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ABSTRACT 

The interest in handling granular materials in a variety of industrial processes carried out at high 

temperature raises the question of how this variable affects the fluidization quality not only in the 

case of cohesive particles, belonging to Geldart’s C powders, but also of powders classified as A. 

The aim of this work is, therefore, to study, from both an experimental and phenomenological point 

of view, the effect of temperature on the fluidization of two different powders, belonging to groups 

A and C of Geldart’s classification. In particular, fluidization tests were performed at different 

temperatures (20 °C – 800 °C) and using acoustic fields of different intensities (130 – 150 dB) and 

frequencies (50 – 200 Hz) to highlight the influence of interparticle forces (IPFs) on the fluidization 

quality with increasing temperature. Pressure drops and bed expansion curves were elaborated to 

show the influence of temperature on minimum fluidization velocity and size of fluidized particles. 

Then, the validity of different correlations available in literature to predict the minimum fluidization 

velocity at high temperature was assessed. Finally, the experimental findings were interpreted from 

a phenomenological point of view on the basis of the cluster/subcluster model, which can account 

for temperature effects on both hydrodynamic and cohesive forces. In particular, the proposed 

model made it possible to directly evaluate IPFs, thus explaining the fluidization behaviour of the 

powders on the basis of the intensification of their cohesiveness with increasing temperature. 

 

 

Keywords: Interparticle forces (IPFs); High temperature; Minimum fluidization velocity; 

Cluster/subcluster model; sound assisted fluidization; group A and C particles. 
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 3 

1. Introduction 

Fluidized beds are widely used in a variety of industrial sectors for their ability to provide a high 

heat transfer rate and rapid solids mixing which lead to isothermal conditions in the particle bed, 

and high heat and mass transfer rates between gas and particles. In particular, whenever a chemical 

reaction employing a particulate solid as a reactant or as a catalyst requires reliable temperature 

control, a fluidized bed reactor is often the choice for ensuring nearly isothermal conditions by 

suitable selection of the operating conditions1. Therefore, the interest in handling granular materials 

in various industrial processes carried out at thermal levels above ambient conditions raises the 

question of how temperature affects the fluidization quality not only in the case of cohesive 

particles, which belong to Geldart’s C powders2, but also of powders classified as A2. 

According to different works reported in literature3–5, some peculiar phenomena, happening at 

elevated temperatures, cannot be merely explained in light of the influence of temperature on the 

properties of the fluidizing gas (density and viscosity)6. The approach based solely on considering 

such changes in the gas properties is valid under the condition that only hydrodynamic forces 

(HDFs) control the fluidization behaviour. On the contrary, a different approach must be used 

when, besides these hydrodynamic forces, also interparticle forces (IPFs) are simultaneously active. 

Therefore, in light of these considerations, it must be taken into account that temperature 

remarkably affects not only the gaseous phase but also the solid phase, considered as variations in 

the interparticle forces. Among all the possible types of interparticle forces, mainly van der Waals, 

electrostatic and capillary forces are the most significant ones. Briefly, concerning the effect of 

temperature on interparticle forces other than van der Waals ones, the electrostatic forces generally 

decrease with increasing temperature until they can be considered negligible7. The same goes for 

capillary forces, since with increasing temperature regardless of all other factors, they decrease with 

the condensation of water vapor becomes more and more difficult7. Besides the above-mentioned 

types on particle interactions, also the forces arising from sintering can play an important role in 
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 4 

particle adhesion7. More specifically, sintering is a time-dependent process occurring in the 

quiescent zones in which interparticle motion is limited, i.e. the time in the quiescent zones should 

be sufficiently long for sinter necks to reach a critical size such that the aggregates formed are 

sufficiently strong not to be fractured by the gas flow8. Only in this case agglomerates will tend to 

segregate at the bottom of the bed and will sinter together (i.e. the sinter neck of sufficient becomes 

permanent resisting the breakage forces due to the movement of solids and gas) thus eventually lead 

to defluidisation9. In other words, whether the sintering leads to a real bonding of particles depends 

on whether the particles are disturbed before a proper sintering bond can be formed. 

With reference to van der Waals attractive forces, they are affected by temperature through the 

Hamaker constant and the hardness of the material, which can be both dependent on this variable10. 

The hardness of the material, it is only slightly affected by an increase of temperature, unless the 

materials and temperatures are not close to the melting point or to the sintering conditions. 

Regarding the Hamaker constant, there is still controversy in the specialized literature surrounding 

the effect of temperature. Visser3 reported a modest variation in the case of two water drops in 

vacuum, and also show some experimental results for a water-hydrocarbon system. Similarly, in 

their discussion of van der Waals forces, Dzyaloshinskii, Lifshitz, and Pitaevskii mention that the 

effect of temperature on the interaction of two bodies is ‘usually completely unimportant’11. On the 

contrary, Krupp12 and Kerminen13 founded a strong dependency with the temperature. Likewise, 

Castellanos et al.14 provided a report on the temperature dependence of the Hamaker constant for 

fluorocarbon compounds. 

In this framework, the influence of interparticle forces on fluidization behaviour has been 

suggested by various Authors1,15,16. Formisani et al.15 indicated the increase in interparticle forces as 

the cause for temperature-dependence of particulate phase voidage and minimum fluidization 

velocity (umf). Lettieri et al.1 also found that the fluidization behaviour of different types of 

materials belonging to the A group of Geldart’s classification can be dominated by interparticle 
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 5 

forces when temperature is increased. In particular, they clearly demonstrated how the effect of 

temperature increase could cause the transition from a group A to a group C type of behaviour. Also 

Geldart and Wong16 found a transition group, i.e. slightly cohesive group A powders, possessing 

some of the features of the cohesive group C powders and group A powders. They used for these 

“semi-cohesive” powders the designation group AC. Even though no direct evidence on the effect 

of interparticle forces on fluidization behaviour has been proved, there is a general consideration 

that they may play a role also in the case of groups A materials when temperature is increased.  

The aim of this work is, therefore, to characterize and describe, from both an experimental and 

phenomenological point of view, the effect of temperature on the fluidization of two different 

powders, belonging to groups A and C of Geldart’s classification. Sound assisted fluidization, 

which is capable of hindering the IPFs, has been used to highlight the influence of IPFs on the 

fluidization quality with increasing temperature. Then, the level of the predictivity of different 

correlations available in literature for the evaluation minimum fluidization velocity also at high 

temperature was assessed. Finally, the cluster/subcluster model17,18, capable of accounting for 

temperature effects on both hydrodynamic and cohesive forces, was applied to interpret the 

experimental findings, regarding the effect of an increase of temperature on the fluidization quality 

of group A and C powders, from a phenomenological point of view.  

2. Experimental 

2.1 Materials 

Two different materials were used in this work: ashes collected at the exit of a fluidized bed 

combustor and a silica sand powder. Both the powders were characterized from a granulometric 

point of view. In particular, their particle size distributions were obtained by using a laser 

granulometer (Master-sizer 2000 Malvern Instruments), after the dispersion of the powders in water 

under mechanical agitation of the suspension and with the application of ultrasound (US). This 

system allows detection of particles in the range of 0.02 - 2000 µm. Then, the average diameter of 
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 6 

the powders was determined from the granulometric distribution. In particular, the Sauter mean 

diameter was evaluated, i.e. the surface-volume diameter defined as the diameter of a sphere having 

the same ratio of external surface to volume as the particle. 

The properties of both the powders are reported in Table 1. In particular, the ashes belong to the 

C group of Geldart’s classification2. Even though, based on its properties, the silica sand can be 

classified as a group A powder, it is characterized by a quite broad size distribution, having particles 

as small as few microns.  

2.2 Experimental apparatus and procedure 

The experimental apparatus used is shown in Fig. 1. It consists of a fluidized bed column made of 

a Quartz (40 mm ID and 1500 mm high) and equipped with Pyrex gas distributor plate (porosity 

grade 3) located at 300 mm from the bottom of the column. The section of the column below the 

gas distributor acts as wind-box: it is filled with Quartz rings, thus maximizing the uniformity of the 

gas flow entering the fluidized bed. This solution provides a good dispersion of the fluidizing gas, 

thus limiting fluidization troubles due to the formation of preferential channels, namely the feed of 

the fluidizing gas through a limited number of points. In addition, this section of the reactor also 

acts as a pre-heating chamber for the fluidizing gas. The column is provided with a pressure probe 

located at the wall, 5mm above the gas distributor, to measure the pressure drops across the bed.  

The sound-generation system consists of a digital signal generator, a power audio amplifier rated 

up to 40W and a 8W woofer loudspeaker. The acoustic field is introduced inside the column 

through an purpose-designed sound wave guide located at the top of the freeboard19–21. The sound 

wave guide was properly designed to prevent the elutriated powders from dirtying the loudspeaker 

and also to protect the loudspeaker from the irradiation of the bed19–21. This experimental set-up was 

also designed according to the Helmholtz resonator, i.e. one of the most used engineering noise 

control methods, in order to reduce the sound insulation even for high intensity acoustic fields19–21. 

A type K thermocouple (Chromel-Alumel) vertically inserted inside the bed is used to monitor 
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 7 

the temperature inside the bed at different radii. A temperature controller is used to monitor the bed 

temperature during the experimental tests and keep it at the desired value. A heating jacket (Tyco 

Thermal Controls GmbH) is wrapped around its external surface to heat the column to the desired 

temperature. In particular, it has been purpose-designed: it is 500mmhigh with an isothermal height 

of 350 mm and it is also provided with a window, which allows the fluidization quality and bed 

expansion to be visually assessed. 

Gas feed is prepared using N2 cylinders (99.995%) in order to prevent any intensification of the 

powder cohesiveness due to air moisture and the flowrates were set and controlled by two mass 

flow controllers (Brooks 8550S). Beds made of 180 and 80 g were used for Group A and C 

materials, respectively, in order to have same bed heights (about 10 cm).  

Pressure drops and bed expansion curves as a function of gas velocity were measured in 

fluidization experiments carried out at different temperatures (20 °C – 800 °C) and using acoustic 

fields of different intensities (130 – 150 dB) and frequencies (50 – 200 Hz). In particular, for each 

test, pressure drop curves were obtained measuring the pressure drops by both decreasing (DOWN) 

and increasing (UP) the superficial gas velocity. curves. Then, experimental data were worked out 

to calculate the main fluidization parameters. No noticeable differences were obtained between UP 

and DOWN. However, all the results shown hereafter were obtained from the DOWN curves. In 

particular, the minimum fluidization velocity (umf) was evaluated from pressure drops data 

according to a graphical procedure (i.e. as intersection between the line fitting the data for flow 

through a packed bed, and a horizontal line fitting the data for the fully fluidized bed)22; the bed 

voidage at umf (εmf) was evaluated from the bed height data at umf as ε = 1 − /  , 

being m the mass of particle loaded in the fluidization column,  the particle density, Hmf the bed 

height at umf and A the cross sectional area of the fluidization column; the average size of fluidized 

particles (dp) was evaluated from the experimental values of umf, using the correlation proposed by 

Wen and Yu23 and considering an apparent density for aggregates lower than the density of the 
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 8 

primary particles. 

3. Literature correlation predictivity 

The value of umf is usually determined experimentally by measuring the pressure drop as a 

function of gas velocity. It can also be predicted using several equations available in the specialized 

literature. All these correlations were developed based on the data of non-cohesive particles, thus 

meaning that IPFs have not been taken into account. For this reason, they may be not suitable for 

fine particles wherein IPFs are relatively strong compared with gravity. Moreover, these can be 

generally divided in two main categories, depending on whether or not their application requires the 

knowledge of the bed voidage at the minimum fluidization velocity and the particle sphericity. 

Among those requiring the prior evaluation of these parameters, the most comprehensive is 

derived from the Ergun equation24. Using an extensive set of experimental data covering a wide 

range of particle size and shapes, Ergun presented a general equation to calculate the pressure drop 

across a packed bed for all flow conditions (laminar to turbulent). Then, setting this equation equal 

to the gravitational force of the particle bed, the minimum fluidization velocity can be calculated: 

 = 150



   +

.


 


         (1) 

where Ar is the Archimedes number  −  ⁄ , Remf is the Reynolds number 

evaluated at umf  ⁄ , µ and ρ are the gas viscosity and density, respectively, and dp, ρp and 

Φ are the size, density and sphericity (or shape factor) of the particles, respectively. The particle 

size used in the Sauter mean diameter of the powder. 

This equation combines both the laminar and turbulent components of the pressure drops across a 

particle bed. In laminar flow conditions the first component of the equation dominates and the 

viscous forces are predominant, whereas, under turbulent flow conditions the second component of 

the Ergun equation dominates and the inertia forces are predominant. Therefore, the following 

correlations can be obtained in the case of fine (Eq. 2) and coarse particles (Eq. 3), respectively:  
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 9 

 =






 


  Remf < 20       (2) 


 =



.

 Φ  Remf > 1000       (3) 

As stated above, the main drawback of this approach is that both εmf and Φ can hardly be 

determined. The importance of εmf is clear from Eq. 1 and 2. Indeed, a 10% error in the 

determination of εmf results in a 38% and 15% error on umf in the case of laminar and turbulent 

flow, respectively25. εmf is function of the shape and rugosity of the particles, and it generally 

decreases with increasing dp. Typically, it is indirectly evaluated from the experimental bed 

expansion curves.  

Just to eliminate the explicit dependence of umf on these difficult-to-evaluate parameters, many 

researchers proposed modified equations, starting from the Ergun equation. In this framework, Wen 

and Yu23 and Leva26 proposed Eq. 4 and 5, respectively: 

 = 33.7 + 0.0408. − 33.7        (4) 

 =

.

.


..
          (5) 

3.1 Effect of temperature 

All the above-mentioned equations were obtained on the basis of experiments performed at room 

temperature. Therefore, they do not implicitly include the effect of temperature on umf. Indeed, 

predictions of umf at high temperature are essentially based on the application of these correlations 

by introducing the dependence on the temperature of the gas density and viscosity. In particular, gas 

density is inversely proportional to the absolute temperature (T). On the contrary, the viscosity of a 

gas is proportional to Tn, where n usually varies in the range 0.5 - 1.0. So, as temperature increases, 

gas density decreases and gas viscosity increases. This combined effect, related to changes in 

density and viscosity, results in a decrease in the Archimedes number when temperature is 

increased. However, how this affects umf is not trivial. In this framework, according to Yates27, the 
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 10 

correlations obtained at ambient temperature can still be used at high temperatures when variations 

of density and viscosity of gas and a correct value of the minimum fluidization voidage are used. In 

particular, assuming a gas viscosity dependence on the square root of temperature, he showed that: 

i) for Group A particles, an increase in temperature results in a decrease in umf, although the effect 

is relatively modest; ii) for B Group materials, umf increases with increasing temperatures when the 

inertial term (in which the gas density appears) is prevailing, whereas, it decreases when the viscous 

term begins to become dominant. Experimental evidences of these trends were also given by other 

Authors25,28.  

However, all Authors agree in highlighting the importance of choosing the correct value of εmf to 

be used in the Ergun equation. With reference to this point, the (direct or indirect) effect of the 

temperature on εmf is not yet fully clarified. Although few Authors29 suggest that εmf is independent 

of temperature, except for possible “buoyancy” phenomena associated with gas feeding at 

temperature lower than that of the bed (i.e. εmf determined at low temperature can be used in 

traditional correlations to make predictions at high temperatures), most of the Authors, according to 

Botterill et al.25, claim that εmf does vary with temperature. In particular, for small particles, εmf 

increases with increasing temperatures and it tends to become constant at high temperatures. On the 

contrary, for larger particles, εmf has a non-monotonic trend, since it first decreases with increasing 

temperatures and then increases. Finally, for even larger particles εmf is practically constant with the 

temperature. Therefore, umf at high temperature can be predicted using the available literature 

correlations (e.g. Ergun equation), simply using the value of εmf evaluated at the temperature in 

question. Obviously, all the equations, which do not have explicit dependence on the εmf (e.g. Wen 

and Yu23 and Leva26 equation), cannot take into account the variability of εmf with the temperature. 

4. Cluster/sub-cluster model 

The cluster/subcluster oscillator model, originally proposed by Russo et al.17 to describe the 
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 11 

fluidization of cohesive powders (i.e. belonging to group C of Geldart’s classification), was used in 

this work to justify and explain the effect of temperature on the fluidization quality of both group C 

and A powders from a phenomenological point of view by directly evaluating the intensity of IPFs.  

Russo et al.17 interpreted the break-up of agglomerated solids in sound-assisted fluidization on the 

basis of two distinct physical phenomena: the hydrodynamic stresses due to gas flowing and the 

cohesivity of the agglomerated solids, which in turn depends both on the packing of primary 

particles within the agglomerate and on the strength of the elementary interparticle interaction17.  

The main assumptions of the model are the following17. 

The existence of elastic forces between clusters and subclusters, active at the contact points, was 

assumed. In other words, according to this model, an elastic behaviour of the whole cluster-

subcluster structure occurs as a result of the elasticity of the interparticle contacts. In particular, 

elastic forces are of the type kx, where k is the elastic constant relative to the force acting at each 

contact point between a cluster and a subcluster and x the vertical displacement of the subcluster 

relative to the cluster. A subcluster is in contact with the cluster at n points, so that the overall 

elastic constant is [nk]. The number of contact points is proportional to the external surface area of 

the subcluster. 

The cohesive frictional force, Fc, between a cluster and a subcluster is given by30: 

 =             (6) 

where µ = 0.1 is a static friction coefficient30 and Fcw is the van der Waals force along straight 

lines through centers of a cluster and a subcluster17. Even though electrostatic, capillary and van der 

Waals forces may develop at contact points between solids17, only van der Waals forces are 

considered in the model. Electrostatic forces are disregarded because of the low velocity at which 

the powder has been fluidized. Capillary forces are neglected considering the low humidity of the 

fluidizing gas. The cohesive frictional force tends to keep the subcluster in place. 

A subcluster detaches from the cluster when the elastic force [nk]x (i.e., the force that, would be 
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 12 

necessary to keep together cluster and subcluster) is larger than the cohesive frictional force Fc, i.e. 

if the disaggregating force due to the application of the acoustic field, Fsound, is larger than the 

cohesive force Fc: 

 ≥  ⇒ || ≥          (7) 

The balance of forces acting on the subcluster, taking into account inertial, elastic and drag 

forces, is given by: 





+  −   sin2 −




 = 0       (8) 

being m the mass of the subcluster, U the amplitude of the air particle velocity, f the sound 

frequency and cds the drag force per unit gas velocity. In particular, the difference 

 sin2 −



 is the slip velocity between the gas and the subcluster, whereas  is given by: 

 = 3           (9) 

where ν and ρ are the kinematic viscosity and the density of the gas, respectively, dp is the 

subcluster diameter and β = 1.7 is a correction factor accounting for the influence of neighboring 

clusters 31. 

Then, integration of Eq (8) leads to30: 

 =














sin2 +  =  sin2 +     (10) 

where, A is the amplitude of the displacement of the subcluster relative to the cluster, φ is the 

phase lag between the velocity of the gas and the displacement of the subcluster, f is the sound 

frequency and fn is the natural frequency of the undamped oscillator given by17: 

 =







=








 ⁄ 
         (11) 

Then, the peak of the A(f) curve occurs at the frequency f0 which is the resonance frequency of 

the damped oscillator given by: 
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 =  1 − 






.

          (12) 

Combining Eq (11) and Eq. (12), the overall elastic constant [nk] can be expressed as a function 

of f0: 

 = 2 
 + 2 






         (13) 

The value of the disaggregating force, Fsound, i.e. the force generated by sound application, was 

evaluated by applying the failure conditions, given by Eq (7). Therefore, Fsound is the disaggregating 

force that is necessary for subclusters of size d∗  to detach from clusters. d∗  was evaluated from 

experimental data as the size of subclusters obtainable at the maximum response frequency, f∗, i.e. 

the frequency at which, for given sound intensity (SPL), subclusters of minimum size d∗  detach 

from clusters. The maximum response frequency is the counterpart of f0, i.e. the resonance 

frequency of the subcluster behaving like a damped forced oscillator, namely f0 = f∗. 

The occurrence of the failure condition implies a tangency condition  

∗ = ∗          (14) 

Being n* the number of active contact points between the subcluster of size d∗  and the cluster it 

detaches from. Namely, Fsound can be evaluated using a graphical procedure as the maximum of the 

curve of the elastic force. In particular, the curve of the elastic force, [n*k] A(f), can be plotted as a 

function of sound frequency. Then, the failure condition implies that the horizontal line 

corresponding to the cohesive forces (∗), which is independent of the sound frequency, is 

tangent to the maximum of the curve of elastic force. This procedure can be used to obtain the 

disaggregating force directly, overcoming the lack of knowledge of the number of active contact 

points n*.  

The same procedure was used to evaluate the cohesiveness of the powder, Fcohes, defined as the 

force that would be necessary to break the clusters down to the nominal size of the powders, i.e. the 

Sauter diameter. In particular, the same equations used for Fsound were applied, but considering d∗  
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equal to the Sauter diameter. 

This model is capable of accounting for the effect of temperature on both Fsound and Fcohes. Indeed, 

temperature affects gas density and viscosity, which directly influence the drag force acting on 

particle clusters (Eq. 8). In particular, temperature directly affects both the drag force per unit gas 

velocity, cds (Eq. 9), and the air particle velocity, U, i.e. the propagation of the acoustic wave in the 

medium. Moreover, temperature also indirectly affects the size of the actual fluidizing structures, 

i.e. the size d∗  of the subclusters detached from the cluster, which was experimentally evaluated at 

each investigated temperature.  

 

5. Results and discussion 

5.1 Experimental results 

5.1.1 Group A powder – Silica sand 

Fig. 2 reports the experimental trends obtained for umf, εmf and dp, as a function of sound intensity 

and frequency at the different investigated temperatures (20 - 600 °C). The values obtained under 

ordinary fluidization conditions were also reported as comparison. It is clear that, the application of 

the sound generally results in a sensible decrease of umf (Figs. 2a and b) and dp (Figs. 2c and d) with 

respect to the tests performed without the application of any acoustic fields, for each investigated 

temperature. This experimental evidence is revealing of the occurrence of aggregation phenomena, 

i.e. the fluidizing entities are not the original particles but the particle aggregates. Therefore, the 

“effective d” of the fluidizing structures is the size of the particle aggregates. This can be explained 

referring to the granulometric distribution of the powders, which is characterized by the presence of 

both coarser (< 100 µm) and finer (< 30 µm) particles with respect to the Sauter diameter of the 

distribution (Table 1). This means that, even at ambient temperature, the powder is characterized by 

a certain grade of cohesiveness, given by the adhesion of the finer particles to other particles and 
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giving birth to agglomerated structures (clusters), due to the action of IPFs. As a matter of fact, 

under ordinary conditions the actual size of the fluidizing structures is always larger than the Sauter 

diameter of the powder (Table 1), i.e. the size of the primary particles. In other words, under 

ordinary conditions the fluidizing structures are remarkably larger than those fluidizing under sound 

assisted conditions. In this framework, as largely reported in the specialized literature22,32–34, the 

application of the sound is capable to hinder IPFs, thus promoting an efficient break-up of the 

clusters yielded by cohesive forces into smaller structures (i.e. smaller dp), thus causing a 

consequence reduction of umf (since the fluidizing entities are smaller).  

With reference to the effect of the sound parameters, it is also evident that they play a crucial role. 

In particular, in line with several works reported in literature22,32–34, SPL has a beneficial effect on 

the fluidization quality. Indeed, dp (Fig. 2c) and umf (Fig.2 a), as a consequence, are always 

decreased passing from 130 to 150 dB. This evidence is due to the fact that with increasing SPLs 

more energy is introduced inside the bed, thus making the break-up of larger clusters more and 

more efficient. Indeed, the gap between the size of the granulometric distribution and the actual size 

of the fluidizing aggregates decrease with increasing SPLs. In particular, for temperatures up to 

200°C, SPLs as high as 150 dB are capable of disrupting clusters down to size comparable to the 

Sauter diameter of the powder.  

With reference to the effect of sound frequency, also in agreement to indications reported in 

literature22,32–34, it has a non-monotonic effect on the fluidization quality (i.e. a nonlinear 

relationship is observed between all the fluidization parameters and the sound frequency). Indeed, 

the curves of dp (Fig. 2d) and umf (Fig. 2b), as a consequence, are characterized by a minimum value 

at 120 Hz, i.e. the maximum response frequency (f0
*). This behavior is due to the fact that the 

frequency directly affects the relative motion between clusters and subclusters, which, in turn, 

promotes the essential break-up and reaggregation mechanism. In particular, for too high 

frequencies the acoustic field cannot properly propagate inside the bed; the sound absorption 
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coefficient is proportional to the square of sound frequency as sound propagates through the bed of 

particles17. Consequently, for too high sound frequencies, most of the acoustic energy is absorbed 

by the upper part of the bed (since the sound source is located at the top of the column), whereas, 

only an attenuated sound energy reaches the bed bottom, thus failing to efficiently disrupt large 

agglomerates at the bottom of the bed and, hence, fluidization quality decreases (i.e. umf 

increases)35. On the contrary, for too low frequencies the relative motion between larger and smaller 

sub-aggregates is practically absent22,32–34. In particular, the period of the acoustic excitation is long 

with respect to the time needed for the flow of fluidizing gas to set up local channeling in the bed, 

which, after the initial perturbation, has recovered its adhesion35. 

With reference to εmf, the analysis of Figs. 2e and f shows that the application of the sound results 

in a general slight decrease of εmf with respect to the values obtained under ordinary conditions. 

This experimental evidence is in agreement with indications reported in literature on the 

compaction of the bed under sound assisted fluidization conditions22. With reference to the effect of 

SPL, its increase generally result in a reduction of εmf (Fig. 2e) due to the intensification of the 

above-mentioned compaction phenomena. In line with the results obtained for umf and dp, sound 

frequency shows a non-monotonic effect also on εmf (Fig. 2f).  

With reference to the effect of temperature, the acoustic field becomes less efficient with 

increasing temperatures until its effect becomes negligible for the highest temperature (600 °C), i.e. 

no differences were observed between ordinary and sound assisted tests. In particular, values of umf, 

dp and εmf as a functions of the bed temperature are shown in Fig. 3, in order to better highlight the 

effect of this variable on the fluidization parameters. It is clear that all the parameters increase with 

temperature under both ordinary and sound assisted fluidization conditions. The increasing trend of 

εmf is in line with several works reporting its variation with the temperature due to changes in fluid-

dynamics of the system as the temperature is increased25. On the contrary, the increasing trend of 

umf is in contrast with indications reported in literature for group A particles, for which an increase 
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in temperature results in a decrease in umf 27. As discussed in the introduction section, this behaviour 

is not expected on the basis of purely hydrodynamic considerations on the effect of temperature on 

gas viscosity and density since also IPFs are simultaneously active, and they become more and 

more intense as temperature is increased. As a matter of fact, the intensification of IPFs is 

responsible of the formation of larger fluidizing structures, i.e. higher values of dp (Figs. 3c and d) 

with increasing temperatures. In other words, the cohesiveness of the powder is enhanced at higher 

temperatures and more and more particles sticks together to form larger clusters. As a consequence, 

higher values of umf were obtained passing from 20 to 600 °C. Therefore, the growing trend of umf 

with temperature can only result from an increase of IPFs with the temperature. 

As a further confirmation of the enhanced cohesive character of the powder with the temperature, 

the difference observed between ordinary and sound assisted conditions tends to decrease increasing 

the bed temperature from 20 °C to 600 °C. At this temperature no noticeable differences were 

obtained between the test performed under ordinary and sound assisted conditions. In other words, 

the capability of the of the acoustic perturbation in hindering IPFs becomes lower and lower as the 

temperature is increased, until it eventually vanishes for bed temperature of 600 °C. In particular, as 

clearly inferable from Figs. 3c and d, even an optimal acoustic field of 150 dB – 120 Hz keeps its 

effectiveness up to 200 °C. Indeed, the break-up mechanism is actually effective only up to 200 °C, 

since the fluidizing aggregates are disrupted down to the Sauter diameter. On the contrary, for 

temperatures higher than 200 °C, the break-up mechanism becomes more and more ineffective, 

until it becomes negligible at 600 °C, at which the actual fluidizing aggregates is roughly two times 

the Sauter diameter of the powder.  

5.1.2 Group C powder – Ashes 

Fig. 4 reports the experimental trends obtained for umf, εmf and dp, under sound assisted 

fluidization conditions (at a fixed SPL of 150 dB) as a function of sound frequency (f) at the 

different investigated temperatures (20 - 800 °C). The values under ordinary fluidization conditions 
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could not be reported since no fluidization regime could be achieved without the application of any 

acoustic field since channeling and plugging phenomena were observed. In line with indications 

reported in literature22,32–34 and with the results obtained for the silica sand, sound frequency has a 

non-monotonic effect on the fluidization quality, as confirmed by the fact that the curve of dp (Fig. 

4b) and umf (Fig. 4a), as a consequence, is characterized by a minimum value at 120 Hz, i.e. the 

optimal frequency (f0
*). Even though the application of the sound makes it possible to actually 

achieve a fluidization state of the powder, not even SPLs as high as 150 dB with an optimal 

frequency of 120 Hz are capable of disrupting the particle clusters down to the average size of the 

powder (Table1). This result confirms the highly cohesive character of the tested material. 

An increase of the bed temperature causes an increase of all the fluidization parameters, umf, εmf 

and dp (Fig. 5). This is due an intensification of IPFs which makes the powder more and more 

difficult to be fluidized. As a matter of fact, the break-up mechanism, yielded by the application of 

the acoustic fields, becomes less effective as the temperature is increased: at 800 °C the actual size 

of the fluidizing clusters is roughly fifteen times the Sauter diameter of the powder. This is clearly 

shown in Fig. 5 b, in which it is evident that, whatever the sound frequency, the gap between the 

actual size of the fluidizing structures and the average size of the powder, i.e. its Sauter diameter, 

becomes larger passing from 20 to 800 °C. 

5.2 Literature correlation predictivity 

Experimental values of umf, obtained for the A and C group powders with and without the use of 

acoustic fields, were compared with values predicted by correlations available in literature 

accounting for the variation of gas density and viscosity with temperature. Ergun24, Wen and Yu36, 

and Leva26 correlations were applied using the Sauter mean diameter of the powder as particle size 

to be inserted in the equations. In particular, in the case of the Ergun equation, i.e. the only one 

requiring the knowledge of εmf, umf was calculated making two different hypotheses: i) assuming 

that εmf does not vary with the temperature, according to Pattipatti et al.29; ii) assuming that εmf is a 
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function of the temperature, according to Botterill et al.25. In the former case, a constant value, 

obtained at ambient temperature, was adopted (εmf = const.); in the latter, a different value, obtained 

from experiments, is considered for each temperature (εmf = εmf (T)). 

Figs. 6a and b reports the comparison between the predicted and experimental values of umf 

obtained for the silica sand in the tests performed under ordinary and sound assisted conditions, 

respectively.  

The analysis of the graph reported in Fig. 6a clearly shows that that the shape/magnitude of the 

experimental values of umf do not follow the shape/magnitude predicted by the literature 

correlations. In particular, the predicted values of umf are always lower than the experimental ones. 

Only when experimental values of εmf evaluated at the different temperatures are used, i.e. 

considering the dependence of εmf on temperature, predictions approaches the experimental data 

from the magnitude point of view. However, the shape, i.e. the trend, is still not right, since all 

literature correlations provide a decreasing trend of umf with temperature, even when experimental 

εmf values have been taken into account. Experimental values, on the contrary, show an increasing 

trend with the temperature, due to the enhanced cohesiveness of the powder as temperature is 

increased. Therefore, literature correlations do not provide the right trend of umf with the 

temperature, even when the “correct” εmf value is used. In general, their poor predictivity is mainly 

due to the fact that they consider implicitly negligible the effect of IPFs, which ultimately are the 

main cause of relatively high values of εmf and of the formation of aggregates capable of being 

fluidized as pseudo-particles.  

The importance of the role played by IPFs is confirmed by the fact that the application of a proper 

acoustic field (150 dB – 120 Hz) to hinder their action results in a general improvement of the 

correlations predictivity, as clearly shown in Fig. 6b. In particular, at least for temperatures lower 

than 400 °C, the values of umf appear to be well predicted by all the considered correlations. This is 

probably explained considering that the actual size of the fluidizing structures is far more similar to 
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that of the original particle distribution than in the case of ordinary fluidization tests. With reference 

the trend of umf with temperature, only the correlation taking into account that εmf = εmf (T) is 

capable of predicting an increasing trend of umf with temperature. On the whole, the predictivity of 

all the equations is enhanced, at least in terms of absolute magnitude of umf, when applied to 

experimental data from sound assisted fluidization tests; and when also the variability of εmf is taken 

into account the predictivity is good also in terms of trend. The still not perfect accuracy of the 

prediction (i.e. experimental value lower than predicted ones) is likely due to the fact that at higher 

temperatures IPFs, even though hindered by the application of an intense acoustic field, are not yet 

fully balanced. 

As regards group C powder, the correlation predictivity is always very poor, as clearly shown in 

Fig. 7, even though sound assisted conditions and dependence of εmf with temperature are 

considered. Indeed, even at ambient temperature the predicted values of umf are more than three 

times the values obtained experimentally. Since the powder in question has a strong cohesive 

character (as typical of materials belonging to the C group powders), even at low temperatures the 

acoustic field is not capable of completely balance the IPFs. This is confirmed by the fact that not 

even at ambient temperature the fluidizing aggregates are broken down to the average size of the 

granulometric distribution (Table 1). This means that the acoustic wave is only capable of partially 

hindering the cohesiveness of the material, which actually makes it possible to achieve a 

fluidization state of the powder in the form of clusters as large as seven times its Sauter diameter. 

Obviously, the beneficial effect played by the acoustic field becomes less significant with 

increasing temperatures, since the cohesiveness of the powder is strongly enhanced. As a 

consequence, fluidizing aggregates reach dimension up to fifteen times the average size of the 

powder (Table 1) at 800 °C and, therefore, a further dramatic drop can be observed in the 

predictivity of the literature correlations (Fig. 7).  

5.3 Model results 
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The cluster/subcluster model was applied for A and C group powders, in order to analyze and 

explain the experimental effect of temperature on the fluidization parameters on the basis of the 

increasing intensity of IPFs. In particular, the application of the model, which can account for 

temperature effects on both hydrodynamic and cohesive forces, make it possible to directly evaluate 

the frictional cohesive forces Fsound, thus explaining and clarifying the experimental findings also 

from a phenomenological point of view. 

The values of Fsound evaluated from the model are reported in Figs. 8a and b as a function of the 

bed temperature for A and C group powders, respectively. The values of the cohesiveness of the 

materials, Fcohes, i.e. the force that would be necessary to break the clusters down to the nominal size 

of the powders, are also reported (solid lines). It is clear that both the disaggregating force exerted 

by the applied acoustic field, which counteracts IPFs, and IPFs become larger as temperature is 

increased. This occurrence is essentially due to the combined changes in the fluidizing gas 

properties. In particular, increasing temperatures lead to a decrease of gas density and an increase of 

gas viscosity, which directly influence the drag force acting on particle clusters (Eq. 8). Indeed, 

temperature directly affects both the drag force per unit gas velocity, cds (Eq. 9), and the 

propagation of the acoustic wave in the medium. In particular, the air particle velocity, U, increases 

with increasing temperatures, thus resulting in a consequent increase of the overall velocity of gas 

impacting on clusters. However, even though increasing temperatures result in the enhancement of 

the force exerted by the acoustic field, Fsound, its actual disaggregating action becomes less effective. 

This is because the difference between the value of the force theoretically needed to fully balance 

IPFs, Fcohes, and the actual Fsound tends to increase as temperature is increased. This is because Fsound 

depends on the actual size of the fluidizing aggregates, whereas Fcohes was calculated using the 

Sauter diameter of the powder. As a consequence, Fsound tends to become lower than Fcohes with 

increasing temperatures, since at higher temperatures the acoustic field is not still capable of 

disrupting the clusters down to the Sauter diameter of the powder. Indeed, as obtained from the 
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experimental results, the average size of the fluidizing aggregates and, in turn, umf increase with 

increasing temperatures.  

With reference to the group A silica sand, it is clear that Fsound is increased with increasing values 

of SPL (Fig. 8a), thus explaining the experimental results shown in Figs. 2a and c. Indeed, 

increasing SPL from 130 to 150 dB results in a decrease of the fluidizing subcluster size, and 

therefore in a decrease of umf, since more energy is introduced inside the bed, thus making the 

break-up mechanism more efficient. Moreover, regarding the influence of temperature, Fsound is 

nearly equal to Fcohes for temperatures up to 200 °C, thus meaning that the acoustic field is actually 

effective in completely hindering IPFs, as discussed in the previous sections. On the contrary, for 

higher temperatures (> 200 °C) the difference between Fsound and Fcohes become more and more 

noticeable. This explains the loss of effectiveness of the acoustic field application which results in a 

significant increase of the fluidizing aggregate size and, consequently, umf (Figs. 3a and c). 

Likewise, regarding the group C powder (Fig. 8b), the difference between Fsound and Fcohes is 

noticeable even at ambient temperature, Fcohes being roughly threefold Fsound. This explains why 

sound assisted fluidization, even though making possible the achievement of an actual fluidization 

regime through the break-up and reaggregation mechanism of fluidizing clusters, is, however, not 

capable of disrupting these clusters down to the size of the original particles (Fig. 5b). 

 

6. Conclusions 

The effect of temperature on the fluidization of two different powders, belonging to groups A and 

C of Geldart’s classification, was studied from both an experimental and phenomenological point of 

view. In particular, the different role played by interparticle forces on fluidization of group A and C 

powders was highlighted by comparing experimental findings obtained from ordinary and sound 

assisted fluidization tests. Pressure drops and bed expansion curves were elaborated to show the 

influence of temperature on minimum fluidization velocity, size of fluidized particles and bed 
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voidage. The results obtained showed that an increase of the bed temperature causes an increase of 

all the above-mentioned fluidization parameters. 

Then, the actual predictivity at high temperature of different correlations available in literature for 

the evaluation of the minimum fluidization velocity was assessed. The results obtained showed that 

the behaviour of both group A and C powders can hardly be explained on a purely hydrodynamic 

basis, i.e. considering the sole effect of temperature on gas viscosity and density. Indeed, deviations 

of literature correlations increase with temperature for both A and C group powders, whereas 

decrease when cohesive forces are hindered (i.e. when acoustic fields are applied). 

Finally, the experimental findings were interpreted from a phenomenological point of view on the 

basis of the cluster/subcluster model. In particular, the proposed model, capable of accounting for 

temperature effects on both hydrodynamic and cohesive forces, made it possible to directly evaluate 

IPFs. Therefore, the fluidization behaviour of the powders was explained on the basis of the 

intensification of their cohesiveness with increasing temperature. 
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Figure caption  

Fig. 1. Experimental apparatus: (1) N2 cylinder; (2) flow meter; (3) mass flow controller; (4) 40mm 

ID fluidization column; (5) microphone; (6) sound guide; (7) wind-box; (8) pressure 

transducer; (9) loudspeaker; (10) stack; (11) thermocouple; (12) temperature controller; (13) 

heating jacket. 

Fig. 2. Silica Sand (A group) - Effect of SPL on (a) umf, (c) dp and (e) εmf at a fixed frequency (120 

Hz) and at different temperatures; effect of frequency on (b) umf, (d) dp and (f) εmf, at a fixed 

SPL (150 dB) and at different temperatures. 

Fig. 3. Silica Sand (A group) - Effect of temperature on (a) umf, (c) dp and (e) εmf at a fixed 

frequency (120 Hz) and at different SPLs; effect of temperature on (b) umf, (d) dp and (f) εmf, 

at a fixed SPL (150 dB) and at different frequencies. 

Fig. 4. Ashes (C group) - Effect of frequency on (a) umf, (b) dp and (c) εmf, at a fixed SPL (150 dB) 

and at different temperatures. 

Fig. 5. Ashes (C group) - Effect of temperature on (a) umf, (b) dp and (c) εmf at a fixed SPL (150 dB) 

and at different frequencies. 

Fig. 6. Silica Sand (A group) - Comparison between experimental and predicted values of umf for 

(a) ordinary and (b) sound assisted tests (150 dB – 120 Hz). 

Fig. 7. Ashes (C group) - Comparison between experimental and predicted values of umf. SPL = 150 

dB, f = 120 Hz. 

Fig. 8. Effect of temperature on the disaggregating force exerted by the sound (Fsound) and on the 

cohesiveness (Fcohes) of (a) silica sand and (b) ashes.  

Page 28 of 38

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 29 

Figures  

 

Fig. 1. Experimental apparatus: (1) N2 cylinder; (2) flow meter; (3) mass flow controller; (4) 40mm 

ID fluidization column; (5) microphone; (6) sound guide; (7) wind-box; (8) pressure transducer; (9) 

loudspeaker; (10) stack; (11) thermocouple; (12) temperature controller; (13) heating jacket. 
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Fig. 2. Silica Sand (A group) - Effect of SPL on (a) umf, (c) dp and (e) εmf at a fixed frequency (120 

Hz) and at different temperatures; effect of frequency on (b) umf, (d) dp and (f) εmf, at a fixed SPL 

(150 dB) and at different temperatures. 
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Fig. 3. Silica Sand (A group) - Effect of temperature on (a) umf, (c) dp and (e) εmf at a fixed 

frequency (120 Hz) and at different SPLs; effect of temperature on (b) umf, (d) dp and (f) εmf, at a 

fixed SPL (150 dB) and at different frequencies. 
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Fig. 4. Ashes (C group) - Effect of frequency on (a) umf, (b) dp and (c) εmf, at a fixed SPL (150 dB) 

and at different temperatures.  
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Fig. 5. Ashes (C group) - Effect of temperature on (a) umf, (b) dp and (c) εmf at a fixed SPL (150 dB) 

and at different frequencies.  
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Fig. 6. Silica Sand (A group) - Comparison between experimental and predicted values of umf for 

(a) ordinary and (b) sound assisted tests (150 dB – 120 Hz). 
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Fig. 7. Ashes (C group) - Comparison between experimental and predicted values of umf. SPL = 150 

dB, f = 120 Hz. 
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Fig. 8. Effect of temperature on the disaggregating force exerted by the sound (Fsound) and on the 

cohesiveness (Fcohes) of (a) silica sand and (b) ashes. 
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Tables 

Table 1. Properties of the tested powders. 

 Ashes Silica sand 

Particle nominal size, µm < 60 6-146 

Sauter diameter, µm 8 60 

Apparent density, kg/m3 2000 2600 

Sphericity factor, - 0.5 0.73 

Gerdart Classification C A 
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