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a  b  s  t  r  a  c  t

In this work we present a method to investigate the fluid-dynamics of a 3D, real-scale spiral

jet  mill when caking is occurring. CFD simulations are employed to deeply study the pressure

and the velocity fields of the gas phase when the nozzles inlet pressure and the chamber

diameter are varied to mimic the condition generated by the aggregates formation during

the micronizaton process. The computational model is built replicating the experimental

observation consisting in the fact that most of the crusts form on the outer wall of the

chamber. Simulations underline that caking causes the deterioration of the classification

capabilities of the system if the gas mass flow rate is kept constant at nozzles, allowing larger

particles for escaping the system. It is shown that it is possible to mitigate this phenomenon

by  gradually reducing the gas mass-flow rate to keep constant the nozzles absolute pressure.

This keeps unchanged the fluid spin ratio and the classification characteristics when caking

is  advancing.
Caking influence on the flow field © 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical

Engineers. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction

Spiral jet milling (SJM) is a widely used industrial process able to reduce

in size solid particles without the usage of any mechanical or mov-

ing part. The application fields of this technology are different, ranging

from the micronization of pigments or mineral materials to the produc-

tion of APIs (Active Pharmaceutical Ingredients) for the pharmaceutical

industry (Midoux et al.,1999).

The absence of mechanical components in relative motion avoids

powders contamination and leads to the possibility of obtaining highly
pure and very fine particles with a narrow particle size distribution

∗ Corresponding author at: Department of Innovative Technologies, SU
Lugano, Switzerland.

E-mail address: carmine.sabia@supsi.ch (C. Sabia).
https://doi.org/10.1016/j.cherd.2021.07.031
0263-8762/© 2021 The Author(s). Published by Elsevier B.V. on behalf of
under  the CC BY-NC-ND license (http://creativecommons.org/licenses/
(PSD). Pharmaceutical active substances are micronized to achieve

selected sizes, to increase specific surface area which enhances their

dissolution rate, to maximize drug bioavailability and to dry powders

from solvents used during the crystallization process (Nakach et al.,

2019). SJM is often added at the end of a separation process (such

as crystallization or freeze-drying) to tailor and homogenize the PSD

(Adali et al., 2020).

1.1. SJM working principle
PSI, Polo universitario Lugano – Campus Est, Via la Santa 1, 6962

Spiral jet mills are systems in which a high-speed gas flow is used to

mill solid particles (see schematic in Fig. 1). Raw powders, with usu-
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Nomenclature

Latin letters
a,b � model parameters
At Throat section [m2]
cp Specific heat at constant pressure [J kg−1 K−1]
C� 0.09, k–ε model coefficient
C1;C1,ε;C2; C3,ε model coefficients
d Diameter [m]
dcut Cut size diameter [m]
D Generic characteristic length [m]
e Specific internal energy [J kg−1]
h Specific enthalpy [J kg−1]
I Unity tensor
k  Turbulent kinetic energy [m2 s−2]/specific heat

ratio
L Generic length [m]
m Mass [kg]
ṁ Mass flow-rate [kg s−1]
p Pressure [Pa]
Pb Generation of turbulent kinetic energy due to

buoyancy [kg m−1 s−3]
PK Generation of turbulent kinetic energy due to

mean velocity gradients [kg m−1 s−3]
R Gas constant [J kg−1 K−1]
S Deformation strain-rate tensor [s−1]
t Time [s]
tp Particle residence time [s]
T Temperature [K]
v Velocity vector [m s−1]
v′ Velocity fluctuation vector [m s−1]
v Generic velocity component [m s−1]
V Volume [m3]
xi,xj Generic spatial coordinate [m]
y Generic distance [m]
y+ Dimensionless wall distance
YM Fluctuating dilatations term [kg m−1 s−3]

Greek letters
˛  Phase volume fraction
� Blending function for velocity profile
ε Turbulent kinetic energy dissipation rate [m2

s−3]
� Interparticle distance parameter
� Thermal conductivity [W m−1 K−1]
�t Turbulent thermal conductivity [W m−1 K−1]
� Dynamic viscosity [Pa s]
�t Turbulent molecular viscosity [Pa s]
� Kinematic viscosity [m2 s−1]
� Mass density [kg m−3]
	 Turbulent Prandtl number

 Generic shear stress [Pa]

Subscript
abs Absolute
crit Critical
f Fluid phase
g Gas phase
k Related to turbulent kinetic energy (k-equation)
lam Laminar
n Normalized
p Particle
r Radial

ref Reference
t Turbulent
ε Related to turbulent kinetic energy dissipation

rate (ε-equation)
� Tangential
0 Total quantities

Superscript
+ Related to the universal velocity profile (non

dimensional distance and velocity)
T Transpose

Non-dimensional groups
Cd Drag coefficient
Ma Mach  number
Rep Particles Reynolds number
Rey Wall distance based turbulent Reynolds num-

ber
spin ratio Spin ratio defined as the ratio between the

radial “r” and tangential “�” velocities
Stk Stokes number
ally a mean particle/crystal size of 300–700 �m and a solid feed rate

of 0.5–300 kg/h (Midoux et al., 1999), are entrained into a gas flow and

injected into a cylindrical volume called “grinding chamber”. In the

latter, a high-speed dry air or nitrogen flow is guaranteed by a variable

number of nozzles (from 4 to 12, depending on the mill dimensions).

The position and the orientation of the nozzles (showed as angle  ̌ of

Fig. 1a) are set to establish a vigorous swirled flow within the cham-

ber. The gas gathers and moves the particles, accelerating and making

them collide, striking one against the other and impacting the cham-

ber walls. The impacts induce mechanical stresses on powder crystals,

ending in fragmentation and breakage. The particles size reduction is

usually controlled by changing the solid feed rate and the so-called

grinding pressure, that is the pressure at the nozzles inlets. The latter

is set depending on the particular powder milled and it usually ranges

from 4 to 12 bar[g].

Spiral jet mills are built in two variants, according to the position of

the powder feeder: the first has the feeder located tangentially to the

milling chamber (Fig. 1b, top), the second has the feeder located with an

inclination on the upper plate of the micronization chamber (Fig. 1b,

bottom). To the best of the authors knowledge, there are no studies

in the literature in which the effects of these different approaches has

been investigated to assess which has the best comminution efficiency.

Solid particles classification (which governs the PSD in the outlet

stream) is determined by the balance between drag and centrifugal

forces experienced by the particles, and thus by the radial and tan-

gential components of the velocity and particle size/mass. Centrifugal

forces direct the larger particles to the outer periphery and away from

the mill outlet, while drag forces dominate for finest particles that are

carried out of the mill with the spent gas.

1.2. The caking problem and the “cut size” concept

A well-known problem affecting APIs micronization is the so-called

caking, i.e.,  the formation of large rigid aggregates that stick on the spi-

ral jet mill walls reducing the useful volume of the grinding chamber.

Caking modifies the flow field affecting the classification and the out-

let PSD making difficult to match the target requirements set at the

beginning of the grinding process. Crusts formation is strongly influ-

enced by the micronized substance and the operating conditions. In

some cases, the size of the aggregates increases in time and reaches

a steady-state, as a result of the balance between the caking buildup

and erosion forces exerted by the swirled flow field, in many others the
apparatus gets chocked. As a consequence, the micronization activ-

ity must be regularly stopped for cleaning the jet mill, reducing the
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Fig. 1 – Spiral jet milling working principle and system schematic.

iame
Fig. 2 – Sever caking case and chamber d

effective production time. Moreover, crusts cannot be considered as a

micronized product and reduce the process yield. This loss, along with

the high cost of APIs (up to hundreds of thousands USD per kilogram),

makes caking doubly detrimental from an economic point of view.

Because of its importance, caking was investigated in scientific lit-

erature. Van der Waals and electrostatic interactions as well as the

presence of residual humidity have been identified as the main driving

forces behind agglomeration (Zafar et al., 2017; Chen et al., 2018).

Carpin et al. (2017a,b) underlined that impurities and powder PSD

have a strong influence on agglomeration. It was found that the higher

is the particles specific area, the higher is the clustering tendency,

meaning that fines have an important effect in generating crusts. It

was also shown that the quantity of impurities, especially in humid

environments, plays a major role in defining aggregates since they

enhance the moisture sorption and water merges powders because of

inter-particle bindings. The same findings were described by Listiohadi

et al. (2008) while conducting investigations on storage experiments

for polymorph lactose. The authors found relevant caking for all the

lactose types at almost any relative humidity tested except for anhy-

drous �-lactose. Caking strength and stiffness were found to change

significantly depending on the type of polymorph analyzed. Hardest

cakes were obtained for anhydrous �- and spray-dried lactose that

formed rigid structures apparently induced by partial fusion between
crystals.
ter reduction, courtesy of Jetpharma SA.

More in general, Hartmann and Palzer (2011) found that amorphous

powders are prone to form clusters, discovering that the aggregates

rigidity can be qualitatively linked to the sinter bridge diameter.

The caking of both crystal and amorphous powders was investi-

gated in the work of Chen et al. (2019), who underlined that particles

start aggregating mainly because of water (humidity) independently on

the amount of crystal phase. Other important factors were reported to

be the PSD and the particles shape.

Although studied in general, the caking mechanism for APIs was

not extensively investigated and few examples are nowadays available

in scientific literature.

Sowa et al. (2017) studied the possibility of improving the powder

processability by working on the crystallization process of the granules.

The authors found that the quantity of aggregates formed increased

significantly with time, requiring the process stop to clean the appa-

ratus. Brosh et al. (2014) attributed the sticky behavior of comminuted

particles to Van der Walls forces and added their contribution to their

Computational Fluid Dynamics – Discrete Element Method (CFD-DEM)

simulation model availing of the work proposed by Kalman et al. (2009).

The inclusion of the attractive interactions increased the agreement

between simulation and experimental data. Among the factors affect-

ing powder aggregation, Brunaugh and Smyth (2018) suggested that

the amount of fines is one of the most important parameters promot-
ing particles clustering and confirmed that electrostatics interaction

due to Van der Waals forces favorite caking during spiral jet milling.
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A representative example of severe caking is depicted in Fig. 2:

ggregates with thickness ranging between 10 and 20 mm develop

n the chamber periphery, while the crusts reach remarkably larger

imensions in the powder feeder proximity. The image clearly shows

ow particles agglomeration reduces the grinding chamber effective

iameter and internal volume.

A mechanistic understanding of the influence of gas and solid flow

n caking and vice versa is currently hindered by the challenging acqui-

ition of experimental data; the effective application of sensors inside

he chamber is difficult and can perturb the flow field, affecting the reli-

bility of the measurement (Ma et al., 2001). On top of that, the involved

hysics are far from trivial, since they include fluid–solid interactions

n a compressible, transonic (locally even supersonic) flow field. Fur-

hermore, caking effects cannot easily measured even just correlating

SD values and agglomerates volume, because the latter is not known

uring the process. An evidence of this correlation can be inferred

odeling the “cut size” concept. The latter is defined as the parti-

le size for which the inertial forces on particles are balanced, i.e., a

easure of which particle stays in and which particle goes out the

et mill. This approach requires to evaluate radial and tangential com-

onents of the gas flow velocity. MacDonald et al. (2016) developed a

odel for computing cut size as a function of geometrical and process

arameters, gas thermodynamic properties and empirically-derived

onstants. However, many system-dependent parameters must be

etermined experimentally, potentially affecting the systematic and

ractical application of this model. It is important to notice that in a

illing process affected by caking, these properties, and probably even

he constants, would vary with time.

These arguments explain the absence of rigorous studies and the

ifficulties in predicting the outlet PSD (even without relevant caking

henomena). This scarcity of information leads to trial and error-based

pproaches, resulting in numerous, expensive and time-consuming

ests (Bnà et al., 2020). The lack of a detailed picture of the involved

henomena and their synergic effects constitutes an obstacle to a more

ational mill design and to the development of new effective solutions

o avoid or dampen the attainment of caking.

.3. CFD modelling of the spiral jet milling process

n this scenario, the application of modeling tools like Computational

luid Dynamics (CFD) constitutes an effective way to obtain those

nsights that could not be experimentally accessible, since they allow

etermining the flow field in every point of the grinding chamber, also

ccounting for the presence of a solid phase.

This approach has been widely used in the literature; Rodnianski

t al. (2013) performed single-phase CFD simulation on a real-scale 3D

piral jet mill with twelve nozzles to obtain average flow fields and

eveloped a classification equation based upon an analytic force model

hile the particles cut size was defined through experiments.

A recent work of Bnà et al. (2020) proposed a CFD-DEM approach

ith a soft gas–solid coupling in which the single-phase flow field

nside a spiral jet mill was simulated via CFD and then used as frozen

elocity field to transport particles with a Lagrangian approach. Col-

ision frequency and energy for particles of different diameters were

valuated. The authors showed that it is possible to design a numerical

ethod to simultaneously simulate discrete objects with two or three

rders of magnitude difference in size in a reasonable time, by working

ith equivalent particles and keeping constant the product of parti-

les diameter and density. Bnà and coworkers underlined the need of

onsidering the phase mutual influence between the gas and the solid

hases (4-way coupling), to keep track of the hold-up effects and their

nfluence on particle-particle and particle-wall collisions.

Dogbe et al. (2017) used CFD-DEM approaches to numerically study

he energy transfer between the carrier fluid and the particles, under-

ying how the collisions type is mainly constituted by particle-wall

mpacts for low particulate loading and by inter-particle interactions
hen the average volume fraction increases. The authors did not give

ny particular information on the primary phase flow characteristics
within the jet mill, but states that particle-particle collisions are the

predominant mechanism in size reduction events.

The absence of a direct experimental validation in these works cor-

roborates the challenges related to a robust acquisition of experimental

data; nevertheless, simulations provide a better understanding of the

involved phenomena and constitute a first step towards the develop-

ment of guidelines for a rational (and not trial-and-error-driven) mill

design.

On the other hand, this approach has some limitations: CFD-DEM

simulations are computationally intensive and currently do not allow

simulating an industrial-scale process in a reasonable time. In addition,

the inclusion of appropriate constitutive laws that describe parti-

cle breakage provides additional modeling and numerical challenges

(Higashitani et al., 2020).

It was however proven in different works that precious information

on the fate of the solid particles can be gained by simpler single-phase

approaches (Boccardo et al., 2014, 2015, 2018, 2019; Crevacore et al.,

2016, 2017; Icardi et al., 2014) in which the focus is on the continuous

fluid (gaseous in this case) phase.

1.4. Work objective

This constitutes the starting point for this work, which aims at inves-

tigating the impact of caking on the gas flow field (and thus on

classification and outlet PSD) by means of single-phase CFD simula-

tions. In more detail, caking is accounted for by progressively reducing

the grinding chamber diameter to mimic particles clustering on periph-

eral walls.

2.  Spiral  jet  milling  via  Computational
Fluid  Dynamics

2.1.  Fluid-dynamics  model  description

The spiral jet mill fluid-dynamics model is calculated solving
the Reynolds-Averaged Navier–Stokes (RANS) Equations dis-
cretized through the Finite Volume Method of ANSYS Fluent.

The single-phase flow field in an inertial reference frame
with no gravity effects can be described through a set of partial
differential equation of the form (Batchelor, 2000):

∂�

∂t
+ ∇ · (�v) = 0; (1)

∂ (�v)
∂t

+ ∇ · (�vv) = −∇p + ∇ · ( 
) . (2)

The stress tensor � is:

� = �[(∇v + ∇vT) − 2
3

(∇ · v)I]; (3)

where v is the 3D velocity vector, p is the pressure, � is the
molecular dynamic viscosity and I is the unity tensor.

The enthalpy (h = e + p
� + v2

2 ) equation is solved to con-
sider gas compressibility effects, together with the ideal gas
equation of state:

∂�
(
h + v2/2

)
∂t

+ ∇ ·
[
�v ·

(
h + v2

2

)]
= ∂p

∂t
+ ∇ · ( 
 · v)

+ ∇ ·
[

(� + �t)
cp

· ∇h
]

; (4)
� = p

RT
; (5)
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where h is the specific enthalpy, � is density, � is the molecular
thermal conductivity, �t is the turbulent thermal conductivity,
R is the gas constant and T is the temperature.

The turbulence nature of the flow is accounted for through
the k − ε realizable model (Shih et al., 1994):

∂ (�k)
∂t

+  ∇ · (�kv) =  ∇ ·
[(
� + �t

	k

)
∇k

]
+ Pk + Pb − �ε − YM; (6)

∂ (�ε)
∂t

+ ∇ · (�εv) =  ∇ ·
[(
� + �t

	ε

)
∇ε

]
+ �C1Sε − �C2

ε2

k + √
�ε

+ C1ε
ε

k
C3εPb; (7)

where k is the turbulent kinetic energy, ε is the turbulent
kinetic energy dissipation rate, �t is the turbulent viscosity,
	k and 	ε are the turbulent Prandtl number for k and ε respec-
tively. Pk represents the generation of turbulent kinetic energy
due to mean velocity gradients while Pb is the generation of k

due to buoyancy. YM is due to fluctuating dilatations in ε while
C1, C2, C1ε and C3ε are model constants.

Reynolds stresses are computed through the turbulent vis-
cosity concept and they are related to the fluid-flow mean
velocity gradients availing of the Boussinesq approximation
(Versteeg and Malalasekera, 2007), described by Eq. (8):

− ¯�v’
iv

’
j = �t

(
∂vi

∂xj
+ ∂vj

∂xi

)
− 2

3

(
�kıij

)
. (8)

Near-wall modeling is employed through the two-layer
approach firstly proposed by Kader (1981); in which a con-
tinuous law obtained from the blending between the linear
(laminar) and logarithmic (turbulent) functions is used to
describe the whole velocity profile near the wall:

v+ = e� v+
lam + e1/� v+

t . (9)

The wall-distance based turbulent Reynolds number
defines the domain validity regions of the relations:

Rey ≡ �y
√
k

�
; (10)

where y is the first cell-center distance while v+ is the dimen-
sionless velocity. � represents the blending function and has
the form:

� = − a(y+)4

1 + by+ ; (11)

with y+ equal to the dimensionless wall distance and a and b
equal to model parameters.

2.2.  Particles  dynamics

Although the present study does not deal with the simulation
of the particles motion, its comprehension and preliminary
discussion is mandatory to understand which flow properties
influence the solids trajectory and to correctly analyze single-
phase simulations data.

In spiral jet mills, the particles position is determined by
a force balance in which the competitive effects of radial and

tangential components of velocity induce drag and centrifugal
forces (see Fig. 3). A certain slip between the particles and the
fluid velocities is established with a magnitude that is function
of the object inertia (diameter and density), as showed by an
early work of Konno and Saito (Rodnianski et al., 2013; Konno
and Saito, 1969).

The quantity of solid particles that is instantaneously
present within the grinding chamber is called mass hold-up
and essentially defines the spatial-average particulate load-
ing. The mass-hold up mp,h is related to powder feed-rate ṁp

and the average resident time tp of particles (usually 10/15 s up
to more  than 100 s as showed by Mueller et al., 1996) inside the
grinding chamber, reaching usual values of 5–30 g of powders
(Bnà et al., 2020):

mp,h = ṁp · tp. (12)

The higher is the mass hold-up, the lower is the average
inter-particles distance, with collisions that become more  fre-
quent when the solid feed-rate is augmented.

The ratio between solid and gas volume fraction � gives the
relative volume of particles with respect to the carrier phase:

� = ˛p

˛g
= ˛p

1 − ˛p
; (13)

where ˛p is the average solid phase volume fraction expressed
as:

˛p = V̇p

V̇p + V̇g
= Vp

Vp + Vg
. (14)

The inter-particles (non-dimensional) distance L/dp can be
estimated availing of parameter �, through the relation (Crowe
et al., 2012):

L
dp

=
(



6
· 1 + �

�

)1/3
. (15)

When the local ˛p approaches 10−2 or larger values, the
particles motion can influence the gas flow field and the
inter-particles collisions may change significantly the particle
trajectory.

Eq. (15) clearly shows that increasing the solid volume frac-
tion results in an increase in the volume fraction ratio � that
causes a reduction on the inter-particle distance. Averaged
quantities obtained from pure mass-flow analysis usually pre-
dict a dilute flow condition, with L/dp ranging between 15 and
30.

The knowledge of the single-phase gas flow field is impor-
tant to understand the particles driving force origin and the
gas velocity maps in regions expected to have dilute concen-
trations. A certain quantity of the particles moving within the
grinding chamber, indeed, aggregates on walls (Sowa et al.,
2017) while the remaining part is more  or less evenly dis-
tributed in the micronization volume. The latter can be used to
compute the “average” volume fraction associated to particles
that are not clustered and that are actually moving.

If the process takes place in a 200 mm spiral jet mill and 10
g of solid phase with a density of 1300 kg/m3 are assumed to
move within the chamber, it is possible to compute an average
particulate loading ranging between 5 × 10−3 and 10 × 10−3,
making reasonable the assumption of having a dilute flow
condition (i.e., the solid particles do not influence the fluid
flow).
The tendency of a particle to follow the fluid stream is
strongly dependent on a non-dimensional group called Stokes
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Fig. 3 – Schematic of the forces acting on a particle moving in a spiral jet mill chamber. Forces acting on a particle of mass
mp moving inside a spiral jet mill in the particular case of forces equal in value (FD = FC) are shown. The scheme is referred
to the condition of particle radial velocity equal to zero, implying that the rotating object is moving over a circular trajectory
of constant radius r. The blue arrows marked as v� (tangential velocity) and vr (radial velocity) serve to depict the fluid flow
v

n
t
fl

S

w
t
t
a
j
e
n
a
a
t
o
1
p
r
m
s

p
t
b
d
o
g
l
e

elocity components which the particle is subjected to.

umber that represents the ratio between the characteristic
ime of particles or droplets to the characteristic time of the
uid that moves them:

tk =
�p d2

p v0

18 �g D
; (16)

here �p is the particle density, dp is the particle diame-
er, v0 is the fluid velocity far away from the particle, �g is
he dynamic viscosity of the fluid surrounding the particle
nd D is a meaningful characteristic length that for spiral
et milling is usually the grinding chamber radius or diam-
ter (Zhang et al., 2006). For Stk � 1 the particles inertia is
egligible if compared to body forces exerted by the fluid
nd they strictly follow the primary phase streamlines. If Stk
pproaches or exceeds the unity (Stk ≈ 1 or Stk > 1), then par-
icles can detach from the carrier fluid. Bnà reports a four
rder of magnitude Stk number variation from 10−3 (dp =

 �m, particles following the gas flow) to 101 (dp = 100 �m,
articles moving with their own inertia), indicating that its
ange within the spiral jet mill can be wide and the particles

otion typology in the chamber can vary a lot from side to
ide.

In order to understand which flow properties influence the
articles classification, that is the conditions for which par-
icles can leave the grinding chamber because their orbits
ecomes smaller than the classifier radius, it is useful to
erive a simplified relation able to define the cut-size thresh-
ld. Assuming that particles are so small to be moved by the
as without having any relative velocity with respect to the

atter (Stk � 1) and that the solid volume fraction is small
nough to have infrequent particle–particle collisions (dilute
flow, L/dp > 20), an analytical expression can be derived as
follow (Bnà et al., 2020):

dcut = 3
8

dpCd
�f

�p

(
vr

v�

)2
; (17)

where dp is the particle diameter, Cd is the drag coefficient, �f
is the fluid (gas) density and �p is the particle density. Density
and velocities vary non-negligibly near nozzles due to the sud-
den gas expansion and achieve their maximum in the region
near nozzles themselves, just inside the chamber.

Eq. (17) also shows that the ratio between the radial (vr) and
the tangential (v�) fluid velocity components plays a major role
in defining the classification capabilities of the system. For this
reason, it is convenient to define a non-dimensional group,
named spin ratio (as defined by Rodnianski et al., 2013), and
to carefully study its variation within the chambers:

spin ratio = v�
vr
. (18)

2.3.  Insights  on  particles  fracture  mechanics

Pharmaceutical particles can undergo three different breakage
mechanisms consisting in simple breakage, fragmentation
and chipping (Salman et al., 2004), usually exhibiting a brittle
or semi-brittle behavior. In general, their response to external
forces is usually dependent on their diameter. Indeed, it has
been shown that there is a particular size, called critical diam-
eter (dcrit), for which the particles behavior changes: small
particles tend to deform without breaking, while for larger
particles with size bigger than dcrit the impact energy causes
fragmentation usually without any plastic deformation (Rowe
and Roberts, 1995).
The critical diameter strongly depends on the substance
under consideration as well as mechanical properties such
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Fig. 4 – Simplified spiral jet mill computational domain.

i

ing place, in which the gas usage does not vary during the
as elastic modulus, indentation hardness and fracture tough-
ness.

As example, Ibuprofen is reported to have dcrit = 125 −
355 �m (Rowe and Roberts, 1995) while the Paracetamol one
is about 7 �m (Shariare et al., 2012). If the collision energy is
not enough to cause breakage, particles can be bounced back
accumulating residual stresses that weaken bonds and make
more  likely the fragmentation at the subsequent impact. This
mechanism is known as fatigue.

3.  Simulation  model  and  numerical  details

3.1.  Model  description  and  boundary  conditions

3.1.1.  Jet  mill  geometry,  partitioning  and  caking  mimic
strategy
The simplified 3D computational domain consists in the fluid
volume of a real-scale spiral jet mill that maintains all the
most important features of the real geometry.

The geometry is composed by a cylindrical grinding cham-
ber that hosts 8 constant square cross-section nozzles (Fig. 4).
The powder feeder is bent by an angle  ̨ with respect to the
chamber upper plate. The latter is connected to an outlet cylin-
der that allows for particles and process gas exiting. Geometry
data cannot be shared because of confidentiality reasons; all
dimensions are scaled with respect to a reference one.

Assuming that much of the crusts grow takes place on the
outer wall of Fig. 1, caking is imitated by gradually reducing the
chamber diameter to decrease the useful volume and simulate
the particles clustering on walls to reproduce the condition
depicted by Fig. 2. It can be observed from experiments that, in
many micronization processes, the thickness of the aggregates
sticking on the spiral jet mill walls does not exceed the 20% of
the chamber diameter. This guided the computational domain
generation and the chamber reduction strategy.

Fig. 5 shows that the geometry was designed to allow
domain partitioning to build four different jet mills, named
with f1 to f4. The four jet mills have a decreasing external
diameter with a step equal to 7.5% passing from 100% (ref-
erence geometry, f1) to 77.5% (f4). Diameter f1 is taken as
reference.

3.1.2.  Experimental  data  for  boundary  conditions
The fluid flow is composed by standard air whose main prop-

erties are reported in Table 5 of Appendix B.
The determination of proper boundary conditions for the
jet mill nozzles is a difficult task. In fact, in spiral jet milling,
properties can be usually measured where the gas flow is con-
trolled, i.e. close to regulation valves and discharge points,
and their evaluation is usually not possible inside the milling
chamber.

Therefore, gauge pressure, temperature and volumetric
flow rates were gathered during jet mill real operations and
then manipulated to compute the gas mass-flow rate and to
define local inlet boundary conditions. In particular, the sonic
condition was exploited to apply an analytical expression at
the nozzle inlets based upon the following assumptions:

i 1-dimensional and steady-state flow, due to the fact that
the gas characteristics change evolving along the nozzle
direction, with no time-evolution effects;

ii adiabatic flow, considering minor thermal exchange effects
due to the rapid variations in flow properties;

ii negligible friction, since the flow can be considered inviscid
due to the high-velocity;

iv ideal gas, since air at those pressure and temperature con-
ditions behaves like and ideal gas.

In these assumptions, the mass flow rate can be evalu-
ated from nozzles chocking conditions, i.e.,  by the following
expression (Cengel and Cimbala, 2006):

ṁ = p0 · At

[
k

R · T0

(
2

k + 1

) k+1
k−1

] 1
2

, (19)

that basically states that the mass-flow is controlled by the
throat area of the nozzles At and the total upstream quantities
T0 and p0. The gas characteristics also play a role, through the
values k and R that are the heat capacity ratio and the gas
constant, respectively. In this work, the carrier phase is air and
no other gases were accounted for. The influence of different
carrier phases on the process can be eventually found in the
PhD thesis of Bartholomäus (2018).

The spiral jet mill analyzed in this study has eight grind-
ing nozzles and one powder feeder that is served by another
nozzle with a larger throat section. The solution of Eq. (19)
gives the mass-flow rate passing through each grinding noz-
zle, and its multiplication by eight reports the total grinding
gas mass per unit time. The total air consumption measured
by experiments is then used to compute the air mass flow rate
passing through the Venturi tube of the powder feed. The fluid
at inlets is assumed to be at the stagnation temperature T0. As
reported by Table 1, the simulations of all four mill geometries
are conducted for two different operating conditions:

• i: constant absolute pressure @ nozzles inlet while the
chamber diameter is reduced by 7.5% (f1 = 100% to f4 = 77.5%)

• ii: constant gas mass flow rate @ nozzles inlet while the
chamber diameter is reduced by 7.5% (f1 = 100% to f4 = 77.5%)

Case 01 in Table 1 is taken as reference case and its
mass-flow rate and absolute pressure conditions, originally
computed starting from experimental data, are used to define
BCs for the other simulations, according to condition i or ii.

Condition ii is intended to simulate the usual operating
regime experienced by a spiral jet mill with severe caking tak-
process and its mass-flow rate is kept constant despite the
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Fig. 5 – Detail of geometry splitting for chambers construction.

Table 1 – Simulations IDs and associated chamber dimensions/op. conditions.

Sim. name Chamber Op. condition mfrin/mfrin,ref pabs,in/pabs,in,ref

01 f1 i/ii 1.00 1.00 Chamber:
02 f2 i 0.90 1.00 f1: chamber of radius 1 (largest)
03 f3 i 0.84 1.00 f2: chamber of radius 2
04 f4 i 0.78 1.00 f3: chamber of radius 3
05 f2 ii 1.00 1.11 f4: chamber of radius 4 (smallest)
06 f3 ii 1.00 1.19 Op. condition:
07 f4 ii 1.00 1.27 i absolute pressure @ nozzles = constant

ii mass-flow rate @ nozzles = constant
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rusts growth (increase in the absolute pressure by 9–11%).
ondition i is used to test the effect that a reduction of the
as mass flow rate at inlets of 6–10% has on the fluid veloc-
ties when the diameter is reducing (caking is taking place),

ith the aim of maintaining constant the chamber absolute
ressure and tune the velocities components.

Plots of Fig. 6 graphically represent the non-dimensional
bsolute pressure ratio (a) and non-dimensional inlet mass-
ow ratio (b) between the actual value and the reference one
s function of the mill chamber dimension and the operating
ondition.

.2.  Numerical  solution

he CFD code used in this work is the commercial software
luent by ANSYS (ANSYS, Inc, 2017).

The gas expansion through nozzles causes high velocities
ithin them and the swirled streamlines inside the chamber

auses the Mach  Number (hereafter defined as Ma number) to
vercome 0.3 in many  regions. At these velocities the gas den-
ity becomes a strong function of temperature and pressure.
n order to account for compressibility effects, air is assumed
o behave like an ideal gas while the dynamic viscosity is kept
onstant to air standard value, since the extremely turbulent
ature of the flow makes the eddy viscosity be predominant
y orders of magnitude with respect to the molecular one.

In order to provide stability and robustness to the solu-
ion, the Pressure-Based Coupled Solver is used to solve
eynolds-Averaged Navier-Stokes equations (RANS). The
ressure-correction and momentum equations are treated in

 single step while the remaining relations (energy and turbu-
ence model equations) are solved in a segregated manner.

As previously mentioned, turbulence was modeled through

he two-equations k − ε realizable model built upon the isen-
ropic eddy viscosity approximation (Shih et al., 1994).
A two-layers law-at-the wall model is used to switch
between the actual computation of the velocity profile till
the first cell center (y+ ≈ 1) and the usage of wall-functions
(y+ > 30).

Gradients are discretized using the Green–Gauss Node-
Based method (Barth and Jespersen, 2021) to obtain high-
accuracy evaluations also for skewed cells. In order to well
describe the pressure variation through nozzles and where the
sudden expansions take place, pressure is interpolated at cell
faces using momentum equation coefficients as described by
Rhie and Chow (1983). Spatial discretization for momentum,
energy and turbulent balances is obtained by the second-
order upwind scheme, built upon the formalism proposed by
Barth and Jespersen, ensuring drastic accuracy improvements
with respect to first-order schemes even for mesh zones with
abrupt changes in cell size and orientation.

Only steady-state solutions are investigated since the anal-
ysis is not aimed at studying the whole temporal dynamics of
the system.

Pseudo-Transient Under-Relaxation (Kelley and Keyes,
1998) is used to implicitly under-relax transport equations and
improve the convergence behavior by applying an artificial
time-stepping.

The pseudo time-step is automatically computed by the
solver according to the flow velocities inside the computa-
tional domain. A complete list of simulation numerical and
physical settings, as well as the gas flow properties, is given in
Tables 4 and 5 of Appendix B.

3.3.  Analysis  methodology

The analysis is conducted comparing the results, in terms
of radial and tangential velocity components, over radial

domain-crossing lines, as depicted by Fig. 7b. The sampling
objects are built over the ix-plane and allows for collecting
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Fig. 6 – Non-dimensional absolute pressure ratio (a) and non-dimensional mass-flow rate ratio (b) between the actual and
the reference value (01) of the property for the four chambers (f1–f4) and the two operating conditions (i,ii) analyzed.

Fig. 7 – Schematic of inspection

Table 2 – Mesh sensitivity analysis detail.

Chamber Nozzles cell-center wall
distance

y + max v max

[m] [–] [m/s]

f1 8.3e-05 600 604.74
f1-finer 2.1e-05 220 608.87

two grids, visible in the left part of Fig. 8, are completely com-
data over five different lines in the radial direction and eight
different lines along the chamber height. Relevant properties
are also analyzed along the nozzles direction for the different
chambers, in order to understand how the expansion of the
carrier phase evolves when different geometries are used.

The analysis is completed by evaluating the dimension-
less absolute pressure ratio and dimensionless density ratio
defined as:

pn = pabs
pabs,ref

, (20)

� = �
. (21)
n

�ref
 lines for analysis results.

Data is scaled on purpose for confidentiality reasons. Pedix
ref is used to identify average nozzles inlet properties of 01
case (f1, i/ii) used as reference.

3.4.  Computational  grids  construction  and  mesh
sensitivity  analysis

The structured/paved computational grids were built in
ANSYS Meshing following a multi-block approach. Elements
were aligned with the flow direction in order to properly
describe the rapid gradients variations in the flow properties.

The computational meshes have been evaluated control-
ling the mill maximum velocity with respect to the wall y+

(Table 2) and analyzing the dimensionless absolute pressure
ratio, the static temperature and the Ma number variation
along nozzles (Fig. 8) in the proximity of nozzle 5.

Two mesh with a much different grid spacing have been
studied. The coarse mesh has a maximum y+ at nozzles walls
of 600 while the fine one has a dimensionless wall distance
always smaller than 220. The velocity maps obtained for the
parable. The position and the shape of the supersonic plume
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Fig. 8 – Contours of velocity magnitude (left) and properties variation along 0–1 segment (right) for Nozzle 5 in simulation 01
(
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i/ii), fine and coarse grids.

re exactly the same while the difference in the maximum
elocity reached is less than 0.65%.

The dimensionless absolute pressure ratio, static temper-
ture and Ma  number evolution along nozzle 5 are depicted
y Fig. 8. Data show that there is no appreciable variation
etween the coarse (dots) and the fine (dashed line) grid.
he fine grid predicts a slightly larger expansion of the fluid
ow, showing a reduction of 6% in static temperature and an

ncrease of 33% of the Ma  number.
The variation is limited to the last part of the super-

onic plum (between coordinate 0.39 and 0.93 of the
on-dimensional segment 0 → 1) and seems to affect a very

ocalized region of the domain only.
Moreover, there is evidence (Bnà et al., 2020) that the pres-

ure drop between inlets and outlet is well-predicted either
ith the fine or coarse mesh. Because of these results, together
ith the agreement between pressure predictions obtained
ith the coarse and the fine grid of Fig. 8, as well as the better

onvergence behavior obtained with the coarse one, the latter
s then used as proper computational grid for the simulations
nd all the results presented hereafter are obtained with it.
etails about the computational grids used can be found in
able 3 of Appendix A.

.  Results  and  discussion

ig. 9 reports the dimensionless absolute pressure (a), static
emperature (b), dimensionless density (c) and velocity magni-
ude (d) contour plots inside the grinding chamber f1. Images
how an annular region of high velocity flow that moves
round the chamber in proximity of nozzles. Pressure, density
nd temperature contours show that, apart from expansion
egions downstream nozzles (detailed in the same figure),
here is no abrupt properties variation within the chamber.
he velocity maps (d) of Fig. 9 shows that the comminution

hamber has an internal region in which the velocity is about
20–150 m s−1 and another one (previously called “annular
region”) in which the velocity is in average between 150 and
250 m s−1.

Contours of Fig. 9 also show that the outer zones have low
pressure. Most of the temperature and density variations are
localized into mill parts where larger expansions take place.
The supersonic jets coming from nozzles appear to be deviated
by the air flow already rotating inside the chamber. Plumes
disappear washed out by the large volume flow rate passing
through the jet mill. This behavior is also confirmed by pre-
vious observations made in earlier works (Bnà et al., 2020;
MacDonald, 2007).

Fig. 10a depicts the streamlines generated by the flow com-
ing from nozzles. As it can be seen the gas moves slowly from
the outer part to the inner part of the grinding chamber, with-
out an efficient mixing with gas entered by the powder feeder
(Fig. 10b). Fig. 10b also shows that the air coming from the
powder feeder remains segregated within the inner part of
the chamber, located in the upper semi-half of the grinding
volume. Due to this particular flow pattern drawn by the fluid
coming from the powder feeder, it is clear that the classifier
height (hc of Fig. 1b) plays a major role in determining the cut
size and therefore the classification capacities of the system.
Its presence, indeed, constitutes a barrier and prevents the
direct exit of fresh air that gathers the raw powders, allowing
for keeping particles inside the comminution chamber to be
grinded.

Fig. 11 shows the evolution of velocity magnitude contours
and dimensionless absolute pressure, static temperature and
Ma number along nozzle 5 of Fig. 7a for chambers f1, f2, f3
and f4 when constant pressure is imposed at inlets (oper-
ating condition i of Table 1). It is interesting to notice that
the maximum expansion region is common to all simulations
and it is located inside the chamber, while the supersonic
condition is reached in the throat section of nozzles. Once
chocking is established, the nozzles cross-section starts to
enlarge because of the conjunction with the chamber and the

flow experiences an enduring expansion similar to what hap-
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Fig. 9 – Flow property maps on the nozzles middle plane of simulation 01 (f1, i/ii). Pressure and density fields have been
made dimensionless for confidentiality reasons by scaling the cell actual value for the reference taken at inlet nozzles.
Detail of the nozzles maximum expansion region.

Fig. 10 – Flow pathlines colored by velocity magnitude of simulation 01 (f1, i/ii). The image represents the flow segregation
d th
experienced by the process fluid coming from nozzles (a) an

pens in De-Laval nozzles. The largest value for Ma number is
found where the most abrupt variation of temperature and
pressure is located and the position seems to be not influ-
enced by the chamber dimension and, therefore, by the local
flow condition. The maximum Ma  value is, instead, a function
of the mill diameter and the largest velocity is obtained for
the reference chamber (f1), reaching a Ma  peak approximately

equal to 2.8.
e powder feed (b).

The abrupt expansion takes the fluid temperature down to
108/110 K. The large gradients are limited to the supersonic
plume and temperature rapidly raises to 250 K in the space
segment 0 → 1. The absolute pressure also decreases till a
value of 5–10% of the reference inlet pressure, well under the
standard atmospheric pressure for a very limited portion of
chamber. Results show that caking smooths oscillations and

gradients after the maximum expansion but the conditions
far from the latter are not influenced by the crusts presence.
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Fig. 11 – Contours of velocity magnitude (left) and properties variation along 0–1 segment (right) for Nozzle 5 in simulations
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1–04 (f1-to f4, i).

he air already rotating inside the milling chamber tends to
ash out the expansion, facilitating the recompression of the
uid at a similar value for all the mill dimensions. The toroidal
egion of high velocity fluid that rotates in the outer part of
he chamber (green ring in the velocity maps of Fig. 11) is
ushed towards the mill walls when the chamber radius is
ecreased, indicating that the rapid flow moving near noz-
les is influenced by the spiral jet mill diameter and the gas
otion tends to erode the crusts with higher intensity as the

lustering becomes more  efficient and aggregates occupy the
hamber.

Non-dimensional absolute pressure decreases along seg-
ent −1 → 0 as the mill chamber is made smaller while its

alue through the initial part of the comminution volume does
ot change significantly (0 → 1). The opposite condition is

ound for temperatures and velocities that are affected by the
hamber radius when the flow exiting the nozzles encounter
he rotating fluid. A significant change in Ma  number is found
or chamber f1 with respect to the others, with a difference of
5% of the reference case. Although the reduction in the cham-
er diameter causes the smoothing of the peak expansion
alues for each property analyzed, chambers f2 and f3 show
n increase of almost 30% of the local Ma  number in the seg-
ent 0 → 1. The variation is very limited in space but points

ut how the caking phenomenon tends to smooth gradients
nd push high velocity zones towards the outer wall.

The radial and velocity components, as well as the inverse
f the spin ratio, are shown in Fig. 12 (as function of the non-
imensional radial or z-coordinate) and Fig. 13 (as function of
he non-dimensional height or y-coordinate). Cell-center data

re gathered and plotted for the four mill chambers studied
and operating condition i, to simulate the effect that the reduc-
tion of the gas mass-flow rate has on the velocity components
while caking is advancing.

Radial velocities, as depicted by Fig. 12, oscillate between
−15 to 15 m/s  over the whole domain except for very lim-
ited zones such the grinding chamber zone near the nozzles
and the upper semi-half of the comminution volume that is
affected by the presence of the powder feeder (Fig. 13). Nozzles
cause a non-negligible peak in radial velocity, locally reaching
a value of over −500 m/s, orders of magnitude larger than the
average value in the rest of the chamber.

According to the scheme reported in Fig. 3, particles are
often subjected to a null or a small positive radial velocity field
and therefore they tend to move with their own direction. The
nozzle jets push them towards the inner part of domain (neg-
ative radial velocities), especially if particles lie on the nozzles
middle plane, where the radial and tangential components
assume their highest value.

An equilibrium position can be reached only when particles
move in a negative radial velocity field since inward compo-
nents allow for obtaining a gas drag force that balances the
centrifugal forces developed by the rotational motion of parti-
cles. Due to this reason, only a limited portion of the chamber
is suitable for having a classification mechanism based upon
aerodynamic forces.

Fig. 12 shows that in all chambers the radial velocities
oscillate (b, f and j) changing sign, without the possibility of
identifying a large region with a well-defined flow pattern. It
is possible to recognize a small portion of negative continuous
flow of gas only near the lower and the upper wall due to flow

confinement towards plates (Fig. 14). Radial negative velocities
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Fig. 12 – Radial velocity, tangential velocity and inverse of the spin ratio as function of normalized z-position along three
different chambers height (f1 to f4, i).

Fig. 13 – Radial velocity, tangential velocity and inverse of the spin ratio as function of normalized z-position along three

different chambers radii (f1 to f4, i).

are also sampled at nozzles height, due to the inward gas flow

coming from nozzles. The tangential velocity in the inner part
of the chamber (0.09 < normalized z-position < 0.35 and 0.65
< normalized z-position < 0.91) show a uniform field except

for the zones near the outer wall and the regions located in
the center of the mill where tangential components go to zero
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Fig. 14 – Scaled radial velocity maps on ix-plane (f1, i/ii). The two images are depicted in a “cut” scale to display only
wanted velocities. White portions of figures contours show out-of-scale values (larger or smaller).

Fig. 15 – Radial and tangential velocity profiles as function of normalized z-position near the upper and lower mill walls (f1
t
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o f4, i).

plots c, g and k). The same observations made for radial veloc-
ty data can be done for the inverse of spin ratio (depicted in
, h, and l), with the remarkable difference of having large
alues at the center of the mill, induced by the null tangential
elocity in that zone. These observations are also clearly stated
y plots of Fig. 13, representing the radial velocity, tangential
elocity and the inverse of spin ratio for the four chambers and
perative condition i at three different lines evolving along the
hambers height.

Tangential velocity at r = −75% (plot g of Fig. 13) gives
imilar values for every mill dimensions except for cham-
er f4, that shows a non-negligible decrease with respect to
he others. The influence of the nozzles presence and the
lume generated from the high-velocity flow coming from

hem is clearly shown by radial and tangential velocity peaks
f plots at r = −95% (plots b and c). It is interesting to notice
that the radial velocity peaks show similar values as the
chamber diameter is reduced while the tangential velocity
component changes remarkably, increasing from f1 to f4. This
phenomenon is confirmed by the inverse of the spin ratio,
as showed by plot d of Fig. 13, that assumes the shape of
radial velocity and shows values close to zero except for the
near-nozzles regions, the portion of chamber near the powder
feeder and the upper/bottom wall zones, where it increases
and locally reaches 1

spin ratio < 0.2, indicating that these zones
are the most efficient in moving and sorting out particles
(negative spin ratio with positive tangential velocity means
negative radial components and therefore an inward flow).
Plots h and l of Fig. 13 show that the original chamber f1 gives
the most uniform velocities profile, while the others show an

increasing inhomogeneity between the upper and the lower
chamber semi-half. The spin ratio in the middle of the cham-
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s ove
Fig. 16 – Radial and tangential velocity trend

bers does not change remarkably, indicating that the variation
of the mill diameter has the major effect of changing the
flow components repartition between the lower and the upper
part of the grinding volume when the nozzles mass-flow is
reduced.

Radial velocity contours plots shown in Fig. 14 underline
that a large part of the comminution volume has positive

radial velocity components. Positive velocities generate an
r three different chamber heights (f2/f4, i/ii).

outward flow that promotes collisions but not classification.
Two thin regions of continuous inward radial velocity field can
be identified near the upper and the lower plates, as depicted
by the detailed plot of Fig. 14b. As previously reported, the
powder feeder also generates a large inward flow that drives
streamlines towards the system outlet.

These observations show that the comminution volume of

a spiral jet mill can be divided into three macro regions: a
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Fig. 17 – Radial and tangential velocity tren

hin and localized zone near the lower wall (Cell 1 of Fig. 14b)
ith negative radial velocities, responsible of taking particles

owards the outlet, a large zone located in the center of the
hamber (Cell 2 of Fig. 14b) with positive radial velocity com-
onents that promotes collisions and another thin cell, similar

o Cell 1, located near the upper wall that behaves like the
atter.
er three different chamber radii (f2/f4, i/ii).

Profiles located at 1% of the chamber semi-half height are
shown by Fig. 15. A continuous region of negative radial veloc-
ities can be detected along the whole lower plate and along
the right semi-half of the upper plate (plots b and e). The
inward flow is much more  vigorous going from the outer region

towards the inlet, indicating that the carrier is more  effec-
tive near the outer wall and in nozzles proximity. According
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to the flow dynamics inside the chamber, gas velocity com-
ponents in Cell 2 are responsible for the colliding particles
motion while those of Cell 1 and 3 are responsible for driving
particles towards the outlet.

For all the chambers and operating conditions tested, the
particles transport towards the outlet takes place only in
plates proximity while the particle-particle and particle-wall
collisions are promoted in the central part of the comminution
volume (cell 2 of Fig. 14). This functioning principle is proper
of all spiral jet mills with tangential solid injection and with
an upper discharge.

Tangential velocity profiles shown by plots c and f of Fig. 15
are similar in shape to those sampled at h = −50% and 50%,
with the peculiarity of having a flatter and more  uniform
form near the lower plate than near the upper wall. This is
reasonably induced by the powder feeder presence and by
the tortuous way imposed by the classifier (hc in Fig. 1b) to
the gas flow. Plots b, f and j of Fig. 13 clarify that the high-
velocity ring generated by the nozzles gas flow reaches also
zones near the plates. The powder feeder strongly affects
the left semi-half of the chambers, generating chaotic com-
ponents that make the radial velocity change in sign and
generate oscillations in tangential components (plots b and
f of Fig. 12).

Fig. 16 depicts the radial (a) and tangential (b) velocity con-
tours for chamber f2 as well as radial and tangential velocity
data at different heights of chamber f2 (c and d respectively)
and chamber f4 (e and f respectively).

Plots detail the velocity variation along the chambers
radius, pointing out the difference that exists in radial veloc-
ity components when the chamber height is changed for the
negative semi-plane, due to the powder feeder presence, also
for sampling lines crossing the comminution volume in prox-
imity of its median height. It is clear that there is a difference
in sign between h = −50% and h = 50% in the positive z semi-
half. The upper part of the chamber has only positive radial
velocities while the bottom part presents negative values. This
information, as depicted by the radial profiles of Fig. 15, plots
c and e, confirms that the classification of particles can only
take place in limited mill regions such as the lower part of
the comminution volume. The three lines examined show
that, in the left semi-plane, there is a negative radial veloc-
ity peak near the powder feeder region that is given by the
local acceleration that the flow experience to move towards
the outlet. This flow pattern is well recognizable for all the
four chambers and both the operating conditions studied. The
tangential velocity (plots d and f of Fig. 17) slightly increases
near walls and drops down, as expected, in the center of the
chamber.

As showed by Figs. 16 and 17, no remarkable difference is
found in radial velocity profiles changing the operating condi-
tion from constant pressure (i) to constant mass-flow rate (ii) at
nozzle inlets, especially for the sampling lines near the outer
walls (r = −95% and r = −75%). A variation is observed only near
the powder feeder that acts as a perturbation zone and locally
modifies the radial velocity component showing a positive
velocity peak (passing from i to ii) in chamber f4. The tangen-
tial velocity, instead, slightly increase in the whole domain, as
showed by the difference between black and blue markers. It
is interesting to notice that the modification of the gas mass-
flow rate results in a variation of the tangential velocity (the
higher is the mass-flow rate, the higher is the average tan-

gential velocity), but it does not change remarkably the radial
velocity component of the flow field. The variation of operating
condition i to ii increases the negative radial velocities in the
plates proximity. To summarize, the increase of grinding pres-
sure when the chamber diameter is reduced increases the gas
tangential velocity in the central part of the chamber and the
negative radial velocity component near plates. It enhances
the flow patterns responsible of driving particles collisions but
also the velocity field that causes particles classification.

This means that an effective strategy to control the classifi-
cation capabilities of the spiral jet mills is to adjust the nozzles
gas grinding pressure with the aim of tuning the spin ratio
and customizing both the particles collision and the particles
classification mechanisms.

5.  Conclusions

The internal gas dynamics of a spiral jet mill subject to cak-
ing phenomena was studied via single-phase CFD. A simple
approach to mimic  the grinding chamber diameter reduction
due to solid particle agglomeration at walls was used. Four
different caking conditions for the grinding chamber were
explored and two different operating conditions, derived from
relevant experimental data measured on a real-scale produc-
tion plant, were reproduced. By focusing the analysis on radial
and tangential velocity components as well as their dimen-
sionless ratio (inverse of spin ratio), some general findings
were achieved, able to explain the influence that the operating
conditions, in terms of nozzles feeding pressure and chamber
shrinkage (due to caking), have on the classification capacities
of spiral jet mills with upper discharge and tangential solid
feeding.

The analysis unveils that:

i  The gas flow is locally supersonic in regions downstream
nozzles with large velocity, temperature and pressure gra-
dients that arise from the sudden air expansion. The rest
of the grinding chamber is transonic. The sonic choking in
the nozzles throat sections is reached in every condition
tested. It is possible to asses that caking does not affect the
fluid flow in nozzles outlet proximity.

ii The variation of the chamber diameter, for a given oper-
ating condition, has the main effect of modifying the
homogeneity of the flow field. The velocity profiles are
more uniform with the largest chamber while the others
show an inhomogeneity between the upper and the lower
semi-half of the comminution volume in terms of radial
and tangential velocity profiles.

ii The reduction of the nozzle grinding total pressure along
with the reduction of the chamber diameter (operating con-
dition i) has the effect of keeping almost constant the spin
ratio throughout the domain, with the exception of the
zones located in the powder feeder proximity. This means
that the nozzles mass-flow rate reduction while caking is
advancing can control and avoid the classification of large
particles due to aggregates formation.

iv The increase of the nozzle total pressure along with the
reduction of the chamber diameter (operative condition
ii) causes the increasing of the tangential velocity com-
ponents but not the radial one in the central part of the
chamber. An increase of the radial velocities over the tan-
gential ones is instead observed near plates and in the
powder feeder proximity.
The analysis underlined how the inverse of spin ratio
increases in the central part of the domain and remarkably
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ecreases near plates, becoming negative, promoting particles
ransport and taking larger objects towards the outlet.

This highlights that the largest part of the spiral jet mills
rinding chamber is not suitable to classify particles since
nward radial velocity components can be identified only near

ill plates and in a limited region near the powder feeder.
Caking modifies the gas velocity field inside the microniza-

ion chamber (operative condition ii – constant mass flow
ate at nozzles), by increasing the negative radial velocity
omponent near plates and augmenting the classification
apabilities of the system, taking out of specific the PSD of
he final product.

In general, the spiral jet mills grinding chamber can be
ivided into three different cells, according to the radial veloc-

ty flow patterns: two thin zones located near plates (Cell 1)
here the particles transport towards the outlet takes place

nd a large central zone (Cell 2) responsible of driving the
olids phase collisions.

The reduction of the nozzles inlet pressure is identified as
n interesting general control strategy to modulate the spin
atio and modify the classification capabilities of spiral jet

ills by changing the radial velocity pattern near the plates
nd in the powder feeder proximity to counterbalance the
ffects induced by the crusts grow and keep the system work-
ng properly despite caking.

Given that particle segregation mainly takes place near the
nternal ring of the spiral jet mill and assuming that particles
ggregate to form clusters on the outer part of the chamber
hen they reach large concentrations, the flow is considered

s dilute and the analysis here described is limited to the gas
uid-dynamics. A fundamental step in the comprehension
f the spiral jet mill process consists in the detailed simula-
ion of the four-way fluid flow motion of gas and solid phases
o properly describe the particles segregation, collisions and
nertia. This analysis will be subject of a future communica-
ion.
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Appendix  A.  Details  on  the  computational
grids

Most important data regarding the computational grids used
for calculations are listed in Table 3.

Mesh have been constructed availing of hexahedral ele-
ments and prisms whose morphology is represented in Fig. 18.

Table 3 – Computational grids data.

Chamber Elem. type # Skewness max. AR max.
[–] [–] [–]

f1 Hexa/prism 4’336’023 0.93 44.5
f1-finer Hexa/prism 4’746’167 0.93 44.5
f2 Hexa/prism 3’393’423 0.93 44.5
f3 Hexa/prism 2’450’823 0.93 44.5
mputational grids.
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Appendix  B.  Numerical  set-up,  physical
models  and  fluid  properties

Table 4 – Numerical set-up.

Feature Value/type/cond./eq.

Pressure-velocity
coupling

Coupled solution

Velocity formulation Absolute
Time formulation Steady-state (pseudo transient)
Gravity Off
Transport equations

solved
Continuity

x-, y-, z-momentum
Energy
Turb. kinetic energy
Turb. energy dissipation rate

k − ε model version Realizable
Wall functions Two-layer model (enhanced wall treat.)
Turb. model constants C1,ε = 1.44

C2 = 1.9
C3 = 0
	� = 1.0
	ε = 1.2

Residuals level 10−7

Energy  = 10−8

Turbulence  = 10−3

Pseudo Transient Exp.
Relax. Fac.

Pressure = 0.5

Momentum = 0.4
Density = 1.0
Body force = 1.0
Turb. kin. energy = 0.5
Turb. diss. rate = 0.5
Viscosity = 1.0
Energy = 0.75

Table 5 – Fluid properties & physical models (air @
288.15 K and 101,325 Pa).

Property Symbol Unit Value/model

Density (formulation) �g kg/m3 Ideal gas law
Constant pressure specific heat cp J/kg K 1006.43
Thermal conductivity � W/m K 0.02
Dynamic viscosity � Pa s 1.7894 × 10−5

Specific heats ratio k 1.4
Molecular weight M g/mol 28.01
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