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Abstract

A number of melt refining unit operations for
the removal of inclusions from aluminium exist.
Examples are settling in holding furnaces,
flotation in gas purging units, and settling
and interception in filters.

The basic principles at our disposal for
inclusion removal in the various units are few:

blockage (sieving, cake-filtration),
sedimentation (settling), interception,
flotation, electromagnetic forces, and

turbulent deposition. Also agglomeration prior
to removal should be considered. A comparison
of the principles is made on the basis of the
particle size dependence of the mechanisms.

Introduction

Inclusions in aluminium may have an adverse
effect on surface appearance, a severe effect
on mechanical properties and may also influence
the machining properties.

A number of methods for the removal of
inclusions from melts exist and patents are
plentiful. The basic mechanisms, ensuring the
transfer of inclusions out of the melt are few
on the other hand. Most of todays units are
based on one or more of the principles:
flotation, sedimentation, interception or
electromagnetic forces.

In this paper a review of the basic principles
for the removal of inclusions will be given.
The physics of the deposition mechanisms will
be highlighted. The question of adhesion and
related subjects such as re-entrainment will
only be briefly mentioned. The mechanisms
deposit the inclusions in different manners.
Re-entrainment will depend on the deposition

mechanism and also on how the separation
mechanism is implemented (f.ex: ceramic foam
filters vs. deep-bed filters).

Mechanisms

An effective unit for inclusion removal must
separate inclusions down to the smallest sizes
from the melt (5 Mm or even less). When
comparing the efficiency of different units it

is important to consider the number-size
distribution (1). Using only total volume or
mass in and out of the unit may give a biased
picture of the efficiency. Large inclusions
give significant contributions to both mass and
volume. They are easily separated by a number
of mechanisms. However if they happen to be
present in the final product the effect on
quality may be very detrimental.

As already mentioned only a limited number of
mechanisms can be used to separate particles
from fluids. Of these the inertial forces can
be disregarded immediately since they are only
of significance for gases i.e. where the
density difference between particles and fluid
is large.

Blockage

Inclusions may be removed by forcing the melt
through a medium with pores smaller than the
inclusion diameter. Pores smaller than the
inclusions will then be blocked. This mechanism
is utilized by cake-filtration. Obviously the
capacity of such systems is low since the
inclusions deposited give a very high pressure
drop.

Sedimentation

Inclusions sinking in the gravitational field
due to the density difference between inclusion
and melt are said to be removed by
sedimentation or settling. A single particle in
a quiescent liquid will sink with a velocity
given by a balance between buoyant forces and
drag forces. The settling velocity is

- Ap dig
U, = 2 Ty (1)

Ap is the density difference between inclusion
and melt, p is the melt density, d is the
inclusion diameter, g = 9.81 m/s?, and v is the
kinematic viscosity.

The equation is strictly valid only for single

spherical inclusions settling in an infinite
medium. Non-spherical particles or suspensions
of particles will settle more slowly due to
increased drag forces. Also close to surfaces
the settling velocity will be reduced due to
wall effects (2).
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For rotating filters the "driving force" is
still the density difference, but now the
centripetal acceleration replaces the
acceleration of gravity. Thus ’r replaces
gravity g in the various relations for removal,
where ® is the rotational velocity and r is the

distance from the axis of rotation.

Interception

Interception descibes the effect that the
inclusion follows the streamlines and collides
with the collector only due to its finite size.
If the flow past the collector is taken to be
potential flow the collision efficiency is

n=3% (2)
This is valid for:
d |3
1 (3)
E: _ZRec >

Here d. is collector diameter. The boundary
layer around the collector was not taken into
consideration in the above equation. An
estimate of the boundary layer thickness is

8= v c . dc
J & 0. J6Re,_

(4)

where

(5)

If the boundary layer is considered, the number
of particles moving near the collector surface
is reduced. Then the collision efficiency
becomes smaller (3). The relationship is given
graphically as discrete points in (3). A
conservative estimate based on the graph gives:

_ 3 a 3
Z

- (6)
2 q

Re,

c

n

This is valid for small Re,:

d |3

(7)
INZ

Re, < 0.2

Equation (6) applies to a smooth spherical
collector. If the collector surface is "rough”
and/or the collector has a number of
protrusions, deposition may take place on the
protrusions jutting outside the boundary layer.
Then the additional collection efficiency due
to the protrusions may be roughly estimated by
Eg. (2) if d. is replaced by the protrusion
diameter d,. The idea here is that the
protrusion parts outside the collector boundary
layer may be regarded as separate collectors.
This means in practice that deposition rates of
inclusions in a filter should increase with

time due to a build wup of T"dendrite"
protrusions (4). This mechanism is complex and
modelling requires extensive numerical
calculations.

Flotation

Flotation is not a single operation, but a
combination of interception with a gas bubble
and subsequent removal when bubbles and
particles rise to the melt surface. Bubbles in
aluminium may or may not be covered with a
"stiff" oxide film. In the latter case the
collision efficiency will be exactly the same
as for an equivalent solid sphere surrounded by
a boundary layer, i.e. Eg. (6).

In the former case the interface is a (free)
gas-liquid interface, i.e. the gas inside the
bubbles will move in two recirculating zones.
As a consequence the bubble-melt interface is
moving at a finite velocity. Also, now the
inclusions have to penetrate the bubble-melt
interface in order to be removed from the melt.
For this to happen wetting properties must be
such that the inclusions have the necessary
surface energy potential to overcome the
effects of shear from the melt and/or gravity
and inertial forces. A particle is not retained
if it barely touches the interface.

Frisvold and Engh (5) have taken the surface
Gibbs energy into account and calculated the
collection efficiency:

3d
g,

sin’6, (8)

Here 6, is a critical polar angle for impaction
of inclusion on the bubble. This angle is the
largest angle that allows inclusions of size d
to adhere to the bubble. At larger impaction
angles the time of contact between bubble and
inclusion is too small for the particle to
penetrate deep enough through the interface. 6,

depends on bubble size, inclusion size,
inclusion velocity, inclusion density, and on
interfacial tensions in the system

bubble/melt/inclusion.

Electromagnetic forces

Electromagnetic removal of inclusions has until
now been utilized least of the mechanisms.
Electro-magnetic forces are otherwise employed
for stirring, casting, and pumping of metals.

Electromagnetic volume forces affect the
(conducting) melt, but not the non-metallic
inclusions (oxides and carbides). In a melt a
pressure gradient will be generated by an
electromagnetic field. An inclusion in the melt
will feel the pressure gradient or volume force
("buoyancy") due to the inclusion not having
the same conductivity as the melt. In principle
inclusions may be driven in any direction by
electric and magnetic fields.

The forces may be created by:

1. Use of an applied electric field 1in

conjunction with a magnetic field.

2. By letting the magnetic field induce a
current in the melt.

3. By sending a current through the melt
thereby inducing a magnetic field that
interacts with the current (6). This gives a
pinch-effect.
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Note that the efficiency of the electromagnetic
forces depends on the orientation of non-
spherical inclusions (6,7,8).

The electromagnetic force the melt experiences,
f, is expressed in terms of the current density

J and the magnetic induction B:

f = jxB (9)

The current density is

J = 6[E + uxB] (10)
6 1is the conductivity, E 1is the applied
electric field, and u is the melt flow
velocity.
Turbulent deposition
A relationship between the collision
efficiency, n. and the mass transfer

coefficient for deposition, k., is derived in

a following section

k,=mub (11)

b is equal to the ratio between projected area
in the flow direction and the surface area,
i.e. b = 1/4 for spherical collectors. u is the
inclusion bulk velocity relative to the
collectors.

In turbulent flow the inclusions are carried to
the surface due to (turbulent) velocity
fluctuations. The turbulent deposition rate for
a smooth surface is (9):

du

k, = 5.1 x 10™ u, () (12)

Vv is the kinematic viscosity, u, is the shear
velocity in the boundary layer, and 4 1is
inclusion diameter. Engh and Lindskog (10) have
derived a formula for removal to the rough
walls of a ladle where k, is given as a
function of stirring power.

Deposition at a rough surface is complex and
one will need a further treatment to describe
removal in molten aluminium. Deposition at a
rough surface is more efficient than for a
smooth surface. In this case k., may possibly be
proportional to the inclusion diameter (11).

Agglomeration

Levich (12) has discussed coagulation in
suspensions consisting of mono-size particles
(monodisperse systems) . Possible mechanisms for
agglomeration is:

1. Brownian (thermal) agglomeration - the
particles agglomerate due to the fact that
small macroscopic particles in a liquid always
will be in chaotic movement. The movements are
manifestations of statistical fluctuations in
equilibrium.

2. Gradient agglomeration - if there are
velocity gradients in a liquid, e.g. in the
boundary layer near a wall, particles close to
each other move at different velocities. They
may collide if the distance is less than a

particle diameter.

3. Turbulent agglomeration - small particles in
purbulent vortices migrate through the liquid
in a chaotic manner resembling Brownian
movement . :

4. Agglomeration in polydisperse systems, i.e.
sgspensions with a distribution of particle
sizes and particle densities. Since the forces
from the gravitational field and
electromagnetic fields depend on size and
density difference, this may lead to collisions
between particles of different sizes and/or
densities.

Agglomeration is not a mechanism for direct
removal of inclusions but amplifies the effect
of the other mechanisms. It can be shown that
the time constant for agglomeration is (13) :

V/€ 13
T35 C (13)

T [s] =

where ¢, is volume fraction inclusions and £ is
the dissipation rate of turbulent energy.

If agglomeration is to be important the time
constant for agglomeration must be less than
the residence time.

As an example we have calculated the time
constant for agglomeration to be 3.8 minutes in
an aluminium melt with a dissipation rate of 1
m’/s? and an inclusion concentration of 10 ppm.

It is seen that the time constant for
agglomeration is independent of inclusion size.
It follows that for small inclusions
agglomeration (the production of larger
inclusions) will be the only mechanism that is
efficient. Since all inclusions become larger
this would seem to be detrimental. However, the
larger inclusions are easier to remove. In this
manner even small inclusions can be eliminated.

If the stirring is too powerful, agglomerates
may be broken up. Therefore, there is an
optimum stirring power when creating
agglomerates in a melt with a particular kind
of inclusions.

Under ordinary conditions in aluminium melts
coagulation should be insignificant (14). With
powerful stirring agglomeration may be
important only in the parts of the melt where
dissipation is high.

Comparison of various mechanisms

Centripetal force vs acceleration of gravity

If we consider a rotating filter the separation

mechanism will be an amplified sedimentation.

The amplification is given by the ratio
_ r

o= —

(14)

Assuming a rotor diameter of 20 cm and a
rotational velocity in the range 500 - 900 rpm,
Eg. (14) gives
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27.9 < ¢, < 90.5 (15)

Electromagnetic removal vs sedimentation

Electromagnetic removal depends on the
inclusion diameter to the square similarly to
sedimentation. A comparison between the two
appears reasonable. The improvement of
electromagnetic separation over sedimentation
is given by the ratio between the settling
velocities:

JoBo

= (16)
6, 55
Here it has been assumed that the
electromagnetic field 1is due to crossed
electric and magnetic fields. Also the

inclusions are assumed to be spherical. The
effect of the electromagnetic field is slightly
overestimated. For oxide inclusions the density
difference is about 1500 kg/m’. Vives and Ricou
(8) have used the following values for the
electromagnetic force density

6875 < J,B, < 148.000 N/m® (17)
The ratio then becomes
0.5<¢,<10 (18)

Turbulent deposition vs sedimentation

Stirring is used in
inclusions (10).

steelmaking to remove

The turbulent deposition mechanism will
dominate over sedimentation (15) when
3
o=9.2x102 % Pn o9y (19)
av Bp

It is seen that the influence of the turbulence
increases when the density difference Ap gets

smaller. For aluminium oxide inclusions in
aluminium the critical shear velocity becomes
u, = 0.066 m/s. An estimate on the shear
velocity is

u, = Ubuk (20)
This gives a bulk velocity of 1.3 m/s.
Velocities of this size are rare 1in

metallurgical systems, expect when stirring. In
traditional filters the velocities are on the
order of 1 cm/s or less (16).

The above is valid for a smooth surface. If the
surface is rough one may assume that the shear
velocity is higher. This means that turbulent
deposition may dominate over sedimentation at
bulk flow velocities down to roughly 13 cm/s if
we assume that the shear velocity is twice as
high (17) as given by Eg. (20). This is still
high compared to velocities in filters.

Size dependence of mechanisms

In order to compare the size dependence of the
mechanisms, we summarize the collision
efficiencies:

Interception (smooth surface):

3 @ |3U.d.

Nis = T F v (21)
Interception ("rough" surface):
N, = _35‘5 (22)
Flotation ("stiff"™ interface):
e = 25| 302 (23)
Flotation (free interface):
3d _.
Mg e = =T sin®@, (24)
Sedimentation:
Centrifugal:
Noener = ¢1i‘[f F =6 (26)
Electromagnetic:
Turbulent (smooth wall):
Mewss = 20.4 x 107 % (FUs)z  (28)

The size dependence of the mechanisms are shown
graphically in Figures 1-8. In the figures also
the influence of the other parameters are
given. In the calculations we have used a
kinematic viscosity of 0.5 X 10°® m?’/s and a
melt density of 2350 kg/m’. The inclusions are
assumed to be oxides with a density of 3850

kg/m®, giving a density difference of 1500
kg/m’.

Removal efficiency
So far we have discussed the collection

efficiency, N, of single collectors but what is
the removal efficiency, E, of a unit with a
given collection efficiency per collector ?

It is assumed that removal is proportional to
particle concentration and surface area. A
coefficient for transfer of particles, k, is
introduced by defining it so that the number of
particles transferred to the collector surface
A, per unit time is k 3A; c.

Another expression for the number of particles

removed 1is obtained by multiplying the
collection efficiency with cross sectional area
A; b of the collectors and with u. b is equal
to the ratio between projected area in the flow

327

From Light Metals 1992, Euel R. Cutshall, Editor —




smLightiMctalis

0.025 T T T -
n d.=5mnd, =2.5mmd, =5 mm
e u=lcems u=lcm/s u=0.1cm/s
0.02
’
!
’
/
I’
’
- ;o
!
;
;
!
;
0015 |- o
’
’
’
/
‘
- ’ <
.
i
;
,
‘
0.01 /-
’
’
/
/
’
/ d, increases |
0.005 /
0
100
d {um]

Figure 1. Collision efficiency due to
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a function of inclusion diameter.
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Figure 4. Collision efficiency due to
flotation by a bubble with a free
interface as a function of
inclusion diameter.
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direction and the surface area. u 1is the
particle bulk velocity relative to the
collectors. Then N A, b u is the volume of melt
cleaned up by the collectors. The number of
particles removed is obtained by multiplying
this expression with the number of inclusions
per unit wvolume c¢. Comparison of the two
expressions for the number of inclusions
removed gives (18):

k=mub (29)

A number balance for particles gives:

accumulation of particles per unit time

= difference between convection in and out of
the control volume

+ difference between flow in and out due to
diffusion

Diffusion is assumed to be negligible. ¢ is the
number of particles deposited per volume
removal unit:

9 + 0 (ecu) =0

3?(0+£C) 9% (30)

It is assumed that the number of particles
deposited is much larger than the number of

particles in the melt, i.e. the melt is
regarded as a dilute suspension:
G>»¢&cC (31)

From the above discussion it follows that the

number of particles deposited per volume
removal unit and unit time may be expressed as:
Joo
=kA c¢e¢ 32
i3 . (32)

Integration of Eq. (30) employing Egs. (32) and
(29) then gives:

C -nba x

=e (33)

Co
The removal efficiency is defined as:

E=1-C =1 - gnbax (34)
CO

It is seen that a high removal efficiency may

be obtained by having a large specific area, a

deep unit with a large x, or a high collection
efficiency, M. By assuming that the other
parameters are the same for all units, we may
compare units based solely on the collection
efficiency as in the previous section.

Adhesion and re-entrainment

Particles are removed by transfer to a second
phase, for example a solid wall in a filter or
a gas bubble in a gas purging unit. Practical
experience in the cast shop shows that there is
sudden surges or releases of inclusions from
filters.

Frisvold (3) have calculated the force pressing
an inclusion towards a filter wall due to the
surface tension of the melt. It was found that
this force is much larger than the drag forces
on the inclusion (diameter 10 um). The

industrial experience with particle releases
must therefore be explained by particles using
a long time to penetrate a film before they get
stuck. In the mean time the particles are just
'floating’ on this film and may be re-entrained
by sudden filter surges due to flow and
pressure variations.

The effect of time of contact on adhesion has
not been measured for small particle adhesion.
For a steel ball of 0.32 cm diameter on an
indium block with 500 g load, Bowden and Tabor
(19) report that full adhesion was reached in
2000 seconds. It is difficult to extrapolate
these data to micron size particles where
essentially no load is applied.

Conclusion

For most of the mechanisms, the removal of the
smallest inclusions 1is proportional to the
square of the diameter. The exceptions may be
agglomeration and deposition on a rough
surface.

In other words, removal of small inclusions is
very difficult to attain. Therefor a solution
to the problem of removal of the smaller
inclusions may be agglomeration by powerful
stirring as a first step. Theoretical studies

indicate that the time constant for
agglomeration is independent of inclusion
diameter.

As much as possible of inclusions should be
removed by sedimentation and/or flotation
before eventual filtration, in order to
increase the life time of the filter.
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