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Abstract. The control of metal cleanliness has always been a concern for metallurgists since inclusions directly
inﬂuence the mechanical properties of alloys. In most metallurgical routes, a reﬁning treatment of the liquid alloy
is performed, in particular with the aim of improving the metal cleanliness that is achieved via a better control of
particle contents and particle size. Since the efﬁciencies of inclusion removal mechanisms increase with inclusion
size, the turbulent aggregation process plays a major role in all reﬁning treatments. Interaction between particles
such as aggregation is usually modelled through kinetics kernels which may be difﬁcult to estimate. This paper
contributes to express turbulent aggregation kernel taking into account the hydrodynamic effects at the
inclusion scale. The numerical approach combines three numerical techniques, a Lattice Boltzmann Method to
resolve the ﬂow, an immersed boundary method for the particle-ﬂuid interactions and a Lagrangian tracking for
the motion of individual particles. Deterministic simulations of spherical particle pair trajectories leading to
collision or avoidance allow us to calculate statistical kernels in a shear ﬂow. The results show a strong inﬂuence
of the short distance hydrodynamic effects on the collision kernel, particularly when the diameter ratio of the two
interacting particles is far from unity. An application of this new aggregation kernel is applied to simulate the
time evolution of the particle size distribution in a typical steel gas-stirred ladle.
Keywords: Non-metallic inclusion / aggregation kernel / numerical simulation / liquid steel / population
balance method

1 Introduction
The large amount of non-metallic inclusions (NMI) present
in the molten steel after the deoxidation process would
have a detrimental impact on the mechanical properties of
this steel. For this reason, ladle treatment of steels has long
been described as the secondary metallurgical process
mainly responsible for the control of NMI. As shown in
Figure 1, an injection of argon through one or more porous
plugs at the bottom of the ladle provides both aggregation
of particles in the turbulent argon plume and the
entrapment of the inclusions by the bubbles well known
as the ﬂotation mechanism. The physical phenomena
involved in a gas-stirred ladle are numerous and complex
owing to the three-dimensional and multiphase (metal-gas
and inclusions) nature of the reactor. An accurate
modelling of the huge number of interactions is necessary
in order to obtain a good assessment of the evolution of the
inclusion population during the treatment.
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This is why numerous models, both experimental [1] and
numerical [2,3], were developed for a better understanding
of the mechanisms at play and their coupling. In most
macroscale numerical simulations, ﬂotation and aggregation
mechanisms are modelled through the use of kinetics kernel.
A population balance method (PBM [4,5]) for solid particles
is then combined with computational ﬂuid dynamics (CFD)
for solving the multiphase ﬂow [6,7]. Among them, a recent
numerical simulation shows that aggregation plays the most
signiﬁcant role since the ﬂotation rate increases with the
particle size. The authors conclude that the inclusion
removal in the gas-stirred ladle can be described as the
aggregation of small particle sizes to larger aggregates which
are ﬁnally removed by ﬂotation [8]. For the hydrodynamic
conditions prevailing in the liquid metal ladle and for the
usual size of NMI (in the range between one micron and a few
tens of microns), the aggregation is mainly induced by
turbulence. Most authors apply the Saffman and Turner
(ST) kernel [9] as the orthokinetic aggregation kernel
assuming that inclusions have no inertia and that particle
size is small compared to Kolmogorov’s length scale. If all
these assumptions are well justiﬁed, the ST kernel does not
take into account hydrodynamic effects at the inclusion scale
nor long distance interaction forces between particles.
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2.1 Computational methods for collision simulations at
inclusion scale
The simulation of fully-coupled solid and liquid phases
involves three components: Lagrangian tracking updates
velocity and position of particles over time, a lattice
Boltzmann method resolves the liquid ﬂow and an
immersed boundary method ensures a full coupling
between both phases.
2.1.1 Lagrangian particle tracking (LPT)
Inclusions are tracked individually, and their motion is
calculated by solving Newton’s equations of motion for
each them. Summing all forces and torques acting on each
particle, their instantaneous acceleration (translation and
rotation) is calculated with an explicit approach.
Fig. 1. Schematics of a steel gas-stirred ladle.

Among the authors who have studied aggregation efﬁciency, Baldi and Vanni [10,11] can be considered as the leaders
in this domain. They solved the trajectories of pairs of
colloidal particles (or aggregates) accounting for both
colloidal forces and hydrodynamic interaction in order to
predict collision efﬁciencies. For instance in the case of
strong electrostatic forces between polystyrene particles in
water, the authors have calculated a collision efﬁciency
much lower than unity yielding a slow aggregation. Other
authors have studied aggregation of colloidal particles
before Baldi and Vanni with the same ideas [12,13].
Aiming at improving aggregation kernels in the
speciﬁc system of NMI in liquid metal, numerical
simulations of particle pair collisions have been carried
out at the scale of the inclusion. The evolution of
numerical techniques allows us to simulate fully resolved
inclusions when approaching each other during a collision
event. Multiple simulations of deterministic collisions (or
avoidances) make it possible to calculate statistical
aggregation kernel as well as collision efﬁciency.
This paper is consequently organized as follows: the
numerical methods implemented to simulate mesoscopic behaviour of immersed inclusions in shear ﬂows
are ﬁrst described. Then, collision cross-sections,
aggregation kernels and efﬁciencies for varying Reynolds numbers (based on shear rate) and diameter ratios
are reported and discussed. Finally, a special focus on
the evolution of a population of NMI in an industrial
gas-stirred ladle is proposed.

2 Computational models and methods
The simulation of the two-phase ﬂow (liquid metal and
inclusion) fully couples solid and liquid phases using an
immerged boundary method. Hence, the liquid metal
ﬂow is resolved at the inclusion scale and the
hydrodynamic interaction is simulated. This numerical
tool is applied to a collision or avoidance event.

8
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Particle acceleration is integrated twice to get velocity
and displacement. Angular acceleration is integrated to get
rotation rate and orientation, the latter being represented
in the form of a quaternion.
A more general description of the method can be found
in [14].
2.1.2 Lattice-Boltzmann method (LBM)
The transient ﬂow is solved using a lattice-Boltzmann
method meaning that the ﬂow quantities such as momentum are indirectly obtained from moments of distributions
along a discrete set of velocities that join the nodes of a
lattice. The method used in this current work is threedimensional and uses a set of 18 discrete velocities
(D3Q18). It uses Eggels and Somers’s collision operator
[15] which is a multiple relaxation time method (MRT)
that allows simulations to be accurate and stable over a
wide range of conditions.
2.1.3 Immersed-boundary method (IBM)
The immersed boundary method used to resolve solidliquid interaction is borrowed from [16]. It makes use of the
LBM distributions to compute, with an explicit scheme,
the amount of momentum to transfer from one phase to the
other to ensure a no-slip condition at the surface. Surfaces
of the solids are discretized with marker points at which
ﬂow properties are interpolated from the surrounding LBM
nodes. Knowing the ﬂow properties and the particle motion
at each marker point, the force required to impose the solid
velocity to the liquid phase is calculated at each marker
point and then distributed back to the surrounding lattice
nodes as a source term in the LBM. The total force and
torque acting on each solid object are obtained by summing
all the contributions from all the marker points and are
applied as force and torque in the LPT.
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Fig. 2. Typical scales encountered during ﬂotation process.

2.2 Simulation setup: collision in a plane shear ﬂow
Since primary inclusions remain small compared to turbulence length scales, the turbulence induced shear ﬂow has
been approximated with a constant plane shear ﬂow at the
length and time scales of inclusion interaction events.
2.2.1 Modelling of turbulence at inclusion scale
Aggregation in liquid metal treatment ladle is driven by the
turbulence-induced shear. Turbulence itself is provided by
bubble swarms in gas plumes due to gas injection at the
bottom of the steel ladle. The turbulence characteristics in
steel treatment processes have been described in the
literature [6]. Figure 2 shows the typical turbulence
dissipation rates (∊) calculated in process scale simulations.
The corresponding shear rates (g_ ) and size of the smallest
eddies (hK) are derived from the energy dissipation rates
(∊) and the kinematic viscosities of liquid metals, using
Kolmogorov’s theory:
rﬃﬃﬃ
e
;
ð2Þ
g_ ¼
n

hK ¼

 3 1=4
n
:
e

ð3Þ

Considering reﬁning processes of liquid steel, Figure 2
shows that particles around 10 mm in diameter (e.g.
alumina or calcium aluminate primary inclusions in molten
steel [17]) remain small compared to the smallest turbulent
eddies. It has thus been assumed that the local shear seen
by interacting inclusions could be estimated with a linear
approximation, that is a plane shear ﬂow, with a shear rate
(g_ ) scaled according to turbulence properties.
Since turbulence has been modelled by a steady plane
shear ﬂow when considering inclusion collisions, ﬁnally the
numerical investigations consist in studying trajectories of
inclusion pairs in a plane shear ﬂow and determining the
outcome of their interaction (collision or avoidance)
depending on their relative initial positions.
2.2.2 Boundary and initial conditions
To control the shear rate in the whole domain, constant
shear stresses with opposed signs have been imposed in the
top and bottom surfaces (Fig. 3). Such a stress boundary
condition is obtained by combining a free-slip boundary

3

condition with a source term. Alone, the free-slip condition
would ensure no normal velocity and no tangential stress.
Here, a tangential stress is added. The corresponding shear
rate is equal to the shear stress divided by the dynamic
viscosity of the liquid metal. Periodic boundary conditions
are imposed on the other surfaces.
Two spherical particles are initially positioned far
enough from each other so that they do not see each other’s
disturbance of the plan shear ﬂow. The ﬂow around each
particle is initialized with the analytical solution in Stokes’
conditions [18,19]. Until particles start to see each other’s
disturbance of the ﬂow, their velocity is equal to the plane
shear velocity proﬁle at their centre of mass, and their
angular velocity equal half of the plane shear vorticity, that
is g_ =2. All boundary and initial conditions are illustrated in
Figure 3.

3 Determination of collision sections and
aggregation kernels
These simulation methods and set-up have been used to
track spherical particle pairs in a plane shear ﬂow, from
which collision cross sections are determined. Such crosssections provide a way to calculate aggregation kernels
and efﬁciencies. Aggregation kinetics has thus been
quantiﬁed for various Reynolds numbers and particle
size ratios. Since strong cohesive forces due to the nonwetting of the NMI lead to strong bonds through the
formation of gas bridges as highlighted by [20–22]. Hence,
it has been assumed that particles remain stuck together
once they have collided, thereby assimilating collision to
aggregation.
3.1 Aggregation kernel and efﬁciency: deﬁnition
The so-called aggregation kernel is a statistical representation of aggregation kinetics that appears in the
population balance equation. As an example, if a particle
size distribution of inclusions is discretized into M classes
where Ni is the number of inclusions of class “i” – diameter
of the particle lying between dpi and dpi+1 –per unit
volume of liquid metal, then the expression of the
aggregation frequency between two inclusion classes i
and j is given by:
Z ij ðtÞ ¼ bij N i N j ;

ð4Þ

where bij is the aggregation kernel between classes i and j. It
is deﬁned as the volume ﬂux of particles that aggregate. By
assimilating collision and aggregation in the particular case
of NMI, this is the ﬂux of particles ﬂowing through collision
cross-section, hence noted Sagg, illustrated in Figure 4.
Aggregation occurs when the relative initial positions of the
interacting particles fall inside this surface. Hydrodynamic
interactions between particles shape this surface and
modify its area, and will consequently have an impact on
the aggregation kernel. In the speciﬁc case of particles
transported in a plane shear ﬂow, with z being the shear
direction, particle velocities before interaction are equal to
the shear velocity proﬁle, hence their ﬂux can be calculated
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Fig. 3. Boundary and initial conditions applied for the direct numerical simulation of a collision event.

bij;ST ¼ 1:30

rﬃﬃﬃ

e dpi þ dpj 3
:
n
2

ð6Þ

Smoluchowski’s and Saffman and Turner’s kernels are
pretty much equivalent in regard to equation (2), which
supports the modelling of turbulence at inclusions scale
described in Section 2.2.1.
Collision efﬁciency between particles i and j, denoted aij
can then be deﬁned as the ratio between the effective
collision kernel and a reference that does not account for
hydrodynamic interactions between particles as:
Fig. 4. Schematic of collision surface between 2 spherical
inclusions in driven shear ﬂow providing aggregation kernel. It
can be reduced to a quarter cross-section for symmetrical reason.

aij ¼

bij
bij;Smol

¼

∫Sagg g_ z d2 S
bij;Smol

:

ð7Þ

Collision efﬁciency then quantiﬁes the impact of
hydrodynamics on the aggregation kernel.
which yields:
bij ¼ ∫ g_ z d2 S:

ð5Þ

Sagg

Neglecting hydrodynamic interactions, inclusion trajectories follow rectilinear paths and the aggregation
surface Sagg is a disk with a diameter dpi + dpj. It leads
to the so-called Smoluchowski’s kernel [23]:


4
dpi þ dpj 3
:
bij;Smol ¼ g_
3
2

ð6Þ

Smolukowski’s collision kernel is very similar to
Saffman and Turner’s kernel, that is derived from
turbulence statistics instead of a plane shear [11]:

3.2 Optimizing calculation: picking method
Collision cross-sections have been determined following
an iterative process by identifying sets of relative initial
positions leading to collision and to avoidance, as
illustrated in Figure 5. In order to optimize the
calculation of such a surface, a method was developed
to suitably pick the points to be simulated. It is
illustrated on Figure 5, in which empty circles marking
avoidance and black dots mark collision outcome of the
simulation corresponding to each initial relative positions between the particle pair. An iterative subdivision
is performed, in order to run simulations for conditions
near the cross-section boundary, thus optimizing its
calculation relatively to number of required simulations.
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Fig. 5. Simulation setup and cross-section derivation from 115 simulations of 2 identical particles at Reg_ ¼ 0:213.

Table 1a. Input parameters for the numerical experiment.

Table 1b. Corresponding dimensionless independent
parameters.

Nomenclature

Nomenclature

rp
dp1, dp2
rf
v
g_

Description
Mass density of
the inclusions
Particle diameter
Mass density of
the liquid metal
Kinematic viscosity
of the liquid metal
Flow shear rate

Unit
3

kg.m

dp ¼ dp;max =dp;min

m
kg.m3
2

1

m .s

Re_
g ¼

dp;max 2 g_
n

Description
Size ratio between
inclusions
Shear Reynolds
number

s1
1 rp dp;max 2_
ġ
St ¼
18 rf
n

The method works as follows: the surface covering the
initial relative positions between the particles is tessellated
in triangles, the edges of which join all known points.
Iteratively, the longest edge of all triangles that contains
both collision and avoidance outcomes is divided in two
segments (and the two triangles it belongs to are also split
in two). The newly created vertex deﬁnes the relative
position between the particles in the next simulation. Once
this simulation has run, the triangle subdivision process is
repeated to pick the next simulation conditions, until the
precision of the cross section is considered good enough.
As an example, in Figure 5, the actual collision crosssection lies between the dark grey area, made of triangles
with only collision edges, and the total grey area, made of
all triangles that contain at least one collision edge. In
Figure 5, the Smoluchowski’s cross-section is represented
as well.
3.3 List of parameters
All the physical input parameters of the numerical
experiments are reported in Table 1a. Three independent
dimensionless parameters are extracted and gathered in
Table 1b. Particle inertia is negligible (the Stokes number

Stokes number

is kept much smaller than 1), only the size ratio between
interacting inclusions and the shear Reynolds number have
been varied.
Long distance forces between inclusions were not
considered, and as such Table 1a and Table 1b only lists
parameters related to hydrodynamic forces, because it is
assumed that they prevail over other interactions, as
highlighted for example in [22].
3.4 Results: Aggregation efﬁciency
Table 2 reports aggregation efﬁciency aij as a function of
shear Reynolds number and particle size ratio. Table 3
presents the conversion between the local shear rate and
the Reynolds number for an example inclusion of 10 mm in
liquid steel. The shear rate range covered by the
simulations spreads well over the one found in steel gasstirred ladles (Fig. 2).
Table 2 clearly emphasizes that efﬁciency is far less
than unity, meaning that hydrodynamic effects cannot be
neglected in hydrodynamic conditions prevailing in ﬂotation processes. This was expected looking at the effective
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Table 2. Binary aggregation efﬁciencies as a function of shear Reynolds number and inclusion size ratio (best guess value
in bold).
dp \Reg_
1

0.028

0.071

0.213

0.319

1.42

0:290þ0:041
0:041

0:293þ0:022
0:021

0:296þ0:02
0:019

0:304þ0:025
0:024

0:334þ0:016
0:016

0:198þ0:03
0:033

0:192þ0:029
0:028

0:224þ0:028
0:027

0:103þ0:024
0:026

0:114þ0:017
0:016

0:119þ0:024
0:027

0:047þ0:021
0:020

0:058þ0:009
0:009

2
3

4
Table 3. Shear rate as a function of shear Reynolds
number according to a 10-mm inclusion in liquid steel.
Reg_

0.028

0.071

0.213

0.319

(s1)g_

224

568

1704

2552

collision surface represented in the example of the Figure 5
where the area is much smaller than Smoluchowski’s.
However, there are no signiﬁcant variations of the
efﬁciency with the shear Reynolds number. On the other
hand, the efﬁciency strongly depends on particle size ratios.
Thus, as a ﬁrst approximation, aggregation efﬁciency can
be assumed to vary only with particle size ratio. A simple
correlation is then proposed:


ð8Þ
aij ≃ max 0:4  0:1 dp ; 0 :

where the ﬁrst positive term on the right-hand side
represents the rate of formation of particle i by
aggregation of smaller particles and the second negative
term the rate of disappearance due to aggregation of
particle i with others.
This PBE is integrated over the whole volume Vlad of
the ladle leading to the 0D PBE:
!
X
d#N i;lad 1
¼
∫ Z jk dV
2
dt
V lad
j; k
j þ k ¼!
i
M
X

∫ Z ij dV ;
ð10Þ
j¼1

V lad

#Ni,lad is the total number of inclusion of size i expressed
as:
# N i;lad ¼ ∫ N i dV :

ð11Þ

V lad

4 Application: particle size distribution in
representative conditions of a gas-stirred ladle
This correlation of aggregation efﬁciency is applied to
assess the aggregation rate in a full scale 60 t steel ladle. In
the following development, a global 0D population balance
method addresses the time evolution of the inclusion size
distribution.
4.1 The population balance equation
A theoretical treatment of turbulent aggregation was
initially carried out by Smoluchowski [4] who derived a
population balance equation (PBE) in the case of pure
aggregation without any breakage of the aggregates. The
so-called Smoluchowski’s equation can be expressed in its
discretized form as:
dN i 1
¼
2
dt

X
j; k
jþk¼i

Z jk 

M
X
Z ij ;
j¼1

ð9Þ

The PBE (Eq. (10)) is solved applying the cell average
technique [24] which is a variant of the ﬁxed pivot method
initially developed by Kumar and Ramkrishna [25].
As seen in equation (4), the collision frequency Zij is
proportional to the collision kernel bij highlighting the
signiﬁcance of the present work.
4.2 Deriving the aggregation frequency
If we now introduce the global aggregation frequency fij
obtained by integration of Zij over the whole volume of the
ladle:
f ij ¼ ∫ Z ij dV ;

ð12Þ

V lad

and substituting for Zij from equation (4),
f ij ¼ ∫ bij ðg_ ÞN i N j dV
V lad

¼ ∫ bij ðg_ Þ
V lad

∂ # Ni ∂ # Nj
dV :
∂V
∂V

ð13Þ
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Fig. 6. Isocontours of gas retention and turbulent dissipation rates in metallic liquid bath obtained by 3D macroscale simulations [6].

Equation (13) is not an easy-to-use expression as
collision kernel is given according the shear rate. Thus, it
has to be restructured changing integration domain over
shear rate spectrum. To this purpose, the integration is
achieved over the volume seen as a cumulative distribution
function according to the considered shear rate g_ 0 :
Z
1 if_
g < g_ 0
V ðg_ 0 Þ ¼
dV :
ð14Þ
0 otherwise
V lad

Equation (14) can be then used to express the number
density of particles:
 
∂ #N ði;jÞ ∂ #N ði;jÞ ∂V 1
¼
:
ð15Þ
∂g_
∂V
∂g_
Finally, injecting expression (15) to (13) and achieving
integration by substitution from the volume to the shear
rate enables to give a shear based expression of the
aggregation frequency:
 1
∂V
∂ #N i ∂ #N j
dg_ :
f ij ¼ ∫ bij ðg_ Þ
∂g_
∂g_
∂g_
g_ lad

4.3 Results for an industrial ladle
The calculation of the aggregation frequency is applied to
a full scale 60 t steel ladle. Argon is injected through two
porous plugs, located at the base of the ladle with a gas
ﬂow rate equal to 63 NL.s1. The two-phase ﬂow
turbulent bubble-liquid metal was simulated for the
3D geometry of the ladle using a ﬁnite volume method.
Details of the simulation are found in [6]. Gas retention
as well as the turbulent dissipation rates over a vertical
plan crossing the ladle are displayed in Figure 6. It is
shown that turbulent regions are mainly located in the
bubble plumes, with a dissipation rate of the turbulent
kinetic energy varying in the range between 102 and
1 m2.s3. The two bubble swarms provide a good stirring
of the steel bath [6] and therefore at a ﬁrst approximation
it is possible to assume a homogeneous inclusion
population in the ladle.
With this assumption, the distribution of the inclusion
number with shear rate spectrum can be simpliﬁed as:
∂ # Ni
# N i;lad ∂V
:
≃
∂g_
V lad ∂g_

ð16Þ

According to equation (16), the following data are
required for estimating the global aggregation frequency fij:
– the collision kernel bij as a function of the shear rate ;
– the shear distribution in volume (∂∂Vg_ ) ;
i
– the shear rate distribution seen by each particles (∂N
_ ).
∂g

The ﬁrst data are provided by the present work through
equations (7) and (8):
bij ðg_ Þ ¼ hij bij;Smol

 d þ d 3
4
pi
j
¼ max 0:4  0:1 dp ; 0: ġ
:
ð17Þ
3
2
The second and third data can be obtained by
macroscale simulations.

ð18Þ

From equation (16), the expression of aggregation
frequency given in equation (16) can be then rewritten as:
∂g_
f ij ¼ ∫ bij ðg_ Þ ∂V
g_ lad
¼




# N j;lad ∂V
#N i;lad ∂V
dg_
V lad ∂g_
V lad ∂g_

# N i;lad # N j;lad
∂V _
d ġ
∫ bij ðġ Þ
2
∂_
g
V lad
_
g lad

ð19Þ

The PBE (Eq. (10)) is then solved according this
expression of fij, where the aggregation kernel is given by
equation (17) and the shear rate spectrum is provided by
the CFD simulation.
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Fig. 7. Log-scale distributions in a 60t gas-stirred ladle: liquid volume in shear spectrum (left), and corresponding distributions
weighted by collision kernel for different particle size ratios (right).

Fig. 8. Comparison of two test cases with (in red) and without hydrodynamic collision efﬁciency (in blue). Initial and after 10 min of
stirring PSD (left-hand size), total collision frequency versus time (right-hand size).

According to the turbulent ﬂow in the ladle the
distributions and their cumulatives of ∂V =∂g_ function as
well as bij ∂V =∂g_ function at given particle sizes are
displayed in Figure 7. The left-hand side of this ﬁgure
reveals that the main part of the steel bath remains weakly
turbulent (g_ ∈½1  30s1 ). It corresponds to the domain
outside the plumes. On the contrary, the shear rate values
can reach few tens of s1 in the two plume regions. When
this distribution is weighed by the aggregation kernel the
distribution of bij ∂V =∂g_ , shown on the right-hand side of
the Figure 7, extends to higher value of g_ because the
aggregation kernel linearly increases with g_ (Eq. (17)).
The strong dependence of the aggregation efﬁciency aij
(and so bij) with the inclusion size ratio is well noticeable
on Figure 7. The cumulative of bij ∂V =∂g_ over the shear
rate spectrum in the ladle let us ﬁgure out the important
effect of the size ratio on the values of the aggregation
frequency fij.

The PBE (Eq. (10)) has then been solved for pure
aggregation during 10 min of stirring in the steel ladle.
Two test cases have been compared: a ﬁrst with an
aggregation efﬁciency aij constant and equal to unity
(Smoluchowski’s collision kernel) and a second with the
hydrodynamic collision efﬁciency (given by the correlation 8). As an initial particle size distribution (PSD), a
log-normal distribution is applied (see Fig. 8 in white)
with a total mass content equal to 0,176 kg/m3
corresponding to 7,9 ppm of Total Oxygen (TO) content
 assuming a population of calcium aluminate inclusions. The PSD has been discretized into 20 sized classes
with lower and upper boundaries equal respectively to
2 mm up and 100 mm.
The results emphasize that the aggregation mechanism translates the PSD toward the large size, i.e., larger
size particles appear during treatment due to the
aggregation of smaller size particles (their number
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decreases with time). It is noteworthy that PSD does not
evolve on the same way comparing Schmolukowski’s
kernel (efﬁciency aij = 1 in blue) and the effective
aggregation kernel (in red) as expected. In the ﬁrst case,
the PSD evolves faster than in the second, thereby leading
to a more signiﬁcant increase of mean inclusion diameter.
On a more quantitative way, the total number of
aggregations per unit of time is displayed in Figure 8.
Taking an aggregation efﬁciency equals to unity leads to a
signiﬁcant increase of this value compared to the efﬁciency
correlation. This is especially true at the start of the
aggregation process where the inclusions are numerous.
The aggregation occurrences then decrease over process
time, with a more signiﬁcant drop for a = 1. This can be
explained by the fact that all classes of inclusions may
collide and aggregate in Smolukowski’s case. This is no
longer true when hydrodynamic interactions lead to
avoidance for size ratio larger than 4.

5 Conclusions
Numerical experiments of collisions of inclusions in a pure
shear ﬂow have been addressed thank to the coupling of
Lattice Boltzmann and Immersed Boundary methods.
These direct numerical simulations solve the molten metal
ﬁeld at the inclusion scale and account for the hydrodynamic interactions between the two approaching particles.
We found that for small inclusions (in the typical range
between 1 and 10 microns) in turbulent metal ﬂow
(encountered in reﬁning processes), the mutual hydrodynamic effects are not negligible and limit the aggregation
occurrences, so the aggregation efﬁciency. This is especially
true when the inclusion size ratio is far from unity. A simple
correlation of the aggregation kernel in turbulent shear ﬂow
has been formulated.
This new aggregation kernel has been applied to the
macroscale simulation of aggregation in a steel gas-stirred
ladle. The aggregation frequency of two sized classes of
inclusions in the ladle fij has been derivated and expressed
as a function of three contributions: the collision kernel, the
space distribution of the shear rate and the shear rate
distribution seen by each particle. The solution of the PBE
allows us to predict the size evolution of the inclusion
population for the turbulent conditions prevailing in an
industrial ladle. It clearly shows that the hydrodynamic
interaction at the inclusion scale signiﬁcantly reduces the
collision frequencies and must be taken into account.

Nomenclature
Greek letters
a
b
g_
h

aggregation efﬁciency []
aggregation kernel [m3.s1]
shear rate [s1]
turbulent length scales [m]

∊ turbulent dissipation rate [m2.s3]
r density [kg.m3]
v angular velocity [rad.s1]

Latin letters
A, B, C
d
f
N
v
V
x, y, z
Z

force coefﬁcient in LPT
diameter [m]
frequency [s1]
numeral density [#.m3]
velocity [m.s1]
volume [m3]
cartesian coordinates [m]
density of aggregation frequency[m3.s1]

Subscripts
0
f
i, j
K
lad
p
Smol

initial
relative to ﬂuid phase
particle indices
Kolmogorov
ladle
particle property
relative to Smoluchowski

Superscripts
* normalized

Compound
# N Inclusion number [#]
Reg_ shear-based Reynolds number []
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