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ABSTRACT

A commercial CFD-code PHOENICS was
used to solve isothermal flow field of gas and
liquid in a Peirce-Smith converter. An Euler-
Euler based algorithm was chosen for model-
ling fluid dynamics and evaluating controlling
forces of a submerged gas injection. Predic-
tions were made with a k-€ turbulence model
in the body fitted co-ordinate system.

The model has been verified with a % scale
water model, and a parametric study with the
mathematical model of submerged gas injec-
tion was made for the PS-process and the ladle
injection processes. Limits of the modelling
technique used were recognised, but calculated
results indicates that the present model pre-
dicts the general flow field with reasonable
accuracy. Predicted bubble distribution, pat-
tern of the flow field and magnitude of flow

velocities were used to evaluate scaling factors

of physical models and general flow condi-
tions of an industrial PS-converter.

NOMENCLATURE

d, diameter of nozzle or tuyere (m)

d, diameter of a cylindrical vessel (m)
g  gravitational acceleration (m/s?)

Iy height of liquid bath (m)

Iy ' height of free surface from the nozzle or
tuyere (submergence) (m)

gas flow rate (m/s)
time (s)
volume of a bubble (m?)

T < T

dynamic viscosity (kg/ms)

1. INTRODUCTION

Even though the Peirce-Smith converter has
been the major blister copper production route
for decades, there still remain some unsolved
problems, which lower considerably the pro-
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ductivity of the PS-process. The most serious
problems are tuyere blockage and severe re-
fractory erosion. Continuous punching of the
tuyeres is required to remove accretions that
block the gas flow, and refractory wear at the
tuyere line is usually the limiting factor in the
campaign life of a converter. These defects are
accepted as an inevitable part of the process,
but efforts to overcome or reduce them have
been continuous. As a result of the general
research done on the PS-process, Brimacombe
et al., 1984 have suggested that the tuyere
blockage could be avoided and Kimura et al,,
1986 have suggested that the refractory wear
could be significantly reduced by high-
pressure gas injection. However, economical
advantages were found to be sensitive to the
capital and power costs of raising the blowing
pressure (Garrido and Lee, 1987), and high-
pressure injection has not become a common
practice in copper converters. The large num-
ber of unknown factors in evaluating the proc-
ess development investments is probably the
main reason why the Peirce-Smith converter
has not undergone any major changes during
the past decades. The aim of this study is to
use fluid flow simulations to be able to predict
better the consequences of modifications made
to the PS-converter operation.

2. METHOD OF ANALYSIS

2.1 Previous Work and Theoretical
Considerations

Because submerged gas injection is a common
application in the metallurgical industry, it
have been studied intensively and a great deal
of physical and mathematical models of the
injection processes has been published. The
mathematical modelling studies are mainly
concentrated in the field of ladle metallurgy.
Many recent publications on progress made in
the fluid flow simulations of ladles have been
issued by e.g. Tiirkoglu and Farouk, 1991,




Ilegbusi and Szekely, 1990, Sheng and Irons,
1995, Mazumdar and Guthrie, 1995, Schwarz,
1996, and Jénsson and Jonsson, 1996. There is
also a large number of published experimental
measurements made with laboratory scale wa-
ter models of ladles e.g. Castillejos and Bri-
macombe, 1987, Johansen et al., 1988, Sheng
and Irons, 1992, and Iguchi et al. 1995. These
comprehensive experimental data on fluid
flows of the ladle water models provide a fea-
sible basis for the verification of the mathe-
matical models.

Even though physical models have also been
made for PS-converters, quantitative data on
flow dynamics is limited. Most modelling
studies have concentrated on particular phe-
nomena like tuyere blockage, bubble forma-
tion, mass transfer, slopping and high pressure
injection. Physical modelling, as well as pilot
and industrial scale experiments, of the Peirce
Smith-converter have published by e.g. Bustos
et al.,, 1894, Adjei and Richards, 1991, Liow
and Gray, 1990, Kimura et al., 1986 and Bri-
macombe et al., 1985. Although some of the
modelling studies have focused on the flow
velocities (Hein and Schmidt, 1990) and the
momentumn transfer (e.g. Devia et al., 1995)
the basic data on flow fields and plume struc-
ture are still incomplete and no previous at-

tempts at two-phase CFD-simulations in labo- .

ratory or industrial scale PS-processes were
found in the literature.

Due to similarity of the basic concept in ladle
injection and PS-converting, the same methods
used in the mathematical models of ladles
were assumed to be suitable for a PS-converter
as well. The ladle injection models can be di-
vided into groups by the two-phase modelling
technique. Alternative methods are Lagrangian
two-phase approach, in which transport equa-
tions are solved for the liquid-phase and a
bubble trajectory equation is solved for the
gas-phase; and an Eulerian two-phase calcula-
tion procedure, in which transport equations
are solved the both phases. These methods

were tested with the built-in two-phase model-

ling options of the PHOENICS 2.1: the La-
grangian GENTRA-algorithm and the Eulerian
IPSA-algorithm. In this work the IPSA-
algorithm was chosen for the basic two-phase
flow approach. The GENTRA algorithm was
found to be unreliable in the studied gas injec-
tion cases, because it does not take into ac-

298

count the volume of fluid displaced by the gas
bubbles. The volume fraction of gas was found
to be locally very high in the studied cases.

Despite the apparent similarity of gas injection
in a ladle and in a PS-converter, detailed
analysis of bubble plume structures revealed
some substantial discrepancies for the applica-
bility of the Eulerian two-phase model to these
processes. Due to the deep submergence of the
nozzle, the bubble plume in a steel ladle is
mostly a fully developed dispersion of rela-
tively small bubbles, whereas most of the bub-
bles in a Peirce-Smith converter are very large,
under formation or deforming due to their re-
cent disengaging from the relatively low sub-
merged tuyeres (e. g. Figure 2).

Due to the dimensions of a PS-converter,
computational bubble size is inevitably larger
than some of the computational cells, and not
all the assumptions of inter-phase momentum
transfer equations will be satisfied. Increasing
the bubble size to larger than the cell dimen-
sions leads to periodically time dependent
situation as shown in Figure 1. If, in a steady
state calculation, the volume fraction of gas is
interpreted as probability of the extent of the
gas phase at a given cell location and time, the
solved gas phase velocity must be interpreted
as time averaged velocity of periodically ap-
pearing bubbles. For example, in inter-phase
momentum transport equations of the Eulerian
steady state model, the drag force is calculated
based on this average velocity of the gas
phase. However, the drag force is a non-linear
function of instant velocity, so the periodical
nature of the flow should be taken into account
in solving the total drag force. Also, it is pre-
sumed that the velocity of the dispersed phase
in the inter-phase momentum transfer equa-
tions is always the same as the velocity of a
discrete bubble. This is not always true. In the
case of gas injection, the velocity of gas flow-
ing into a growing bubble at a cell next to the
nozzle is higher than the average velocity of
the moving interface of the bubble in question,
if the disengaged bubble is larger than the cell.
Furthermore, most of the drag coefficients are
experimentally defined for bubbles in a uni-
form flow field; this is not true in the mathe-
matical model if the bubble surface exceeds
the cell boundaries, unless velocity is constant
in the cells surrounding the bubble.
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An example of primary bubbles in a PS-converter
" (submergence = 0.5 m bubble diumeter = 40 cm)

Fig 1. Schematic presentation of the relation of
bubble and mesh dimensions to time dependency.

Another notable difference between PS-
converters and ladles is the height of the spout
formed on the free surface of the liquid bath.
In a ladle it is only a few percent of the bubble
plumes height. In a Peirce-Smith converter the
height of the spout may be the same order as
the submergence. Discharge of an undevel-
oped bubble jet of the PS-converter is proba-
bly a periodical phenomenon, while discharge
of fully developed bubble jet in a ladle resem-
bles more a steady state situation.

Solving the correct time dependent boundary
conditions for each bubble in the PS-converter
would demand a reliable free surface tracking
method, and solving this kind of model for an
industrial scale converter would take an enor-
mous amount of CPU-time. Thus, any practical
applications of a mathematical model of a PS-
converter probably have to be time averaged.
For this reason, a mathematical model was
constructed with the same steady state Eule-
rian modelling methods that were used for the
ladle injection cases, despite their theoretical
drawbacks. However, due to recognised dis-
crepancies of the processes, published experi-
mental data on ladles were not seen as suitable
for verifying the applied mathematical meth-

ods in the case of PS-converters. Thus, some
physical modelling experiments were needed.

Furthermore, a parametric study of the model
was necessary, because mathematical formu-
lation of some typical properties of bubble jets
is not yet well established in spite of the large
number of published ladle injection models.
The influence of some arguable formulas and
variables was tested in the case of a laboratory
scale ladle injection model as well as in the
case of a laboratory scale PS-converter model.

2.2 Physical model

A water model was constructed for verifying
the applicability of the two-phase modelling
method used for the PS-process. The prepared
water model was a % scale slice of a typical
industrial scale Peirce-Smith converter. The
slice, presented in Figure 3, includes two noz-
zles. The blowing parameters of the model
were scaled using dimensionless groups and
specific magnitudes related to gas. injection
conditions. Dimensions and blowing parame-
ters are summarised in Table 1.

The velocity field of the liquid was determined
by measuring lengths of marker particle tra-
jectories. Dimensions of the bubble jet were
defined using still photographs, and average
volume of disengaging bubbles was deter-
mined by measuring formation frequency
acoustically and verifying this using video ob-
servations.
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Fig 2. Schematic presentation of experimental ap-
paratus and photographed example of bubble
plume.




Table 1. Dimensions and blowing parameters of a
typical PS-converter and the water model used for
validation of the mathematical model.

Converter model
Injected gas (28% O2) air
Volumetric flow rate (Nm¥/s) 7.55 0.004
density (kg/m®) 1.2 1.2
Liquid matte water
mass (kg) 144 247 30.0
height hy(m) 1.36 0.36
volume (m?) 314 0.03
static pressure at tuyere level (Pa) 115289 102572
viscosity (50% Cu, Pas) 0.01 0.001
density (50% Cu, kg/m?) 4600 998
temperature (K) 1493 293
Tuyeres
number 42 2
spacing (m) 0.205 0.065
diameter dp (m) 0.041 0.009
gas velocity (m/s) 138.5 31.5
submergence /1, () 0.52 0.13
Geometry
inner diameter dy (m) 3.46 0.86
length (m) 9.14 0.13
filling ratio 0.39 0.39
Dimensionless groups
modified Froud number 124 12.5
Re number of the nozzle 475155 23 847
Specific values
specific volume flow rate (s'') 0.23 -0.13
specific power of buoyancy (W/kg) 2.07 0.34
specific power of gas kinetic energy 0.56 0.08
(Wikg)

2.3 Mathematical model

2.3.1 Solved Transport Equations

The model does not yet include heat transfer.
The solved governing equations were:

— continuity equation for gas and liquid phase

— time averaged liquid momentum conserva-
tion equation for all three components in
cartesian co-ordinates

— time averaged gas momentum conservation
equation for all three components in carte-
sian co-ordinates.

The standard k-€ model was used to calculate
turbulence effects. It requires solving of

— transport equations of turbulent kinetic en-
ergy and dissipation of turbulent energy.

2.3.2 Boundary Conditions for the Governing
Equations :

An example of solution domain and computa-
tional mesh is presented in Figure 4. The com-
putational domain is based on a slice of a cyl-
inder. It covers, in the longitudinal direction, a
section between two symmetry planes which
were located in the middle of a tuyere, and in
the middle of a space between two tuyeres.
Because the free surface of the liquid is not
aligned on a diameter of the PS-converter and
the computational domain covers the spout
region, a body fitted co-ordinate system was
used instead of cylindrical co-ordinates. The
distribution and number of nodes in the grid
were optimised separately for each case de-
pending on the dimensions of the simulated
vessel and blowing parameters.

On the bottom edge of the domain, no-slip
conditions were applied to momentum transfer
equations, and logarithmic wall functions were
imposed for the turbulence boundary condi-
tions.

The gas was allowed to leave at the upper edge
of the domain. This edge was assumed to be
free surface of the liquid and to have no fric-
tion or interactions with turbulence.

The shape of the spout was obtained by elimi-
nating the pressure gradients on the free sur-
face. This was done by deforming manually
the shape of the computational domain until
pressure distribution was as uniform as possi-
ble on the upper edge.
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Fig 3. The solution domain for the PS-converter water model (number of cells = 5x30x15).
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This “manual iteration” of the spout shape was
carried out during the solution procedure of
each calculated case.

For the boundary conditions, a circular tuyere
was simplified to a square with the same cross-
sectional area. Horizontal gas velocity bound-
ary conditions for the tuyere were calculated
directly from the volume flow rate and the
pressure boundary conditions from the mass
flow rate of the gas injection. Vertical gas ve-
locity at the tuyere outlet was set to zero.
Tuyere outlet was assumed to be filled with
gas phase, so liquid velocities, turbulent ki-
netic energy and dissipation were also set to
Zero.

2.3.3 Momentum Transport between Phases

The drag force was taken into account by
source terms in the momentum transport equa-
tions. The source terms were calculated from
the volume fraction of gas and the integral
drag force of a discrete spherical bubble. The
drag coefficient was allowed to vary in the
calculations depending on the shape region
determined by dimensionless groups, but the
bubble shape was always in the range defined
for spherical-cap-shaped bubbles, for which
the drag coefficient is a constant value of 8/3
(Clift et al., 1978).

In the Eulerian two-phase models, particle size
and shape distribution have to be simplified to
mean diameter of a spherical bubble. The bub-
ble diameter was set for the ladle cases ac-
cording to the mean diameter of a volume
equivalent sphere measured by Castillejos and
Brimacombe, 1987, and Sheng and Irons,
1992. The bubble size range in ladle models is
typical of a developed dispersion. In the PS-
cases the mean bubble size was assumed to be
in a range typical of the primary bubble zone,
because the disintegration process of the bub-
bles does not have time to be completed before
the bubbles reach the free surface of the bath.
Several primary bubble volume equations sug-
gested by Davidson and Schiiler, 1960, Irons
and Guthrie, 1980, Hoefele and Brimacombe,
1979, and Brimacombe et al., 1991% were
tested. The best agreement of calculated bub-

! equation (4)
2 equation (2.14)

ble volume and measured bubble formation
frequency was obtained with Davidson and
Schiiler’s original equation

6 3

vV =137805¢g * (1)

in the case of a laboratory scale water model
as well as in the case of a real PS-converter
and, it was applied to define the diameter of a
volume equivalent bubble in the PS-converter
cases.

Because of the significance of the bubble size,
as a variable in inter-phase momentum transfer
equations and simplifications made in the
mathematical model, the sensitivity of the
model to bubble size was studied. For the PS-
converter case, the bubble size was found to be
the most significant arguable variable of the
mathematical formulation. In the case of ladle
injection, influence of the bubble size was
more difficult to evaluate, because of more
complex interactions of turbulence and inter-
phase momentum transfer. :

2.3.4 Interaction of Bubbles and Turbulence

Relatively large bubbles are known to increase
the intensity of turbulence in the liquid phase.
Because there is no uniform and generally ac-
cepted mathematical formulation for bubble
induced turbulence, different kinds of turbu-
lence models presented in the literature were
tested. All the models were modifications of
the standard k-€ model. Three of these models
presented in Schwarz, 1996, CHAM, 1995,
and Sheng and Irons, 1993 were based on
source terms attached to transport equations of
turbulence, and one presented in CHAM, 1995
was based on direct modification of turbulent
viscosity.

All the results calculated with additional
source terms were more reasonable than the
ones calculated with the bubble-induced vis-
cosity. Tested source terms were found to have
a considerable and similar influence on calcu-
lated properties of bubble plumes in ladle
models. By using an appropriate combination
of additional source terms and coefficients, a
good correlation with calculations and meas-
urements was obtained. Unfortunately, calcu-
lated results were found to be sensitive to co-
efficients source term equations include, and
relation of the coefficients to flow conditions




is not generally known. However, in the case
of a PS-converter, poorly established coeffi-
cients of the modified turbulence models are
not expected to influence the reliability of the
model, because modelling of bubble-induced
turbulence did not have a notable impact on
calculated bubble or liquid velocities.

On the other hand, the liquid phase turbulence
influences the motion of the dispersed phase.
Fluctuating velocity components transfer bub-
bles in directions divergent from their mean
direction of motion, and consequently the
bubble plume spreads out. The ratio of this
turbulent diffusivity of dispersed phase to
eddy diffusivity is a function of particle re-
sponse time and microscales of turbulence
(Soo, 1990). It could be expected that signifi-
cant turbulent diffusion of bubbles requires
that the typical scale of the turbulence is larger
than bubble size or at least in the same range.
In the Eulerian two-phase models, this is con-

sidered in the additional diffusive terms of the

continuity equations. The magnitude of the
turbulent dispersion is determined by turbulent
diffusion coefficient which can be presented
by the turbulent Prandtl number of the void
fraction. Most of the diffusion coefficient val-

ues proposed in the literature are based on trial

and error experiments and they cannot be ex-
pected to be valid in a general case. The trial
for finding an appropriate diffusion coefficient
was started with a Prandtl number of 0.1 as
suggested by Tiirkoglu and Farouk, 1990.
Changing this value had a noticeable influence
on the results calculated with the ladle models,
but .very limited impact in the case of a PS-
converter. The reason for the difference be-
tween these cases is assumed to be the higher
volume fraction of gas in the PS-converter
case. It is also presumed that there is a con-
nection between the insensitivity of the PS-
converter model to bubble induced turbulence
and to the turbulent diffusion coefficient. Sup-
posedly, bubble induced turbulence exerts an
influence on properties of the bubble plume
mostly by increasing turbulent dispersion. If
the diffusion term in a void fraction transport
equation is negligible, bubble-induced turbu-
lence models or turbulent diffusion coefficient
do not have a noticeable influence on calcu-
lated flow velocities or void fractions of the
bubble plume in question as is the situation in
the case of a PS-converter.
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3. VERIFICATION OF ANALYSIS
METHODS

The laboratory scale water model described
above was used for verifying the applicability
of modelling principles for the PS-converter.
Unfortunately, proper equipment was not
available to measure bubble and liquid veloci-
ties or volume fractions inside the bubble jet,
so the model was verified by comparing the
measured and calculated velocity fields of lig-
uid outside bubble plume, and the general di-
mensions of the plume. Figure 4 shows exam-
ple of a measured and a calculated velocity
field. Measurements are assumed to contain a
slight systematic error caused by a small den-
sity difference between water and the tracer
particles. This error should not affect the
measured horizontal velocities at the vertical
diameter which are compared with the calcu-
lated ones in Figure 5. In all tested blow rates,
the disagreement between predictions and
measurements was estimated to be within the
limits of measuring accuracy.

The reliability of the predicted gas distribution
was evaluated by comparing the dimensions of
the bubble plume in photographs with 1/8 s
exposure time and calculated void fraction
contours (Figures 6 and 7). Qualitative com-
parison can not be made by this method, but
the calculated shape and size of the bubble
plume was shown to be quantitatively in good
agreement with the real one.

4. PREDICTED FLUID DYNAMICS
OF AN INDUSTRIAL SCALE PS-
CONVERTER

Although the mathematical model is under
development and still lacks a very important
factor, namely heat transfer, some calculations
were made to analyse the flow conditions in an
industrial scale Peirce-Smith converter and to
evaluate scaling factors of the physical models
of PS-converters.

The dimensions of the grid constructed for the
water model were scaled up to an industrial
scale PS-converter (Table 1). Comparison of
calculated results, obtained with properties of
water and properties of matte, revealed that the
modified Froude number did not fulfil the
geometric similarity criteria of the bubble
plumes when it was used to scale blowing
speed.



Fig 4. Measured liquid velocities a) compared with
predicted velocity field b) of PS-converter water
model (blow rate 0.004 m?/s).
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Fig 5. Comparison of predicted and measured hori-
zontal velocity of liquid at the vertical diameter of
water model with different blow rates.

Fig 6. Calculated void fraction contours and photo-
graphed bubble plume for blow rate 0.001 m/s.

Fig 7. Calculated void fraction contours and photo-
graphed bubble plume for blow rate 0.004 m?/s.

Penetration of the bubble plume decreases as
the density of the fluid increases. In the cases
with very dense liquid (8000 kg/m®), the vor-
tex behind the bubble plume tends to disappear
and the bubble plume becomes attached to the
converter wall. Besides inertia and gravitation,
the vortex (Figure 4b) seems to have an im-
portant role in the penetration of the bubble
jet. According to the results calculated in this
study, it does not seem probable that jet pene-
tration is a function just of injection and noz-
zle parameters. The geometry of the vessel is
also expected to have a significant influence
on penetration.

It was also noticed that geometric or kinematic
similarity in the water model and in the real
PS-converter would require a substantially
higher blow rate than used in this study
(compare Figures 7 and 8). It was estimated
that similarity criteria could be satisfied in the
water model with a blow rate which corre-
sponds to a lower specific power' and a higher
specific volume flow rate than used inrthe real
process. However, this does not concern the
impact of thermal energy.

Figure 8 shows that the calculated bubble
plume in the PS-converter is relatively narrow.
Short penetration and low submergence lead to
very high volume fractions of gas in the plume
core. Because the volume fraction of matte is
substantially low in most of the area of the
two-phase region, mass transfer of oxygen is
unlikely to be the limiting factor of the reac-
tion rate in the bubble plume as has been sug-
gested by e. g. Brimacombe et al., 1985. The
calculated volume fraction of gas supports the
assumption of Adjei and Richards, 1991 that
the extent of reactions during bubble forma-
tion is a very important factor in overall reac-
tion rate.

The main reason for a poor penetration of the
bubble jet is probably the strong buoyancy
force due to the large density difference of the
fluids and the relatively high momentum of the
recircular flow. Figure 9 shows that the veloc-
ity of a circular flow loop is about two metres
per second.

! Specific power of buoyancy presented by Brimacombe
et al., 1985




Fig 8. The predicted contours of void fractions on a
tuyete plane in an industrial PS-converter.

Fig 9. Predicted vertical a) and horizontal b) veloc-
ity of liquid on a tuyere plane in an industrial PS-
converter.

5. CONCLUSIONS

In this study, fluid dynamics of the Peirce-
Smith converter was simulated with a com-
mercial CFD-code. The predicted flow condi-
tions of the PS-converter water model obtained

with the Eulerian two-phase model were com-
pared with the measurements made using the
physical model and with the calculations made
with the ladle injection model in order to
evaluate the applicability of the mathematical
formulation to the PS-process. For studying
flow phenomena in a real process, an analysis
of the general pattern of isothermal flow and
the bubble plume structure was made with a
full-scale mathematical model. According to
the results, the following conclusions were
drawn.

— Experimental measurements corresponded
surprisingly well with calculated results,
considering the simplifications made in the
mathematical model. The fact that the peri-
odic nature of the flow was not taken into
account in the mathematical model did not
seem to have any noticeable impact on the
calculated overall momentum transported
between the phases.

— The mathematical model was found to be
insensitive to bubble-induced turbulence
and the turbulent diffusion coefficient of
dispersion in the case of PS-converting, in
contrast to the case of the ladle injection.
The computational bubble size was found
to be the only inadequately established
variable, which had an influence on the
velocities and the void fractions calculated
for the PS-converter water model. This was
probably a consequence of the high volume
fraction of gas in the bubble plume of the
PS-converter water model.

— Generally, the results obtained with the
present mathematical model encourage the
utilisation of the applied methods in further
developments of the model. Estimated flow
fields are assumed to be accurate enough to
utilise them as the velocity boundary con-
ditions for more detailed models, including
e.g. dynamic free surfaces, heat and mass
transfer, and chemical reactions. .

— The predictions made with the cold model
of an industrial scale Peirce-Smith con-
verter revealed that similarity criteria in the
physical models of the process would be
satisfied better with different scaling fac-
tors than the ones used in this study. Ac-
cording to the calculated results, the bubble
plume in a real process has sharper distri-
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butions of void fractions and penetrates
into the melt less than in the physical mod-
elling experiments.

— Calculated volume fraction of gas in the
core of the bubble plume was so high that it
indicated more a froth or a foam, rather
than a flow of bubble dispersion. The low
volume fraction of matte in the core of the
bubble plume possibly leads to a locally
high oxidation rate of matte and re-
reduction of oxidised matte in the recircu-
latory flows. The best conditions for oxi-
dation reaction seem to be near the tuyere,
where recently discharged gas meets the re-
circulatory flow of matte. Thus, probably a
large part of the oxidation reactions occur
during the bubble formation.
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