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ABSTRACT

In this study, we analyse the motion of hydrosol particles in
the near-wall shear layer of a turbulent channel flow. The
liquid flow-field is described using the kinematic model
proposed by Fan and Ahmadi (1995) combined with
Lagrangian particle tracking. Numerical simulations were
performed for friction velocity ranging from 1.5 mm.s™* to 15
mm.s™1, particle diameter from 5 to 50 um, particle to liquid
density ratio from 1 to 1.4 and wall roughness height from 0.1
to 1pum. The results show that the inertia effects are very
weak. For nonbuoyant particles, direct interception is the main
deposition mechanism and a law giving the deposition
velocity as a function of the different parameters is proposed.
For buoyant particles the deposition is controlled by
sedimentation for the smallest values of friction velocity.
When friction velocity increases, the direct interception
contribution increases as well, and may prevail on
sedimentation.

Keywords: Fouling/clogging, metal refining, turbulent
deposition, Lagrangian methods, liquid aluminum.

NOMENCLATURE

Greek Symbols

6 Distance from particle surface to wall, [m].
p Mass density, [kg.m™].

7, Relaxation time, [s].

Stokes number.

u« Dynamic viscosity, [kg.m™.s™].

v Cinematic viscosity, [m?s].

o,, Shear stress at the wall, [kg.m™.s?].

Latin Symbols

Mean particle concentration, [m™].
Domain length, [m].

Diameter, [m].

Shift in the velocity profile at the wall, [m].
Friction coefficient.

Force.

Drag force.

Lift force.

Gravity, [m.s™].
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] Particle mass transfer rate, [m~>.s™].

k  Roughness height, [m].

I*  Characteristic length scale at the solid wall, [m].
1, Particle radius, [m].

t* Characteristic time scale at the solid wall, [s].
u  Velocity, [m.s™].

u*  Characteristic velocity at the solid wall, [m.s™].
V, Deposition velocity, [m.s™].

V, Sedimentation velocity, [m.s™'].

y. Capture distance, [m].

» Distance from particle center to wall, [m].

Suberscripts
Deposition.

Drag.

Fluid.

Limiting trajectory.
Lift.

Particle.
Sedimentation.
Wall.

Parallel to the wall.
Perpendicular to the wall.

F=S uo" &~~~ oa

Superscripts
+ Dimensionless quantity.
*  Value at the solid wall.

INTRODUCTION

In aluminum industry, the elimination of inclusion is of
great importance because the quality and properties of
the aluminum products rely on it. Indeed, the presence
of inclusions may lead to decohesion on forged products
or tearoff during forming with high plastic deformation
such as extrusion or rolling (Duval et al. 2009). It can
also have a pernicious influence on fatigue properties,
as many studies have shown (El-Soudani and Pelloux
1973, Jordon et al. 2010, Tijani et al. 2013, Tiryakioglu
2009). That is why some processing operations are
dedicated to removing inclusions from the liquid
aluminum. Many studies have been conducted to
estimate and improve the efficiency of such processes,
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such as purification by flotation (Mirgaux et al. 2009),
filtration with ceramic foam filters (Acosta and
Castillejos 2000 I and II, Duval ef al. 2009, Zhou et al.
2003), filtration with ceramic particle with active
coatings (Zhou et al. 2003), or filtration with
electromagnetic field (He ef al. 2012, Natarajan and El-
Kaddah 2002, Xu et al. 2007).

Metal processing often include transporting liquid metal
from one apparatus to another thanks to a trough. This
step might affect the inclusion content (advantageously
or not) and is not yet accurately described. The present
study attempts to give more insight about deposition of
inclusions at the solid bottom wall of a trough carrying
liquid aluminum. Even though deposition on solid walls
has been widely studied for aerosol (Fan and Ahmadi
1993, Tian and Ahmadi 2007, Guha 1997, Lai 2005,
Narayanan et al. 2003, Zhao and Wu 2006) it remains
hardly ever investigated in the case of suspended
particles in a liquid i.e. hydrosol. A hydrosol differs
from an aerosol by its solid to fluid density ratio of the
order of 1 whereas an aerosol is characterized by a large
density ratio, ie. about 10°. Hydrosol turbulent
deposition is addressed in this paper, by means of
numerical simulations.

The following sections start with the description of the
particle deposition model. Then the model is applied to
the deposition of non-buoyant as well as buoyant
inclusions. The influence on deposition of different
parameters, such as the particle diameter or the
inclusion to liquid density ratio for instance, is
investigated. The main purposes of this paper are (i) to
identify and quantify the deposition mechanisms, (ii) to
establish the suitable kinetic laws for inclusion turbulent
deposition in liquid aluminum.

MATHEMATICAL MODEL

The trough is modelled as an open rectangular channel.
The present study focuses on the inclusion deposition on
the horizontal solid bottom wall of the channel (figure
1). Inclusions can be transported by the turbulent liquid
metal flow from the center of the channel to the bottom
wall where they may be captured. Since we are
interested in deposition, the turbulent flow field is not
solved in the whole height of the channel but in a zone
of interest close to the deposition wall (figure 1). Inside
this zone of interest the flow field is described by the
analytical sublayer model of Fan and Ahmadi (1995)
and the inclusion trajectories are computed by
Lagrangian particle tracking using an in-house CFD
code.

Z
o | l_’y
Liquid metal © X
flow ‘ """" ¥ Zone of interest

Deposition wall

Figure 1: Configuration of liquid metal flow in a
channel, with deposition at the channel bottom wall.

It is possible to determine a characteristic fluid velocity
at the solid wall, called the friction velocity u* and
defined as
* ow
w= 5 )]

where 0, = iy Oug, /0 z is the shear stress at the wall.
Thanks to the characteristic velocity at the solid wall u*
it is possible to define characteristic time and length
scales, t* and [” respectively, such as

t* = vr (2)

r=2 (3)
These characteristic scales are used to make
dimensionless the model parameters, which are then
labeled with a * exponent.

Inclusion capture at the wall

As far as deposition is concerned, it is assumed that
once there is a direct contact between the inclusion and
the wall, the deposition process is completed with no
rebound effect included. The solid wall is supposed to
be smooth. Therefore the distance of capture y. is
defined as
yc+ = rp+ %)
Small wall roughness height k can be included in the
model. The wall roughness modifies the capture height
v which becomes
yo =1 +kt—e* )
with k* = ku* /vy the dimensionless roughness height
and e the shift in the velocity profile at the wall induced
by the presence of the roughness. Its value is given by the
model by Zhao and Wu (2006) such as

e+

k_+=

0 if k¥ < 3 (hydraulically smooth)
}(transition) (6)
0.82 if k* > 70 (completely rough)

0.32191In(k*) — 0.3456 if 3 < k* <30
0.0835In(k*) — 0.4652 if 30 < k* < 70

The configurations computed in the present study are
hydraulically smooth.

Liquid metal turbulent flow

Many experimental and numerical studies have been
carried out in order to investigate the flow field
behavior in the turbulent boundary layer at a wall as
well as the turbulent deposition at a solid wall (Cleaver
and Yates 1975, Corino and Brodkey 1969, Kim et al.
1971, Kline et al. 1967, Smith and Metzler 1983). It has
been found that the particles are conveyed to the wall by
the fluid vortices close to the deposition wall. These
eddies are organized with burst and sweep structures in
the viscous sublayer (z* < 10) and the buffer layer
(10 < z* < 30) (Kim et al. 1971). Fan and Ahmadi
(1995) have proposed to model these structures by a
frozen flow field, such as
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where A* = 100 is the dimensionless mean distance
between two bursts and A = 34,7 is a constant obtained
by matching the downward velocity component
u;-’y given by equation (7) to a characteristic downward
velocity in turbulent boundary layer flow (Fan and
Ahmadi 1995). The structure of the fluid velocity field
obtained from equations (7) is depicted in figure 2.

(N

=

§

PRI
Lo sy
7

tH
RERENNMNNN
LAY

NN AN

= Py
+

0

s e
RN R N VIS
1 rff;;';'/'/'
t-d
r :MTWT{{
::::///‘4,/4
R PP
VL LLL LA A
Bt
HHHQH
LALLY

AR AR

T TTTTW
TR

Figure 2: Fluid velocity vector field in the zone of
interest (see fig.1) as given by the model of Fan and
Ahmadi (1995).

Using the Fan and Ahmadi model to describe the fluid
flow implies that the particles are carried out and
captured at the wall thanks to the burst/sweep structures.
It has been proven to be true for aerosol (Fan and
Ahmadi 1995). In the present study it is assumed that it
is true for hydrosol as well. On top of that, it is
presumed that the burst/sweep structure has a longer
lifetime than the particle trajectory.

It is expected that the main features of hydrosol
deposition can be well-represented by this simplified
fluid flow model of the near-wall turbulence structure.

Inclusion trajectory

Lagrangian particle tracking is considered under
conditions of one-way coupling, that is to say that
particle effects on flow as well as particle-particle
interaction are not taken into account. This hypothesis is
relevant as long as the particle volume fraction is lower
than 10°. Particles are introduced in the domain at
zt =12 (figure 1) where the fluid flow reaches a
maximum of turbulent kinetic energy production
(Panton 2001). Therefore the particle concentration at
z* = 12 is supposed to be homogeneous.

The dimensionless particle equation of motion is given
as

duy Py
= (1-2)g 4 (6 - 3)

p
. Pr Duf _du; er_fDu]ir e ®
P2p,\Dt+* dt*) " Pp,Dt+ *

where d,, is the particle diameter, yif the dynamic fluid
viscosity, and p, and p; are, respectively, the particle
density and the fluid density. Here g denotes the
acceleration of gravity which is orientated towards the
horizontal bottom wall, u,, is the particle velocity and

Flow direction

ug is the fluid velocity in the absence of the particle.
Duys/Dt = 0uys/0t + us. Vug is the fluid acceleration at
the instantaneous particle center. d/dt corresponds to
the time derivative following the moving inclusion.

In Eq. (8), the left-hand side represents the particle
inertial force. On the right-hand side, the terms are the
gravitational force, the Stokes drag force (since the
Reynolds particle number Re, = py||u, — ur||(dy/2)/us
is lower than 0.1), the added-mass force, the effects of
pressure gradient of the undisturbed flow and the lift
force. The expression of the lift force F;is the
“optimum” one given by Wang et al. (1997).

In Eq. (8), the Basset history term is neglected.
Brownian diffusion is neglected as well since particle
diameter is much larger than 1 pm.

When the particle is close to the deposition wall (i.e.,
when the distance between the particle center and the
wall is lower than about 10 d,), it is possible to include
the hydrodynamic interactions between the particle and
the interface (i.e. lubrication effects) in the particle
equation of motion. The lubrication effects are
manifested in the drag force’s deviation from the Stokes
expression. Therefore they are taken into account
through the introduction of the appropriate friction
coefficients (Tien and Ramarao 2007) in the Stokes
steady drag, such as

1 1
Fodi = = () it~z iy = b () 5
(Fp)l =— [(u;)lff + (u;o)lfzrﬂ ©)

where the subscript L (resp. ||) is associated with the
component perpendicular (resp. parallel) to the wall and
zy is the dimensionless distance between the particle
center and the solid wall. The values of the friction
coefficients f = f(6/d,) depend on the separation
distance & between the particle and the solid wall made
dimensionless by the particle diameter d, as given by

Tien and Ramarao (2007). The coefficients a and b are
defined by (Tien and Ramarao 2007)

+_ a(u}-o)" Z(u}'o)"
a = BZ?,' z;,r (10)

[ ia(u;o)" _ (u;o)"

S dm ()

It should be noted that f - 1 when § — oo and that the
friction coefficient ff acting on the perpendicular
component of the particle velocity, diverges as the
reduced separation distance vanishes. Hence when
lubrication effects are incorporated in the particle
equation of motion, the solid wall roughness is included
in the model as well. Consequently, the contact between
the particle and the wall is achieved thanks to the
roughness.

The particle equation of motion (8) is solved numerically
using third-order Adams-Bashforth method.

The deposition velocity V; is defined as

J
Vo=t (11)
where ] is the particle mass transfer rate at the wall and
C, the mean particle concentration at z* = 12. The
particle mass transfer rate Jis evaluated thanks to the
limiting trajectory. Indeed, there is a limiting value y;
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above which the inclusions introduced in the domain at
the zt = 12 are transported outside the domain without
ever reaching the solid wall. From the values of the
limiting trajectory y;, of uy; the normal component of the
inclusion velocity at z* = 12 and of D the domain length
in the y* direction, the particle mass transfer rate can be
estimated:

J = Co () (12)

In order to verify that the code is valid, it has been
tested on a reference configuration for which
experimental and numerous numerical data are
available: simulations for the aerosol configuration of
the experiment of Liu and Agarwal (1974) have been
run. The deposition velocities computed were found to
be in good agreement with the experimental results as
well as the numerical models of Wood (1981) and Fan
and Ahmadi (1993).

In the following, the numerical study actually consists
of using the model of Fan and Ahmadi (1995) rethought
in the case of a hydrosol.

Simulation parameters

The study focuses on the deposition of inclusions
suspended in liquid aluminum. Numerical simulations
have been run for different sets of parameters, with
particle to liquid density ratio varying from 1 to 1.4, the
particle diameter from 5 to 50 pm, the friction velocities
from 1.5 to 15 mm.s”', and the wall roughness from 0.1
to 1 um. The simulation parameters are summarized in
table 1.

Table 1: Modelling conditions.

pr 2360 kg.m™3

Vs 5.5085 X 10~"m?.s~!
Pp/Pr 095to 1.4

u* 1.5t0o 15mm.s~!

d, 5to 50 pm

k 0.1to 1 um

Some simulations are performed without inertia effects
(resp. gravity): in this case, particle inertial force, added
mass force, pressure gradient force and lift force (resp.
gravitational force) are removed from Eq. (8). When
inertia effects are taken into account, Faxen corrections
are also included in the model. Indeed it has been found
that even though not an inertia effect, Faxen corrections
are of the same order of magnitude as the pressure
gradient force (Maxey and Riley 1983).

RESULTS

As far as deposition on a horizontal wall is concerned
sedimentation can overpower any other deposition
mechanism. Thus, we have started by computing
simulations without any gravity effect before including
gravity in the model.

Simulations without gravity effect

As gravitational effect are not included in the results of
figure 3, simulations run without inertia illustrate
deposition by the direct interception mechanism (since
inclusions are strictly moving along fluid flow
streamlines) whereas simulations with inertia reveal the
inertia impact mechanism. Figure 3 shows that the
difference in deposition velocity, depending on whether
inertia effects are included or not, remains small.
Therefore, inertia is of no significant consequence in
deposition and the only deposition mechanism is direct
interception. This is consistent with the small values of
the Stokes number 7, meaning that the particles have
little inertia and react instantaneously to any
modification of the fluid flow direction.

Results of figure 4 have been obtained without gravity
nor inertia, thus depicting deposition by direct
interception. It can be seen in figure 4 that the greater
the friction velocity u*,the more efficient the direct
interception mechanism. These results actually reflect
that the number of inclusion impact to the wall rises
with the friction velocity. If the adhesion force between
the inclusion and the wall is strong enough it will
increase the deposition velocity. Nevertheless, in
practice it can be suspected that if the greater the
friction velocity, the more important the inclusion
resuspension. Therefore, if this effect was taken into
account in the present modelisation it could lessen the
deposition velocity.

Figure 4 reveals that the roughness height has little
effect on the deposition of the larger inclusions. On the
other hand, it helps the deposition of the smallest
particles. It can be concluded that the contact between
the inclusion and the wall is more easily achieved when
the roughness height represents a sufficient percentage
of the inclusion diameter (typically = when
k = 5%d,).

The figure 5 shows that the numerical results for
deposition by direct interception align well onto a curve.
It is then possible to obtain a law giving the
dimensionless deposition velocity by direct interception
as a function of the particle diameter, the roughness
height and the friction velocity as given by:

_3 (dp+2k\17
v =107 (pl—) (13)

The effects of lubrication on direct interception have
been investigated in figure 6. It is found that lubrication
significantly reduces the deposition. Its effect is stronger
as the roughness height is smaller. Indeed, roughness
cuts off the lubrication effects which are stronger at
short distance from the wall and can delay or even
prevent the inclusion deposition. Nevertheless, for
larger roughness height, such as those encountered in
industrial processes (i.e. k > 1 um), it can be expected
that lubrication has no significant influence on
deposition.
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Figure 3: Dimensionless deposition velocity as a
function of the inclusion Stokes number. Simulations
without gravity.
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Figure 4: Dimensionless deposition velocity as a
function of the inclusion diameter. Simulations without
gravity nor inertia.
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Figure 5: Dimensionless deposition velocity as a
function of the inclusion diameter and the roughness
height. Simulations without gravity nor inertia.
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function of the dimensionless inclusion diameter.
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Simulations with gravity effect

Configurations for which gravity is taken into account
are investigated in figure 7 for different values of
pp/py. Figure 7 shows that for given values of friction
velocity u* and roughness height k, gravity goes against
deposition for inclusion density smaller than the fluid
one. On the other hand, gravity works in favour of the
deposition if the inclusion density is greater than the
fluid one. In that case, the greater the inclusion density
compared to the fluid density, the closer to
sedimentation velocity the deposition velocity. Hence it
can be concluded that the sedimentation is the main
deposition mechanism for inclusion dense enough
compared to the fluid.

Figure 7 also shows that Iubrication can reduce
deposition compared to a configuration without
lubrication. Nevertheless the reduction remains
negligible, unlike for non-buoyant inclusions.

Unlike when p,,/p; > 1.2, figures 7 and 8 show that for
inclusions for which density is close to the fluid density
(ie. 0.95< p,/ps<1.2), the deposition velocity
significantly differs from the sedimentation velocity. It
demonstrates that in that case sedimentation is not the
main deposition mechanism. Figure 8 also points out
that the difference between deposition velocity and
sedimentation velocity grows bigger as u” rises. Indeed,
direct interception contribution on deposition increases
with u*. It can be concluded that for inclusion density
larger than fluid density, sedimentation is cooperating
with the direct interception mechanism and the balance
between the two contributions depends on the value of
pp/py and u”. As the two mechanisms react to
lubrication and roughness height with different
intensities as p,/py and u*vary, it becomes difficult to
extract a general law that faithfully transposes the
deposition velocity when p,,/ps ~1.

CONCLUSION

Particle deposition onto a channel bottom smooth wall
has been studied. Liquid aluminum flow has been
obtained thanks to the sublayer model of Fan and
Ahmadi (1995). Particle trajectories have been
simulated by Lagrangian particle tracking under
conditions of one-way coupling.

The inertia, lubrication, turbulence and wall roughness
effects on deposition have been investigated.

For non-buoyant inclusions, inertia effects are not
significant and the only deposition mechanism is direct
interception. The higher the turbulence (i.e. the higher
the value of u*), the more efficient the direct
interception. Wall roughness may help the deposition of
the smallest inclusions. As far as direct interception is
concerned, the simulated dimensionless deposition
velocities (made dimensionless by the characteristic
scales at the solid wall) align well onto a master curve
which is a function of the particle diameter, the wall
roughness and the friction velocity. On the smooth wall,
lubrication has been found to significantly reduce the
deposition by direct interception.

For buoyant inclusions, deposition is controlled by
sedimentation for particles dense enough compared to
the liquid metal. As the inclusion density gets closer to
the fluid density, the sedimentation contribution on
deposition decreases. On the other hand, direct
interception mechanism contribution rises with u*and
may overcome sedimentation. As a consequence, the
two mechanisms contribute to the deposition with
different intensities, making it difficult to extract a
general expression giving the deposition velocity for
buoyant inclusions.
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