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ABSTRACT9

The paper reports on part of an extensive experimental campaign aimed at studying the10

influence of operative conditions on the fluidization behaviour of industrial reactive powders.11

The fluidization behaviour of two different types of rutile particles, namely a synthetic and a12

natural rutile, was investigated at temperatures ranging from ambient up to 500 °C. Their13

fluidization quality was also characterised through the bed collapse test, which provides a14

sensitive and discriminating methodology for the assessment of15

responses between low and high-temperature operation. The results obtained from the16

fundamental fluidization tests and bed collapse technique were linked to the rheological17

analysis of the flow properties of the materials. The comparison underpinned the relative role18

of the interparticle forces and the hydrodynamic forces on the flow behaviour of the particles19

at process conditions.20

1 INTRODUCTION21

Fluidized bed reactors are used in a wide range of industrial chemical processes, and they22

are particularly useful in high-temperature systems thanks to their ability to provide high heat23

transfer rates and rapid solids mixing which lead to isothermal and more controllable24

conditions. Their applications spread the environmental, chemical, energy and process25

industries. For example, they are a key technology in the petroleum industry, catalytic26

chemicals synthesis processes, combustion and gasification of solid fuels (coal, wastes and27

biomass), metals productions and many more [1 5].28

However, despite the countless researches that have been done so far [6 12], a satisfactory29

understanding of the phenomena that are responsible for changes in the behaviour of30

fluidized beds when varying the operating conditions has not been accomplished yet. As31

*Revised Manuscript
Click here to view linked References



2

reported by various authors in their reviews on the subject [13 15], the findings of the studies32

on the influence of temperature on fluidization are still controversial. The dispute is still33

unsolved as the relative role of the hydrodynamic forces (HDFs) and the interparticle forces34

(IPFs) on the flow behaviour of the powders at process conditions is open-ended. Moreover,35

the uncertain nature and the lack of a direct measuring methodology of the IPFs enhance such36

a controversy.37

Some authors approached the problem of measuring the IPFs involved by introducing38

them in a controlled manner with the addition of a liquid phase to Geldart group B and A39

materials [16]. They monitored the changes in the fluidization behaviour of such powders and40

demonstrated how the presence of liquid, combined with the effect of increasing the41

temperature, enhanced the role of IPFs causing the shift to a typical group C behaviour.42

Other authors suggested a multidisciplinary approach based on linking rheological and43

fluidization tests with the aim of understanding and quantifying the effect of IPFs on44

fluidized powders [17 24]. Further work is, however, needed; the challenge lies in the45

difficulty to relate the different rheological measurements to fluidization, mostly due to the46

variety of techniques employed, which makes standardisation of rheological tests very47

difficult.48

Another methodology widely used to assess the flow properties of powders at various49

operative condition is the bed collapsing test (BCT), which provides a quantitative50

measurement of testing the capacity of a powder bed to retain aeration gas [25]. Such a test51

consists of suddenly turning off the gas supply to a vigorously bubbling fluidized bed and52

recording the deflation of the bed with time. It has been adopted to compare Geldart Group A53

and C powder behaviour [26], to assess the effects of fines distribution [27 29], to evaluate54

changes in catalyst properties and to help diagnose commercial operational problems [30],55

but mostly to characterise dense phase properties [31 38].56

Barreto et al. [33] found good agreement between the results for the dense phase voidage57

in bubbling beds obtained using the BCT technique and those directly observed with the X-58

rays absorption technique.59

Lettieri at al. [39 41] and Formisani et al. [35 37] used the bed collapse technique to60

investigate the influence of temperature on the dense phase properties of various solid61

materials. Lettieri and collaborators observed that, despite the sensitivity of the fluidization62

parameters on the initial gas velocity, it did not affect the trends of these parameters with63

increasing temperature. This finding suggests that as long as the experiments are carried out64

in a consistent fashion, i.e. at the same initial fluidizing velocity, a meaningful assessment of65
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the influence of process conditions can be achieved. In addition, they found that the66

standardised collapse time (SCT) was the most discriminating parameter to distinguish67

between systems of powders dominated by the interparticle forces or the hydrodynamic68

forces. The SCT increased with increasing temperature for those powders dominated by the69

HDFs, while it decreased with increasing temperature for those materials for which the70

increasing influence of the IPFs caused formation of aggregates within the bed. Formisani71

and co-workers highlighted the significant influence of operating temperature on the quality72

of bubbling and in particular on -73

bubbling regime with respect to the extrapolated dense phase height. Their results indicated74

that the bubble hold-up increases with increasing temperature, because of the decrease in the75

gas velocity through the dense phase and in the bubble diameters. The authors linked these76

phenomena to the thermally induced IPFs, which enhanced the cohesiveness of the dense77

phase, making the behaviour of the bed very similar to that typical of the beds of fine78

particles fluidized at room temperature.79

Geldart and co-workers [42,43] also reported that the BCT parameters could be influenced80

by the starting fluidizing velocity and they found that the voidage is strongly affected by81

particle density and size distribution, as well as by variations in gas viscosity and density.82

This work is part of an extensive experimental project (see [44]) aimed at assessing the83

effect of high temperature on the flow properties and fluidization behaviour of several84

industrial reactive powders. To this end, a twofold approach, based on fundamental85

fluidization and rheological measurements, was followed with the aim of evaluating how the86

particle-particle interactions change with temperature.87

On the one hand, the fluidization behaviour of each powder has been studied at process88

temperatures ranging from ambient up to 500 °C in a specially designed heated fluid-bed89

reactor. Fundamental fluidization tests were performed using the unique X-ray Imaging90

technique available at University College London (UK), which enabled to visualise the91

internal flow pattern inside the reactor and to obtain quantitative information on voidage92

distribution, bed expansion, mixing and segregation within the fluidized bed.93

On the other hand, the unique heated annular shear cell available at the University of94

Salerno (Italy) has been used to assess the changes of the bulk flow properties of the different95

types of titanium ores at ambient and with increasing temperature. These experiments96

highlighted a significant increase with temperature of the macroscopic bulk flow properties,97

such as unconfined yield strength and cohesion, which resulted in a lower flowability of the98

samples. In parallel, two different models were used to correlate the experimental results with99
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the microscopic interparticle interaction forces. The shear testing results, reported in [45,46],100

provided an indication of the ability of the powders to flow and underpinned the link between101

the fluidization and the rheological behaviour below the minimum fluidization conditions: the102

capability of the powders to fail under a certain load will be directly correlated to their103

capability to attain fluidization.104

2 MATERIALS AND METHODS105

2.1 Experimental materials and setup106

The main physical properties of the two investigated materials, synthetic (SR) and natural107

(NR) rutile, are reported in Table 1. It includes particle densities ( p), bulk densities ( b),108

Sauter mean diameters (dsv), particle size distributions (PSD) and relative diameter spread109

(RDS = (d84 - d16)/(2 d50). RDS is defined according to Geldart [47] by using the 16th, the 50th110

and the 84th percentile sizes (d16, d50 and d84 respectively) obtained from sieve analysis. It is111

used to compare the width of the size distribution of the powders provided for this work.112

Details on the bulk flow properties of the materials, as well as images taken by mean of a113

scanning electron microscope and results from thermal gravimetric and differential analysis114

(TGA/DTA), can be found at references [45,46].115

A schematic drawing of the experimental rig and the X-ray facility used for this study is116

presented in Figure 1, for a detailed flow and control diagram please refer to [39].117

The reactor used for testing the powders for temperatures up to 500 C is an Inconel vessel118

100 cm tall with an internal diameter of 14.6 cm and a wall thickness of 3 mm. The vessel is119

fitted with a very fine (i.e. pore size of 20 m) stainless steel sintered distributor plate to120

ensure a high-pressure drop and therefore a good and even fluidization in the bed. The121

Inconel plenum chamber below the distributor plate (windbox) is 15 cm tall and it is packed122

with 10mm ceramic balls to improve heat transfer. A 2.5 kW powered preheater (10 cm123

diameter x 30.5 cm length) is installed on the gas feeding line, allowing an operating124

temperature up to 500 C.125

The fluidizing gas used is compressed and desiccated air. It is measured with rotameters126

before being preheated while passing through the preheater and the windbox section, which is127

wrapped with 800 W heating tape. High temperatures in the vessel are achieved and128

maintained by means of two flexible ceramic heaters wrapped around it, and capable of129

providing operating temperatures up to 1250 C. The two ceramic heaters cover 90 cm of the130
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vessel height. Since this material is not transparent to X-rays, they are fitted to leave a131

vertical window, 7 cm wide, on both sides of the vessel, to let X-rays through. The hot132

surfaces are perfectly insulated using two layers of 1.5 cm thick super-wool, covered by a133

7cm thick layer of rock wool wrapped with silver tape.134

A Rosemount differential pressure transducer, Model 1151, is used to measure the135

pressure drop profile as a function of the fluidizing gas velocity to determine the136

experimental minimum and complete fluidization velocities. A system of thermocouples137

allows temperature monitoring in various spots of the system, including inside and outside138

the reactor, the windbox and the feeding line. Indicators for temperatures in the bed, high-139

temperature alarms and bed pressure drop are displayed on a panel external to the electrical140

control box and directly linked to a data acquisition board (DAQ) that enables real-time141

information to be visualised and recorded on a computer. A specific software application was142

developed on purpose in the LabVIEW environment (National Instrument).143

Two solenoid valves are fitted on the rig: SV1, for cutting the air supply to the bed, and144

SV2, for venting the air trapped in the windbox section. The inlet valve SV1 is installed on a145

pipeline connecting the rotameters to the windbox. The outlet valve SV2 is installed on a146

pipeline connecting the vent line to the bottom of the windbox. Such a system of solenoid147

valves is used during bed collapse experiments, and it is operated remotely from outside the148

room hosting the fluidized bed. The two valves have been synchronised to guarantee a149

simultaneous operation: when the fluidizing gas is shut off by closing valve SV1, SV2 is150

opened allowing trapped gas in the windbox to be vented. The double venting allows to keep151

the pressure at the bed bottom at low levels and should limit the gas dynamic effects of the152

system deaeration.153

2.2 Fundamental fluidization and bed collapse tests154

The minimum fluidization velocity, namely umf, is obtained from the diagrams of the155

pressure drop profile across the bed over the fluidizing gas velocity, u. The pressure drop156

profiles are determined by firstly increasing the gas flow rate until the bed is entirely157

fluidized and then by decreasing the flow rate until the bed is completely settled down: the158

so- are then plotted. The experimental159

minimum fluidization velocity is determined from the intersection of the horizontal fully160

fluidized bed line and the inclined packed bed line, obtained when decreasing the gas flow161

rate. Measurements were repeated at least three times in order to verify the reproducibility162

and the consistency of the outcomes.163
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The experimental pressure drop profile represents a powerful tool to discriminate between164

powders in terms of cohesiveness and flowability. For systems that are easy to fluidize, and165

which are free from any dominant effect of interparticle forces, the experimental pressure166

drop at minimum fluidization conditions ( m) c. The167

latter is calculated according to Eqn (1), where M is the bed material weight, g is the168

gravitational acceleration and XSA is the cross-section area occupied by the material.169

(1)

Bed expansion profiles are obtained using the X-rays imaging technique that will be170

described in the following section. The bed height H is recorded for both fluidization and171

defluidization stages and plots of H versus u are therefore produced for increasing and172

decreasing gas velocities. From each bed height, is evaluated173

considerin p and the reactor XSA by means of Eqn. (2):174

(2)

In addition, voidage is also calculated from the optical computer-aided analysis of X-ray175

frames and by following the methodology reported later.176

In the present work, the bed collapse tests are run using the system of two solenoid valves177

(dual-drainage method). When the solenoid valves operate simultaneously, the fluidizing gas178

trapped in the windbox section is vented out as the gas supply to the bed is cut off. This179

method ensures measurements of correct values for the dense phase voidage and velocity, as180

highlighted by Park et al. [48]. Moreover, by using the dual-drainage configuration, the181

measured parameters do not need any correction due to gas leakage from the windbox, as182

suggested by some researchers for the single-drainage method [43,49].183

When the fluidizing gas is suddenly shut off, the bed material exhibits different collapse184

profiles depending on the powder properties. Figure 2 reports typical collapse profiles for a185

gas-solid system with different Geldart group powders, in which three main stages can be186

observed. The main collapse parameters are then determined and they represent a very187

helpful tool for the quantification of the capability of the powder to retain the aeration gas188

and on the existance of other forces opposing to the bed settling.189

For type A powders, in the first stage a rapid initial collapse occurs when the bubbles190

leave the bed (bubble escape stage, t0 < t < tb). An intermediate stage follows, where the191

dense phase collapses linearly with time until the bed approaches the height at incipient192
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fluidization (hindered sedimentation stage, tb < t < tc ) and the final consolidation of the solid193

materials is then observed (solid consolidation stage, tc < t < ts).194

For Group B and D powders, which show aggregative fluidization for gas velocities above195

umf, the bed collapse curve shows a sharp sedimentation stage as the particles reach the final196

static bed height as soon as the bubbles are expelled. For these systems, in which umb/umf = 1,197

the dense phase may be not expanded at all and, therefore, the consolidation stage may not198

appear. As a consequence, their collapse rate is much faster than for Group A materials. In199

these cases, the collapse parameters of major interest are the overall collapse rate Uc, the200

standardised collapse time SCT, the overall bed expansion ratio BER and the standardised201

collapse time of the consolidation stage SCTC [50]. They can be defined as follow:202
(3)

(4)

(5)

(6)

where t0 is the time when the gas supply to the fully bubbling bed is cut off,  tc is the time at203

which the solid consolidation stage begins and ts is the time when the collapse is complete204

and the bed is completely settled. Hs is the height of the settled bed, whereas H0 is the value205

of the bed height at time t0.206

Uc is a useful parameter for the measurement of how quickly the bed loses its interstitial207

aeration gas, whereas BER indicates the maximum expansion to which it is subject.208

SCT, which was introduced for the first time in 1985 by Geldart and Wong [26], takes into209

account that the time required for the powder to settle and it is normalised with respect to the210

height of the settled bed. Since a significant part of the settling time is taken by the final211

consolidation, then it accounts for possible changes in the packing process of the settling bed212

due to changes in the IPFs. To better highlight the effect of the final consolidation stage,213

SCTC accounts only for the time required for the powder to settle during this stage.214

Therefore, both SCT and SCTC are good indicators for the detection of changes happening in215

the bed when changing operative conditions, e.g. temperature, initial gas velocity and PSD of216

the powder. It can be argued, however, that while Uc is dominated by the system fluid217

dynamics, mainly controlling the initial part of the settling process, both SCT and SCTC, the218
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latter more than the former, could be more affected by the presence of interparticle forces219

during the final stages in which particles are closer to each other.220

Group C materials display a different collapse curve for either A or B and D powders.221

There is not a hindered sedimentation stage, but the only consolidation. Geldart and co-222

workers reported that Group C bed expansion is caused by the presence of cavities and cracks223

[26,51]. They observed that when the gas is switched off, the largest cracks close up rapidly224

and further collapse proceeds more slowly, and then the rate of collapse is controlled by the225

rate at which gas can escape from vertical channels. Besides, they reported that the bed height226

decreases exponentially with time.227

2.3 X-ray technique and image analysis228

The X-ray facility is described in [52,53] and it has been widely used for both academic229

and industrial works to assess the flow phenomena and fluid-particle interactions in dense230

multiphase systems, to study the bubble dynamics, and to investigate how the operative231

conditions influence the reactor performance, efficiency and scale-up.232

The analysis of the X-ray images provides data that allows quantifying the bed height, the233

average fluid-bed voidage and the voidage distribution around bubbles, along with expansion234

and de-aeration profiles.235

The high power pulsed X-ray generation facility has been specially designed by Genvolt236

Ltd., Bridgnorth (UK) and it is capable of providing high-energy cone-shaped pulsed X-ray237

beams down to 200µs width with an intensity of up to 450mA at a voltage variable from238

50kV to 150kV. The X-ray equipment is housed in a radiation-proof room which contains the239

X-ray source, a 30 cm image intensifier and a 1024x1024 pixels high-speed charge-coupled240

device (CCD) camera, mounted on a twin column ceiling suspension unit (see the schematic241

shown in Figure 3). The system enables to record images with a frequency of up to 72 frames242

per second (fps) and to capture details with high resolution.243

The images captured by the video camera are displayed and stored on a computer using a244

custom version of the SPS iX-Control software. The software allows the acquisition, the245

display and the general handling of the frames, as well as the post-processing of the images246

and their play back up to 72 fps in either real-time or frame by frame. It comes with an247

extensive set of analysis tools that also allows the off-line data analysis and measurements.248

Furthermore, different algorithms for image analysis were developed and implemented in249

MATLAB. In particular, the collected raw images need to be post-processed in order to be able250
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to perform any quantitative hydrodynamic analysis. Among all, the main factors that need to251

be considered are:252

Pincushion distortion. Due to the intrinsic curvature of the X-ray image intensifier and253

to the diverging conical shape of the X-ray beam (as shown in Figure 4) that introduce254

a non-linear magnification across the image. The image magnification increases with255

the distance from the optical axis. The visible effect is that lines that do not pass256

through the centre of the image are bowed inwards, towards its centre.257

Penumbra formation at the edge of the image. Due to the limited size of the focal258

spot, that is defined as the area of the anode on which electrons impinge. The smaller is259

the focal spot, the smaller will be the penumbra (and then the better will be the image260

resolution). However, it is essential to note that there is a trade-off between obtaining a261

small focal spot and the X-ray power, since concentrating a high power beam into a262

small area may lead to the anode melting.263

Such factors can be manipulated by acting on object-to-intensifier distance (OID) and source-264

to-intensifier distance (SID), see Figure 4. In particular, the pincushion distortion can be265

reduced by decreasing OID and increasing SID, as well as the size of the penumbra can be266

reduced by increasing SID.267

The choice of the values of current and voltage employed in this specific analysis was268

based on visual inspection of the images for fluidized beds operating at different superficial269

gas velocities: 140kV voltage and 300 mA current.270

To correct the image pincushion distortion, a global correction method applying a barrel271

distortion with an appropriate distortion parameter has been employed to every single image272

[54,55]. The script used is available online at the MathWorks authoris273

portal [56] and it required the knowledge of a distortion parameter that depends on the274

specific source-to-intensifier distance and object-to-intensifier distance. Considering the275

geometry of the system, a perforated plate with holes of 2 mm diameter arranged on a 10 mm276

square pitch was used as a system to calibrate and get the pincushion distortion parameter277

[57].278

Source-to-intensifier and object-to-intensifier distances were also chosen (SID = 80 cm, OID279

= 15 cm) in order to optimise the quality/intensity of the resulting images by limiting the280

effects of pincushion distortion and penumbra formation.281

The basic procedure adopted for the images analysis is reported in Figure 5, where two X-282

ray raw images of a reactor filled with natural rutile powder are used as examples: one for the283
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settled bed and one for a well-fluidized bed. Examples of pincushion correction are also284

shown, with a grid highlighting the correction effects. The settled bed images are usually285

used to calibrate the distances. To this end, a square lead marker (1x1 cm) has been placed to286

a known height and then used as reference by determining the settled bed height. A region of287

interest (ROI) is then accurately selected in order to include all the parts of the system needed288

for the subsequent analysis.289

Specific scripts for quantitative analysis of bed height, average fluid-bed voidage and290

voidage distribution, as well as of the frames from bed collapse tests, have been developed by291

using different built-in MATLAB functions. An open-access Java package, called MIJ [58],292

was also used in order to link MATLAB potentialities with more advanced imaging software,293

namely ImageJ/Fiji [59].294

Figure 6 reports examples of images analysis starting from the selected ROI. For the bed295

height calculation, each grey-level frame is firstly reduced to a binary image by using the296

MATLAB / MIJ inbuilt feature based on Otsu's method [60,61]. Such a feature allows297

performing adaptive clustering-based image thresholding automatically. The binary images298

are then segmented in order to distinguish the interface between particles bed and freeboard299

easily.300

With particular regard to the bed voidage evaluation, the procedure extendedly reported by301

Yates and co-workers [52,62 66], that is based on the Beer-Lambert relationship between the302

attenuation of the X-ray beam and the resulting image intensity, was used.303

3 RESULTS AND DISCUSSION304

3.1 Pressure drop profiles305

The minimum fluidization velocity was measured at ambient and high temperature (500306

°C) for both rutile powders. In order to guarantee a good mixing of the particles, the bed307

material was fluidized in a bubbling regime for around 20 minutes before making any308

measurement.309

The pressure drops profiles in Figure 7 are plotted for each sample at the different310

operative temperatures as the m c ratio and the minimum fluidization velocities311

obtained, mf), are reported in the same figure. umf312

values show a decreasing trend with increasing temperature for both materials, in agreement313

with findings in the literature [14,15], mostly linked to the increase of the gas viscosity with314
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temperature. The initial settled bed heights (Hs s), calculated from315

Eqn. (2), are reported as well. The latter was not affected by the temperature in a significant316

way: this was in disagreement with the findings reported by Botterill et al. [6] and Raso et al.317

[67] regarding the increases with the temperature of voidage of the settled bed for Group A318

and B materials.319

3.2 Bed Expansion and Bed Voidage320

The bed material was at first vigorously fluidized to allow proper mixing of the particles,321

and then the gas flow rate was slowly decreased until the bed settled. The expansion profiles322

were obtained by slowly increasing the gas velocity at first and by slowly decreasing it323

afterwards. Recordings of the bed height at various gas velocities were performed through the324

X-ray facility. At each gas velocity, the bed was allowed to stabilise before recording the X-325

ray images.326

Bed expansion and bed voidage profiles obtained at ambient and high temperature (500327

C) are reported in Figure 8 in terms of deviation from the settled bed height (Hs). The328

profiles obtained for the two materials showed similar characteristics: the expansion is329

significantly lower at ambient conditions, as well as the deviation from the fluidization to the330

defluidization stage is less evident.331

Differently from what reported by Lettieri [39] and Bruni [68] in similar investigations on332

Geldart A type powder, the bed expansion profiles do not level off to a specific height value.333

This suggests that the powders used for this study easily reach conditions of slugging or334

turbulent regime, in line with the characteristic of sand-like Group B materials.335

The bed voidage was also calculated from the optical computer-aided analysis of the X-ray336

frames according to the methodology presented earlier. The snapshots of the fluidized beds at337

different gas velocity for SR and NR samples at both ambient and high temperatures are338

reported in Figure 9 and Figure 10. Each column in the images is representative of the339

average fluidized conditions of the bed at the referred gas velocity. 72 X-ray frames (i.e. 2340

seconds of recording) were used for every single snapshot. The images resolution of the341

frames obtained is 67 pixels/cm.342

It is essential to point out that, due to the limited size of the window left between the343

ceramic heaters that allows to visualize only half of the bed width, the voidage distribution in344

the x-direction has been assumed constant and only variations in the y-direction have been345

reported. This approach allows the analysis of the vertical bed voidage distribution around the346
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bed axis for the different fluidization regimes, from settled conditions to a fully fluidised bed.347

As already reported, it can also be helpful to investigate possible dead zones in the reactor348

and the bubble distribution within the bed. However, the physical characteristics of the349

particles (high density) caused a significant attenuation of the X-ray beam inside the powder350

bed, reducing the contrast of the image produced. This prevented a more detailed analysis of351

the structure of the bed, e.g. visualising the formation and the size of the bubbles. For these352

reasons, the X-ray parameters have been set to enhance the quality of the images around the353

boundary between the particles bed and the freeboard. From the figures, it can be seen how354

the voidage in the bed/freeboard boundary region matches with the average values reported in355

Figure 8.356

3.3 Bed Collapse Tests357

3.3.1 Initial gas velocity choice358

The influence of the initial fluidizing velocity (ui) on the bed collapse profiles has been359

investigated for both the operating temperatures. For each sample, different initial gas360

velocities were used. Such values were determined by considering different values of361

fluidization index (FI). Such an index is defined as the ratio of the fluidizing gas velocity to362

the minimum fluidization velocity:363

FI has been varied between 1.25 and 4.5. In order to compare the collapse parameters364

obtained for the various samples with each other, the same values of FI were employed in this365

work. This allows us to operate in similar fluidization regimes and then to produce366

meaningful and comparable results.367

Figure 11 shows the bed collapse profiles of the SR sample obtained at ambient and high368

temperature for different initial fluidizing gas velocities reported in Table 2. In the figures, the369

bed heights are plotted against the operating time in seconds. The negative values of time370

indicate periods before the fluidizing gas is suddenly shut off.371

It can be qualitatively observed that the bed collapse parameters are affected by the initial372

gas velocity: apart from the obvious initial height value, also the rate of the sedimentation373

stage increased with increasing gas velocity.374

The experimental data were fitted by means of the following mathematical relationship375

between bed height and time:376

(7)
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where H0 and Hs are the initial and the settled bed height respectively, ti is the time at which377

the bed is halfway to the settled/consolidated state (from a mathematical perspective it is the378

inflex More details about the fitting analysis379

will be discussed in the next section.380

The same technique was also used on NR samples at both ambient and high temperature.381

The results were very similar to the ones obtained for the SR samples, and they are plotted in382

Figure 12.383

3.3.2 Bed collapse test parameters and discussion384

The output parameters from the non-linear fitting of the experimental data through Eqn.385

(8) are reported in Table 3 for the two investigated materials at different initial gas velocities386

and operating temperatures. Information on the quality of the fitting test is also reported in387

terms of descriptive statistics, such as R2 coefficient and residual sum of squares (RSS).388

According to the findings, i.e. values of R2 close to 1 and low values of RRS, the chosen389

model give an accurate fitting of the experimental data.390

The overall collapse rate (Uc), the bed expansion ratio (BER) and the standardised collapse391

times (SCT and SCTC) were determined from the bed collapse profiles according to what392

reported in the previous section. They are summarised in Table 4.393

The trends of the three parameters at both ambient and high temperature are plotted in394

Figure 13 for the SR sample. It can be observed that in all the cases, Uc and BER increase395

with increasing the initial gas velocity, but with some differences between ambient and high396

temperature. The overall collapse rate (Uc) does not seem to be strongly affected by the397

operating temperature for low initial gas velocities (low decreases have been observed in398

these cases), whereas it decreases by an average 45% for the higher gas velocities. Even if the399

trend of Uc is qualitatively in agreement with the modelling correlation suggested by400

Abrahamsen and Geldart [43] for the dense phase collapse rate, which predicts a slower401

collapse rate as temperature rises, the change of Uc is much smaller than expected in the402

assumption that the bed settling dynamics would be affected by viscous drag on the particles.403

In fact, between 25 and 500°C, such assumption would imply an almost twofold decrease of404

Uc as it could be predicted by the twofold increase of the gas viscosity from 1.85 to 3.56 10-5405

Pa·s. Therefore, the limited change of Uc with temperature can be taken as a proof that, for406

the systems tested, the defluidization procedure adopted, which allows the contemporary407

(8)
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escape of air from the bed top and the bed bottom, is able to produce a defluidization408

experiment that is mostly affected by interparticle forces rather than by the system fluid409

dynamics. Similarly to Uc, the bed expansion ratio (BER) does not show significant changes410

with the operating temperature for all the initial gas velocities investigated.411

Similar trends for Uc and BER parameters are observed for the NR samples for both the412

initial gas velocity and the operating temperature, as reported in Figure 14.413

The trends observed for the SCT and SCTC are instead very interesting as, for both the414

materials tested, they significantly increase with increasing temperature for low initial gas415

velocities, whereas the deviation attenuates for higher velocities. This means that an increase416

in temperature increases the bed settling time when the fluidization gas velocity is less than417

2x umf. Therefore, unlike Uc and BER, the SCT showed to be more sensitive to changes in418

operating conditions. This behaviour is coherent with the interpretation that only the bed419

consolidation stage is affected by the temperature and that this stage is more significant for420

tests in which the initial part of the settling experiment, the one not affected by interparticle421

forces, is limited as it happens in the experiments carried out at conditions close to the422

incipient fluidization.423

sis reported in424

Table 3 is slightly affected by the initial fluidization conditions, suggesting that it might be a425

specific property of the powder, although it seems to be temperature-dependent.426

In order to support the physical interpretation of the collapse tests, as well as to better427

understand the role played by the IPFs during the bed collapses, the dimensionless Bond428

number (Bo) is introduced. Such a number is usually used in fluid dynamics for measuring429

the importance of the interparticle forces over the gravitational forces. According to the430

literature [69,70] the granular Bond number for packed beds (Bo) is defined as the ratio of431

interparticle van der Waals force FvdW to the particle weight Fg:432

The Bond number has been shown to correlate with several bulk-scale powders properties433

such as bulk density [71,72], flow function coefficient [73] and fluidization performance434

[73,74].435

The particle weight Fg can be evaluated according to the following equation:436

(9)

(10)
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Eqn. (11) is used to estimate the adhesion forces FvdW between particles of diameter dsv437

according to the procedure discussed in [46] for shear tests:438

where  is the isostatic tensile strength of the unconsolidated powder, i.e. it well represents439

the consolidation state typical of a fluidized bed.  is defined as the initial porosity of the440

loose powder packing [75] and, therefore, the voidage of the bed at the time tc has been441

considered. The values of  and  used are reported in Table 3.The procedure used for the442

determination of the parameter tc is schematically shown in Figure 15. It has been determined443

as the time at which the collapse curve moves away from the linear profile of the hindered444

sedimentation stage. In particular, a deviation threshold of 10% from the linear slope of the445

curve has been applied for the identification of such a point. Repeated experiments at the446

same conditions suggest a standard deviation of the results below the 15%.447

Figure 16 reports the comparison of the SCT and SCTC values to the Bo number. It can be448

observed that the greater the Bo number, the higher is the value of SCTC. More importantly,449

the ratio SCTC/SCT, which is representative of the relative weight of the time taken450

consolidation stage over the whole collapse/deaeration time, is higher (~25%) when the Bo451

number is >1 than in the case for Bo < 1 (~10%). This means that for the systems operating at452

high temperature the overall collapse process is slowed down due to the domination of the453

IPFs over the gravitational forces.454

It is possible to look at the bed settling curves represented in Figure 15 using the concepts455

of the Wallis theory [76] on continuity waves applied to the settling of particulate. According456

to this theory, the lack of a cusp between the descending part of the curve, representing the457

descending bed surface, and the horizontal line, corresponding to the settled bed, is an458

indication of the presence of interparticle forces, which hinder the bed compression and avoid459

the formation of a sharp compression shock wave travelling upwards within the bed, during460

the bed collapse. The presence of interparticle forces, instead, determine a bundle of461

concentration waves that propagate upwards from the distributor with different speeds462

according to the local concentration, as shown in the qualitative representation depicted in the463

insert of the upper central pane (SR25, FI=3) of Figure 15. In particular, the fastest464

concentration wave is the one corresponding to the first emerging on the bed surface at tc and465

the slowest is the last emerging on the bed surface at ts. The trajectories of these waves are466

empirically represented with hyphenated lines corresponding to the changing heights within467

the bed at equal bed voidage. These lines qualitatively describe the bed concentration profiles468

(11)
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during the bed settling process in the solid consolidation stage. It can be observed, from469

similar lines represented in the other panes of Figure 15 reporting quantitatively the bed470

settling process for different experimental conditions (temperature and fluidization index),471

how the sedimentation of the particles is slowed down at the higher operating temperature472

(500°C) as it appears from the more extended areas covered by the lines (only partially473

shown) representing the concentration waves.474

4 CONCLUSIONS475

This paper reported on the experimental results obtained from fluidization tests performed476

on two types of rutile powders, namely synthetic and natural. The findings for each of the477

materials investigated laid the basis for a better understanding of the behaviour of the478

powders when operated in the fluidized bed reactor, as well as their performance when mixed479

with other components in the industrial plant operations. The results from fluidization tests480

were discussed in order to link the observed changes in the powders  fluidization behaviour481

with their powder flow properties.482

The powders showed a typical Group B behaviour: aggregative fluidization (bubbles form483

once the gas velocity exceeds the minimum fluidization velocity), relatively small bed484

expansion and bed collapse curve showing a sharp sedimentation stage. The bed collapse test485

was found to highlight the effects that can be related to the change of interparticle forces with486

temperature. The collapsing parameters were related to the powder flow behaviour of the487

materials examined.488

For all the materials tested, the overall collapse rate (Uc) and the bed expansion ratio489

(BER) increased with increasing the initial gas velocity, but with some differences between490

ambient and high temperature. Uc does not seem to be strongly affected by the operating491

temperature for low initial gas velocities, whereas it decreases by 45% on average for the492

higher gas velocities. Instead, BER does not show significant changes with the operating493

temperature for all the initial gas velocities investigated.494

On the other hand, the standardised collapse times (SCT and SCTC) showed to be very495

sensitive to the changes in operating conditions: initial gas velocity and related bed expansion496

in particular. They increased significantly with increasing temperature for low initial gas497

velocities, while such a deviation decreased at higher velocities. This suggested that higher498

temperature improves the ability of the bed to resist compression in the final part of the499

settling bed experiment and that this effect is more significant in experiments starting from a500
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limited bed expansion, as it happens when the fluidization gas velocity is less than 2x umf.501

This behaviour was explained as a function of the role played by the IPFs on the fluidization502

regimes. These can be quantified by deriving interparticle force from powder flow tests and503

using these values to estimate the dimensionless Bond number, which is commonly used in504

fluid dynamics for measuring the importance of the interparticle forces over the gravitational505

forces. The analysis showed that the greater such parameter, the slower is the overall bed506

collapse process and consolidation of the bed due to the increasingly dominant effect of the507

IPFs over the gravitational forces.508
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and high temperature (SR500). Colorbar: bed voidage.520
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Figure 11  Collapse profiles at 25 °C and 500 °C for SR sample at different fluidization indexes523
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Table 1  Main physical properties of the investigated materials

Sample p (kg/m3) b,25° (kg/m3) d16 d50 d84 dsv (-)

Synthetic Rutile (SR) 3200 1500 122 162 212 145 0.28
Natural Rutile (NR) 4200 2320 117 202 379 155 0.65

Table 2  - Initial gas velocity for the BCT

Sample umf (cm/s)
FI (-)

1.25 1.50 2.00 2.50 3.00 4.00 4.50
SR25 2.3 2.8 3.4 4.5 5.7 6.8 9.0 10.2
SR500 0.6 0.8 0.9 1.3 1.6 1.9 2.5 2.8
NR25 2.7 3.4 4.1 5.4 6.8 8.1 10.8 12.2
NR500 0.9 1.1 1.3 1.7 2.2 2.6 3.5 3.9

Table 3  - Eqn. (8) fittings parameters for all the samples

Sample Parameter
FI (-)

1.25 1.50 2.00 2.50 3.00 4.00 4.50
SR25 H0, cm 25.7 26.2 26.7 27.3 27.8 28.5 28.8

Hs, cm 25.2 25.2 25.2 25.2 25.2 25.2 25.2
c = 0.55 ti, sec 0.78 0.73 0.75 0.76 0.71 0.72 0.70
0 = 0.9 Pa 0.15 0.12 0.15 0.12 0.14 0.17 0.16

R2 0.984 0.983 0.987 0.977 0.970 0.972 0.966
RSS 0.141 0.614 1.235 4.181 8.015 12.038 17.650

SR500 H0, cm 26.7 27.0 27.6 27.9 28.5 28.6 29.2
Hs, cm 25.6 25.6 25.6 25.6 25.6 25.6 25.6

c = 0.56 ti, sec 1.16 1.14 1.00 0.96 0.87 0.84 0.86
0 = 21.5 Pa 0.30 0.28 0.26 0.21 0.24 0.23 0.19

R2 0.998 0.991 0.983 0.986 0.977 0.977 0.959
RSS 0.073 0.546 2.226 2.611 6.822 7.535 20.127

NR25 H0, cm 16.0 16.2 16.9 17.4 17.7 18.3 18.8
Hs, cm 15.5 15.5 15.5 15.5 15.5 15.5 15.5

c = 0.45 ti, sec 0.58 0.58 0.60 0.61 0.64 0.60 0.56
0 = 2.5 Pa 0.06 0.07 0.08 0.07 0.11 0.08 0.11

R2 0.964 0.988 0.994 0.987 0.980 0.973 0.978
 RSS 0.334 0.246 0.556 2.127 4.251 8.721 10.389
NR500 H0, cm 17.1 17.5 18.0 18.0 18.5 19.0 19.4

Hs, cm 16.5 16.5 16.5 16.5 16.5 16.5 16.5
c = 0.48 ti, sec 0.84 0.86 0.78 0.78 0.74 0.71 0.65
0 = 11.2 Pa 0.18 0.18 0.16 0.16 0.12 0.12 0.09

R2 0.980 0.985 0.986 0.981 0.985 0.959 0.953
RSS 0.299 0.541 1.122 2.885 2.528 10.696 16.773

Table(s)



Table 4 - Collapse parameters

Sample Parameter
FI (-)

1.25 1.50 2.00 2.50 3.00 4.00 4.50
SR25 Uc, cm/s 0.4 0.9 1.3 1.9 2.3 2.7 3.1

BER, % 1.9 3.8 6.2 8.3 10.4 13.3 14.3
SCT, s/cm 4.9 4.3 4.8 4.4 4.5 4.9 4.6
SCTC, s/cm 1.1 0.9 1.1 0.9 1.0 1.3 1.2

SR500 Uc, cm/s 0.5 0.6 1.0 1.3 1.6 1.7 2.2
BER, % 4.2 5.4 7.6 9.0 11.2 11.6 13.8
SCT, s/cm 9.1 8.8 7.8 7.0 7.0 6.8 6.3
SCTC, s/cm 2.2 2.1 1.9 1.6 1.8 1.7 1.4

NR25 Uc, cm/s 0.6 0.8 1.7 2.2 2.5 3.1 3.8
BER, % 2.9 4.4 9.3 12.5 14.5 17.8 21.5
SCT, s/cm 5.1 5.4 5.6 5.6 5.9 5.7 5.6
SCTC, s/cm 0.7 0.8 0.9 0.8 0.9 0.9 1.0

NR500 Uc, cm/s 0.4 0.6 1.0 1.0 1.7 2.1 2.6
BER, % 3.8 5.9 8.7 8.7 12.2 15.1 17.2
SCT, s/cm 9.4 9.4 8.4 8.4 7.3 7.3 6.5
SCTC, s/cm 2.1 2.0 1.8 1.8 1.4 1.4 1.2
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Figure 2
Click here to download high resolution image
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Figure 9
Click here to download high resolution image



Figure 10
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Figure 13
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