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ABSTRACT

In smelting processes, pelletised feed solids
are frequently introduced as a continuous
stream into a bath of molten liquid. A wide
dispersion of feed solids within the melt
increases their exposure to oxidising or
reducing reagents. Thus an improved
understanding of factors affecting such
dispersion is desirable. Recent investigations
in the computational modelling of a solids
stream entering a stationary liquid, have
successfully predicted the main features of
steel particles dispersing in water (Fletcher
and Witt, 1996). The model uses an Eulerian
multiphase formulation with a non-diffusive
convective differencing scheme. In this paper,
those developments are applied to a cold
model of a metallurgical flow. Predictions are
obtained and discussed for a range of values of
solid densities, inlet particle volume fractions,
impact velocities and particle diameters.

NOMENCLATURE

B Constant in eq. (6)

Drag Coefficient

dg Particle Diameter

Fp Force due to Drag

Particle Reynolds Number

\'/} Instantaneous Liquid Velocity
Vs Instantaneous Particle Velocity

Vin  Inlet Particle Velocity
Greek symbols

o Liquid Volume Fraction
O Particle Volume Fraction
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Ogmae  Maximum Particle Volume Fraction

o) Liquid Density
W Liquid Viscosity

Hy Mixture Viscosity

Jin Solid Viscosity

1. INTRODUCTION

A number of metallurgical processes involve
the entry of a solids stream into a liquid. Some
examples include, the addition of fresh
concentrate in the Noranda Process for the
production of copper (George and Taylor,
1981), damp pellets of lead charge fed into the
QSL reactor (Kellogg and Diaz, 1992), ferro-
alloy or aluminium additions to ladles (Guthrie
et al., 1975), and the addition of lump coal
into an Isasmelt smelter (Errington et al.,
1985; Nagamori et al., 1994). Another process
which is gaining increasing importance in the
area of ferrous metallurgy is the use of direct
reduced iron as a continuous charge in an
electric arc furnace (Brown and Reddy, 1979).

Typically, solids entering a metallurgical
system are of a density equivalent to or less
than that of the liquid. In an Isasmelt smelter,
for example, the density of lump coal is
approximately 1,300 kg/m’ (Incropera and
DeWitt, 1990) whereas copper slag density is
greater than 3,000 kg/m’ (Biswas and
Davenport, 1980). An electric arc furnace
melt density approaches that of steel at 7,000
kg/m’ (Peters, 1982) whilst direct reduced iron
briquettes entering the furnace would have
density = approximately 5,500 kg/m®
(Stephenson, 1980). Few experimental or
computational results exist to describe the
processes occurring when buoyant or near
buoyant particles enter a liquid, although some
single particle studies have been performed




(Guthrie et al.,, 1975). Recent computational
(Hall and Fletcher, 1995; Fletcher, 1995;
Fletcher and Witt, 1996) and experimental
(Gilbertson and Fletcher, 1992; Gilbertson,
1993) work considered high density spheres
falling into water. This paper extends the
computational model of Fletcher to buoyant
particles. Modelling aspects of related studies
and other research which focuses on
fluid/particle interaction (Gidaspow, 1986;
Bouillard et al., 1989; Davidson, 1994) are
implemented.

The purpose of this paper is to predict the
penetration behaviour of a stream of buoyant,
or near buoyant, solid particles entering a
stationary  liquid, representative of a
metallurgical system under non-reacting
conditions. Calculations are performed for a
range of particle densities, diameters, inlet
volume fractions and impact velocities.

2. BACKGROUND
2.1 The Model

A single layered two-dimensional system,
shown schematically in Figure 1, is
considered. Solids are assumed to enter with a
known velocity and volume fraction. The flow
is taken to be laminar.

In practice, a slag layer is present on the
surface of a melt. As a first step the slag layer
is ignored, with the solids assumed to pass
through it unhindered. Heat transfer and
particle dissolution within the melt are also not
considered. The extension to a two-layered
system with the eventual inclusion of heat and
mass transfer will be the subject of future
work.

Physical properties are chosen consistent with
ferrous applications for which a liquid density
of 7,000 kg/m’ with a viscosity of 0.0064 Pa.s
(Guthrie et al., 1975; Peters, 1982) are
assumed. The liquid properties are fixed
thoughout the calculations.

Particle parameters to be varied are the
density, diameter, inlet volume fraction and
impact velocity. Particle densities range from
5,500 kg/m’ to 8,500 kg/m’, extending slightly
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beyond the neutrally buoyant point. The
diameters are chosen between 0.01m - 0.05 m
which encompasses typical direct reduced iron
pellet sizes (Stephenson, 1980).
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Figure 1 - Geometry of the Computational
Domain

An appropriate choice of inlet volume fraction
is not clear. The maximum volume fraction of
particles, ¢, falling steadily in a stationary
fluid (flooding condition) is about 0.2 (Zuber,
1964). This is close to the value of volume
fraction in the experiments of Gilbertson et al.
(1992) at release, after which the volume
fraction was observed to reduce to 0.1 during a
0.1m fall. Typically, the solids will fall
further than 0.1m during addition to a melt;
thus o is varied between 0.03 and 0.15 here.

The impact velocity of solids is wvaried
between 5 m/s and 20 m/s. This range
encompasses velocity values quoted for direct
reduced iron falling into an electric arc
furnace, approximately 7-9 m/s (Stephenson,
1980). Generally, velocity is controlled by the
release height of the particles above the melt
surface.

2.2 The Model Equations

Transient two-phase flow calculations are
performed using the fluid flow program CFX
F3D (AEA Technology, 1995) utilising an
Eulerian two-fluid approach in which the
phases are regarded as interpenetrating

continua. The momentum equations for both

phases are adapted to include particle added
mass and lift terms according to Fletcher and
Witt (1996). The objective form of these terms
is chosen, as given by Drew and Lahey (1987).



The standard drag force for spherical particles
is modified to include hindered settling effects
(e.g. Gidaspow, 1986; Davidson, 1994):
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Equation (1) for larger solids fractions is based
on the Ergun equation. For solid volume
fraction less than 0.2, the standard drag
relation for a single particle is modified for
packing effects (2).

The presence of particles in a liquid modifies
the overall mixture viscosity. This has been
taken into account by the use of a variable
solids viscosity, dependent upon the solids
volume fraction. The mixture viscosity,
defined as

.:u'm =lu‘lal +lu‘sas (5)

is taken to be (Shook and Roco, 1991; p. 62)

=B gy,
i, =u,[1—L] ©)

with B= 2.5, with O, = 0.63.
The solids viscosity follows from Equations
(5) and (6).
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2.3 Numerical Considerations

Previous work on computational modelling of
spherical particles dropped into water
(Fletcher and Witt, 1996) has shown the need
for a total variation diminishing (TVD)
convective differencing scheme (eg. van Leer,
1974) to ensure realistic predictions of the
solids “plume”. Fletcher and Witt showed that
the use of a highly diffusive scheme, such as
HYBRID, can cause excessive smearing of the
interface between the liquid and the falling
particles. The van Leer differencing scheme is
applied in the present calculations.

Constant pressure is chosen on the top
boundary either side of the solids column. The
walls of the tank are all specified as no slip
boundaries. To avoid an unphysically large
initial impulse, the particle volume fraction is
ramped from zero to the maximum value over
20 ms. Calculations are performed on a
125x50 rectangular grid with a timestep of
0.001 seconds. Refining the grid produces no
significant difference in the predicted flow.
Convergence is assumed when the sum of the
normalised residuals of mass, and momentum
are less than 10°. All two dimensional CFX
F3D calculations are treated as three
dimensional problems with one internal plane
in the k-direction (AEA Technology, 1995),
thus the tank width is set to 1 m.

3. RESULTS AND DISCUSSION

Particle parameters are varied around a base
case of 15 m/s impact velocity with inlet
volume fraction 0.05, particle diameter
0.03 m, and a particle density of 7,000 kg/m’,
equal to that of the liquid.

To prevent the solids volume fraction from
attaining unrealistic values in excess of a value
for maximum packing, a solids pressure can be
introduced into the particle phase momentum
equation. This represents a normal (dispersive)
solids stress which arises from persistent
particle-particle contacts. A suitable form of
the solids pressure is given in Bouillard et al.
(1989).




For the base case, the solids volume fraction
achieves maximum packing values in
approximately 0.15 s. The addition of a solids
pressure term added to the particle phase
momentum equation would justify the
continuation of the calculation. However, at
present timestepping is halted when the solids
volume fraction reaches 0.63. The addition of
this solids pressure will be explored in future
work.

Figure 2 shows the contours of volume
fraction of the base case at t = 0.15 s. It is
seen that the particle “plume” is beginning to
resemble that produced experimentally by
Gilbertson et al. (1992), and Hall and Fletcher
(1995), for high density stainless steel spheres
in water att=0.16 s.

All contour diagrams of solid volume fraction
are shown in intervals of 0.1, however, the
diagrams also have a 0.02 interval shown.
This value has been used to delineate the
boundary between the liquid and the solid
regions (Fletcher and Witt, 1996) when the
particle penetration depth is calculated.
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Figure 2-Contours of volume fraction for the
base case at 0.15 s. Contour values are 0.02,
0.1-0.5.

3.1 The Effect of Particle Inlet Velocity

Particle impact velocity is varied between
5 m/s and 20 m/s whilst keeping the remaining
base case parameters constant.

Decreasing the impact velocity decreases the
speed of formation of the particle “plume”,
reducing the horizontal dispersion and
penetration depth with respect to the base case.
A reduction of impact velocity also causes the
rate of increase of solids volume fraction at a
given time to decline. This is a logical
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consequence of decreasing particle velocity
since the number of particles in the tank is
less. At time 0.15 s, the mass in the tank for
the base case is ~735 kg. The equivalent mass
is reached at 0.43 s for impact velocity of 5
m/s. The contours of volume fraction for this
case are almost identical with Figure 2. This
result suggests a possible advantage in
introducing particles into the liquid more
slowly. Lower volume fractions allow greater
access to the particle by the liquid, therefore
promoting solid dissolution.  Practically,
however, the reduction of impact velocity may
not be feasible since the need for the particles
to penetrate the slag layer necessitates a
minimum velocity value (Stephenson, 1980).

Another consequence of increasing the particle
impact velocity is an expected increase in
depth of penetration defined as the lowest
point on the centre line of the tank where the
volume fraction of solids is 0.02. Figure 3
shows the depth of penetration vs time.
Clearly particles can penetrate further into the
liquid at higher velocities.

Max. Depth {(m)

Inlet Velocity = 5 m/s

Inlet Velocity =10 m/s
e |10t VelocHy = 15 mifs
————— Inlet Veloclty = 20 m/s

005 01 015 02 025 03 035 04 045
Time (secs)

Figure 3-Particle depth vs time for various
impact particle velocities. Values of volume
fraction, particle density and particle diameter
are those for the base case.

3.2 Particle Sizes Effects

Figure 4 shows the effect of increasing the
particle diameter on the penetration depth.
Solids with a particle diameter of 0.05 m are
predicted to penetrate much more deeply into
the liquid bath than those with smaller
diameters. As a consequence, the volume



fraction contours are not as close together for
greater particle diameters as shown in Figure
5, compared with volume fraction contours
generated for the base case at the same time
(figure 2). Larger diameter solids penetrate
the liquid to a greater extent because they
experience a lower drag force.

Fod
S w 2
oo o

-
-
,,,,,
-

Max. Depth (m)
= o o
M 2w 9 a
R e & = &

o
S

e
e
o

Particle Diameter = 1 cm
— — — — Particle Dlameter =3 cm
~~~~~~~~~~~~~~~~~~~~~ Particle Dlameter =5 cm

o
o @
g =

ol

T T T} L et ] PR NS
0 0.05 0.1 0.15

Time (secs)

Figure 4 - Penetration depth vs time for
various particle diameters. Values for volume
fraction, particle density and impact velocity

are those for the base case.
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Figure 5 - Contours of volume fraction for
increased particle diameter 0.05m at
t = 0.15 s. Remaining parameters as in base
case. Contour values are 0.02, 0.1 - 0.5.

3.3 Solid Density Effects

Three particle density calculations were
performed with values of 8,500 kg/m’,
5,500 kg/m’ and the neutrally buoyant value of
7,000 kg/m®. Figure 6 shows the effect of the
particle density on the penetration depth of the
particles, with higher density particles
penetrating further into the liquid. This occurs
because the high density particle have a larger

gravitational force acting on them and a higher
kinetic energy. However, for the range of
particle densities chosen, the variation of
particle depth is not as large as that due to
changes in impact velocity (Figure 3) or
changes in particle diameter (Figure 4). This
indicates that the system is drag rather than
gravity dominated for the present choice of
solids parameters.
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Figure 6 - Penetration depth vs time for
various particle densities. Values for volume
fraction, impact velocity and particle diameter
are those for the base case.

3.4 Changing Inlet Solid Volume Fraction

Reducing the volume fraction of particles
entering the inlet has a similar effect to
decreasing the impact velocity. In both cases,
the mass flow rate of charge entering the
system 1is reduced, thereby reducing the
volume fraction of solids present in the liquid
at a given time. :

The increase in particle volume fraction
appears to have only a minimal effect on
particle penetration depth with time (Figure 9),
when compared with the figures for varying
particle density, impact velocity and particle
diameter. However, a comparison of Figures 7
and 8 shows that when the mass in the tanks is
equal, the lower volume fraction case allows
for greater particle penetration.
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Figure 7 - Contours of volume fraction for
o, =0.15att=0.05s, mass = 630 kg.
Remaining parameters as in base case.

Contour values are 0.02, 0.1 - 0.5.
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Figure 8 - Contours of volume fraction for
o, =0.03,t=0.21s, mass = 630 kg.
Remaining parameters as in base case.
Contour values are 0.02, 0.1 - 0.5.
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Figure 9 - Penetration depth vs time for
various inlet volume fractions. Values for
impact velocity, particle density and particle
diameter are those for the base case.

Comparison of Figures 7 and 8 also shows the
effect of the hindered settling on the higher
volume fractions. The initial high volume
fraction of particles in Figure 7 results in
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higher drag forces between the particles and
the liquid, hindering the penetration of the
particle plume. Whilst Figure 8 contains the
same mass of particles as Figure 7, their
introduction at a lJower volume fraction has not
caused hindered settling to have such an
effect.  Once the solids volume fraction
increases beyond a value of approximately 0.2,
the penetration of the particles is greatly
reduced.

3.5 The Effect of Drag Coefficient
Formulations and Mixture Viscosity

In this drag dominated flow, hindered settling,
expressed by equations (1)-(2) has the
expected result of decreasing the penetration
of the particle plume, compared with the use
of a single particle drag force. Comparison of
Figure 2 with Figure 10, for which the drag
coefficient is that for a single particle, shows
the hindered settling effect at t = 0.15 s for the
base case. The particles in Figure 10 have
penetrated more deeply into the tank and are
less compressed than those in Figure 2.

"31.5 119 é 211 2:2 2:3 2:4 XE(:rsn) 2:8 2t7 2:8 2'.9 !Il 3:1 32
Figure 10
Contours of volume fraction for the base case
att=0.15s. The standard drag coefficient is
applied. Contour values are 0.02, 0.1 - 0.5.

The solids viscosity formulation has little
effect on the model performance. Contours of
volume fraction are identical with and without
solids viscosity, indicating that the viscous
forces are small relative to the drag and
gravity terms in the system.

4. CONCLUSIONS

The penetration of a stream of buoyant solids
has been predicted numerically. As expected,
an increase in the particle depth of penetration
was achieved by an increase in impact



velocity, particle diameter and particle density
and a decrease in inlet solids volume fraction.
The time taken for particles to reach a volume
fraction of 0.63 was found to increase with
increased particle diameter and density, but
decrease with increasing impact velocity and
volume fraction.

Controlling the particle penetration depth has
implications in a practical sense. In a
metallurgical ~ system, increasing  the
penetration depth can aid particle-slag
penetration as well as the dispersion of the
particles in the melt below. Delaying the
accumulation of high volume fractions of
particles is also of benefit since it allows
greater access of the liquid to the particles,
increasing the convective heat and mass
transfer coefficients which in turn reduces
particle dissolution time.

Modifications to the drag coefficient as given
in equations (1) and (2), take into
consideration the effects of particle packing.
This resulted in the expected decrease in
particle penetration with time due to the
hindered settling effect.

The pronounced increase in particle depth with
increasing particle diameter, compared with
the effect of solids density variation, indicated
the system to be drag rather than gravity
dominated in the cases considered. The
addition of a solids viscosity model had no
effect, indicating that viscous effects play little
part in this system.
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