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Abstract

Spiral jet mills utilise high-pressure gas jets, which induce particle breakage by
collisions. Appropriately angled jets force particles to circulate in dense phase near the wall
due to the centrifugal field. Moving radially inwards towards the mill centre, the two-phase
dense flow is transformed into a lean phase and fine particles are entrained out by the fluid
drag. Here we analyse the effect of grinding nozzles pressure on the particle dynamics and
fluid flow by numerical simulation. The average velocity gradient in the radial direction is very
steep for low mass loadings, indicative of rapid shearing, but it decreases significantly as the
particle mass loading is increased. The dissipated collisional energy, accountable for size
reduction, is strongly influenced by the jet penetration through the circulating bed, which in
turn depends on the mass loading and operating pressure of grinding gas nozzles. As a result
of jet penetration, the grinding gas nozzles pressure becomes less effective at high pressures.
The analysis developed here elucidates the coupled effect of mass loading and grinding nozzles

pressure on the dissipated collisional energy, which accounts for particle breakage.

Keywords: spiral jet mill, grinding gas pressure, fluid flow pattern, particle dynamics,

collisional energy, jet penetration, simulation, CFD-DEM



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

Introduction

Mechanistically simple in its design, the spiral jet mill is the equipment of choice for
many industries that process fine powders. The mill has no moving parts, as it is operated using
high pressure gas through nozzles, providing fluid energy for grinding and milling. This leads
to low maintenance effort and contamination of the final product. The grinding gas nozzles
induce an internal vortex and cause interparticle collisions. Once the material has been
sufficiently reduced in size, the drag force of the grinding fluid overcomes the centrifugal force
acting on the particles and entrains them out of the mill through a central port. Due to both
breakage and classification occurring simultaneously within the milling chamber, subtle
changes in either the particle or gas feed rates during operation can alter the flow behaviour

within the milling chamber and change the final product size.

During operation, a bed of particles forms along the outer wall of the milling chamber
under the centrifugal action that is induced by the grinding gas jets. The bed circulates in the
chamber and the particle layers along the bed depth shear against each other. It has been shown
experimentally by Luczak et al. [1] using particle velocimetry, and through coupled
Computational Fluid Dynamics — Discrete Element Method (CFD-DEM) simulations by Scott
et al. [2] that near the bed surface the particle velocity has a steep gradient causing rapid shear
straining, whilst particle layers closest to the wall travel slowly and are exposed to less
shearing. Particles are also subjected to high velocity collisions as they are ejected from the
bed by the gas jets and also upon collision with the bed surface further downstream [3].
Therefore, inside the mill particle size reduction is induced, where high shear straining and

collisions prevail near the bed surface, rather than within the bed [4].

As the pressure of the grinding gas is increased, the fluid energy available for breakage
also increases. The particles experience greater acceleration and are subjected to high impact

velocities. This could produce finer products at higher pressures [5—7], although the decrease
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in product size is not linearly proportional to the increase in pressure [8-9]. Surface flaws in a
material leads to the initial size reduction. However, as particle size decreases, their collision
energy also decreases, thereby reducing the extent of breakage [10]. Using a coupled CFD-
DEM simulation approach, Brosh et al. [11] found that when the grinding gas pressure was
decreased the size distribution of the particles leaving the mill widened. Similarly, Muller et
al. [12] found that decreasing the grinding gas pressure significantly leads to vortex instability
and poor classification. They considered 8 barg pressure to be acceptable for the operation of
their mill and solid feed rate used. They reduced the pressure to 4 barg and the result was a
poor classification, widening the product size distribution due to vortex instability, which they
monitored using piezoelectric pressure sensors. After reducing the injector nozzles pressure to
2 barg, they noted that the material travelled directly from the injector to the vortex finder.
Both Rodnianski et al. [13] and Bna et al. [14] analysed the fluid flow field as a function of
pressure. They showed that as the grinding pressure was increased the ratio of the tangential
and radial gas velocity components v/v, remained constant.. However, in Rodnianski et al. [13]
study, only CFD simulations were used to analyse the flow field, ignoring particle fluid
interactions and Bna et al. [14] used a one-way coupled CFD-DEM apporach. Unlike two-way
or higher-order coupling schemes, CFD only and one-way coupling systems cannot capture the

dampening affect of particles on the fluid flow field in such dense systems.

The pressure at which the grinding gas is supplied to the mill determines the vortex
stability and the fineness of the product. Using a four-way coupled CFD-DEM approach [15—
18] here, the fluid flow field, particle velocity distribution and particle collision intensity are
analysed as a function of the grinding gas nozzles pressure and mass loading. The focus of the
study is to understand how the grinding gas pressure affects the fluid flow field and particle

bed dynamics during operation. So, particle breakage is not addressed.



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

Methodology

The mill used for simulation is based on the design of the Hosokawa Micron AS-50
spiral jet mill, whilst using an in-house drawing made at the University of Leeds, as shown in
Figure 1. The main milling chamber is 50 mm in diameter and highlighted in red. The gas/air
injector nozzle (a) acts as a Venturi eductor, entraining the feed particles from the funnel and
and injecting them at the top of the milling chamber, somewhere at the mid radial position in
the chamber (NVB in this work the particles are directly placed in the milling chamber to save
simulation time). The pipe (b) feeds pressurised air into an annular manifold, which in turns
feeds the four grinding nozzles (c). The nozzles are equally spaced and angled at 40° with
respect to the outer wall tangent. The manifold has been included in the simulation, as it was
found by Dogbe [4] to alter the flow field within the grinding chamber when it was not present.
A special design feature of the AS-50 mill is the central classifier section. The gas is forced up
by the classifier (d) in a narrow passage almost vertically into a hemispherical chamber before
it is directed downwards by the vortex finder (e) and out of the mill and into a catch pot (f). As
mentioned above, in these simulations, no particles are introduced through the hopper section
(g). Nevertheless, the section has been included as it is important to account for the gas through

the injector nozzle and also the induced air from the feed funnel into the mill.

In total five grinding nozzles pressure settings were investigated (2, 3, 4, 5 and 6 barg)
along with the six mass loadings (0.4, 0.8, 1.2, 1.6, 2.0 and 2.4 g), for which the associated
particle number of each case is detailed in Table 1. The total time for each simulation was 0.1
s. For each mass loading, the addition rate of particles was set so that all particles were added
by 0.01 s directly into the chamber in an annular region, using the standard EDEM™ particle
generating factory. The annular region was bounded by the wall and a radial position 7.5 mm
from the wall. Placing the factory inside the mill chamber decreased the total simulation time.

Spherical particles with a base radius, r, of 100 pm and a random distribution of (0.8-1.2)xr

4
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were used. The particle bed was then allowed time to form and reach a pseudo steady-state
before any results were recorded. The time needed for the particles to achieve this state
typically took around 0.02 s. However, a further 0.04 s was allowed before any time-sensitive

data were collected.

Figure 1: An in-house made CAD drawing of Hosokawa Micron AS-50 mill.

The particle motion was calculated using EDEM™ 2019 (Altair, UK) and the fluid flow
field was resolved by ANSYS Fluent 18.1. A four-way coupling scheme was adopted to capture
the fluid-particle interactions in this study. The spherical drag model by Morsi and Alexander
[19], along with the k-e-RNG turbulence model with scalable wall functions and the ‘SIMPLE’
pressure-velocity coupling scheme for the spatial discretisation were used in Fluent 18.1. The
mesh size was based on the largest particle size (240 um) and a maximum particle-to-fluid cell
volume ratio of 40% was selected, as recommended by Norouzi et al. [18]. The particle
parameters such as the coefficient of restitution and friction are listed in Table 2, along with
the time steps used for both the fluid and particle systems. A ratio of 20 particle time steps to
1 fluid time step was adopted, as also recommended by Norouzi et al. [18]. The fluid flow field

was first resolved before the particles were added.

Table 1: Fluid pressure settings and mass loadings

Table 2: Fluid and particle properties and parameters used in the simulation

Results

The average particle velocity magnitude for each combination of mass loading and

pressure is shown in Figure 2 as a function of the radial position from the chamber wall. The
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data are collected from a slice 8d, deep in the circumferential direction at a position that is
equidistant between two nozzles, as shown in Figure 3. The data acquisition is over 300 time
steps and is limited to a distance up to 12 mm from the wall, as few particles travel radially
inward past this point. To reduce the noise in the data caused by fluctuations in the particle
velocity, a moving average approach is used. A maximum of 30 data points are chosen for

averaging when plotting the data from the wall to the bed surface.

Considering the pressure range analysed, the 2 barg and 6 barg cases have the lowest
and highest profiles, respectively, of the average particle velocity magnitude for all the
pressures investigated, as intuitively expected. The particles associated with the lowest mass
loading, i.e. 0.4 g case (blue), have the highest profile of the average particle velocity
magnitude, due to the small number of particles accelerated by the fluid. In this case the largest
particle velocity magnitude is around 13 m/s. As the mass loading is increased, the magnitude
of the particle velocity decreases. Interestingly, its gradient within the dense bed region also
decreases, as indicated by the slopes of the profiles. The bed moves more like a ‘plug’ near
the wall for large mass loadings, as the velocity gradient is very small. Beyond 10 mm towards
the centre, the particles are in a lean phase form and the profiles are unreliable as a small

number of particles are present.

Increasing the nozzles pressure to 3 barg increases the particle velocity magnitude. The
profiles depict the same overall trend as the case of 2 barg, with the 0.4 g case displaying the
largest particle velocity and the 2.0 g and 2.4 g cases showing the smallest and also overlapping.
As the mass loading is increased, the low velocity region near the wall grows and extends
further towards the centre of the mill. The bed surface in all cases is rapidly shearing as

indicated by the high velocity gradient.
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The particle velocity distributions seen in the 4, 5 and 6 barg cases follow the same
trend as the 3 barg case. An increase in the grinding nozzles pressure leads to an overall increase
of the corresponding velocity at a given radial position. Moreover, as the pressure is increased,
the velocity distributions shift notably to the right, indicating a change in the bed dynamics.
As the mass loading is increased, particularly in the cases of 1.6, 2.0 and 2.4 g loadings, the
very low velocity gradient close to the wall is indicative of lack of extensive shear straining in
the circulating bed. Such a situation does not have potential to contribute significantly to
particle milling. The velocity profiles of 2.0 and 2.4 g loadings overlap close to the wall and

indicate a ‘saturation’ state for the particle hold-up.

Figure 2: Profile of particle velocity magnitude as a function of distance from the outer wall for different holdup loadings
and pressures.

Figure 3: Construction slice used to produce particle velocity magnitude plot. Slice constructed at 45° (blue) from the nozzle

(N1) with a thickness of 8 particle diameters.

The ‘heat maps’ of fluid velocity have been plotted in Figure 4. They show a view of
the mid-plane for each resulting fluid flow field for 1.2 g of material hold-up as an example.
As the nozzles pressure is increased the fluid velocity magnitude also increases, as would be
expected. However, when examining the area that is occupied by the particle bed, the fluid
velocity there is low with little variations even for the high grinding nozzles pressures, such as
6 barg. This is because the jets penetrate through the bed and do not transfer much of their
energy to the particles. In the 2 barg and 3 barg cases, the jets dissipate before reaching the lean
phase section of the milling chamber and appear as submerged. In contrast, in the 4, 5 and 6
barg cases, the pressure is sufficiently high that the jets penetrate through the bed and eject
their momentum into the lean phase. This reduces the total energy transferred from the fluid
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to the circulating bed. Consequently, the particles closest to the wall experience little change

in velocity as the grinding nozzles pressure is increased .

Figure 4: Heat map of the fluid flow field velocity magnitude for the 1.2 g loadings at different nozzles pressures.

Once the jet has penetrated through the bed, a forced vortex prevails, followed by a free
vortex in the classifier region. The pressure heat map is shown in Error! Reference source
not found., depicting the pressure field of the 1.2 g case at 5 barg as an example. The pressure
scale colour bar is in gauge pressure and the upper limit has been clipped to 10 kPa to highlight
the gradient inside the milling chamber. This limit was placed as the pressure gradient could
not be viewed due to high pressure at the nozzles. In Figure 5, the left figure shows the pressure
field on a z-plane at mid-height position in the chamber, whilst the right figure shows its profile
on a plane encompassing the z-axis and the two opposing jets at their mid plane at 90° angle
from the x-axis. It can be seen the pressure in the milling chamber is only marginally (7 kPa)
above the atmospheric pressure, and with little gradient across the chamber. Since the jets
penetrate through the bed for the high-pressure cases (i.e. 4 barg and greater), the potential to
exchange energy with the particles in the bed is limited at this mass loading. There is a large
pressure drop in the classifier zone. The flow is accelerated in this zone, due to the constriction,
but the pressure drop is not recovered, and the air flows up over the classifier ring and proceeds

to exit the mill to atmospheric pressure.

Figure 5: Fluid pressure field for the 5 barg case with 1.2 g of mass loading. Mid-plane view (left) and x-plane view (right).

To assess how the entire particle system is affected by the increase in the gas pressure

at the grinding nozzles, the total instantaneous kinetic energy of all the particles has been
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plotted for each combination of mass loading and pressure in Figure 6. Each plot depicts the
simulations from time t = 0.0 s to t = 0.1 s. There is a sharp increase in the kinetic energy at the
beginning of each profile. This is because the particles are released at zero velocity in the mill
over the time interval up to 0.01 s (with the fluid flow already fully resolved) and are
accelerated by the fluid power. There is a noticeable peak during the acceleration phase for
high mass loadings. This is due to the random positioning of the particles when added to the
mill within the factory area. The particles are well-spaced from each other and the fluid flow
field is not dampened at the time of particle loading, giving rise to effective uptake of fluid
energy by the particles. Once the particles form a circulating bed along the outer wall, they

travel in a region of dampened fluid and their kinetic energy approaches an asymptotic value.

Starting with the 2 barg case, there are some initial variations in the kinetic energy
amongst the mass loadings, but they all reach a single asymptotic value at long times. The same
also roughly holds for all mass loadings in the 3 barg case. This is highly remarkable, as
irrespective of the mass loading, the particle system reaches the same asymptotic level for the
given nozzles pressure. At low nozzles pressures the particles kinetic energy varies inversely
with mass loading. This trend is related to the grinding nozzles jet being submerged in the
circulating bed. At higher pressures, i.e., in the 4, 5 and 6 barg cases, there is some disparity in
the kinetic energy of the particle system, accompanied by fluctuations, as the mass loading is
increased. The difference in the trends between the low (2 and 3 barg) and high (4-6 barg)
pressure cases suggests a change in the particle dynamics due to jet penetration. For the low-
pressure cases, the jets are submerged in the bed, and therefore, a higher fraction of the fluid
input energy is exchanged with the particles before the air passes into the lean phase section of
the mill. In contrast, in the high-pressure cases, the jets penetrate through the bed and therefore
a smaller fraction of the input energy is exchanged with the bed particles. Consequently, the

asymptotic value of the kinetic energy decreases as the mass loading is increased up to 1.6 g
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(albeit with fluctuations). Beyond this mass loading, the trend reverses as the jets can no longer
penetrate through the moving bed into the lean phase, and hence the energy is transferred more
readily into the bed. This can be viewed most clearly in the 6 barg case. The kinetic energy
decreases as the mass is increased from 0.4 g to 1.6 g, and then increases at 2.0 g and again at
2.4 g. Nonetheless, in the simulations here, the kinetic energy of the system increases roughly
proportionally from 5 mJ to 14 mJ, as the pressure is increased from 2 to 6 bar for the 1.2 g
case. However, it is the collisional energy rather than the total kinetic energy of the particles in
the mill that is accountable for size reduction. The change in the jet penetration trend from the
submerged mode to the case of penetrating the moving bed undoubtedly influences the overall

energy utilised by the particle system.

The dissipated collisional energy is shown in Figure 7 for the mass loading of 1.2 g as
an example. This is calculated as the difference between the incident and rebound kinetic
energy of each particle summed up over the total number of particles. Interestingly, there is
little increase in the dissipated energy as the pressure is increased from 5 to 6 barg. This is in
line with observations of Ramanujam and Venkateswarlu [8] and Kiirten & Rumpf [9], who
noted that increasing the pressure does not lead to a proportional decrease in product size, as

in fact, the fluid energy is under-utilised by the particle system.

Figure 6: Kinetic energy of the particle system for each combination of mass loading and pressure.

Figure 7: Total instantaneous dissipated kinetic energy through collisions from time 0.07 s to 0.1 s for the 1.2 g mass
loading

A spatial map of the dissipated energy is shown in Figure 8: Cumulative dissipated energy recorded over 0.03 s for the 1.2 g
mass loading for each pressure case

10
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, based on the data of Figure 7. Each spatial map depicts the cumulative dissipated
energy over the final 0.03 s of the simulation. The high velocity particles expelled by the jets
create a square boundary around the outer region of the lean phase. The shape is due to the fact
that no particle is capable of reaching the classifier ring due to their size, as their own inertia
carries them back to the chamber wall. The shape of the lean region is also not symmetrical,
due to the position of the feed pipe, providing additional air into the mill at high fluid velocity.
Interestingly, although the pressure is increased from 2 to 6 barg, there are areas of the bed that
show almost no change in the dissipated energy. This observation further advocates the idea
that the mechanical energy exchange of the fluid (air in this case) with the particles becomes
more limited as the pressure is increased. Areas where the particles come into direct contact
with the high-velocity fluid field, i.e. in front of the injector gas nozzles or along the bed face,
show an increase in energy transfer. However, areas close to the wall and inside the bed, show

little increase in the energy transfer because the air bypasses the bed through jet penetration.

Figure 8: Cumulative dissipated energy recorded over 0.03 s for the 1.2 g mass loading for each pressure case

To explore the dependence of the accumulated particle kinetic energy and dissipated energy,
as determined above, on the grinding fluid power (W), the latter is calculated from the pressure

drop across each nozzle and the mass flux, given by equation (1) by Tilton [20].

_ Y My, My
G= P"\/ RT, (14+22M3)7+D/2(-1) (D
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where G is the mass flux, P, and T, are the upstream pressure and temperature, respectively.
M,, is the molecular weight of the gas, R is the gas constant, M; is the Mach number and y is
the ratio of the specific heat capacities at constant pressure and constant volume. The results
are given in Figures 9 and 10 for the kinetic energy and dissipated energy, respectively. As the
mass loading is increased from 0.4 g to 1.6 g, the kinetic energy of the system first decreases,
and then it increases for higher loadings. This is because the jets are no longer able to penetrate

through the bed, thus resulting in a change in particle dynamics.

Figure 9: Average particle system kinetic energy (mJ) for each mass loading as a function of the calculated grinding nozzle
fluid power (W)

The dissipated energy per particle for the entire simulation time for the two cases of 1.2 g and
2.4 g is shown as a function of grinding fluid power in Figure 10. The particles in the 1.2 g
loading case consistently dissipate more energy through collisions than in the 2.4 g case, even
though they have the same system kinetic energy, as shown in Figure 9. Once again, the particle
dynamics within the mill changes once the jets become submerged. The sudden change in the
trend in the 1.2 g case is for the same reason as can be seen in Figure 7, i.e., the jets are

penetrating the bed and the fluid leaving the mill without transferring energy to the particles.

Figure 10: Average particle dissipated kinetic energy (mJ) lost through particle collisions as a function of the calculated
power supplied by the grinding jets (W)

Conclusions

Using a four-way coupled DEM-CFD simulation methodology, the particle dynamics
and fluid motion in a spiral jet mill (Hosokawa Micron AS-50) were analysed for four grinding
gas nozzles pressure cases (2, 3, 4, 5 and 6 barg) and six mass loadings of 0.4, 0.8, 1.2, 1.6, 2.0
and 2.4 g. In each pressure case, the mass loading was varied and the patterns of particle
dynamics and fluid flow were analysed. It is shown that the average particle velocity increases

as the pressure of the grinding gas nozzles is increased. However, at large mass loadings of 1.6,
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2.0 and 2.4 g, the particles nearest the wall are not affected much by the pressure increase and
their velocity gradient is small. There is a large decrease in the average particle velocity at high
mass loadings, as the jets become submerged. In this case, the particles are not ejected at high

velocity into the lean phase of the milling chamber.

The dissipated collisional energy, accountable for size reduction, is strongly influenced
by the particle dynamics associated with the jet penetration. Depending on the mass loading
and operating gas nozzles pressure, the jets can penetrate through the moving bed. In this
situation rapid shearing occurs near the bed surface and particles experience high velocity
collisions, promoting milling. When the jets are submerged, shearing is reduced and the
average particle velocity decreases. This change in the particles dynamics leads to a decrease

in the dissipated energy, despite the kinetic energy remaining constant.
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Figure 11: An in-house made CAD drawing of Hosokawa Micron AS-50 mill; (a) injector nozzle, (b) grinding air supply, (c)
grinding nozzles, (d) classifier ring, (e) vortex inductor, (f) mill exit and (g) hopper entrance.
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Figure 12: Profile of particle velocity magnitude as a function of distance from the outer wall for different holdup loadings

and pressures.
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Figure 13: Construction slice used to produce particle velocity magnitude plot. Slice constructed at 45° (blue) from the

nozzle (N1) with a thickness of 8 particle diameters.
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Figure 14: Heat map of fluid flow field velocity magnitude (m/s) ptots for the 1.2 g loadings at different given pressures.
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Figure 16: Kinetic energy of the particle system for each combination of mass loading and pressure.
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Figure 17: Total instantaneous dissipated kinetic energy through collisions from time 0.07 s to 0.1 s for the 1.2 g mass
loading
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Table 3: Fluid pressure settings and mass loadings

Feed Gas Injector Nozzle 3 4 5 6 7
Pressure (barg)
Grinding Gas Nozzles 2 3 4 5 6
Pressure (barg)
Mass Loading(g) Particle number
0.4 61857 61869 61701 61884 61822
0.8 123684 | 123481 123467 123404 123535
1.2 184576 | 184958 184796 184763 184596
1.6 246368 | 246025 246248 245892 245779
2.0 310191 | 308539 307964 307393 307675
2.4 383380 | 373565 371522 371471 370853
Table 4: Fluid and particle properties and parameters used in the simulation
Phase Parameter Value
Fluid Viscosity, Pa/s 0.000018
Fluid time step, ps 8-20
Minimum edge length (particles present), pm 630
Minimum edge length (no particles present), um 400
Particle Radius (um) 100
Density, kg/m? 1500
Size distribution 0.8-r-1.2
Shear modulus, MPa 10
Poisson’s ratio 0.25
Coefficient of restitution 0.5
Coefficient of static friction 0.5
Coefficient of rolling friction 0.01
DEM time step, us 0.4-1.0
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