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ABSTRACT 

Particle breakage during dry dispersion for particle sizing is of concern, yet little work 
has been carried out on its quantitative analysis. An integrated experimental and CFD 
modelling work has been carried out to study the breakage of a weak and friable powder 
in a Scirocco disperser at various nozzle pressures. Spray-dried burkeite powder is used 
as a model test material. The breakage of particles is analysed using Malvern Mastersizer 
2000. The extent of breakage as a function of particle size and impact velocity is obtained 
by carrying out controlled breakage tests using the single particle impact test device 
available in our laboratory. The impact velocity of particles in the disperser at various 
pressures is evaluated by Eulerian-Lagrangian CFD simulation of the air flow in the unit. 
Particles of different sizes are found to accelerate to different velocities and break to 
different extents. Particle breakage is noticeable even at the lowest nozzle pressure.  A 
remarkable unification of breakage data may be obtained when the relative change in the 
surface area for different particle sizes is expressed as a function of the dimensionless 
breakage propensity group, 考, based on the impact velocity in the Scirocco, obtained from 
the CFD simulation. 
 

KEYWORDS: particle breakage study; CFD modelling; scirocco disperser modelling. 

1. INTRODUCTION  

A large number of products in various industries are handled and/or produced in particulate 
form. Particle size analysis forms an integral feature of feed and product characterisation, 
ensuring consistency in product attributes and process performance. This is done by a wide 
variety of techniques, giving different measures of particle size. Currently, the most common 
method of particle sizing is by laser light diffraction. This can be done by either wet or dry 
dispersion. For the former the particles are suspended in a liquid, taking appropriate measures 
for full dispersion. For the latter, they are dispersed by an air jet in a Venturi eductor 
configuration, such as the Scirocco disperser used by Malvern Mastersizer 2000 and the 
Rodos disperser used by Sympatec Helos. The particles are entrained into an air jet, 
accelerated and impacted on or slid along the container walls, causing them to disperse to 
individual entities, ready for sizing by laser diffraction. For fine and cohesive powders the 
dispersion/collision energy may be inadequate for dispersion and some clusters may survive. 
A review of the dispersion methods used in the laser diffraction technique is given by Calvert 
et al. [1]. Recently Calvert et al. [2] investigated the dispersion of cohesive powders and 
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related the dispersion efficiency to the powder flowability as described by the cohesive 
powder flow function.  

In contrast, for weak and friable powders, the wall 
collisions may lead to undesirable particle breakage, 
adversely affecting particle sizing. Figure 1 is a schematic 
diagram of the Scirocco disperser unit of the Malvern 
Mastersizer 2000 laser diffraction system. In a Scirocco 
disperser, a high pressure air is supplied to the air inlet 
(port 2), which results in a high velocity jet of air at the 
nozzle tip. The particles are slowly fed to the top inlet of 
the disperser (port 1) and get rapidly accelerated as they 
interact with the high velocity air jet stream. The 
dispersion of particles takes place as they impacts at the 
elbow. The dispersed particles exit from the outlet (port 3) 
and are presented to the laser light for laser diffraction 
measurements.  

Particle strength therefore plays an important role in the reliability of particle size analysis. 
Extensive studies have been carried out on particle impact by various researchers for the 
effect of impact energy on the breakage behaviour of particles. Lecoq et al. [3] designed an 
experimental air-jet mill to study the breakage of particles of a wide range of materials by 
impacting them on a target at a certain velocity. The experiments were performed in a very 
dilute regime to minimise particle-particle interactions. The impact behaviour of particles was 
determined by analysing the size distribution of the impacted particles, obtained by sieving. 
Dumas et al. [4] studied the impact breakage behaviour of precipitated silica granules by 
carrying out impact tests. The granules were accelerated using a Venturi system and were 
impacted against a wall. The particle size distribution (PSD) curves after the impact were 
determined by laser diffraction in Malvern Mastersizer to give information on the 
fragmentation mechanisms. Lecoq et al. [5] applied the model by Vogel and Peukert [6] in an 
air-jet mill to determine the particle grindability parameter. A master-curve was obtained for 
different materials unifying the data, when the particle grindability parameter was plotted as a 
function of another parameter characterising the supplied kinetic energy to the materials. 
Rozinblat et al. [7] carried out experiments in a new horizontal impact breakage device for 
development and validation of breakage models. The impact velocity of the particles 
accelerated by the air stream was obtained with a high speed digital camera. Correlations were 
developed for the breakage probability and breakage kernel as a function of the impact 
velocity and initial particle size. There is also extensive literature on the breakage and attrition 
of particles in high-velocity air jets in which particle-particle collisions are the main 
mechanisms of particle breakage, e.g. Forsythe and Hertwig [8], Gwyn [9], Ghadiri et al. [10], 
Ghadiri and Boerefijn [11], Boerefijn et al. [12], Bentham et al. [13], Dumas et al. [4], Xiao 
et al. [14] and Zhang et al. [15]. 

For the breakage of weak and friable particles there is little quantitative work on the extent of 
breakage as a function of the nozzle pressure for these dispersers, although there is full 
awareness and concern about particle breakage during dispersion. Therefore we address this 
issue here by a combination of experimental impact breakage work on a weak spray-dried 
powder and modelling of the particle trajectory and hence impact velocity as a function of the 
nozzle pressure. Three dimensional multiphase Computational Fluid Dynamic simulations of 
the Scirocco disperser are carried out to analyse the air flow field, following which particle 
trajectories and impact velocities are calculated using Eulerian-Lagrangian approach. These 

 
Figure 1.  Schematic of Scirocco 

disperser 
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calculations are then used in the estimation of the breakage propensity parameter. The extent 
of breakage and change in the surface area are then related to the breakage propensity 
parameter.  

2. METHODOLOGY  

Spray-dried burkeite particles are used as the model test particles as they are highly porous 
and friable and hence prone to undergo attrition even under gentle handling. Burkeite is a co-
crystal of sodium sulphate and sodium carbonate, and it has the general form 
Na4SO4(CO3)t(SO4)1-t. The particles of interest in this work have been produced by spray-
drying of a slurry of the mixture of two salts [16]. The external shape and internal structure of 
the particles are shown in the scanning electron micrographs in Figure 2. The breakage of 
these particles is analysed using the Scirocco dispersion unit and the Malvern Mastersizer 
2000 particle size analyser. Different pressures are applied to the nozzle of Scirocco to 
provide vacuum to entrain the particles into the device. The particles are accelerated by the air 
flow and impact on an L-bend and are then presented to the laser light for particle size 
measurement by the laser diffraction method. 

 

Figure 2. Scanning Electron Microscopy (SEM) images of burkeite showing (a): external shape; (b): internal 
structure; (c): clusters inside one single particle; (d): crystalline structure of the clusters 

The ongoing parallel work indicates structural differences and hence density variations as a 
function of particle size for spray-dried burkeite. Therefore in order to delineate the effect of 
particle size and density, it is necessary to use as narrow size distribution as possible and also 
measure the particle density for each particle size. In order to do this, near-mesh size particles 
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have been prepared by manually sieving the particles and retrieving only those caught in the 
mesh opening of the sieve by gentle brushing. The experimental work has been carried out on 
six near-mesh sizes: 212, 250, 500, 600, 850, 1000 µm. A sufficient quantity of particles is 
prepared in this way and fed to the Scirocco disperser to get the required obscuration (4 to 
8%) for the laser light diffraction. The experiments are carried out at five different nozzle 
pressures 100, 150, 200, 250 and 300 kPa (corresponding to 1, 1.5, 2, 2.5 and 3 barg) in order 
to analyse the shift in the particle size distribution as a function of the impact velocity. The 
particle size distribution is measured by laser diffraction using Mastersizer 2000 and the 
specific surface areas (SSA) of the dispersed and broken particles are then calculated, based 
on the particle size distribution and density. In order to calculate the shift in the SSA of the 
particles as they go through the Scirocco, the SSA of the feed particles needs also to be 
measured. This is done using Malvern’s Spraytec laser diffraction analyser by gently pouring 
the particles under gravity to its measurement zone. Under such condition little breakage takes 
place and hence the SSA of the feed can be determined. The characteristics sizes d10, d50 and 
d90 of the feed particle size distribution and the associated SSA (calculated) are given in 
Tables 1 and 2, respectively. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The results of the volume percentage distribution as a function of particle size for the nozzle 
pressures of 300 kPa are shown in Figure 3 as an example. The characteristic sizes d10, d50 and 
d90 of the PSD for the nozzle pressures used in this work are summarised in Table 1. As the 
nozzle pressure is increased the PSD is shifted to the left indicating particle breakage. At high 
pressures the particles disintegrate into the constituting crystal aggregates forming the spray-
dried particles, hence roughly similar debris sizes are obtained for all particle sizes. At the 
lowest nozzle pressure the trend is not monotonous as the particles undergo fragmentation, 
and the fragment size depends on feed particle size, and in turn on the impact velocity, as well 
as the structure. 
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Figure 3. Particle size distribution for different near-mesh particle sizes at 300 kPa nozzle pressure 

 
 
 

Table 1. The characteristics sizes d10, d50 and d90 of the particle size distribution of the feed particles 
(given by Spraytec) and of the broken particles (given by Mastersizer 2000) in µm for different nozzle 

pressures given 
 

Size (µm) 212  250  500  600  850  1000  

Pressure 
(kPa) 

d10 

 
d50 

 
d90 

 
d10 

 
d50 

 
d90 

 
d10 

 
d50 

 
d90 

 
d10 

 
d50 

 
d90 

 
d10 

 
d50 

 
d90 

 
d10 

 
d50 

 
d90 

 

Feed 180 228 288 215 282 374 385 530 718 440 584 757 464 628 801 527 1014 1105 

100 35 107 308 34 91 239 39 94 235 44 120 284 45 126 353 43 127 355 

150 30 94 269 30 91 270 39 88 205 43 93 239 43 105 309 44 110 316 

200 21 82 208 22 78 205 34 78 178 37 84 205 40 97 275 39 104 309 

250 17 79 203 21 74 179 29 75 158 34 79 178 33 88 236 38 95 275 

300 14 71 178 15 71 157 22 71 157 30 75 157 34 82 206 33 87 233 

 

In the Scirocco disperser, particles accelerate to different velocities before impact, depending 
on particle size and density, and due to the short acceleration length downstream of the nozzle 
they never reach their ultimate velocity. Therefore the analysis of particle breakage in 
Scirocco requires information on the impact velocity and the extent of breakage as a function 
of particle size and impact velocity. This can be obtained using the particle impact test device 
[17] available in our laboratory. For this purpose impact breakage tests are carried out on the 
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above near-mesh sizes at velocities of 2, 3, 4, 6, 8, 11, 14 and 18 m/s. The results are 
expressed in terms of the extent of breakage, R*, given by: 迎茅 噺 陳匂賑陳尿袋 陳匂賑 抜 などどガ                   (1) 

where 兼鳥勅 and 兼陳 are the mass of debris and mother particles, respectively. The extent of 
breakage is based on the mass fraction of debris passing two standard sieve sizes below the 
feed lower sieve size. The results are shown in Figure 4, where R* is plotted as a function of 
the particle impact velocity. It is observed that at some impact velocities the larger particle 
sizes break less than smaller particles; however, the breakage trends are too close to each 
other. It is generally expected that the extent of breakage increases with particle size and 
velocity. So the anomalous behaviour is attributed to the structural differences as a function of 
size, giving rise to envelope density variations, as shown by the X-ray microtomography 
results. 

 

Figure 4. Extent of breakage, R*, for different near-mesh size particles as a function of impact velocity 
 
For the semi-brittle mode of failure, the extent of breakage is analysed following the model of 
Ghadiri and Zhang [18], where the extent of breakage follows a square of velocity 
relationship: 迎茅 噺 糠考 噺 糠 諦帖張懲迩鉄 撃態 噺 系貢経撃態                                                                                        (2) 

where D is a linear dimension of the particle, g is the proportionalitty factor, V is the impact 
velocity and と is the envelope density of particles, 計頂 is the fracture toughness, and H is the 
hardness of the particles.  さ is a dimensionless group representing the breakage propensity of 
materials with a semi-brittle failure mode. The parameter C (gH/Kc

2) represents the 
mechanical properties of the particle that are responsible for plastic deformation and fracture 
toughness in a lumped parameter format, as otherwise they need to be measured 
independently, which is difficult for small particles and high strain rates. It should be noted 
that the same trend in terms of dependence on particle impact velocity and size is expected for 
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the brittle failure mode based on the work of Vogel and Peukert [6]. So if the extent of 
breakage is plotted as a function of とDV2 a unification of the data is expected for impact 
velocities in the chipping regime and for different particle sizes with the slope of the line 
giving the parameter C, provided the variation of density with particle size is taken into 
account and the mechanical properties are independent of particle size. For this purpose the 
envelope density of the near-mesh size particles has been measured by X-ray 
microtomography. Using the estimated density (899, 1077, 1181, 1273, 1382 and 1339 kg/m3 
for particle sizes 212, 250, 500, 600, 850 and 1000 たm), the extent of breakage R* is plotted as 
a function of とDV2 in Figure 5. It should be noted that large values of R* correspond to 
extensive breakage due to fragmentation and they have not been taken into account in the 
analysis presented in Figure 5, because only the slope of the line in the chipping regime (low 
values of R*) represents the lumped parameter C. Clearly a unification of data is achieved for 
a wide range of particle sizes and impact velocities, and interestingly there is a minimum 
value of とDV2 below which impacts produce little or no chipping. Above this value a linear 
trend is observed and the best linear regression fit is given in the figure. This information can 
now be used to interpret the particle breakage in the Scirocco disperser by taking into account 
the particle impact velocity obtained from the CFD calculations as a function of particle size 
and density and the lumped parameter C, representing the mechanical properties responsible 
for breakage.   
 

 

Figure 5. Extent of breakage as a function とDV2 with the slope representing gH/Kc
2, showing data 

unification 

The specific surface area, SSA, of the feed particles as well as the broken particles are derived 
from the PSD and envelope density of the particles, given by Mastersizer 2000 as a function 
of nozzle pressure is given in Table 2. The SSA0 was measured by Spraytec. 

 

Table 2. The SSA of the feed particles (SSA0) and broken particles for different near-mesh particle 
sizes at different nozzle pressures 
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(kPa) (µm) (µm) (µm) (µm) (µm) (µm) 

Spraytec Feed 29.76 20.19 9.91 8.30 5.27 4.68 
M
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0
0

0 100 109.22 97.02 75.59 57.99 51.57 53.58 
150 138.31 114.88 85.35 74.08 60.37 61.21 
200 176.23 148.49 112.81 95.68 70.68 66.32 
250 197.31 157.28 128.35 109.55 94.13 83.57 
300 227.63 182.45 143.97 119.93 98.87 92.83 

4. CFD MODELLING  

4.1 Continuous Phase 

The continuous phase is air and its flow is modelled using the time-averaged form of the 
continuity and Navier-Stokes equations [19]. The turbulence is modelled using the Reynolds 
stress turbulence model as this model gives a better prediction of fluid velocity profiles in 
flows involving sudden expansion and in the case of a jet of fluid stream impacting the wall, 
compared to the eddy viscosity based models. The modelling of flow near the wall is carried 
out using standard wall functions with smooth wall (zero surface roughness) assumption. The 
air is considered to be compressible as the density of the air is expected to vary significantly 
due to large variations in pressure particularly at higher pressures. The steady state 
assumption is used for the modelling of the continuous phase. 

4.2 Discrete Phase 

The discrete phase comprises spheres injected from the top of the disperser. The coupling 
between the air and particles is one-way, i.e. the air flow influences the trajectories of the 
particles, but the momentum exerted by the particles on the gas phase is ignored. This 
assumption is valid for particulate flows which are very lean as in the case of Scirocco 
disperser. The particle trajectory is computed by solving the equation of motion of particles 
considering the drag, gravitational and buoyancy forces. A widely used spherical drag law 
proposed by Morsi and Alexander [20] is used for the calculation of drag coefficient. The 
dispersion of particles due to turbulence is taken into account by enabling the discrete random 
walk model [21]. The impact of particles on the wall, particularly on the elbow of the 
disperser, may cause particle breakage, but this is not considered in the model, as the focus is 
on the incident velocity of the first impact, being the largest velocity of any particles going 
through the disperser. The restitution coefficient (defined as the ratio between the particle 
rebound velocity after the wall impact and the incident velocity) is assumed to be 0.5 for all 
the particle sizes considered. 

5. MODEL APPLICATION  

5.1 Computational Details, Numerical Solution Method and Initialisation 

The meshing of the disperser was carried out using Gambit [22]. The selected mesh 
comprised 4.1×105 primarily tetrahedral cells. The conservation equations for the continuous 
and discrete phases are solved using the commercial CFD software Fluent v. 12 for 
compressible flows [21]. For the inlet boundary condition, pressure inlet is specified at the 
inlet face of the air inlet with values varying for different cases. Pressure outlet with a value 
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of 0 barg is specified at the outlet face. To enable entrainment of air from the top of the 
disperser, where the particles are introduced, a pressure boundary condition is specified at the 
top with a value of 0 barg. For the turbulence boundary conditions, a turbulence intensity of 
5% at the corresponding faces along with its diameter is specified.  

The pressure-velocity coupling is carried out using PISO scheme [23]; for pressure 
interpolation, PRESTO! scheme [24] is used. The convective terms are discretised using the 
second-order upwind discretisation scheme. The convergence criteria for the continuity, 
momentum and Reynolds stresses were specified as 1×10-4. The simulation was allowed to 
run until the required level of convergence was met, which was the case for air inlet pressure 
up to 2.5 barg. At an air inlet pressure of 3 barg the residuals did not reach the required 
tolerance limit, in this case the simulation was considered to be converged when the level of 
residuals did not reduce any further after reaching a certain level. 

To assess the influence of increasing inlet air pressure on the air velocity profiles and the 
changes in the predicted particle trajectories, the air pressures considered were 1, 1.5, 2, 2.5 
and 3 barg. The simulation cases were named Case 1 to Case 2 for two extreme cases of 100 
and 300 kPa. The particle trajectories were calculated in this study. The particle density was 
varied from 1100 to 1300 kg/m3, typical of spray-dried burkeite, and the corresponding 
changes in the impact velocities were quantified. The particle sizes corresponding to sieve 
sizes 212, 250, 500, 600, 850 and 1000 µm were used, i.e the same as those of the 
experiments. To obtain statistically representative impact velocity of particles, for each size 
200 particles were introduced from a central circular area (10 mm diameter) at the powder 
inlet face with an initial velocity of 0 m/s into a converged air flow field. The resulting impact 
velocity of each particle at the elbow was squared and averaged to get the average velocity 
squared as needed for the calculation of the breakage propensity. 

6. MODELLING RESULTS AND DISCUSSION 

A plot of contours of the magnitude of air velocity profiles at inlet air pressures of 100 and 
300 kPa is given in Figure 6. At all pressures, a jet of air is observed at the nozzle tip. The 
maximum air velocity is at the neck expansion region. As the jet expands further downstream, 
the air velocity reduces. The jet does not impinge on to the bend section of the disperser in all 
the inlet pressures considered. The inlet air pressure significantly influences the maximum 
velocity of air in the disperser.  
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Figure 6. Air velocity profiles inside the Scirocco disperser at 100 and 300 kPa inlet air pressures 
 
The maximum air velocity, Vair, at the nozzle tip is 240, 335, 403, 462, 497 and 522 m/s for 
the nozzle pressures of 100, 150, 200, 250 and 300 kPa, respectively (1, 1.5, 2, 2.5 and 3 
barg). At higher pressures, the slope of the line decreases because the air becomes highly 
compressible and does not obey the linearly increasing relationship. 

 
The particle trajectory calculations were carried out considering particle envelope densities of 
1100, 1200 and 1300 kg/m3. The resulting average impact velocities of particles of different 
densities were found to increase with decreasing particle densities with a maximum difference 
of 7% in the predicted impact velocities. The difference in the impact velocity with varying 
density is not significantly large, hence the results of particles with a density of 1200 kg/m3 
are presented.  

Figure 7 is a plot of the average impact velocity as a function of the inlet air pressure. For a 
given pressure, the smaller particles have a higher impact velocity as compared to the larger 
particles; this is because the smaller particles have a lower inertia due to smaller mass and get 
accelerated quicker by the air near the nozzle tip. The highest impact velocity of the smallest 
particle is at the largest inlet air pressure (about 84 m/s), which is about 6.5 times smaller than 
the maximum air velocity at the nozzle tip at 300 kPa (3 barg). The average impact velocity of 
particles increases for all particle sizes with increasing inlet air pressure. The difference in the 
average impact velocity of the smallest and the largest particle sizes also increases with 
increasing inlet air pressure. The trend of increasing the impact velocity with increasing 
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pressure is nearly linear at pressures up to 1.5 barg; however at higher pressures it appears to 
be reaching a plateau. 

 

 

 

Figure 7. Burkeite particles impact velocities as a function of pressure with a density of 1200 kg/m3
 

Figure 8 is a plot of trajectories of particles of two sizes inside the disperser for an inlet air 
pressure of 100 kPa (1 barg). The trajectories are coloured by the velocity magnitude. The 
particles fall down initially due to gravity and entrainment of air. They then spread in the top 
conical region and get accelerated quickly in the neck of the disperser and hit the elbow. After 
hitting the elbow, the particles bounce back and exhibit multiple collisions with the wall and 
eventually exit the disperser from the outlet. Smaller particles get more dispersed in the top 
conical region of the disperser compared to larger particles as the smaller particles have lower 
inertia. For the same reason, smaller particles have a higher velocity near the nozzle tip and 
eventually hit the wall with a greater impacting velocity compared to larger particles. 
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Figure 8. Particle trajectories of burkeite particles of different sizes at 100 kPa (1 barg) inlet pressure. 

7. BREAKAGE PROPENSITY OF BURKEITE PARTICLES  

The dimensionless group representing the breakage propensity, さ, given by equation (2),  is 
calculated using the particle impact velocity obtained from CFD. The SSAo of the feed 
particles measured by the Spraytec is given in Table 2 and is used to calculate the relative 
shift in the SSA, i.e. 〉SSA/SSAo. The envelope densities of the particles before the test, 貢陳, 
and after the test, 貢鳥, are measured by the above-mentioned method. The average size of the 
mother particles, 穴陳, is given by Spraytec, and the average size of debris, 穴鳥, is given by 
Malvern Mastersizer 2000. The volume-based projected area diameter at random orientation 
for these nominal sizes, as given by QICPIC (Sympatec, Germany), are 246, 277, 571, 680, 
976 and 1197 µm, respectively. This measure of size has been used to calculate さ.  Equation 2 
is  based on mass, where the fraction of broken mass (i.e. the extent of breakage as 
determined by gravimeteric analysis) is related to さ [18].  In order to apply this equation to 
particle breakage in Scirocco, the mass-based extent of breakage has to be converted to 
surface area ratio.  This is given by Equation 3, resulting in additional size and density ratios 
as shown below: 
 諦匂鳥匂諦尿鳥尿 抜 蔦聴聴凋聴聴凋ソ 噺 糠考                                                                                                                    (3) 
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The results of the surface area ratio, as measured by laser diffraction in Mastersizer 2000, are 

now plotted as a function of 糠考岫諦尿鳥尿諦匂鳥匂 岻 in Figure 9.  A remarkable unification of data is 

obtained for all particle sizes and impact velocities.  It remains to be seen how universal this 
approach can be by applying it to a wide range of materials.  If successful it actually provides 
a very simple but powerful way to analyse the impact breakage propensity and hence 
grindability of particulate solids. 
 
 
 
 

 
 
 

Figure 9. Relative change in the specific surface area as a function of 糠考岫貢兼穴兼貢穴穴穴 岻   
8. CONCLUSIONS 

Particles of different sizes accelerate to different velocities in the Scirocco disperser and break 
to different extents.  For spray-dried burkeite particles, even the lowest nozzle pressure causes 
notable particle breakage. By characterising their breakage propensity by single particle 
impact testing and evaluating their impact velocity by CFD, it is found that a remarkable 
unification of breakage data may be obtained when the relative change in the surface area for 
different particle sizes is expressed as a function of the dimensionless group representing the 
breakage propensity, さ, based on the impact velocity in the Scirocco, obtained from the CFD 
simulations. 
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