

decompose at temperatures<800°C] 

A supply of Na-2 CO3 (Fisher) sodium carbonate was prepared for use as a tracer by drying 

at 40°C and sieveing to give the three different size distributions shown in Figure 6.4. 
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FIGURE 6.3: PARTICLE SIZE DISTRIBUTIONS OF TRACER MATERIAL 

[ssd = small size distribution, d50 = 30 µm ; msd = medium size distribution, d50=72 µm; Isd = large size distribution, 

d50 = 130 pm] 

6.3.2. Method 

The kettle was started up and operated at the required conditions of calcination 

temperature, gas flow rate, air flow rate and hold-up as described in Section 6.1. The 

kettle was then allowed to reach steady state, and this was deemed to occur when the 

calcination temperature was constant. When the air filters had reverse jetted (i. e. when a 

cleaned filter is brought on line) and the system was steady the tracer material was added 

quickly at the rotary valve on the solids feed line. The reverse jet cycle was set to 50 

minutes as the reverse jetting disrupts kettle operation. The experimental run was deemed 

to be complete when the bag filter reverse jetted again. During the course of the 

experimental run the following samples and measurements were taken: 

" Particulate samples were taken at the solids exit. Two samples were taken prior to the 

tracer material being added. Samples were then taken as soon as the tracer was added. 

Initially the samples were taken in quick succession (-30 second). The rate at which 

samples were taken was reduced as the experiment progressed. 

" The rate of solids exiting over the weir was measured by weighing the contents of the 

hotpit every 15-20 minutes. 

" The rate of particles elutriated to the dust collector was measured by weighing the 

mass of solids collected in the dust collector. The calculated rate is therefore the 

average over a fifty minute period. 
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9A sample of the feed material was taken from the feed chute into the kettle every 15-20 

minutes. 

9 The computer logged the calcination temperature, reek pressure, reek temperature, gas 
flow rate, air flow rate and solids hold up. The air lance flow rate was also logged. 

The solid samples were analysed using the techniques described in section 6.1.2. 

6.3.3. Analysis Techniques 

A number of analysis techniques were used on the solid samples: 

" Ionic chromatography for Na' analysis 

9 Proximate analysis for different CaSO4/H2O phases 

" Absolute density by helium pycnometry 

" Size analysis by laser diffraction sizing 

The analysis techniques are discussed below: 

6.3.3.1. DIONEX Ionic Chromatography 

Ionic chromatography was used to calculate the amount of tracer in the solids exit from 

the kettle. The DIONEX series 4000i chromatograph with the lonPac AS 11 analytical 

column was utilised. Chromatography is a highly selective separation technique which can 

be used to separate out components with closely similar physical and chemical properties. 

The samples were analysed as follows: 

"2 grams of the sample were dissolved into 1 litre of deionised water in a volumetric 

flask. The flask was then placed in a sonic bath for 30 minutes. 

" The solution was then injected in to the DIONEX machine through a syringe filter. The 

chromatography machine then calculates the quantity of the positive ions in the 

solution in ppm 

" Deionised water was injected into the DIONEX to clean the loop 

6.3.3.2. Proximate Analysis Method 

Proximate analysis (see Section 2.1.3.1) allows the determination of the calcium sulphate 

phases present in a sample. That is, it provides information on the quantities of dihydrate, 

hemihydrate, AnhydriteIII, Anhydritell and free water. This analysis technique allowed a 

large number of samples to be analysed simultaneously. 
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In order to carry out the analysis the following equipment was used: 

" Ventilated air oven maintained at 290°C (+/- 10 °C) 

9 Air Oven maintained at 40 °C (+/- 2 °C) including silica gel. Not ventilated. 

" Balance capable of measuring 0.0001g accurately 

Analysis for the CaSO4/H20 phases was carried out in the sequence shown in Figure 6.5: 

Soluble Anhydrite, Hemihydrate, H Dihydrate, Insoluble Anhydrite, 
AIII/ 4D. All 

Free Water, H2O 

FIGURE 6.4: PROXIMATE ANALYSIS SEQUENCE 

6.3.3.2.1. Method for Free water/Soluble Anhydrite 

A dry squat weighing bottle complete with lid was weighed and about 2g of the sample 

rapidly transferred to it. The lid was replaced and the bottle immediately reweighed. The 

bottle was then placed, with its lid removed, into the 40°C oven overnight. The next day 

the bottle lid was replaced and the bottle reweighed. 

Calculation 

If there was a loss in weight: 

FW =100 
Loss in weight (g) 

6.1 
Sample weight (g) 

Where FW = Mass % Free Water 

If there was a gain in weight: 

SA =1510 
Gain in weight (g) 

6.2 
Sample weight (g) 

Where SA = Mass % Soluble Anhydrite (AIII) 

6.3.3.2.2. Method for Hemihydrate 

A dry squat weighing bottle complete with lid was weighed and about 2g of the sample 

rapidly transferred to it. The lid was replaced and the bottle immediately reweighed. The 

bottle was then placed, complete with lid, into the 40°C for 30 minutes. Around 8ml of 

distilled water was then added to the sample in order to completely wet it. The bottle was 

then placed, complete with lid, into the 40°C for 60 minutes. The lid was then removed and 
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the bottle placed in the 40°C oven over night. [Note: it was important that the sample was 

not put into the oven at the same time as the AIII/H20 analysis]. The next day the bottle 

lid was replaced and the bottle reweighed. 

Calculation 

If soluble anhydrite was present: 

HH = 537 
Gain in weight (g) 

_ 0.00265 SA 6.3 
Sample weight (g) 

Where HH = Mass % Hemihydrate: 

If free water was present: 

HH = 537 
Gain in weight (g) 

_ 0.01 FW 6.4 
Sample weight (g) 

6.3.3.2.3. Method for Dihydrate 

The sample was weighed and placed uncovered in the 290°C oven for 30 minutes. The 

sample was removed, the cover replaced and the whole thing weighed. 

Calculation 

First the amount of combined water was calculated: 

CW =100 
Loss in weight (g) 

6.5 
Sample weight (g) 

Where CW = Mass % Combined Water 

If soluble anhydrite was present: 

G=4.778(CW - 0.0621HH) 6.6 

Where G= Mass % Dihydrate 

If free water was present: 

G=4.778(CW-0.0621HH-FW) 6.7 

6.3.3.2.4. Method for Insoluble Anhydrite 

A dry squat weighing bottle complete with lid was weighed and about 2g of the sample 

rapidly transferred to it. The lid was replaced and the bottle immediately reweighed. 

Around 8ml of distilled water were then added to the sample in order to completely wet it. 

The bottle was then left at room temperature with the lid on for 4 days. The lid was 

removed and the bottle placed in the 40°C oven over night (Note: it was important that it 
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was not put into the oven at the same time as the AIII/H20 analysis). The next day the 

bottle lid was replaced and the bottle reweighed. 

Calculation 

The amount of insoluble anhydrite present was calculated from equation 6.8: 

All = 3.78(GA96h. - GAHH ) 

Where All = Mass % of insoluble anhydrite 

GA96hr_ % weight gain for 96 hour hydration 

GAHH _% weight gain for `normal' hour hydration 

6.3.3.2.5. Particle Size Distribution 

6.8 

The particle size distribution was measured using a Malvern Laser Sizer (Mastersizer - 
Fraunhoffer laser diffraction technique). The samples were dispersed in Iso Propyl Alcohol 

(IPA). 

6.3.3.2.6. Particle Density 

The absolute particle density was calculated using a Micrometrics helium pycnometer 

(Model 1305). Samples were prepared by placing in a dessicator overnight prior to 

analysis. 

6.3.3.2.7. Bulk Density 

The bulk density was calculated using a Tap Densitometer in accordance with BS 

1460: 1948. 

6.4. Material 

The tracer test experiments were carried out using DSG gypsum obtained from both Drax 

and Radcliffe power stations. Different sources of DSG were used due to the large 

quantities of material required during an experimental run and the current availability. 

However, each run would be carried out using material from a single source. Both DSGs 

had very similar physical properties. Figure 6.6 shows typical psds and Table 6.1 contains 

typical physical properties. SEMs of the different material are shown in Figures 6.7 and 

6.8. 
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FIGURE 6.5: TYPICAL PSD'S OF THE DRAX AND RADCLIFFE DSGs 

TABLE 6.1: TYPICAL PHYSICAL PRPERTIES OF THE DIFFERENT DSGs 

Drax DSG Radcliffe DSG 

Dihydrate Mass % 96 94 

Hemihydrate Mass % 0.4 0.3 

Soluble Anhydrite Mass % 0 0 

Insoluble Anhydrite Mass % 0 0.1 

Free Water Mass % 0.1 0.1 

Absolute Density, kg. m-3 2380 2370 

ý. `' -- 
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FIGURE 6.6: SEM OF DRAX DSG USED IN TRACER TESTS 

FIGURE 6.7: SEM OF RADCLIFFE DSG USED IN TRACER RUNS 
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CHAPTER SEVEN - TRACER TEST RESULTS AND DISCUSSION 

Chapter Seven details the results of the experimental runs carried out on the laboratory 

scale kettle described in Chapter Six. The experiments carried out were- 

* The calibration of the vibrating feed chute; 

" Tracer tests carried out on the kettle during steady state operation at various operating 

conditions, 

" Assessment of the influence of different operating conditions on kettle operation. 

The aims of the experiments were to elucidate the extent of solids mixing in the calcination 
kettle and to investigate the effect of different operating conditions on kettle operation. 

7.1. Solids Feed Calibration 

The operating temperature of the kettle is controlled using the solids feed rate. The rate of 

solids feed from the storage hopper to the kettle is controlled by the power output to the 

vibrating conveyer. In order to deduce a calibration plot for the feed conveyer the power 

output was varied and the mass of solids carried into the kettle weighed. Figure 7.1 and 
7.2 shows the calibration curve (rate of solids feed against % power output) for the solids 
feed conveyer: 
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FIGURE 7.1: SOLIDS FEED CALIBRATION CURVE FROM 55% TO 80% 

FIGURE 7.2: SOLIDS FEED CALIBRATION CURVE FROM 56% TO 62% 

Two characteristics from the calibration curves are apparent: 
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"A small difference in output power leads to a large difference in the feed rate to the 

kettle. 

" The rate of solids flow may vary considerably for a given output power. 
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It is difficult to calculate residence times in the kettle from output power due to the 

uncertainty in feed flow rate. For example, under normal operation the kettle has a holdup 

of -5 kg and a power output to the vibrator of -60% giving a feed flow rate of - 18 kg/hr. 

Assuming a 20% solids mass loss (from dehydration), a particle residence time of 21 

minutes would be estimated. However, Figure 7.2 shows that for a 60% output the actual 

feed flow rate could be from X15 to 22 kg. miri', giving residence times from --25 to 17 

minutes which is equivalent to an error of + 20%. 

7.2. Tracer Tests and Operating Characteristics 

Table 7.1 lists all experiments carried out on the conical kettle calciner: 

TABLE 7.1: EXPERIMENTAL RUNS CARRIED OUT ON THE LABORATORY KETTLE 

Run Bed 

Temp, 

°C (av) 
1 

Gas FR, 

L. min-' 

(av) 

Air FR, 

L/min 

(av) 

Kettle 

Weight, 

kg (av) 

Reek 

Press, 

m Bar (av) 

Reek 

Temp, 

°C (av) 

Tracer 

Material 

DSG 

Source 

T3a 151 10.5 227 5.1 -1.4 100 25g MSD Drax 

T3b 151 10.5 228 4.7 -1.28 106 50g MSD Drax 

T3c 151 10.5 228.5 3.9 -0.8 107 75g MSD Drax 

T4a 151 10.5 227.8 4.1 -0.66 102 50g SSD Drax 

T4b 151 10.5 228.2 4.3 -1.4 105 50g LSD Drax 

T5a 130 10 224.5 5.6 0.35 93 50g MSD Radcliffe 

T5b 140 10 224.5 5 - - 50g MSD Radcliffe 

T6a 160 10.4 223.7 3.4 0.07 114 50g SSD Radcliffe 

T6b 170 10.6 226.1 2.5 -0.61 146 50g MSD Radcliffe 

Tja 151 7.9 225 4.4 -4.4 112 No Tracer Radcliffe 

T7b 151 12.4 224 4.4 -3.29 107 No Tracer Radcliffe 

T7c 151 10.5 176.4 4.6 -4 107 No Tracer Radcliffe 

T7d 151 10.4 160.9 4.1 -3.4 103 No Tracer Radcliffe 

MSD = MEDIUM SIZE DISTRIBUTION (d5o=72µm) NA2CO3; SSD = SMALL SIZE DISTRIBUTION (d5a=30µm); LSD = 

LARGE SIZE DISTRIBUTION (d5o=130µm) 

7.2.1. Kettle control and operation 

Control of the main experimental parameters was on the whole very good. Temperature 

was controlled at ±1 °C, gas flow rate at ±0.05 L. miri' and the air flow rate at ±6 L. min'. 
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The kettle load was more prone to fluctuations. Figures 7.3-7.4 show typical gas flow rate 

and temperature for the T4 experimental runs: 
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Control of the kettle load was a problem and was found to be much more erratic. The main 

reason for the varying kettle load with time was the changing back pressure with time. As 

the kettle suction decreases, due to the bag filters blinding, the kettle mass decreases. To 

compensate for this the air flow rate to the air lance was decreased to reduce the rate of 

solids output over the weir. However, the air lance flow rate was controlled manually and 

so the system response was not very good. An attempt was made to control the kettle 

suction by opening/closing the damper on the reek stack just above the kettle lid. It was 

found that this method of control was inadequate. 

Figures 7.5 and 7.6 show typical control of the kettle holdup/back pressure for the T3 and 

T4 runs respectively. 
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FIGURE 7.5: HOLD UP AND BACK PRESSURE CONTROL FOR T3 RUNS 

FIGURE 7.6: HOLD UP AND BACK PRESSURE CONTROL FOR T4 RUNS 

Table 7.2 gives the standard deviation for the experimental variables and shows the extent 

of the variability of the load and back pressure compared with the bed temperature. The 

values of the standard deviation show that the control of the kettle load and reek pressure 

was much poorer than the bed temperature and gas flow rates. 

TABLE 7.2: STANDARD DEVIATION OF BED TEMPERATURE, HOLD UP AND BACK PRESSURE 

Standard 

deviation of Bed 

Temp, 

° 

Standard 

deviation of 

Gas FR, 

L. min-' 

Standard 

deviation of 

Air FR, 

L. min-' 

Standard deviation of 

Kettle Weight, 

kg 

Standard 

deviation of Reek 

Press, 

mBar 

T3a 0.4 0.02 9 0.6 0.85 

Tab 0.4 0.02 10 0.5 0.36 

T3c 2.3 0.03 9 0.4 0.75 

T4a 0.44 0.02 3 0.4 0.2 

T4b 0.44 0.01 3 0.6 0.37 

T5a 1.04 0.02 9 0.6 0.55 

T6a 2 0.02 9 0.2 0.4 

T6b 1.74 0.01 7 0.3 0.6 

Tja 1.6 0.6 8 0.5 1.2 

T7b 0.5 0.02 8 0.4 0.8 

T7c 0.5 0.02 6 0.3 0.4 

T7d 3.3 0.7 5 0.4 0.5 
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Table 7.3 gives the calculated solid flows exiting the kettle for each run, along with the 

kettle hold up. The material exiting the kettle to the hot pit is defined as the solid product. 
It should be noted that the exit flow rate was prone to fluctuation and the values given in 

Table 7.3 have been averaged over the period of the run. The rate of solids to the dust 

collector has also been averaged over the period that the dust collector was operating, i. e. 
45-50 minutes. The average solids residence time in the calciner system can be calculated 

from equation 7.1: 

H 
zsoiias - 7.1 

MSp + MSF 

Where zsOj; & = Average solids residence time in calciner system, hr 

H= Kettle holdup, kg 

Msp = Rate of solids exit from kettle, kghr-' 

MSF = Rate of solids collected in dust collector, kghr-' 

The average particular residence time was calculated for each experimental run using 

equation 7.1 and the results in Table 7.3 

TABLE 7.3: SOLID FLOW RATES AND AVERAGE SOLID RESIDENCE TIMES 

Run Kettle Weight, 

kg (av) 

Solids exit rate, 

Kg hr-' (av) 

Dust Collector, 

Kg hr-' (av. ) 

Hrs 'Lolids Min 

T3a 5.1 28.5 3.6 0.16 9.5 

T3b 4.7 21.6 4.5 0.18 10.8 

T3c 3.9 21.6 1.5 0.17 10.1 

T4a 4.1 19.0 1.25 0.20 12.1 

T4b 4.3 22.5 1.25 0.18 10.9 

T5a 5.6 30.0 6.5 0.15 9.2 

T5b 5 17.0 4.0 0.24 14.3 

T6a 3.4 17.0 1.25 0.19 11.2 

T6b 2.5 9.0 3.6 0.20 11.9 

Tja 4.4 8.2 6.0 0.31 18.6 

T7b 4.4 21.5 4.15 0.17 10.3 

17c 4.6 12.4 5.25 0.26 15.6 

T7d 4.1 17.7 2.02 0.21 12.5 
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The average solids residence time varies from 9-19 minutes for the experimental runs. 

However, it should be considered that the calculated standard deviation on the kettle mass 

was of the order of 10% of the kettle weight and the instantaneous mass flow rate was also 
found to differ considerably. 

Appendix C contains figures showing how the controlled parameters (temperature, load, 

pressure and mass flow rate) varied throughout the experimental runs. 

7.2.2. Particle Sizing 

The feed, solids exit and material from the dust collector were sized using a laser 

Mastersizer as described in Section 6.1.2.2. It was found that the feed and solids exit have 

a similar particle size distribution. There are two effects which will influence the particle 

size distribution of the solid product: 

1. Gypsum particles reduce in size when calcined. 

2. The small particles will be selectively removed from the bed by elutriation. 

The particles collected in the bag filter had a much smaller particle size distribution 

compared to those in the feed and solid product smaller particles. This is as expected since 

the fine particles will be elutriated from the system and not collected as efficiently in the 

cyclone. Figure 7.7 shows typical distributions for the T7c run. Furthermore, the particle 

size distribution of particles collected in the bag filter varied considerably between 

experimental runs. This is shown in Figure 7.8. 
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FIGURE 7.8: COMPARISON BETWEEN DIFFERENT DUST COLLECTOR PARTICLE SIZE DISTRIBUTIONS 

The average residence time of different size particles in the system can be calculated since 

the particle size distribution of the two exit streams is known. Assuming that the bed has 
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the same particle size distribution as the solids product stream the particle residence time is 

calculated from equation 7.2: 

ýS, _ 
Hx 

sP, 7.2 
MsPxsPi + MsFXsxh 

Where is; = Average solids residence time in calciner system, hr 

xsp, = Mass fraction of size i solids in solids exit from kettle 

XsF; = Mass fraction of size i solids in dust collector 

Figure 7.9 is the residence time plot for different particle sizes in the T7d run. The shape of 

the plot is similar for each experimental run. There is a minimum value observed at around 

15 µm. As the particle size increases above this value the residence time increases. This is 

as expected since larger particles will have a longer residence time since their elutriation 

rate will be smaller and they will be more likely to be `caught' in the cyclone. The 

residence time also increases as the particle size reduces below the minimum residence 

time value. This is assumed to be as a result of the cohesive effects discussed in Section 

5.3.4.5.2 which results in the particles below the critical diameter sticking to the larger 

particles. 
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FIGURE 7.9: EXAMPLE PARTICLE RESIDENCE TIME PLOTS 

7.2.3. Sample density 

1E3 

The density of the feed, solid product and material collected in the dust collector was 

calculated by helium pycnometry. The results of the analysis are given in Table 7.4: 

-191- 



Chapter Seven - Tracer Test Results and Discussion 

TABLE 7.4: ABSOLUTE DENSITY MEASUREMENT 

Feed Density, kg. M-3 Product Density, kg. m-3 Dust collector, kg. m 

T3a 2400 2675 2708 

T3b 2400 2675 2708 

Tic 2400 2675 2708 

T4a 2360 2666 2763 

T4b 2401 2666 2775 

T5a 2361 2528 2633 

T5b 2360 2662 2665 

T6a 2399 2761 2786 

T6b 2431 2775 2790 

Tja 2348 2661 2654 

T7b 2345 2629 2663 

T7c 2338 2670 2709 

T7d 2341 2693 2739 

Several general conclusions can be drawn from the data in Table 7.4: 

" The feed material had an average density of 2375 kg. m 3. This is typical for calcium 

sulphate dihydrate which typically has a density of around 2300 kg. m 3. 

" The solid product has a higher density than the feed. This is as hemihydrate has a 

higher average density (2620-2640 kg. m 3) than dihydrate. 

" The material collected in the dust collector has a higher density than both the feed and 

the solid product. This is probably due to the material in the dust collector containing a 
3 higher percentage of anhydrite II which has a typical density of 2900-3000 kg. in 

7.2.4. Sodium Carbonate Analysis 

Anhydrous sodium carbonate was used as the inert tracer and the quantity in the exit 

stream was analysed using ionic chromatography, as detailed in Section 6.1.2.1. The 

quantity of sodium carbonate present was assessed by analysing for Na' ions. In each case 

a background of approximately 0.03 % (mass) of Na' was present. Each tracer test 

produced a similar shaped curve for the tracer mass fraction against time. Figure 7.10 and 

Figure 7.11 give typical tracer curves for the T3 and T5 experimental runs: 
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FIGURE 7.10: NA2CO3 MASS COMPOSITION OF SOLID PRODUCT FOR T3 TRACER TESTS 

FIGURE 7.11: NA2CO3 MASS COMPOSITION OF SOLID PRODUCT FOR T5 TRACER TESTS 

100 120 

The shape of the tracer test curves is consistent to that of a completely mixed CSTR 

shown in Figure 7.12. This implies that the particles inside the kettle are in a state of 

complete mixing. Each tracer test has been modelled using the CSTR equation and in each 

case the experimental results have fitted the model very well. The CSTR model is relatively 

simple, and when combined with further tracer test results and reactor conversion data will 

allow a model of the kettle operation to be derived. 

CSTR equation: 
XO 

x 

t 
FIGURE 7.12: CSTR MODEL FIT TO DATA 

Y 
tai %. 3 x=xoe 

where: xo = concentration at t=0 
tav = mean residence time 

Figures 7.13 and 7.14 show typical CSTR model fits for the T3c and T5a tracer tests: 
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FIGURE 7.13: CSTR MODEL FITTED TO T3c TRACER TEST 

FIGURE 7.14: CSTR MODEL FITTED TO T5a TRACER TEST 

The experimental and model results for all the runs are shown in Table 7.5 below: 

TABLE 7.5: CSTR MODEL RESULTS 

Experiment Model 

Run Tracer Tracer 

Mass 

Av. Mass, 

kg 

Initial Mass, 

kg 

Av. T Co initial Co caic Tcalc error 

T3a MSD 24.9 5.1 5.5 9.5 0.45 0.409 14.8 0.03 

T3b MSD 50.0 4.7 5.25 10.8 0.95 0.87 15.4 0.05 

T3c MSD 75.7 3.9 4 10.1 1.89 1.551 12.8 0.05 

T4a SSD 50.6 4.1 4.8 12.1 1.05 0.965 9.5 0.03 

T4b LSD 49.8 4.3 5.1 10.9 0.98 0.953 14.6 0.06 

T5a MSD 51.2 5.6 6.5 9.2 0.79 0.88 11.3 0.03 

T5b MSD 51.2 5.0 5 14.3 1.02 0.945 15.2 0.06 

T6a SSD 47.0 3.4 3.5 11.2 1.34 1.23 7.2 0.07 

T6b MSD 49.7 2.5 2.8 11.9 1.77 1.71 14.1 0.03 

MSD = MEDIUM SIZE DISTRIB UTION (dcn=72uml NAACO,: SSD = SMALL SIZE DIST RIBUTION (dc�=30uml: LSD = 

LARGE SIZE DISTRIBUTION (d5o=130µm) 

The experimental values for the initial tracer composition correspond well to the values 

derived from a best fit to the CSTR model. This is shown in Figure 7.15. The average 

solids residence time value from the experimental run does not correlate with the model 

value. The LSD and MSD tracer particles have a longer residence time than the average, 

and the SSD tracer has a shorter residence time. This is shown in Figure 7.16. The 

difference in calculated and experimental residence times is due to the SSD tracer being 

selectively elutriated out of the bed and therefore spending less time in the calciner system: 
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7.2.5. Proximate Analysis 

Proximate analysis for All, AIII, hemihydrate and dihydrate was carried out on the 

samples. The presence of Na2CO3 was accounted for as it hydrates to Na2CO3. H20 in 

water at temperatures between 30-100°C. The composition of the product remained 

relatively constant throughout each of the experimental runs. Figure 7.17 shows a typical 

plot of the product phase composition against time for the T4 runs. 
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FIGURE 7.17: PROXIMATE ANALYSIS OF T4 RUNS 

Average proximate analysis values of the solid products are given in Table 7.6 along with 

the standard deviation (sd) of the values. Table 7.7 contains the proximate analysis of feed 

and material collected in the dust collector. 
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TABLE 7.6: AVERAGE PRODUCT COMPOSITION (MASS %) 

D HH FW All AIII 

Av sd % Av sd % Av sd % Av sd %Av Sd 

T3a 5.3 0.7 87.7 0.2 0.2 0.1 1.9 0.4 0 0 

T3b 5.9 1.5 87.2 0.8 0.3 0.1 1.4 0.8 0 0 

T3c 7.9 1.3 85.4 1.4 0.4 0.1 1.5 0.6 0 0 

T4a 5.9 1.2 87.0 0.7 0.5 0.2 1.5 0.8 0 0 

T4b 4.7 1.0 87.7 0.4 0.5 0.1 1.4 0.6 0 0 

T5a 37.6 5.2 55.2 5.4 0.2 0.1 0.4 0.2 0 0 

T5b 12.5 0.6 80.2 1.1 0.0 0.0 0.7 0.5 0 0 

T6a 5.1 1.3 85.1 1.9 0.0 0.1 1.6 0.9 2.5 2.2 

T6b 0 - 33.8 4.8 0.0 0 3.8 2.0 57.2 2.6 

Tja 5.6 1.1 84.4 2.3 0.2 0.2 3.1 1.5 0.63 1.3 

T7b 7.1 1.1 84.1 0.7 0.4 0.1 1.0 0.4 0 0 

T7c 7.5 1.0 85.0 0.5 0.3 0.0 1.5 0.3 0 0 

T7d 6.7 1.1 83.4 1.8 0.4 0.2 1.9 0.6 0 0 

TABLE 7.7: AVERAGE FEED AND DUST COLLECTOR MATERIAL COMPOSITION (MASS %) 

Feed Dust Collector 

D HH FW All D HH FW All 

% Av % Av % Av % Av % Av % Av % Av % Av 

T3a 96.5 0.2 0.1 0.0 17.8 76.3 1.0 4.7 

T3b 96.1 0.3 0.1 0.0 10.9 78.6 0.9 7.0 

T3c 95.9 0.4 0.2 0.0 8.3 83.7 0.8 0.0 

T4a 95.9 0.5 0.2 0.0 6.7 83.0 0.6 4.2 

T4b 96.1 0.4 0.1 0.0 5.9 84.0 0.7 5.7 

T5a 96.5 0.6 0.2 0.3 23.9 63.5 0.4 2.6 

T5b 92.9 0.4 0.1 0.0 15.0 76.1 0.4 1.9 

T6a 93.5 0.1 0.1 0.1 5.9 81.2 0.6 1.8 

T6b 93.5 0.5 0.1 0.0 1.3 84.9 0.5 6.1 

I'7a 95.8 0.0 0.1 0.1 11.4 69.5 1.7 2.1 

T7b 93.5 0.0 0.2 0.1 15.9 59.1 2.2 2.5 

T7c 94.7 0.0 0.2 0.1 13.9 61.4 2.2 2.4 

T7d 93.8 0.0 0.1 0.3 13.8 61.1 2.3 3.2 
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The following conclusions can be drawn from the proximate analysis: 

" The Drax DSG (T3a-4b) has a slightly higher purity of dihydrate of around 96% 

compared to the Radcliffe DSG (T5a-7d) which had an average dihydrate purity of 

around 94% 

" The main parameter which affected the solid product composition is the kettle 

temperature. This is as predicted by the work carried out in Chapter Four. All the other 

parameters varied in the experiments (kettle load, gas flow rate and air flow rate) had 

very little effect on the solid product composition. This is shown in Figures 7.18 and 

7.19 which plots the solid product composition against experimental run and kettle 

temperature respectively. Temperature has the following effect on the different phases 

composition: 

" The dihydrate composition reduces with increasing temperature. At 170°C there is 

no dihydrate present in the solid product. 

" The soluble anhydrite composition increases with increasing temperature. There is 

no soluble anhydrite present at temperatures below 150°C. 

" There is a maximum in the amount of hemihydrate produced at temperatures 

between 140 and 160°C. At temperatures below the maximum larger quantities of 

dihydrate exist resulting in a plaster with retarded setting properties. At 

temperatures above the maximum, large quantities of All can exist resulting in 

plasters with accelerated setting properties. The ideal plaster depends on the 

required setting properties of the product. 
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FIGURE 7.18: COMPARISON OF PRODUCT COMPOSITION WITH EXPERIMENTAL RUN 

FIGURE 7.19: COMPARISON OF PRODUCT COMPOSITION WITH KETTLE TEMPERATURE 
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Chapter Seven - Tracer Test Results and Discussion 

" In general the material collected in the dust collector has both a higher mass % of 
dihydrate and All than the solid product. This is interesting since there are two 

conflicting mechanisms governing the reactions. Firstly, smaller particles react more 

quickly and also smaller particles have a smaller residence time. It can be assumed that 

the material in the dust collector are the smaller particles which have had a smaller 

residence time. Therefore the dihydrate ->hemihydrate/AIII reaction is more influenced 

by the particle residence time, whereas the dihydrate/Hemihydrate/AIII->AII reaction 
is more influenced by the particle size. 

7.3. Conclusions 

A method has been described which allows a tracer test to be carried out on the laboratory 

scale conical kettle. This method could be equally well applied to any scale gypsum 

calciner since the tracer material is stable under all potential calcination conditions. 

The major conclusions to be drawn from the experimental work carried out in the calciner 

are: 

" Although the temperature control of the apparatus is good, the rig can not be said to 

be working in a `true' steady state as the mass of material in the kettle was found to 

vary significantly during a run . 
The solids exit rate and reek pressure were also found 

to vary during the runs. This will have implications when trying to model the 

laboratory conical kettle since it will be necessary to consider average values of 

holdup, mass flow rates and reek pressures. 

" The kettle exists in a completely mixed state for all the experimental conditions 

considered. This makes the consideration of the reaction kinetics easier as the CSTR 

reactor model is relatively straight forward to apply. 

" The kettle temperature has the greatest effect on the product composition. 
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CHAPTER EIGHT - CONSIDERATION OF INTERNAL 

GRADIENTS WITHIN THE CALCINER 

So far this thesis has concentrated on the experimental methods used to investigate the 

physical and chemical phenomena which occur in a conical kettle gypsum calciner. The 

next two chapters discuss theoretical models derived using the results of the experimental 

work to describe the operation of a gypsum calciner in mathematical terms. This chapter 

discusses some of the physical gradients which are present within a calciner bringing 

together the results from the tracer tests, fluidisation experiments and chemical rate data. 

Physical properties in the kettle may vary with height due to the kettle geometry and 

operation characteristics. The physical properties which could be influenced by the vertical 

position are: 

" Temperature 

" Gas Velocity 

" Water Vapour Pressure 

The above physical properties will in turn also influence other operating parameters within 

the kettle such as the bed expansion, reaction kinetics, final product and exit gas flow rate. 

This chapter describes models set up in order to represent these gradients and discusses 

their implication on the operation of the kettle. The models are prepared using the physical 

operation of the laboratory scale conical kettle (described in Chapters Six and Seven) as 

their basis. The chapter goes on to discuss the validity of some simplifications would need 

to be made in order to develop a more general model of kettle operation. 

8.1. Geometry of the conical kettle 

It is necessary to be able to describe mathematically the geometry of the kettle in order to 

be able to assess the increase of kettle diameter with height. Figure 8.1 gives the 

dimensions of the laboratory scale kettle used in the experimental work described in 

Chapters Six and Seven. It is apparent that the kettle must be considered in two sections. 

Firstly the conical section and secondly the cylindrical section. The effect of the burner 

tube on the volume must also be included. The equations given in Table 8.1 describe the 

how the radius and volume changes with height, h, up the kettle: 
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FIGURE 8.1: GEOMETRY OF CONICAL KETTLE AND BURNER TUBE (NOT TO SCALE) 

TABLE 8.1: KETTLE GEOMETRY 

Radius, r, mm Limits, mm 

Conical section r= 44 + 0.466h 8.1 h=0, r= 44 

h, mm=0-206 h=206, r= 140 

Cylindrical section, r= 140 8.2 - 

h, mm=206-515 

Volume, mm3 Limits, mm3 

Conical section 7rh (r2 +44r + 1936)- 9097th V= 
8.3 h=0, V=0 

3 h, mm =0- 206 h= 206, V=5,386,379 

Cylindrical section, V=5,386,379 +19600(h - 206)n - 909it(h - 206) 8.4 h= 206, V=5,386,379 

H, mm=206-515 h=515, V= 

Figures 8.2 and 8.3 respectively show the variation of kettle radius and internal kettle 

volume with kettle height. 
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FIGURE 8.2: VARIATION OF KETTLE RADIUS WITH HEIGHT 

FIGURE 8.3: VARIATION OF KETTLE VOLUME WITH HEIGHT 

8.1.1. Bed Volume 

Cylindrical Section 

Conical Section 

5 10 15 20 25 
Volume, litres 

I+ Kettle Volumd 

The height of material in the calciner, hb, can be calculated if the mass and bulk density of 

the bed in the kettle are known from equations 8.5 and 8.6: 

" If material volume, Vb < 5386 cm3 then material in conical section: 

4 solve Vb = 3((44+0.466 
)2 + 20.504hb + 3872)- 909lthb for hb 8.5 

" If material volume > 5386 cm' then material in the conical and cylindrical sections: 
4 solve Vb = 5386379 + 18691Ihb - 3850346it for hb 8.6 

The bed density cannot be determined simply since its is a function of the nature of the 

particles, gas flow rate and kettle geometry. This is dealt with in greater detail in Section 

8.4. 

8.2. Temperature Gradient 

8.2.1. Burner Exit 

The most important temperature gradient to consider is in the area immediately next to the 

burner tube. This is because `hot spots' may occur here where the local temperature is 

greater than the bed temperature. Insoluble anhydrite (All) is not produced at 

temperatures below 200°C and therefore will be produced in the `hot spots'. The 

temperature gradient can be calculated using equations 2.69 and 2.70: 

T-T5.51n n t13d0 7c 
I1 = 

3. m p. 2.69 In = 
03 (l; 

P P"g 2.70 

Tk -T PPu 
kg 0-0 
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The temperature of the inlet gas, Tgi,,, can be calculated from the heat of combustion of 

natural gas, the gas flow rate and air flow rate. The physical data in Table 8.2 is also 

required: 

TABLE 8.2: DATA ASSUMED FOR CALCULATING FLAME TEMPERATURE 

Combustion Energy = 36755 kJ/Nm3 

Ideal Gas Constant = 0.08205 Atm L/gmol 

Ideal Molar Volume = 0.04089 kmol/m3 

C02; cP = 43 kJ/kmol K 

H2O; cP = 35 kJ/kmol K 

O2; cp = 30 kJ/kmol K 

N2; c, = 30 kJ/kmol K 

CI-14; cp = 44 kJ/kmol K 

Gas = 100% CH4 (CH4 + 202 - C02 + 2H 20 ) 

The adiabatic flame temperature was calculated for each of the tracer tests described in 

Chapter Seven. The results are shown in Table 8.3: 

TABLE 8.3: CALCULATED FLAME TEMPERATURES 

Run Bed Temperature 

°C 

Gas Flow Rate 

nL/min 

Air Flow Rate 

nL/min 

Flame Temperature 

°C 

Est region >200 

mm 

T3a 151 10.5 227 1306 0.95 

T3b 151 10.5 228 1301 0.95 

T3c 151 10.5 228.5 1298 0.95 

T4a 151 10.5 227.8 1302 0.95 

T4b 151 10.5 228.2 1302 0.95 

T5a 130 10 224.5 1262 0.85 

T5b 140 10 224.5 1262 0.89 

T6a 160 10.4 223.7 1312 1.01 

T6b 170 10.6 226.1 1322 1.09 

Tja 151 7.9 225 1015 0.91 

T7b 151 12.4 224 1536 0.97 

T7c 151 10.5 176.4 1638 1.05 

T7d 151 10.4 160.9 1763 1.09 
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Using equations 2.69 and 2.70 the temperature profile at the burner exit can be estimated. 

Figure 8.4 shows a typical temperature profile for the T3a run. It can be seen that the 

temperature of the exit gas rapidly approaches the bed temperature. For the T3a run the 

bulk temperature is reached within a couple of millimetres. 

1400 
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Cý 800 
m 
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0 
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Distance from Burner, mm 

Temperature Profile - Bed Temperature 

FIGURE 8.4: BED TEMPERATURE GRADIENT FOR T3a EXPERIMENTAL RUN 

The region in the kettle above 200°C was calculated using equations 2.69 and 2.70 for 

each experimental run carried out in the conical kettle. This was because it was assumed 

that production of All would only occur in regions with temperatures greater than 200°C. 

The results of the calculations are shown in Table 8.5. Figure 8.6 plots the mass % of All 

in the product stream against the distance which the hot zone extends into the fluidised 

bed. It can be seen that the bigger the zone greater than 200°C, the more All is present in 

the product. Also, Figure 8.6 shows that the longer the residence time in the kettle, the 

greater the quantity of All in the product. 
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FIGURE 8.5: All COMPOSITION VS ESTIMATED HOT ZONE SIZE 

FIGURE 8.6: All COMPOSITION VS AVERAGE RESIDENCE TIME 

8.3. Velocity and Water vapour pressure gradients 

20 

The velocity and water vapour pressure gradients are interrelated and have therefore been 

considered together. The models representing these gradients have been built up in 

increasing levels of complexity and are described below and the key features discussed. 

8.3.1. No reaction 

The simplest model which can be used to describe the velocity and water vapour pressure 

gradients is based upon the assumption no reaction occurring in the kettle; i. e. that the 

water vapour pressure is constant. Further assumptions are: 

" Complete solids mixing 

9 The superficial velocity is radially constant 

Therefore the velocity up the kettle at height h can be calculated from the flow rate of 

gases from the combustion reaction, the bed temperature and the area of the kettle at this 

point. Figure 8.7 gives a typical velocity gradient for the T3a experimental run. The 

velocity decreases as the gas moves up the kettle from the base through the conical section 

as a result of the increasing area. The velocity remains constant when the cylindrical 

section is reached. 
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FIGURE 8.7: TYPICAL VELOCITY GRADIENT ASSUMING NO REACTION - T3a EXPERIMENTAL RUN 

The water vapour pressure will be constant since no reaction is considered. The gas will 

contain some moisture as a result of the combustion of CH4. The volume of water vapour 

released as a result of the combustion can be calculated as 2 times the volume of gas 

combusted. This is valid assuming the ideal gas law holds and that combustion is 100% 

complete (from stoiciometry 1 mole of CH4 yields 2 moles of H2O). The water vapour 

pressure can be calculated from equation 8.7: 

Water Vapour Pressure, PH o= Overall Pressure, P 
Volume of Water Vapour 8.7 

Overall Gas Volume 

The water vapour pressure has been calculated for each of the experimental runs and has 

been found to range from 6.7% to 12.1%. The calculated velocities at the bottom of the 

kettle and in the cylindrical section and the calculated water vapour pressure associated 

with combustion are given in Table 8.4 for each experimental run. 

8.3.2. Consideration of Dehydration Reaction 

During calcination water is released and so the water vapour pressure will increase up the 

kettle. Since the total gas flow rate is increased the velocity gradient will also be affected. 

The velocity and water vapour pressure gradients can be calculated assuming: 

" The amount of water released is proportional to the cumulative mass up the kettle. 

Water vapour is released linearly with volume and occurs only in the dense bed; 

" The final water vapour pressure can be calculated from the total mass of water 

removed from the product; 

" The water vapour pressure of the gas remains constant after leaving the surface of the 

bed; 

" Complete solids mixing; 
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" The superficial velocity is radially constant; 

" All the combustion is completed at the base of the kettle. 

The rate at which water is given off during a run is required in order to calculate the 

humidity of the exit gas. From the experimental runs the following information is known: 

" Composition (mass) and flow rate of product stream; 

" Composition (mass) and flow rate of dust stream; 

" Composition (mass) of inlet stream. 

However the rate of material entering the kettle is not known. 

In order to calculate the quantity of water evolved the rate of material flow in to the kettle 

must be elucidated. This can be calculated assuming that the number of moles of CaSO4 

entering and exiting the system as the CaSO4 phases is constant. The method for 

calculating the flow rate of each phase into the reactor is shown Figure 8.8. The results of 

these calculations are presented in Table 8.4: 
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Calculate kmol/hr of each of the 

CaSO4 phases, Ks, CaSO4 entering 
the reactor from equation 8.8 

Calculate the mass fraction of the 

calcium sulphate phases entering 

the kettle, not including free water 

and `inerts' from equation X8.9 

Convert the calculated mass 

fraction of calcium sulphate 

phases into mole fractions using 

equations 8.10 

Calculate the molar flows of each 

of the calcium sulphate phases 

entering the kettle from equation 
8.11 

Therefore, since the molar flow 

rate of each phase is known, the 

mass flow rate of each phase 

entering the calciner can be 

calculated from equation 8.12 

si caso 

(XSPiMsP + XSFi MSF ) 8.8 

, Mr 

i-CaSO42H O, CaSO40 SH O. CaSO4(A11I)&CaSO4(All) 

X i, CaSOaphases 
x 8.9 

XCaSO42H20 + XCaS040.5H2O + XCaSO4(Al ") 
+ XCaS04(All) 

, -CaSO42H-O. CaSO40 5H'O CaSO4(AIII)&CaSO4(All) 

X 8.10 

MW 
Y 

i. CaSOyphascs _ 
XCaSOa2H 

0+ XCaSO405H_O 
+ 

XCaS04(AIII) 
+ 

XCaSO4(All) 

172.2 145.2 136.1 136.1 

=CaSO42H O. CaSO405H O, CaSO4(AIII)&CaSO, (All) 

K. 11 sl., = KsI. caso, Pnýes 
* Y'. casoaPnases 8 

i=CaSO4 2H, O, CaSO40.5H, O, CaSO4 (AIII)&CaSO4 (A[ I) 

Ms1 =MW *y 8.12 

FIGURE 8.8: CALCULATION OF MASS FLOW INTO THE CALCINER 

The mass of water (both combined with CaSO4 and free) entering the reactor in the feed 

and exiting through the solid product and dust is now known. The difference gives the rate 

at which water leaves via the gas stream. Assuming the ideal gas law, the volumetric flow 

rate of water leaving the kettle can be calculated. Since the flow rate of combustion gases 

is known, the humidity of the exit stream can also be calculated. 

Figures 8.9 and 8.10 show typical velocity and water vapour pressure profiles up the kettle 

respectively when the reaction is considered for experimental run T3. 
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FIGURE 8.9: T3 VELOCITY PROFILE IN KETTLE WHEN REACTION 

FIGURE 8.10: T3 WATER VAPOUR PRESSURE PROFILE WHEN REACTION CONSIDERED 

The velocity can be seen to decrease with height due to the increasing cross sectional area. 

When the cylindrical section is reached there is a slight increase in velocity as a result of 

the water being released from the dehydration reaction and there being no change in area. 

The water vapour pressure rises at an increasing rate with bed height to a maximum at the 

top of the fluidised bed. It can be seen that for the T3 run the water vapour pressure is 

0.08 atm at the base of the bed (from combustion water vapour) to 0.39 at the top of the 

fluidised bed. On examining the simplified phase diagram in Figure 8.11 it can be seen that 

two zones could be assumed to exist within the bed. The lower zone where the overriding 

reaction is towards AIII, and an upper zone where the overriding reaction (through 

dehydration and rehydration) is towards hemihydrate. 
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Table 8.4 collects all the water vapour pressure, gas velocities and solid input flowrates 

calculated for each of the experimental runs carried out in the laboratory kettle described 

in Chapter Seven. 

TABLE 8.4: CALCULATED PROPERTIES OF THE KETTLE IN EACH RUN 

Run Velocity at 

base of Kettle 

Velocity in 

Cylindrical section 

Solids Input 

Rate 

Water Vapour 

Pressure at Burner 

Water Vapour 

pressure at gas exit 

ms-' ms-1 Kg hf-' atm atm 

T3a 1.78 0.15 37.4 0.09 0.39 

T3b 1.78 0.14 30.3 0.09 0.35 

T3c 1.79 0.13 26.7 0.09 0.32 

T4a 1.78 0.13 23.3 0.09 0.30 

T4b 1.78 0.13 27.3 0.09 0.33 

T5a 1.67 0.12 40.5 0.09 0.33 

T5b 1.71 0.12 24.3 0.09 0.30 

T6a 1.79 0.13 21.5 0.09 0.30 

T6b 1.85 0.13 15.5 0.09 0.27 

Tja 1.74 0.11 15.3 0.07 0.22 

T7b 1.77 0.13 28.9 0.10 0.34 

T7c 1.40 0.10 21.7 0.11 0.32 

T7d 1.28 0.10 22.4 0.12 0.37 

8.3.3. Consideration of Gas Backmixing 

Previously it was assumed that the water vapour pressure would increase up the bed 

proportionally with the mass up the bed. However this is not a true representation. As a 

result of the movement of solids and of the bubbling action, the gas passes in a complex 

manner through the bed. Back mixing of the gas, in particular, will occur leading to a 

steeper water vapour concentration gradient in the bed. Vertical dispersion has been 

studied by a variety of tracer techniques including steady state gas tracer tests, stimulus 

response gas tracer tests and injection of tracer bubbles in incipiently fluidised beds [Kunii 

& Levenspiel, 1991]. Again, the problem with the literature is that all the experimental 

work has been carried out using cylindrical geometry which does not take into account the 

changing velocity and radius which occurs in the conical kettle. 

Miyauchi et al (1981) collected experimental vertical dispersion coefficients for different 

velocities and different column diameters (d1) for a bed composed of Geldart A type 
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material (FCC catalyst). Their results are shown in Figure 8.12. The data relevant to the 

conical kettle has been fitted with a straight line shown in Figure 8.12 and gives equation 

8.13 which allows the vertical dispersion coefficient to be estimated at different points in 

the kettle: 

10 

E 

0) 
0 

0.1 

D(gv)/u = exp (0 
. 
681 In d(t) + 0.853) v 

J" 
0 

0.01 0.1 1 10 
dt, m 

o Gilliland I Reman - Stemerding $ Overashier 
a Ogasawara v Miyauchi + Yoshida A Gilliand 
  May " de Maria v Tellis - Data Fit 

FIGURE 8.12: EFFECT OF BED DIAMETER ON THE VERTICAL DISPERSION OF GASES IN GELDART A SOLIDS 

(FCC) [ADAPTED FROM KUNII AND LEVENSPIEL, 1991] 

PE 
= exp(0.6811n d, +0.8538.13 

u 

Where Dg, is the vertical dispersion coefficient of gas (m2s'). The differential equation 

describing vertical dispersion is [Kunii and Levenspiel, 1991]: 

d2cA 
-u 

dCA 
=0 8.14 

'" dz2 dz 

Where CA is the gas concentration and z the vertical displacement 

A simplified system will be considered in order to assess the effect back mixing will have. 

This system is based upon the assumption that a tracer is injected into the top of the bed 

with a concentration of water vapour the same as calculated to exist at the gas exit. The 

gradient of water vapour in the bed is then calculated below the injection point. This is 

shown diagrammatically in Figure 8.13 and the solution of equation 8.14 for these 

conditions is given as equation 8.15. A sample calculation of the gradient is given in Figure 

8.14 which uses the data from experiment T3. Average values of uo and Dg,,. (from equation 

8.13) were assumed. 

ca= 
exp - 

u° (z1 
- Z) 8.15 

cA; Dgv 
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FIGURE 8.14: COMPARISON BETWEEN NO BACKMIXING WATER VAPOUR PRESSURE AND TRACER INPUT OF 

EQUIVALENT WATER VAPOUR PRESSURE 

Figure 8.14 demonstrates that the backmixing of the gas will have a considerable affect on 

the water vapour concentration profile in the kettle. In fact, in the simplified example 

above the kettle will exist entirely in the zone where only hemihydrate can be produced 

(refer to Figure 8.11). The water vapour gradient will in fact be even steeper than that 

shown in Figure 8.14, since the water vapour in the gas prior to where the `tracer' was 

assumed to be injected has not been considered. 

Another factor which will increase the steepness of the water vapour pressure gradient is 

that the dehydration reactions proceed at greater rates at lower water vapour pressures. 

Therefore in order to simplify modelling kettle operation the water vapour profile in the 

bed will be assumed to be constant and equal to the top of the bed. This means that the 

kinetics of the kettle can be represented by a single dehydration rate constant based only 

on the water vapour pressure and the bed temperature. 

It is assumed that the final product of each experimental run is dependent upon the exit gas 

water vapour pressure. In order to investigate this, the water vapour pressure and final 

product composition for each of the experiments carried out in the kettle have been plotted 

against each other in Figure 8.15. It was found that theory based upon thermodynamic 

equilibria (see Section 2.2.4) correctly predicted the experimental runs where AIII would 

be produced. This is demonstrated in Figure 8.15. It can also be seen from Figure 8.15 

that the deeper into the `AIII zone' that the run was carried out, the more AIII was 

produced. 
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8.4. Bubble Size and Bed Expansion 

Section 5.3.4.1 showed that theory could be used to predict the bubble size and bed 

height. The equations relating to the bubble size with bed height are reproduced below: 

Darton, 1977: db = 0.54(U - Umf )04 z+4 
[Aý 08 

g-0 2 2.57 
0 

Geldart, 1972: db =1.43(A0(U-Umf))oag-oz+0.027z(u-Umf)094 2.59 

Mori and Wen, 1975: 
deq deq 

m 
(deq 

m -deq°)e 
0 3z/D 

2.61 
where deq 

m=0.374(mD2 
(u -u mf 

))0 4 

Rowe, 1976: db =(u-umf)05(Z+ZO)075g-025 2.63 

On examination of these equations it is apparent that applying these equations to the 

laboratory scale kettle will be problematic. Firstly, the distributor in the kettle is not a 

standard design and is in fact a burner tube with a serrated tip. This makes the 

determination of A, (the distributor area per orifice) difficult. Secondly, due to the 
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geometry of the system, the diameter of the kettle and the superficial gas velocity change 

with kettle height. 

An approximation of the value of Ao was obtained by assuming that each serration acts as 

a single orifice in a flat plate containing a total of 12 orifices. This is represented in Figure 

8.16. Therefore Ao is equal to 322 612 = 269mm2 = 2.69x10 ' m` 

12 Serrations 

A 15.8 

II- 
ASSUME 

: QUIVALENT "I'(_) 

FIGURE 8.16: EQUIVALENT DISTRIBUTOR PLATE (DIMENSIONS IN MM) 

Hole Area = 102 mm2 
Non-Hole Area = 3226 nim2 

The diameter at a defined height in the kettle is known from the geometry of the system. 

The gas velocity at height h can be estimated from the model described in section 8.3.2. 

Equations 2.57 to 2.63 can now be investigated to see how the bubble size changes with 

kettle height. Figure 8.17 demonstrates that the average of the calculated bubble sizes 

predicted a bubble with a diameter greater than the stable bubble size. Therefore, for 

simplicity it will be assumed that the bubbles within the kettle will have a diameter equal to 

the stable bubble diameter predicted by equation 2.55. 

It is also interesting to note that the correlation predict that the bubble diameter decreases 

with height up the bed in the conical section as opposed to the bubble diameter increasing. 

This is as a result of the geometry of the conical section and its effect on the gas velocity 

and cross sectional area. 
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FIGURE 8.17: CALCULATION OF BUBBLE SIZE IN KETTLE 

The height of the bed can now be calculated using equations 2.65-2.67 as per section 

5.4.2.1. The TDH can also estimated from equations 2.72-2.79 in Chapter Two. The 

results of the calculations are shown in Table 8.5, along with the disengagement height, 

overall bed density and velocity at the top of the bed: 
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TABLE 8.5: CALCULATED BED HEIGHT, DISENGAGEMENT HEIGHT AND OVERALL BED DENSITY 

Run Calculated 

Average 

Bed Ht 

Calculated 

Disengagement 

Height 

Calculated TDH Bed Density J'elocity at top of 

bed 

mm mm mm kg. m-' m. s"' 

T3a 231 284 507 750 0.15 

T3b 222 293 469 741 0.14 

T3c 206 309 451 726 0.13 

T4a 209 306 435 734 0.13 

T4b 213 301 455 735 0.13 

T5a 239 275 443 761 0.13 

T5b 227 288 422 755 0.12 

T6a 194 330 424 718 0.14 

T6b 172 342 414 687 0.16 

Tja 213 301 387 751 0.11 

T7b 216 299 449 739 0.13 

T7c 214 301 339 783 0.10 

T7d 204 311 333 782 0.10 

Table 8.5 shows that in each case the calculated TDH is greater than the calculated 

disengagement height. This is as the bubbles within the kettle reach a greater size and have 

a greater velocity than within the batch cylindrical. This has implications for the use of the 

correlations for the elutriation of the particles from the kettle which were based on TDH 

less than the disengagement height. That is, it would be expected that the experimental 

data will underpredict the rate of elutriation within the kettle by a large amount. 

8.5. Conclusions 

Chapter Eight demonstrates that a number of simplifying assumptions may be made in 

order to produce a model of the laboratory scale calciner. Firstly, it can be assumed that 

the fluidised bed in the kettle operates at a constant temperature. It has been calculated 

that the gas temperature drops to the bulk temperature within two millimetres of the 

burner. Secondly, the water vapour pressure can be assumed to be constant up the kettle 

due to gas back mixing. It was calculated that although a water vapour pressure gradient 

does exist it is relatively minor. This was borne out by plotting the calcium sulphate phase 
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diagram alongside the results of the phase analysis of the product from the tracer test runs. 

It was found that the calcium sulphate phases which made up the final product could be 

predicted from the water vapour pressure of the gas at the top of the bed. Further 

calculations are necessary to see if these assumption would also be valid for a model of the 

full scale calcination kettle. 

A method for calculating the bed height within the kettle was also presented. It was found 

that the laboratory scale kettle operated under conditions with the TDH greater than the 

disengagement height. Relatively little work on elutriation under these conditions has been 

published and so it is essential that further work is carried out in this area. It would be 

preferable to perform this work using a system with an identical geometry to the conical 

kettle. 

The following chapter goes on to discuss what information is required in order to develop 

a model of the laboratory scale calciner, and the applicability of the experimental data 

collected in this thesis. 
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CHAPTER NINE - MODELLING THE CONICAL KETTLE 

CALCINER 

This chapter completes the task of the analysis of modelling the operation of the conical 
kettle. The intention of this chapter is to consider the necessary input parameters for a 

general model of the system, to consider the applicability of the experimental data from 

this thesis to such a model and to propose a general modelling strategy. The aim of a 

model of the calcination system would be to be able to predict at steady state the 

movement of particles in the kettle and associated equipment and the composition of the 

product. 

The approach taken in this chapter to developing a strategy for modelling the kettle is to 

initially assess the components which make up the system and to examine the interactions 

which affect their performance. General mass and energy balance have been derived for the 

components which make up the system. These have produced general equations which can 

be equally well applied to any similar fluidised bed/cyclone/filter system. Since the system 

is inherently complex it is necessary to make a number of simplifications within the model. 

These have been discussed within the Chapter. It is important to note that some of the 

assumptions have been made with respect to the laboratory scale kettle and so will need 

validation before they can be applied to larger scale calciners. The experimental work 

presented during the course of this thesis has also been investigated for its applicability for 

use in such a model. 

It is intended that this chapter will provide the necessary information to allow a 'full' model 

of the calcination system to be produced. 

9.1. General Model of the Calciner System 

The first step in developing a modelling strategy is to consider the mass and heat balances 

over the units which make up the calcination system. The laboratory scale calcination 

kettle is made up of a number of different units, namely the cyclone, bag filter and kettle 

itself Since the units contained in the system are used at varying scales in many industrial 

applications, the equations which are derived are equally applicable to any similar system. 

Each of the units in the calcination system affects the overall performance. Figure 9.1 

below shows the flow of gas and solids through the three units: 
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Cyclone 

Cydone Exit Gas 
Return and Elutriated 

Solids 

Solids Input 

Kettle 

Cyclone Exit 

Bag 
Filter 

Exit Gas 
and Particulates 
small fraction) 

Retained 
Solids 

Solids Output 

Gas Input 

FIGURE 9.1 CALCINATION UNITS AND THE MOVEMENT OF SOLIDS AND GASES 

A model to describe the operation of the calcination system would need to have the 

following input parameters: 

9 Gas flow in (air and combustion gas); 

" Geometry of units (fixed); 

" Desired calcination control temperature; 

" Desired kettle hold up; 

9 Composition and particle size distribution of the feed. 

The control temperature and the kettle hold-up are the controlled parameters for the 

laboratory scale kettle discussed in Chapter Six, and are controlled by the feed input rate 

and air lance flow rate respectively. 

Each of the units in the calcination system is described below and their operating principles 

and interactions discussed in detail. 
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9.1.1. Conical Kettle 

The conical kettle is the most complicated component of the calcination system. The 

interactions that affect its performance are described in Table 9.1 relative to the operation 

of the laboratory scale kettle: 

TABLE 9.1: VARIABLES AND EFFECTS 

Variable Effect 

Gas flow rate The dehydration reaction is endothermic and therefore gas combustion is required to 

provide the energy to drive the reaction. However, the temperature of the kettle is not 

controlled by the gas flow rate but the rate of solids addition. The gas rate is kept 

constant during a run of the lab scale kettle (mal 1 L/min). 

Air flow rate The air is required in order to combust the gas (230 L/min). The Combustion gasses 

also have the effect of fluidising the particles within the kettle, therefore influencing the 

mixing. They also affect the rate of elutriation to the cyclone. 

Air lance flow The air lance is used to control the holdup of the kettle; increasing the flow increases the 

rate solids output rate over the weir. The flow rate used is in the region 0-20 1/min. 

Solids input rate The rate of solids input is used to control the temperature of the calciner. If the 

temperature of the reactor is too high the input rate is increased, and if it is too low the 

rate is decreased. The solids input rate will also affect the hold up. 

Reek pressure The reek pressure is determined from the extent of particle build up in the bag filters. As 

the reek pressure increases, the hold up decreases. 

Bed temperature This is the main control parameter. The bed temperature will affect the extent of 

dehydration, and also the actual gas flow rates. 

Water vapour The water vapour pressure will affect the dehydration rate of the gypsum. It will be 

pressure determined by the extent of reaction. It will also contribute to the gas flowrates in the 

kettle. 

The two most important phenomena to consider in the general model are: 

1. particle movement within the calciner. This is in essence dictated by the elutriation 

rate within the kettle, and to a lesser extent the solids mixing. 

2. The dehydration reaction, which is influenced by the temperature and water vapour 

pressure of the system. 

It is also important to remember that these processes are greatly affected by the physical 

properties of the feed. The two phenomena are considered below: 
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9.1.1.1. Solids Mixing and Elutriation 

The tracer experiments described in Chapters Six and Seven have demonstrated that ideal 

solids mixing exists within the laboratory scale kettle. Solids mixing within the kettle can 

therefore be represented by a CSTR model. This is a simple model and is well understood. 

The solids mixing model will predict the residence time of particles in the system. Fine 

particles will have a smaller residence time than large particles due to elutriation. 

Therefore, the elutriation rate of particles is another important physical process which 

needs to be known. The residence time of particles will also affect the extent of the 

dehydration. 

As has previously been stated there are large differences between theoretical models of 

elutriation and experimental studies which makes prediction of the particulate residence 

time difficult. Therefore it would have been desirable to make use of the experimental data 

from the elutriation studies described in Chapter Five. However, it has been calculated in 

Chapter Eight that the kettle operates with a TDH greater than the disengagement height. 

This means that the correlations developed in Chapter Five would under predict the extent 

of elutriation within the bed. This will be investigated in greater detail later on within this 

chapter. 

9.1.1.2. Dehydration reaction 

The product composition will be a function of: 

1. Reaction rate which is determined by: 

" Bed Temperature (increasing temperature increases reaction rate); 

" Particle diameter (decreasing diameter increases reaction rate); 

" Water vapour pressure (decreasing water vapour pressure increases reaction rate). 

2. Particulate residence time (increasing residence time increases conversion) 

There are three calcium sulphate phases to be considered for modelling purposes. Firstly 

there is the dihydrate content of the product. The dihydrate, D, is unreacted feed and has 

effectively passed straight through the calciner system. Secondly there is hemihydrate, HH, 

which is the required product. This is associated with the soluble anhydrite fraction, AIII, 
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which will readily rehydrate back to hemihydrate. It has been found that AIII is only 

produced when the water vapour pressure of the exit gas is below the dissociation pressure 

of the HH to AIII reaction (See Section 8.3.2). Finally, there is insoluble anhydrite, All, 

which is the overcalcined fraction. All will not revert back to HH or AIII. It has been 

found that the All fraction produced is proportional to the size of the hot zone (T > 200 

°C) within the kettle and the average solids residence time (see Section 8.2.1). It is not 

necessary to consider high temperature anhydrite, Al, since it is not stable under the 

conditions the calciner operates at. 

Chapter Eight highlighted that a number of simplifications can be made with regard to the 

dehydration reaction within the calciner. The temperature and water vapour pressure 

gradients can be assumed to be relatively constant within the fluidised bed and so the bed 

can be considered to be represented by a single reaction rate. 

9.1.1.3. Steady State Heat Balance 

The relevant heat flows over the kettle are shown in Figure 9.2: 

Q 
GL 

Q SP 

FIGURE 9.2: KETTLE HEAT BALANCE 

Heat gains: 

" QS, is the heat from solids input, f (mass, ambient temperature). 

" QSR is the heat from solids return from cyclone, f(mass, ambient temperature). 

" Qc is the heat from combustion, f(gas flow rate). 

" QGL is the heat gain from the air lance 

Heat losses: 
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" QL is the heat loss through wall, f(bed temp, area of kettle, ambient temp). 

" QR is the heat lost for reaction, f(conversion, mass). 

" Qs is the heat loss from product exit, f(mass, bed temperature) 

" QSF is the heat lost from the solids elutriated, f(mass, bed temperature) 

" QGE is the heat from the gas exit, f(flowrate, bed temperature) 

If the datum is taken at the ambient temperature then Qsi, QGL and QSR will equal zero. 

It can assumed that the bed and gas are at the same temperature, TB, and that particles are 

returned from the cyclone at ambient temperature, TA. Therefore, there is only one AT to 

take into account, namely (TB-TA). The most important and difficult heat flow to be 

considered is QR. The heat of reaction will depend directly upon the conversion, which is 

in turn a function of the residence time in the kettle and the rate of reaction. The rate of 

reaction is itself a function of the temperature of the bed, the humidity of the gas and the 

particle size. Therefore QR is required to calculate TB and vice versa. 

The heat loss through the walls of the kettle, QL, will be significant since the walls are not 

insulated. Correlations can be used to predict the heat transfer coefficient with reasonable 

accuracy [Pell, 1991]. Qsp should be relatively easy to work out. However QSE and QGE 

will prove to be more troublesome since QSE requires the mass flow to be calculated from 

an elutriation model and QGE requires the total gas flow. There should also be little 

difficulty in calculating the energy gain from combustion, Qc, once the gas flow rate is 

specified. 

To summarise, the heat balance over the kettle does not contain too many components. 

However the majority of the components require input information, such as the solids 

conversion and total gas flow rate, which cannot be calculated easily. 

9.1.1.4. Steady State Mass Balance 

The mass balance over the kettle at steady state is shown in Figure 9.3: 
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FIGURE 9.3: MASS BALANCE 

The components are 

9 MS,, solids feed. Composed mainly of Dihydrate, D, plus some traces of inerts, free 

water and hemihydrate, HH; 

" MGC, Gas for combustion. Natural gas 

" MGA, Air (ie N2,02 and trace gases); 

" MAI, Combusted gas, made up of CO2, N2, O-), H2O and some trace gases; 

" MAL, Air from air lance. 

" MSE, Elutriated solids, made up of solid reaction products, namely HH, AIII, All, 

unreacted D and some inerts. 

" MGF, Exit gas, composed of gases from MGI, MGL and water vapour from the 

dehydration reaction. 

" MSR, Solids returned from the cyclone to the kettle. Solid reaction products, i. e. HH, 

AIII, All, unreacted D and some inerts. 

" Msp, Solid product, made up of HH, AIII, All, unreacted D and some inerts. 

Therefore the mass balances can be described below: 

MS1 + MGI + MSR +MGL= MsP + MSE + MGE 9.1 

& 

MGA + MSC=MAI 9.2 
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Since the kettle is a completely mixed vessel it can be assumed that Ms has the same 

physical and chemical properties as the particles in the vessel. 

9.1.2. Cyclone 

The cyclone is the primary dust collector unit in the calcination system. Exit gas and 

particles elutriated from the kettle pass through the cyclone. A spinning motion is imparted 

on the entering gas, and the particles are thrown outward by inertial separation and swept 

down to the bottom of the cyclone. The collected particles are recycled to the kettle and 

the clean gas is removed from the top of the cyclone. The dimensions of the cyclone are 

shown in Figure 9.4. 

Figure 9.4 also compares the BPB cyclone with the Stairmand cyclone to demonstrate the 

unusual design of the cyclone. 
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Theoretical Considerations 

The most accurate method for cyclone efficiency determination is using a geometrical 

standard based upon experimentation. 
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Efficiency 

Stk = velocity ' density ' Particle diameter Z 

9* Viscosity * Cyclone diameter 

FIGURE 9.5: CYCLONE STOKES CURVE 

It was not possible to apply data for other cyclone geometries to the BPB cyclone due to 

the unusual design of the cyclone. Therefore a full scale model of the BPB cyclone was 

constructed and a series of experiments were carried out on it to determine the grade 

efficiency curve for the cyclone [Bishop & Williams, 2000]. Figure 9.6 gives a grade 

efficiency curve for the BPB cyclone under typical operating conditions 

1 
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FIGURE 9.6: TYPICAL GRADE EFFICIENCY CURVE FOR KETTLE OPERATION 

Equation 9.3 (determined using the technique described by Overcame and Mantha, 1998) 

can be used to describe the experimentally determined cyclone grade efficiency curve. 

1 
e; _ 

5.02 2.78 
1- 

d 

9.1.2.2. Cyclone Mass Balance 

The mass balance over the cyclone is represented below in Figure 9.7: 

9.3 
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MGE 

MSE 

T MSR 

FIGURE 9.7: MASS BALANCE OVER CYCLONE 

MsB 

MGB 

" MSB is the solids carry over from cyclone made up of solid reaction products, namely 

HH, AIII, All, unreacted D and some inerts. 

" MGB is the gas exit stream from cyclone. 

The operation of the cyclone and kettle are intimately connected, with operating conditions 

of both affecting overall residence time in the system 

9.1.3. Bag Filter 

Following the cyclone, the gas which is laden with the fine particles passes through the bag 

filter. The bag filter has two filtration sections, with the gas being fed through one whilst 

the other is being reverse jetted. Bag filters have a low face velocity and can be used to 

clean gases with a high dust load. A problem with the bag filters in the calcination system 

is that if the heat tracing is not provided the gas exit line then water can condense out of 

the humid gas causing hemihydrate on the filters to rehydrate and clog up the filter. 

9.1.3.1. Mass Balance 

The mass balance over the bag filter is represented below in Figure 9.8: 
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FIGURE 9.8: MASS BALANCE OVER BAG FILTER 

" MS0, Retained fine solids collected in bag filter made up of solid reaction products, 

namely HH, AIII, All, unreacted D and some inerts. 

" MSF, Fine solids carried through the bag filter made up of solid reaction products, 

namely HH, AIII, All, unreacted D and some inerts. 

" Mio, Gas exit stream from bag filter. 

For simplicity it can be assumed that the bag filter is 100% efficient for the particles 

considered. This will certainly become closer to reality over time as the efficiency of the 

filter will increase with time. Therefore MSF can be assumed to be zero. 

9.2. Consideration of Particle Movement 

The movement of particles within the system will be primarily governed by the extent of 

elutriation within the kettle and the efficiency of the cyclone. The complete list of solids 
flows is given in Table 9.2: 

TABLE 9.2: PARTICLE FLOWS IN THE CALCINER SYSTEM 

INPUT INTERNAL FLOWS EXIT 

" Feed via conveyer " Elutriation to Cyclone " Product over weir 

" Returned by cyclone to kettle " Retained by bag filter 

" Exit cyclone to filter " Exit with gas from filter 

[Note: Gas Movement is relatively straight forward since it follows a direct route from the kettle to the 

cyclone and then exits the system via the bag filter. ] 

It is necessary to be able to predict the extent of elutriation, cyclone efficiency and bag 

filter efficiency in order to predict the mass flows in the system. This is illustrated in Figure 
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9.10 which shows sample relations between the particle motion and the phenomena 

discussed above. 
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FIGURE 9.9: RELATIONSHIP BETWEEN THE PRIMARY PROCESSING UNITS 

Gas exit 
with Solids 

9.2.1. Introduction of Mass Fraction to the Mass Balance 

The overall solids mass balance is given in Figure 9.10. The mass fraction of particles of 

the same size is indicated by Xs�bsc ri pt. 

CYCLONE 

Msi x si 

MSR x 
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MSE x 
SE 

KETTLE 

M MSB xSB FILTER so X so 

T MSF x 
SF 

MSP XSP 
a 

FIGURE 9.10: OVERALL MASS BALANCE FOR SOLIDS 

The mass balance over the system can be rewritten in order to take into account particle 

size 

Overall Solids Mass Balance : MS, = MSO + MSP + MSF 9.4 

Now Bag filter assumed to be 100% efficient. 
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Therefore Mso =Mss 

AndMSF=O 

Ms1= Mso + Msp 9.5 

and Msixs, = Msoxso + Mspxsp 9.6 

Cyclone Mass Balance: MSE = Mso + MSR 9.7 

and MSEXSE = Msoxso + MSRXSR 9.8 

If, e; is the efficiency of the cyclone for i sized 

particles 

Msoxso = (1-e1)MSEXSE 9.9 

Msixsi = (1-e1)MSEXSE + MSPXSP 9.10 

Now, as the kettle operates as a CSTR: 

xsp = Bed Composition = xbed 

9.11 

MSIXSI = (1-ei)MSEXSE + MSPXbed 9.12 

Considering the elutriation of particles from the 

bed and equation 2.80 

MSEXSE = k*ih A Xbed 9.13 

= Mslxsi = (1-ei)k*ihAXbed + MSPXBed 9.14 

And so just considering the solids retained in the bag filter 

Msoxso = (1-ei)k*ihAXbed 

9.15 
k j* h= 

Msoxso 

lh 1- ei 
X bed A 

9.3. Considering the Experimental Data 

The mass and energy balances over the units which make up the calcination system have 

been derived. It is now possible to consider some of the experimental data presented in this 
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thesis to determine its applicability for use in a model of the calciner. This is achieved by 

investigating the particulate movement between the kettle and cyclone, the energy balance 

over the kettle and the dehydration kinetics of the kettle. The equations required to 

calculate the necessary physical properties are also highlighted. 

9.3.1. Particle movement between kettle and cyclone 

Equations 9.4 to 9.15 can be used to calculate the elutriation rate constant for the tracer 

tests carried out on the laboratory scale calciner (Chapter Seven) using the values for Mso, 

XSO, xbed, A and the experimentally determined cyclone grade efficiency (equation 9.15) for 

different sized particles. This results of this calculation are given in Figures 9.11 to 9.12. 

Figure 9.11 give the curves for (Msoxso/xbedA) for each of the tracer test runs. Figure 9.12 

gives the calculated elutriation rate constants using this data: 
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FIGURE 9.11: CALCULATED VALUES FOR (MSOXSo/XBEDA) FOR EACH OF THE TRACER TEST EXPERIMENTS 

FIGURE 9.12: CALCULATED ELUTIATION RATE CONSTANS FOR THE TRACER TEST EXPERIMENTS 

Figure 9.13 plots the elutriation rate constant calculated in the batch trials alongside those 

calculated for the tracer test runs. It clearly shoes that the elutriation rate is much greater 

than that observed in the batch experiments. 
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FIGURE 9.13: COMPARISON BETWEEN THEORETICAL AND EXPERIMENTALY DETERMINED ELUTRIATION 

RATE CONSTANTS 

A much greater rate of elutriation occurs during the tracer tests as the TDH is greater than 

the disengagement height. This is also the cause of the odd shape of the curve. After an 

initial drop the curve increases to a peak at around 10µm which is expected due to the 

particles reaching the critical particle diameter. The elutriation rate constant then continues 

to increase with increasing particle diameter. This can be explained by the fact that the 

large particles which are typically elutriated from the bed do not drop back as the 

disengagement height is too small. 

This confirms the result of Chapter Eight where it was concluded that the fluidisation 

occurs in the kettle with a disengagement height less than the TDH. However it should be 

remembered however that all the mass flows used in these calculations are average values, 

and the psd/density calculations for the dust collector product are calculated only after an 

hours operation. Also, it was found that the kettle hold up varied quite considerably during 

a run. These factors would all have an effect on the calculations above 

9.3.2. Considering the Kettle Heat Balance 

The heat balance over the kettle has been given in Figure 9.2. It is possible to calculate all 

the energies included in the balance apart from the energy removed from the kettle by the 

exiting solids. This cannot be calculated without knowing the extent of elutriation. The 

other energies can be calculated form the following methods: 

Qý, Combustion energy - from the method described in Section 8.2.1 

QR, Reaction Energy - From the heats of reaction equations given in equations 2.4 to 2.17 
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QGE, Gas exit - from the gas flowrates and gas heat capacities given in Table 8.2 

Qsp, Solids exit - from the solid exit flow rate and the solids heat capacities given by 

equations 2.1 to 2.3 

QL, Heat loss - from the surface area of the kettle and the fluidised bed heat transfer 

coefficient from Figure 2.26 

The only energy flow which is unaccounted for is the heat removed by particles being 

elutriated from kettle. This must be equal to the difference between the input and output 

heats. As the elutriated solids can be asumed to have a temperature equal to that of the 

bed, the flow rate of elutriated solids, MSE, can be estimated from heat removed by the 

elutriated particles. The results of these calculations for the experimental runs carried out 

in the laboratory scale kettle described in Chapter Seven are given in Table 9.3: 

TABLE 9.3: KETTLE ENERGY BALANCE 

kJ/hr T3a T3c T4a T4b T5a T5b T6a T6b Tja T7b T7c T7d 

ombustion, Qc 23,156 23,156 23,156 23,156 22,053 22,053 22,935 23,376 17,422 27,346 23,156 22,935 

Loss, QL 1,380 1,380 1,380 1,380 1,159 1,264 1,475 1,580 1,380 1,380 1,380 1,380 

Reaction, QR 19,736 13,074 11,621 8,741 14,900 10,348 10,247 8,720 7,130 13,380 10,092 10,529 

Gas Exit, Qge 2,278 2,292 2,285 2,285 1,872 2,050 2,406 2,613 2,216 2,281 1,808 1,663 

Solids Exit, QSp 3873 2,935 2,576 3,058 3,281 2,071 2,512 1,451 1,109 2,922 1,943 2,405 

Est MsE, kg/hr -30.3 25.6 39.0 56.6 7.7 51.9 42.6 55.9 41.1 54.3 58.4 51.2 

It can be seen that in general there is an estimated flowrate of 10-50kg/hr of particles 

elutriated from the kettle. However these results should be treated with caution due to the 

necessary assumptions made in the calculations of the energies and due to the fact that all 

the solids flows in the laboratory scale kettle are based upon average values. 

9.3.3. A simple model considering Dehydration Kinetics 

It is necessary to know the following to calculate the conversion of reactants in the 

calcination system: 

1. The type of mixing - this has been determined to be ideal mixing from the tracer 

test studies carried out in the laboratory scale conical kettle; 
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2. The Reaction Mechanism - This has been determined to be best represented by 

the 2d Avrami-Erofe'ev model 

The reaction kinetics of the system can be represented by the following equations defined 

previously: 

kt = [- ln(1- (X)]' /2 2.28 

The reaction rate constant, k, can be calculated from equation 4.11 which was developed 

as a result of the investigation into the dehydration rate of DSG gypsum in a fluidised bed 

reactor as discussed in Chapter Four: 

76.3 

k =1.9x1010e 
RT 

P=wvp, atm 
T=Temp, K 

The solids residence time can be represented by the CSTR equation give below 

E(t) = (e-vtor)/tor 

4.11 

7.3 

Data from the tracer tests described in Chapter Six and Seven was used to check the 

validity of equations 2.28 and 4.11. Figure 9.14 gives a simplified block diagram of the 

process which considers the calcination system as a single unit; i. e. the solid product exit 

stream is the sum of the flow of material over the kettle weir and the flow of material 

caught in the bag filters. 

Residence time distribution graphs were produced for the solids in each of the 

experimental runs in the laboratory scale kettle (Section 7.22). Using these, it is possible to 

calculate the average residence time of different sized particles in the system. 

-(P-0.001) 
T_143 

0.035 0.442e 279 

e 
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Solids in -\r 
u Reaction Only Takes 

Place Here 
Residence time from tracer tests 

Product Out 

Assume the same as input, ie 
lump elutriated particles and 
solid exit stream together 

FIGURE 9.14: SIMPLIFIED REPRESENATION OF THE CALCINATION SYSTEM 

A simple spreadsheet model was developed in order to assess whether equations 4.11 and 
2.28 can be used to calculate the extent of the dehydration. The feed was split up into 12 

size grades, with particles less than 10 micron put into a single grade. 

To rigorously model the system it would be necessary to solve the integral of equations 

2.28,4.11 and 7.3. These equations were not found to be readily solvable within the 

constraints of producing a simple model of the process. So, in order to give a quick 

representation of the system it was assumed that the mean residence time could be used as 

the time basis for calculating the fractional conversion using equations 4.11 and 2.28. The 

spreadsheet took into account the effect of water vapour pressure (WVP) on the reaction 

rate by solving the equations iteratively as follows. The water vapour pressure and bed 

temperature were used to calculate the rate of reaction, which was then used to calculate 

the resulting water vapour pressure. The calculations were repeated until the results 

converged. It was also initially assumed that the final product of the dehydration would be 

hemihydrate. Figure 9.15 gives a sample output of the reactor model: 
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T3c run 

USER INPUTS 
Operating temperature 151 C USER INPUTS IN PALE YELLOW 
Total solids mass flowrate 26.7 kg/hr 
Mass Hold up 3.9 kg/hr 
Gas flow rate 10.5 nUmin 
Air Flow Rate 228.5 nUmin 
Pressure 1 atm 

CONSTANTS 
Molecular weight Gypsum 172 kg/kmol 
Molecular weight HemiHydrate 145 kg/kmol 
Molecular weight anhydrite 136 kg/kmol 

CALCULATIONS 
water produced from combustion 21 nUmin 
Total exit gas flow rate 239 nL/min 
water vapour partial pressure at burner 0.087866109 

ITERATIVE VALUES 
kettle water vapour pressure 0.34407317 atm 
Initial rate of dehydration 2.240832884 min-1 
Exit Flow rate 0.375145349 kg/hr 
Dihydrate mass % 0 

INPUT OUTPUT 
Particle Mass Residence Mass Mean Mean Fractional Gypsum Mass gypsum i Mass Hem 

grade undersize time at fraction size in residence conversion mass in moles H2) Vol H2O 
boundary boundary in grade grade time grade (normal) 

(um) (%) (mins) (-) (um) (mins) (-) (kg/min) kmol/min mol/min litres kg/min kg/min 
10 9.08 4 0.0908 5 4 1 0 040406 0.000352 0 352378 8 476556266 0 0034063 

22.5 20.05 12 0.1097 16.25 8 1 0.048817 0000426 0425725 10.24094959 0 0.041153 
30.53 33.61 13 0.1356 26.515 125 1 0060342 0000526 0526238 12.65882191 0 005087 
35.56 43.2 14 0.0959 33.045 13.5 1 0.042676 0000372 037217 89526624 0 0035976 
41.43 54.21 15 0.1101 38.495 14.5 1 0.048995 0.000427 0.427278 10.27829124 0 0041304 
48.27 66 11 15 0 119 44.85 15 1 0.052955 0000462 0461817 11.10914312 0 0.044642 
56.23 76.74 15 0.1063 52.25 15 1 0.047304 0000413 0.412531 9.923545496 0 0.039878 
65.51 85.26 15.5 00852 60.87 15.25 1 0.037914 0000331 0.330645 7 95377306 0 0.031962 
76.32 91.42 15.5 0.0616 70.915 15.5 1 0.027412 0.000239 0.239058 5750615264 0 0023109 
88.91 95.45 16 0.0403 82.615 15.75 1 0.017934 0000156 0.156397 3.762171999 0 0015118 

103.58 97.78 16 00233 96.245 16 1 0.010369 9 04E-05 0090423 2.175151553 0 0008741 
164 100 16 0.0222 133.79 16 1 0.009879 8.62E-05 0086154 2.072461994 0 0008328 

0.445 0.003881 93.3541439 0 0.375145 

FIGURE 9.15: SAMPLE OUTPUT OF SIMPLE REACTOR MODEL 

Table 9.4 collects the results of the spreadsheet calculations for each tracer test runs: 
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TABLE 9.4: RESULTS OFSPREADSHEET CALCULATIONS 

Run Input Paramaters Model Results Consideration of 

Dissociation Pressure 

Experimental Run product 

compositions 

Bed Temp, 

°C 

Feed Rate, 

kg/hr 

WVP, 

atm 

Rate k, 

Min"' 

D, 

Mass% 

Pressure, 

atm 

Final 

Product 

Av. D 

mass% 

Av. HH 

mass% 

Av. AIII 

mass% 

T3a 151 37.4 0.41 1.76 0 0.225 HH 6.7 86.4 0.0 

T3b 151 30.3 0.37 2.05 0 0.225 HH 6.7 85.7 0.0 

T3c 151 26.7 0.34 2.24 0 0.225 HH 7.9 85.4 0.0 

T4a 151 23.3 0.32 2.44 0 0.225 HH 6.0 86.8 0.0 

Tob 151 27.3 0.35 2.21 0 0.225 HH 4.8 87.5 0.0 

T5a 130 40.5 0.38 0.15 35.5 0.1 HH 35.2 56.7 0.0 

T5b 140 24.3 0.33 0.76 0.3 0.125 HH 13.0 79.4 0.0 

T6a 160 21.5 0.31 5.36 0 0.33 AIII 5.1 84.8 2.3 

T6b 170 15.5 0.26 12.04 0 0.45 AIII 0.4 48.4 40.9 

Tja 151 15.3 0.24 3.22 0 0.225 HR 8.1 78.1 0.4 

T7b 151 28.9 0.41 2.02 0 0.225 HH 8.5 80.1 0.0 

T7c 151 21.7 0.37 2.05 0 0.225 HH 9.4 78.0 0.0 

T7d 151 22.4 0.40 1.86 0 0.225 HH 7.4 81.1 0.0 

Table 9.4 demonstrates that the simple model underpredicts the quantity of dihydrate being 

produced. This is because the residence time distribution of particles is not being 

considered; the average residence time is taken to represent the residence time of all the 

particles of a particular size grade. Therefore this simple model does not take into acount 

the dihydrate that passes straight through the reactor. This shows the necessity to take into 

account the solids mixing using equation 7.3. It is recommended that this is carried out in 

the future. The model does give an accurate prediction of the quantity of dihydrate present 

in the T5a experimental run which was carried out at a lower temperature and with a 

smaller average particular residence time, and therefore shows that equation 4.11 could be 

used as a basis for a more rigourous model if solids mixing were taken into account. 

Table 9.4 also shows that it is possible to predict the final product of the calcination using 

the simple model described above. If the calculated water vapour pressure of the reactor 
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system is greater than the dissociation pressure of the hemihydrate to AIII reaction then 

hemihydrate would be expected to be the final product. If the calculated water vapour 

pressure of the reactor system is less than the dissociation pressure of the hemihydrate to 

AIII reaction then AIII would be expected to be the final product. The model predicted 

that AIII would be the final product in the T6a and T6b experimental runs, and AIII was 

found in the product of the T6a, TO and Tja (a small quantity) runs. 

It should be remembered that a different source of DSG was used in tracer tests T5a-T7d 

to that used to develop expression 4.11. 

9.4. Discussion 

This Chapter is intended to provide a detailed description of the component parts of the 

calcination system with regard to building a model to simulate the system. A sample 

algorithm has been produced in order to show how future development could lead to a 

fuller model. The requirement for further information is noted along with any valid 

assumptions which could be made. 

The following are valid assumptions for the laboratory scale calciner system: 

" Bed temperature is constant with height; 

" Water vapour pressure is constant with height; 

" Water vapour pressure can be used to predict whether the dehydration reaction will 

proceed to hemihydrate or soluble anhydrite; 

" Water released from the dehydration reaction may be calculated from equations 4.11 

and 2.28; 

" Solids mixing is represented by the CSTR model; 

" The cyclone grade efficiency curve can be predicted from the work by Bishop and 

Williams (2000); 

" The bag filter operates with an efficiency of 100%. 

Further simplifying assumption which could be made to make calculation easier in the first 

stage of the modelling process are: 

" No particle shrinkage 
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9 The particle size distribution of the solid product is equal to that of the feed 

" The particles have a constant density 

" Combustion is 100% efficient 

Figure 9.16 shows a propsed algorithm for modelling the kettle based on an iterative 

calculation: 

Input Parameters: Ms1(psd/comp), Mac, MGA, MGL, TB, H 

Variables: Ms1(flow), Msp (flow/psd/comp), MSF (flow/psd/comp) 

On examining the algorithm it is apparent that the work in this chapter can be used to carry 

out most of the calculation steps required. The single area which demands the most 

significant quantity of further work is the calculation of the elutriation of particles to the 

cyclone. It is essential that research into the elutriation of particles from fluidised beds 

where the TDH is greater than the disengagement height is carried out in order to be able 

to make progress on the modelling of the calcination system. Furthermore, this work must 

be carried out experimentally under conditions identical to those which occur within the 

conical kettle. 
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Specifiy MGC, MGA, MGG, TB, H, Ms, 
(psd/comp) 

Calculate constants at TB 

Split Ms, into different size fractions. INITIALIZE PROBLEM 
Set bed water vapour pressure, wvp, 

equal to 0.2 atm 

Use iterated Estimate Ms, flowrate 

Value For Ms, 

Use iterared Calculate residence time, i, for each 

Vale for MGE size based on H, MGI, TB. 

Use I Calculate conversion of each 
new 

WVP size fraction based on i, TB and 
WVP. 

NO I Is calculated WVP equal 

SET UP PARAMETERS 

EVALUATE PHYSICAL PARAMETERS 

SET UP FIRST ITERATION 

ELUTRIATION/CYCLONE CALCULATION 

REACTION KINETICS 

SOLUTION CHECK 1 

to input WVP 

" YES 

NO Calculate MBE. Equal to that 

for elutriation calculation? SOLUTION CHECK 2 

" YES 

NO Calculate Heat Balance. SOLUTION CHECK 3 

Input equal output? 

YES 

SOLUTION 

Gives percentage conversion and 
water vapour pressure of exit gas 

FIGURE 9.16: PROPOSED MODELLING ALGORITHM 
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CHAPTER TEN - CONCLUSIONS & FURTHER WORK 

This chapter concludes the thesis and sums up the work which has been carried out. Areas 

where improvements to the experimental work could be made are described along with 

suggested areas of further research. 

The aim of this thesis has been to investigate the phenomena that occur during the 

operation of a conical kettle for the production of plaster by the thermal decomposition 

(dehydration) of gypsum. It was also the intention to define what experimental data would 

be required to produce a coupled model of this fluidisation process. A coupled model 

would link all the physical processes which occur within the calciner system together. 

Chapters One and Two highlighted that the main areas which required investigation for 

developing a model of the calcination process were the kinetic and fluidisation properties 

of the system. 

Chapter Two demonstrated that there have been many studies into both the gypsum 

dehydration reaction and fluidisation in general. However, it was found that the literature 

was not in agreement in number of areas which would make the derivation of a model of 

the calcination system difficult. The areas of missing knowledge which presented the 

greatest difficulties in developing a model of the system were judged to be: 

" Kinetic Data - Although there have been a large number of studies carried out 

into the dehydration properties of gypsum, the papers published on the subject 

have been found to contain contradictory data. Also no studies have been carried 

out specifically on DSG gypsum which is currently one of the greatest sources of 

gypsum for industrial plaster production. 

0 Fluidisation studies - The number of references to fluidisation is very great 

however it has been found that the results from practical studies can vary from 

those of theoretical studies often by as much as several orders of magnitude. Also, 

there are no studies pertaining to the fluidisation properties of DSG gypsum. 

Finally, the calcination reaction on an industrial scale is carried out in a conical 

vessel and studies of fluidisation in a conical vessel are few and far between. 
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" Overall system - There have been no published accounts of the operation of a 

continuous calciner and the effect of its operating conditions on the composition 

of the product. 

This thesis has presented studies into the kinetic and fluidisation properties of DSG 

gypsum which were made in order to overcome these shortfalls in the literature. These 

properties were investigated experimentally using the following techniques: 

0 The dehydration of DSG gypsum under differential conditions in a novel fluidised 

bed reactor; 

0 Studies of the fluidisation properties of DSG gypsum; 

0 An investigation into the operation of a laboratory scale gypsum calciner. 

The kinetic and fluidisation properties of DSG gypsum have also been investigated 

through a number of theoretical models. 

The first set of experimental work discussed in this thesis described the study of the 

dehydration of DSG gypsum in a fluidised bed reactor. An experimental rig was designed 

and built which allowed the dehydration reaction of DSG gypsum to be studied under 

differential conditions and at various temperatures and water vapour pressures. The 

apparatus also allowed the dehydration reaction to be carried out without the properties 

of the reactor (namely heat and mass transfer) affecting the observed rate of reaction. 

Temperature was found to have the greatest effect on the rate of dehydration, followed by 

the water vapour pressure and least of all the particle size, over the conditions studied. 

This corresponds with the findings in the literature. The mechanism of the dehydration 

reaction has been successfully modelled using the 2d Avrami Erove'ev equation. This 

allowed the determination of the reaction rate and activation energies of the dehydration 

reaction at temperatures of 100-170 °C, water vapour pressures of 0.01 - 0.30 atm. and 

for particles with a mean diameter of 35-67 µm. The calculated rates of reaction were 
found to be quicker than those shown in the majority of the experimental studies carried 

out and this was concluded to be as a result of the dehydration occurring under 
differential conditions. A general model has been derived which allowed the dehydration 

rate to be predicted for different reaction temperatures and pressures using equation 4.11 
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76.3 

k =1.9x1010e 
RT 

P=wvp, atm 
T=Temp, K 

-(P-0.001 T-343 

0.035 0.442e 27_9 

4.11 

Where k is the reaction rate (min-) and R is the ideal gas constant (0.008314 kJmol"'K-'. 

Although the expression gives a good fit to the DSG experimental data it is not known 

whether this can be taken as a general result for all forms of gypsum since it has been 

found in previous work that the source of the gypsum can affect experimentally 

determined kinetic rate data. It is therefore necessary to carry out further experimental 

studies using the same method with other sources of synthetic gypsum and naturally 

occurring mined gypsum. The experimental method could also be improved by bettering 

the experimental control of the system, in particular the control of high water vapour 

pressures. It was found to be difficult to maintain high water vapour pressures for long 

periods of time due to condensation forming in the rig. Also a more effective method of 

recording the water vapour pressure should be sought since the relative humidity probe 

was found to cut out after extended periods at high water vapour pressure. Further 

experiments investigating the AM to HH reaction at high water vapour pressures would 

also be beneficial. This would certainly prove difficult to achieve due to the transient 

nature of AIII under ambient conditions. 

The second set of experiments investigated the fluidisation properties of DSG gypsum in 

batch vessels. The experiments demonstrated that the fluidisation properties, such as 

minimum fluidisation velocity and bed expansion could be well predicted by conventional 

fluidisation theory. It was found that the same could not be said of the elutriation rate of 

the DSG gypsum particles. It was found that the results of the elutriation experiments did 

not correspond well with any of the previously experimentally determined correlations for 

the elutriation rate constant. This was not an unexpected result since the correlations 

themselves give predicted elutriation rate constants which vary over a number of orders of 

magnitude for the experimental condition which were investigated. 

Fluidisation experiments were carried out in a half conical kettle in order to attempt to 

observe the solids mixing within the kettle. However observation was difficult due to the 

extent of elutriation with the vessel. Also the extent of mixing within the kettle would be 
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affected by the temperature, viscosity and reaction itself Variation of these parameters 

could not be carried out in this half kettle. 

The final set of experiments were carried out in the laboratory scale continuous calcination 

conical kettle at BPB Gypsum. The main aim of the experiments was to deduce the extent 

of solids mixing occurring within the caliciner during operation. It was also intended to 

examine the operation of the kettle under different operating conditions. There have been 

no previous studies into the operation of the kettle of a continuous gypsum calciner. 

The extent of mixing within the kettle was studied using sodium carbonate as an inert 

tracer. The residence time of the tracer was then calculated from the Na+ content of the 

product stream analysed by ionic chromatography. The analytical method was found to 

work extremely well and was a great improvement on the previous method utilized by 

BPB gypsum. Their method used calcium fluoride as the tracer and required laborious 

analytical techniques. The major conclusion from this work was that the laboratory scale 

kettle operated under ideally mixed conditions and therefore could be modelled as a 

CSTR. 

A number of experimental runs were carried using the apparatus under different conditions 

of bed temperature, solids hold-up and gas/air flow rates. It was found that the calciner 

temperature had the greatest effect on the product composition. This result was also found 

during the kinetic work of Chapters Three and Four. 

The main area where improvement could be made to the apparatus was the control of the 

operating conditions. The control of the temperature and gas flow rates was very good, 

however the control of the kettle hold-up, solid exit rates and kettle back pressure would 

vary considerably during a run. The lack of control of these variables is put down to the 

fact that the mass hold up and solids exit rate were controlled manually by making 

adjustments to the flow rate of the air lance. Also, the rate of product output had to be 

calculated over a 15 minute period and could be seen to vary over this time and the 

particles collected in the bag filter were calculated over a 30-40 minute period due to the 

way the apparatus was constructed. 

It is therefore suggested that before any more experiments are carried out on the kettle the 

solid instrumentation and control are improved significantly, for example by putting a feed 

back control linking the hold up and solid exit rate to the air lance and backpressure flap. It 
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is also suggested that further experiments are carried out using different sources of 

gypsum, in particular mined gypsum. 

The tracer test method was found to operate very successfully and can now be carried out 

on larger scale kettles in order to compare the differences in solids mixing as a result of 

scale. These experiments would be relatively simple to carry out and would not interrupt 

production to too great an extent. 

Chapters Eight and Nine examined the potential for modelling the calciner using the 

experimental and theoretical data generated during Chapters Two to Seven. Chapter Eight 

concentrated on the physical gradients which existed within the laboratory scale kettle 

during operation using the data from the experiments carried out in Chapter Seven. The 

geometry of the kettle made it difficult to use standard theory and experimental 

correlations to investigate the internal behaviour since almost all the previous work has 

been carried out using cylindrical columns rather than conical ones. However, it was 

assumed that this work could be applied by taking into account the difference in gas 

velocity up the kettle due to the changing kettle cross sectional area. The first internal 

gradient examined was the temperature gradient up the kettle which was found from 

theoretical considerations to be relatively constant with the only major change in 

temperature occurring at the immediate vicinity to the burner gas exit. The second gradient 

to be considered was the water vapour pressure and gas velocity. It was found that it could 

be assumed that the water vapour pressure gradient within the kettle is relatively constant 

due to the effect of the dehydration reaction and gas back mixing. This was confirmed by 

examining the final product of the tracer test experiments with the CaSO4-H20 phase 

diagram. A method for calculating the water vapour pressure of the exit gas in the tracer 

test was also proposed. It is suggested that experiments are carried out on the laboratory 

scale kettle to determine the temperature and water vapour pressure gradients during 

operation to validate the theoretical results. It is also suggested that the calculations 

carried out to determine the gradients are repeated for the full size kettle to determine 

whether the scale of the laboratory calciner kettle reduces the gradients during operation. 

Finally the extent of bed expansion within the kettle was calculated along with the 

transport disengagement height (TDH) of the kettle during operation. It was found that the 

calculated TDH was greater than the calculated distance between the top of the expanded 
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bed and the top of the kettle. Therefore the kettle was operating with a disengagement 

height less than the TDH which would result in a considerable amount of elutriation. 

It had been the intention to use correlations from the elutriation experiments described in 

Chapter Five for modelling particle movement in the conical kettle. However it was 

deemed that the results would not be applicable. Chapter Eight showed that due to the 

difference between the geometry of the cylindrical batch kettle and conical kettle the TDH 

would be different. It was determined that although the disengagement height above the 

beds in both instances was of a similar size, the cylindrical vessel would be operating with 

a TDH less than the disengagement height, whereas it was found in Chapter Eight that the 

kettle, under similar conditions of velocity and gas viscosity would be operating with the 

disengagement height under the TDH. It is therefore important to repeat the elutriation 

experiments using an exact replica of the laboratory scale kettle in order to get some 

usable elutriation data. There will be difficulties in designing a rig capable of this feat since 

the dehydration reaction will also have an effect on elutriation within the kettle. A rig built 

to study the elutriation in a large scale vessel could also be used to observe the mixing and 

bed expansion at the same conditions as in the calcination kettle. 

Chapter Nine examined the potential for developing a model of the laboratory scale kettle 

using the information presented in this thesis. The first step was to break the rig down into 

its component parts. Mass and energy balances were produced for each of the 

components. It was found that a series of generally quite simple equations could be used to 

represent the solids movement within the system. These equations were then further 

enhanced by taking into account the effect of particle size by incorporating the elutriation 

rate constant and the efficiency of the cyclone. These equations would be fundamental to 

the construction of a model describing the process. Furthermore, with the knowledge that 

the kettle exists in a state of ideal mixing the kinetics of the reaction can be incorporated 

into these expressions. 

Chapter Nine also investigated the applicability of the experimental data from the 

experiments described in Chapters Three to Seven for use in a model of the calcination 

system. The results from the dehydration kinetics experiments allowed a relatively simple 

model to be created to describe the dehydration reaction in the kettle. The model yielded 

promising results. Further work is required in developing this simple model so that the 

solids mixing in the kettle is taken into account. Chapter Nine also highlighted once again 
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the necessity to carry out further elutriation experiments in a geometrically identical 

system. Finally, an algorithm which could be used to model the calcination system was 

described along with the necessary calculations and assumptions. 

To summarise, it is recommended that the following further work is carried out: 

0 Studies into the dehydration kinetics of other sources of gypsum (synthetic and 

mined) using the apparatus described in Chapter Three. 

" Investigations into the AIII to HH rehydration reaction at high water vapour 

pressures. 

"A study into the fluidisation properties of gypsum in a system geometrically 

identical to the laboratory scale kettle. 

9 Experiments to confirm the theoretical work carried out investigating the physical 

gradients which occur in the laboratory scale kettle described in Chapter Eight, and 

the application of this work to the full scale kettle . 

" Application of the theoretical and experimental work in this thesis to generate a 

model of the gypsum calciner system. 

To conclude, this thesis has examined the kinetic and fluidisation properties inherent to the 

calcination of gypsum in a fluidised bed calciner. A series of experimental and theoretical 

studies have been carried out on the system and the results will act as a firm stepping stone 

to producing a model of an industrial scale continuous gypsum calciner. 
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Nomenclature and Abbreviations 

NOMENCLATURE AND ABBREVIATIONS 

Nomenclature 

The symbols and constants used in this thesis are defined below. The SI units for each are 

given. The equation number where the symbol is first used/defined, where relevant, is also 

given: 

Definition si units if Equation 

defined 

a Molar conversion Sect 2.2.5 

AF Free energy 2.4 

AG Gibbs free energy 2.18 

OH Heat of dehydration Cal/mol 2.4 

AS Entropy 

c Number of moles of water associated with 2.37 

gypsum 

1 CB Bed Porosity 

if Tortuosity Factor 2.43 

µ Gas Viscosity, 

T Internal Porosity 2.43 

x Degree of reaction advancement 2.37 

A Frequency Factor 1/min 2.32 
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Nomenclature and Abbreviations 

A. Distributor area per orifice m 

$i Biot Number 4.3 

cP Specific heat Cal/mol k 

et Concentration 2.42 

D12 Gas diffusion coefficient 2.42 

dc; t Critical particle diaroter Sect 2.10.4 

De Effective diffusion coefficient m2/s 2.43 

deq Equilibrium bubble diaroter 2.55 

Dk Knudsen diffusivity m2/s 4.4 

D. Molecular difusivity --------- - 
m2/s 

- --- - 4.4 

dp Particle Diameter, 

dP Bed pressure drop Pa 2.53 

dp* Dimensionless measure of particle diameter 2.47 

E Activation energy kJ/mol 2.32 

E; Elutriation rate Kg/s 2.80 

e; Cyclone grade efficieny for I size particles 9.3 

F Fraction of solids which are less than 45 microns 2.49 

Average convective conductance h -a 

iMolal Flux Gmol/s 

k Reaction rate 1 /mi 

kg Gas thermal conductivity 

Kp Equilibrium constant in terms of partial pressure 

Kq Mass transfer coefficient 

1, Solids thermal conductivity 

In Depth into bed 

2.44 

2.42 

Sect 2.2.5 

2.45 

2.19 

2.71 

2.45 

2.70 
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Nomenclature and Abbreviations 

MCA Air mass flow rate 

MGB Gas cyclone exit mass flow rate 
-- ---- -- MGE Exit gas mass flow rate 

MGI Input gas mass flow rate 

MAI, Air lance mass flow rate 

MCL Air lance mass flow rate 

Mco Gas exit from filter mass flow rate 
FMS 

B Solid cyclone exit mass flow rate 

MSE Elutriated solids mass flow rate 

MSF Fine carried through filter mass flow rate 

Ms1 Solids feed mass flow rate 

Mso Retained fines mass flow rate 

MSP Solid product mass flow rate 

MSR Solids returned form cyclone mass flow rate 

N Factor associated with vapour leaving reactor 

no Initial gypsum mol value 

Nu Nusselt number, hcdp/kf 

Q Fluidising flow volume 

qe Rate of convective heat transfer 

Qc Heat of combustion 

QCE Heat of exit gas 

Qct, Heat of air lance 

qk Rate of conductive heat transfer 

QL Heat loss from ketle 

QR Heat of reaction 

QSE Heat of elutriated solids 

Figure 9.3 

Figure 9.8 

Figure 9.3 

Figure 9.3 

Figure 9.3 

Figure 9.3 

Figure 9.8 

Figure 9.7 

Figure 9.3 

Figure 9.8 

Figure 9.3 

Figure 9.8 

Figure 9.3 

Figure 9.3 

2.37 

2.37 

2.68 

2.37 

2.44 

Figure 9.2 

Figure 9.2 

Figure 9.2 

2.45 

Figure 9.2 

Figure 9.2 

Figure 9.2 
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Nomenclature and Abbreviations 

Qs1 Heat of solids input Figure 9.2 

QSP Heat of solid product Figure 9.2 

QsR Heat from solids return from cyclone Figure 9.2 

R Ideal gas constant =8.314 J/mol K 

0.0821 Atm 1/mol K 

Rep Reynolds particle number, dppsulµ 2.51 

T Temperature °C /K 

t50 
- ------- - --------- - Time to reach 50% Conversion s Sect 2.2.5 

TB Bed Temperature, °C 

U Dimensionless measure of particle velocity 246 

u *t 
-------------- -------- --- --------- -------------- Dimensionless terminal particle velocity 

--- 
m/s 2.52 

Ua Average bubble rise velocity m/s 2.66 

Uba Isolated bubble rise velocity m/s 2.65 

Umb Minimum bubbling velocity m/s 2.49 

umf Minimum fluidising velocity, m/s 2.48 

uo Superficial gas velocity m/s 

Ut Terminal particle velocity m/s 2.50 

Vs ph Bubble spherical volume m3 2.65 

Vw Bubble wake volume m3 2.65 

x Mass fraction of different size grades Section 9.2.1 

Y, Mol Fraction 2.42 

Z Vertical Distance 

Abbreviations 

The following abbreviations have been used throughout the thesis along with the section 

where it has been defined 

-258- 



Nomenclature and Abbreviations 

Section 

A2 Avrami Erofe'ev nucleation solid state model 2 2.2.5 

A3 Avrami Erofe'ev nucleation solid state model 3 2.2.5 

Al High temperature calcium sulphate anhydrite, CaSO4 2.1.1 

All Insoluble calcium sulphate anhydrite, CaSO4 2.1.1 

AIII Soluble calcium sulphate anhydrite, CaSO4 2.1.1 

D Calcium Suphate Dihydrate, CaSO4.2H20 2.1.1 

D1 One dimensional diffusion solid state model 2.2.5 

D2 Two dimensional diffusion solid state model 2.2.5 

D3 Spherical diffusion solid state model 2.2.5 

D4 Ginstling-Brounshtein solid state model 2.2.5 

DSC Differential scanning calorimetry 2.1.3 

DSG - -------- ---- Desulphurised Flue Gas Gypsum 1.1 

DTA Differential thermal analysis 2.1.3 

F1 First Order solid state model 2.2.5 

H Calcium Sulphate HemihYdrate CaSO4.1/2H2O 2.1.1 

IRS Infra red spectroscopy 2.1.3 

PA Proximate analysis 2.1.3 

R2 Contracting Area Phase boundary controlled solid state model 2.2.5 

R3 Contracting volume phase boundary controlled solid state model 2.2.5 

RTD Residence time distribution 3.3.2 

TA Thermal Analysis 2.1.3 

TDH Transport disengagement height 2.10 

TGA Thermogravimetric analysis 2.1.3 

TL Analyser dead time 3.3.1 

XRD X-ray diffraction 2.1.3 
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