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Abstract — Stirred bead mills used in industry allow to split up particules in suspension by agitating a
milling medium. The multiple impacts may damage beads and thus reduce the stirred milling process
efficiency. A discrete numerical approach including simple fluid effects is proposed and carried out in this
paper to model and study finely the damage phenomenon. The simulation data allow to identify internal
variables of the milling medium and to localize high energy zones. The order of magnitude of contact forces
including fluid contribution will enhance the bead wear law.
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1 Industrial context

Particles split up is used in the manufacturing pro-
cesses of various industry such as painting, pigment or ink
industry, mining industry, mineral powder materials and
ceramics. Different stirred milling technologies are used:
ball milling, attrition, agitated bead milling et caetera,
leading to different process conditions. The choice of a
specific process depends on the application domain and
the resulting needs. For example, mining industry, ce-
ment industry or metal recycling are interested in pro-
cesses enabling to split up large quantities of materials.
On the contrary, mineral powder materials and ceram-
ics industry have more specific needs: great finesse of
the milled powder, sharp polydispersity of the granular
medium and control of the contamination degree. Usu-
ally, such requirements need a high energy stirred milling
process involving ceramic beads characterized by a high
specific mass, a fine granulometry and a narrowly cen-
tered size distribution. This process is achieved using a
milling chamber swamped by a granular medium which
is moved by an agitating shaft of different shapes, disks,
torus, fingers, et ceetera. The bead movements lead to nor-
mal and shear stresses on comminution suspended parti-
cles which are included in a fluid passing through the
milling chamber. The milling beads undergo surface dam-
ages and their wear is characterized by a loss of mass
during the stirred milling process. Wear is a little-studied
phenomenon and its physical mechanisms stay relatively
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bad-understood for beads. In fact, bead mass loss occur-
ring by surface damages, lead to a progressive diminution
of the bead size. These milling debris may contaminate
the comminution particles. Moreover, experimental obser-
vations highlight that the milling efficiency can be opti-
mized by modifying the bead size for a given operational
parameter set [1]. In this case, the milling efficiency is de-
fined by the effective diminution of comminution particles
median diameter.

To improve the milling performance, it is crucial to
better understand the wear mechanisms and to take this
phenomenon into account. Consequently, in the back-
ground of the identification of a wear law of milling
medium, different types of ceramic beads of identical size
have been used to mill two powders with different granu-
lometry, shape and hardness in a laboratory stirred bead
mill with agitating fingers. These experimental tests have
shown different wear behaviors and resistances. More-
over, specific damages depending on comminution par-
ticles have been observed; this may characterize different
wear mechanisms. Some scratching tests and Vickers in-
dentation tests made on polished beads highlight two type
of surface damages: padded stripping induced by plastic
deformation and shelling by crack growth. These observa-
tions lead us to propose a wear law of milling beads based
on the hypothesis that the comminution particles, which
are caught in a bead vs. bead contact, are considered
as sharp micro-indentor cf. Figure 1. This approach re-
quires an accurate characterization of the beads vs. bead
contacts during the stirred milling process and especially
qualification and quantification of the contact reaction
network. These forces in complement of geometrical and
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Fig. 1. Cut view of a milling granular medium including com-
minution particles.

material data allow to estimate the indentation contact
surface, the indentation pad volume and to evaluate the
statistics of communition particles caught between two
beads. Indeed, the bead material leads to two limits of
indentation loading; a plastic limit and a shell limit. To
improve the contact study and therefore, the induced sur-
face damages, we propose an analysis of the contact distri-
bution in the milling chamber and the impact frequency
above a given limit of force. The numerical approach of
this milling problem have often been treated by fluid me-
chanics. In this case the mixed granular material and fluid
is seen as an equivalent fluid with specific intrinsic prop-
erties [2-5]. Nevertheless, these homogeneous simulations
can not report the localized problem of contact which is a
natural discrete problem. Only a discrete element method
coupled with fluid actions is able to determine all inter-
nal variables of the milling granular medium. As the stress
field is an internal variable of a continuum, the contact
force network is that of a discrete medium. This network
determination would considerably enhance the bead wear
law.

2 Simulation of the stirred milling process
2.1 A discrete element method with fluid contribution

Simulation methods of fluid vs. particles interaction
problems have been proposed in [6,7]. Nevertheless, the
first method is computational costly and both of them
are very little adapted to determine the entire contact
network of large multi-contact problems. In this study
background we propose to use the non smooth contact
dynamics theory a.k.a NscD [8,9]. This method is able
to solve multi-contact problems with the expression of
dynamics equations in the a-contact local frame. Such
transformations are achieved by the H, operator and HZ
operator which transport velocities and forces from the
particle frame to the a-contact frame and vice versa. For
an integration time step ¢ + 1 a linear relation is found
between the relative velocity uf, ; and the average impul-
sion pf, ; on the interval [t;,;41]. This one is associated
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Fig. 2. Cut view in (e, eg) frame of a cylindric Couette flow.
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with an interaction law such as,

{ ufy — WEPPy = ufee; + Zﬁ#a Waﬁpiﬁﬂ

Law([u$, 1,p ] = true .

(1)

External forces Foyy and dynamics effects are taken into
account by the relative velocity free of contacts uf,, ; and

the Delassus operator Wb = H£M1Hg which appears
naturally. Several types of interaction law can be used
between two contactors. The most used interaction law
for granular materials is a Signorini contact condition on
the normal direction 0 < wy 41 L ppit1 > 0 associ-
ated with a Coulomb friction law on the tangential di-
rection. The multi-contact problem is solved implicitly
by a Gauss-Seidel loop which goes through contacts, and
stops when energetic and interpenetration criteria are sat-
isfied. Despite the highly dynamic character of this prob-
lem, the energetic restitution of contacts is vanished. In-
deed the energy of an impact between two particles in a
viscous fluid is mainly dissipated by the generated flows
moving away from the contact area. Therefore, the NSCD
method is well adapted to model contacts between rigid
bodies. The beads vs. fluid interaction problem is simpli-
fied as a determination problem of fluid effects on beads.
In fact, in a first approximation, we consider a station-
ary Couette flow between the enclosure and the shaft cf.
Figure 2. This induces hydrodynamic forces on the gran-
ular medium. This simple fluid velocity profile is chosen
to compare in a first step, contact forces orders of mag-
nitude of dry milling simulations [10] and milling with
fluid simulations. Moreover, effects of fluid disturbances
behind agitating fingers on beads are neglected because
of the few density of beads on this area. Thanks to this
approach, position of a rigid body j can be determined as
a function, among other things, of external forces Fix ;
of j body including hydrodynamic contribution defined
by Equation (2),

Fext,j = mjg + Cpmrs||(ug(x) —ug)||(ug(z;) —uy) (2)

Hydrodynamic
contribution

with uy the velocity field of fluid, x;, u;, r; and m; posi-
tion, velocity, radius and mass of the particle j, g the grav-
ity acceleration, p the water specific mass and C' ~ 0.5 the
penetration coefficient of a sphere in water. The flows in-
side the milling chamber are characterized by a Reynolds
number Re around 1000. Consequently, dynamics effects
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Fig. 3. Some details about the stirred beads mill and delimitation of the simulation zone.

of fluid are stronger than viscous effects of fluid a priori.
Indeed, if orders of magnitude of the drag efforts are com-
pared: T, from the Stokes theory of viscous fluid with low
Re < 1 and T from the Euler theory of perfect fluid, we
found in our case,

Ir - M ~ 1000, (3)
T, 6p

with g the dynamic viscosity of water, r.ve the average
radius of beads and Auay, the average difference between
bead velocity and fluid velocity. Consequently, it seems
reasonable to privilege the hydrodynamic contributions.

2.2 The stirred milling model

This numerical study simulates an industrial stirred
bead mill available in laboratory. Its @97 mm cylindrical
enclosure can hold two different granulometry of milling
beads made in zircone ceramics, either of diameter close
to 3 mm or to 1 mm. The milling granular medium and
the suspension are moved by a @57.5 mm agitating shaft
with fingers turning at 3000 tr.min~!. Six @8 mm agitat-
ing fingers are uniformly distributed along the shaft cir-
cumference and repeat themselves each axial segment of
19 mm. Using symmetrical considerations, the simulated
domain is limited between the median plane of fingers
and the median plane between fingers. Axial limit condi-
tions of this “layer” are given by two fictive planes which
impede the axial egress of beads using frictionless con-
tact conditions. This interaction does not influence radial
and tangential displacements. Periodic conditions could
be used but they require the simulation of a larger layer.
Both population of beads have been tested and lead to
simulations of 1400 and 38 500 bodies respectively. Nev-
ertheless, the computation power available in the labora-
tory does not allow to finalize the simulation of milling
beads of @1 mm in reasonable time. Consequently, the
framework is restrained to milling beads of @3 mm. In
contradistinction to a stirred ball mill, the stirred beads
mill works with filling rates ranging from 80% to 90%.
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Moreover the granular specificity of this problem requires
the following simulation steps,

1. Generation of a granular sample — this must be
included inside the restrained zone of the simulation
and must correspond roughly to the filling rate.

2. Deposit under gravity — the sample is submitted
to a gravity field to check the filling rate.

3. Milling simulation — the agitating shaft is rotated
to simulate the stirred milling process.

The generation of the granular sample may be carried
out with two methods. Pluviation under gravity allows to
fill an enclosure bead by bead, preliminary knowing the
granulometry. This method allows to generate directly a
deposit sample under gravity and to check its filling rate
in the same time. Nevertheless, this method is compu-
tational costly. The method used in this study is based
on a geometric deposit of spherical beads [11]. To verify
an acceptable filling, the deposit volume is artificially in-
creased by decreasing the agitating shaft volume. In a first
step, particles are deposited by a geometric method which
closes in on the real compacity under gravity. Then in a
second step, they are submitted to a centrifugal gravity
field. Once the beads deposited on the external cylinder
of the stirred mill, the shaft recovers its initial dimension
and the sample is submitted to a classic gravity field. This
process allows to generate granular samples in a reason-
able time, cf. Figure 4, filling until 85% of the mill en-
closure. Once the filling is checked, the agitating shaft
reaches a rotation speed of 314.16 rad.s~! via a Heaviside
function. The presence of fluid may dissipate a part of the
impact energy but this first approach will consider that
the contact laws between different elements correspond to
Signorini-Coulomb contact condition with a friction coef-
ficient of 0.1, excepted for contacts with the fictive planes.
The milling simulation is made using 50 000 time steps of
2 us, corresponding to 5 rotations of the agitating shaft.
The resulting data indicate that the first half of the simu-
lation is transitory and depends on non realistic initiation
of movement. However, the second half of the simulation
emphasizes a stationary phase which testifies the elemen-
tary mechanisms occurring in the stirred milling process.
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Fig. 4. Filling of 85%.

To check effects of the velocity field of fluid, each simu-
lation of “milling with fluid” is systematically compared
with a similar simulation without fluid contribution, so
called “dry milling”.

3 Stirred bead milling analysis
3.1 Kinetic analysis

After two simulations of a milling with fluid and a
dry milling of a granular sample of @3 mm, the velocity
distribution and the contact forces are given by Figure 5
for a time step included in the stabilized phase. In the
dry milling simulation, the granular medium behaves like
rigid body turning around the mill axis. Frictions between
beads and the cylindrical enclosure and the shaft, de-
crease the rotation of granular set in comparison with the
rotation imposed by the agitating shaft. However, beads
are in quite stable configurations in zone far away from
the agitating fingers. It is not the same for the milling with
fluid simulation. The fluid field presence, and particularly
the fact that it vanishes on the cylindrical enclosure, slows
down external beads and privileges the slippage of radial
layers. This phenomenon is highly influenced by the fluid
velocity profile. On the other hand, we observe, in spe-
cific time steps, some locally more stable granular con-
figurations, i.e. blockage configurations. These structures
better resist to loadings and generate strong contact re-
action chains as shown in Figure 5. The force chains are
privileged by the fluid that decreases the granular mobil-
ity on the cylindrical enclosure. To compare the kinetic
of the granular set, an average rotation rate {2,, around
the agitating shaft axis e,, is calculated post mortem for
each saved time step. For a ng particle set of total volume
V' and neglecting the self-rotation effect, {2, is defined as,

1 1 .
2, = v /Vwa(x)dV = n_g Zj:xjwfl, (4)

with w’ the rotation rate of one bead j around the axis
e, and x; a ratio between the volume of a bead j and
the average volume of beads. In our case, the bead gran-
ulometry is quasi constant and the ratio x; is considered
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equal to 1. The rotation rate w? depends on the radial
excentration and the tangential velocity of a particle j.
In our case we write,

(07 - e])el = wiea A (a - ed)el

en = (1,0,0), e = Q222) g (0, -7,z

-t
2 2 2 2
N, j i j
Ty +x3 Ty + a3

J .0 Jo.J
. VaTy — Vyl
j _ Ysda 243
:>wa—7j2 IE (5)
Ty + a3

with el the direction between e, and the particle j and

el the tangential direction defining (eq, e/, e!) as an or-

thonormal frame, cf. Figure 6. The evolution of this ro-
tation rate during the test is given in Figure 7 for three
different simulations: a milling with fluid, a dry milling
with dense beads and a dry milling with light particles.
This last simulation is carried out to check the global ki-
netic behavior to the specific mass of beads. Rough kinetic
data converge around a rotation rate constant value. An
asymptotic smooth function is used to compare results
and is defined as 2, = ¢o(1 — exp(—ttfg)), with ¢ the
time, ¢o the stabilized rotation rate, ¢; the characteris-
tic time and co an updating time. The milling with fluid
plot tends to stabilize sooner with a constant value of
rotation rate lower than the dry mills. This emphasizes
the breaking effect of the fluid on the granular medium.
In every cases, the milling regime is considered stable af-
ter five characteristic times, i.e. in the second half of the
simulation. Furthermore, we notice that for the industrial
stirred mill studied, the granular kinetic behavior is not
influenced by the specific mass of beads.

3.2 Contact forces analysis

To establish a descriptive bead wear law, it is of pri-
mary importance to characterize contact forces in the sta-
tionary milling regime with regards to their nature, their
intensity and their frequency. The second half of the sim-
ulation is considered stable, so the investigations on con-
tact forces are carried out only on this restrained domain.
Data are averaged on this stable phase to smooth dis-
crete effects. In Table 1, we give especially the maximal
force that loads a bead during the stirred milling process
and the average force associated to the entire granular
set. Comparing either normal or tangential part of these
forces, we notice that the stress level inside the medium
is stronger in the simulation with fluid. These values cor-
respond to observations made in Section 3.1 which asso-
ciate a kinematic decrease to a contact forces increase.
We notice that the contact forces inside the stirred mill
with fluid are distributed on a lower contact number. This
privileges the bead wear. We propose to study the im-
pact frequency distribution of beads which are in a con-
tact loading state larger than a critical reference force
F,, for different F,. values. Figure 8 allows to compare
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Fig. 5. Velocity fields and contact network after milling simulations with beads of @3 mm, with ||u;|| the velocity norm of a

particle j.

Fig. 6. Projections of position 2’ and velocity v? on the ro-
tation axis normal plane (e, e?).

frequencies distribution on the milling beads in two ap-
plication cases. The impact frequencies of the entire gran-
ular set are given in Table 2. Weak impacts appear more
frequently in the dry mill than in the mill with fluid. How-
ever, for strong impacts, their frequency is larger in the
milling with fluid simulation. It is not obvious to consider
a “structure” in such a dynamic simulation, nevertheless,
we observe a bead segregation which has a sensitivity to
impacts function of their position in the milling cham-
ber. This leads to an identification of bead subset that
have a larger risk of premature wear. To highlight this
phenomenon, we propose to analyze the distribution of
volumetric density power dissipated by friction accord-
ing to the radial granular layers. Friction being the major
mechanism of the stirred milling process, this mapping
allows to localize the milling efficient zone. This power
density is calculated on 12 radial layers of the stirred mill
and results are given in Figure 9. For the total volume,
the friction power is larger in the dry mill, cf. Table 1.
This is explained by high relative velocities and in partic-
ularly near the static enclosure. The mill with fluid keeps
a high friction power close to the cylindrical enclosure,
but there is a non negligible activity near the end of the
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agitating fingers influence zone. With the lack of geomet-
ric elements on the cylindrical enclosure which would dis-
turb the granular structure of the external ring, beads are
driven away by the centrifugal effect and become trapped
in a zone frequently loaded by important contact forces.
This privileges their premature wear.

4 Conclusions and prospects

In the framework of the wear study of milling bodies
inside high energy stirred bead mills, this work allowed
to carry out some discrete simulations including hydro-
dynamic contribution of a fluid in movement. Compar-
isons have been established to identify tangible effects of
a simple fluid contribution on a granular medium. This
new numerical approach of the milling problem comple-
ments knowledge of stirred bead mills with some accurate
investigations on the kinetic behavior and on the contact
network of these granular sets. We showed that the sim-
ulated industrial stirred milling process generates pref-
erential friction zones leading to a premature bead wear.
Another numerical campaign including beads of @1 mm is
being carried out to complete this study cf. Figure 10. Col-
laborations are made to enhance the fluid velocity field,
taking into account the vortex zone below the agitating
fingers. This will allow to simulate more realistic bead
kinetics, to identify milling power and to localize their ef-
ficient zone. The fluid effect, while beads bring together,
modifies the granular medium behavior and cannot be
modeled by a classic Signorini contact condition. This
phenomenon requires new interaction laws inside the dis-
crete model including a dissipation coefficient lower than
1. Different geometries of agitating shafts could also be
studied to optimize the stirred milling process.
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Fig. 7. Evolution of the rotation rate of the granular medium according to time for several simulations.

Table 1. Normal and tangential parts of contact forces [N], volumetric density of power [mW.mm 3] and contact number,
averaged on stationary part of the numerical test.

Nmax Nmoy Tmax Tmoy P T
Dry milling 73.77 1.18 6.56 0.09 11.51 2307
Milling with fluid 98 1.5 8.99 0.12 9.39 1694

10000 T T T
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>
Q
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B — F_=
: - Fc = p
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Fig. 8. Impact frequency [Hz| for each bead with intensity larger than the critical reference force F.. These frequencies are
ordered from the most impacted to the least impacted.
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Table 2. Total contact frequency on the simulated mill layer.

F. [N]

2 4 6 8 10

Contact frequency Dry milling
[MHz] Milling with

fluid

441 198 118 0.8 0.58

3.89 217 147 1.09 0.84

2,2 39,3
‘ —m

Volumetric density of dissipated power [mW.mm™

Milling

with fluid

3,7 16,1
‘ Cr—
%]

Fig. 9. Distribution of the volumetric density power dissipated by friction [mMW.mm ™3] of the granular medium for several
simulations. The influence zone of agitating fingers is limited by the dashed line.

Fig. 10. Velocity field of a stirred mill layer with a granular
medium of @1 mm.
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