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Abstract

CSIRO has been working on a dry granulation process, integrated with heat recovery, since 2002. It involves a rotary disc
that atomizes molten slag to produce liquid droplets, which are rapidly quenched to become solid granules. The hot granules
are fed to a counter-current moving packed bed heat exchanger, where they are further cooled and finally discharged at close
to ambient temperature. Air is used in both units to recover the heat. Development has proceeded through proof-of-concept
tests, a prototype and now a pilot plant, capable of processing 100 kg/min of slag. Extensive CFD modeling was used to pre-
dict disc and granulator performance as a function of design and operating parameters. Experimental results on the dry slag
granulator pilot plant have demonstrated that the process can effectively produce glassy slag granules from molten iron blast
furnace slag, and recover significant heat, and that the CFD model can be used to predict process performance. Work contin-
ues to scale-up the process and extend the operation to other metallurgical materials, such as non-ferrous slags and mattes.
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Introduction

Steel and cement are critical materials for our society and
two of the highest volume materials produced. However,
both are significant contributors to global CO, emissions;
together they accounted for 15% of global anthropogenic
CO, emissions in 2012 [1].

Slag is a byproduct of iron and steelmaking, with
250-300 kg of slag produced for every tonne of iron. This
represents a major material waste if it is not used. As the
slag is at~1500 °C when produced, any of this heat that is
dissipated to the environment also represents a major waste
of energy.

If molten slag is cooled quickly then it can form solid slag
granules suitable as supplementary cementitious material
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(SCM), suitable as an ingredient or replacement for Port-
land cement. The use of SCM avoids the production of ~0.8
tonnes of CO, per tonne of cement, as the SCM replaces
clinker in the cement [2]. Some iron and steelmaking slag
is granulated using water to produce granules suitable for
cement replacement. However, this requires significant vol-
umes of water and does not allow any heat to be recovered
from the slag. Dry granulation could convert molten slag to
SCM and also recover a large fraction of the heat in molten
slag.

Dry Slag Granulation

The concept of dry granulation is that molten slag is atom-
ized under centrifugal forces on a spinning disc, and the
liquid droplets generated are rapidly quenched and solidified
using air to produce solid slag granules suitable for use as a
SCM, as per water granulation. The hot air can be recovered
and used in other process operations. Compared with water
granulation, dry granulation enables production of slag gran-
ules without water and significant waste heat recovery.

Dry granulation of slags was first proposed more than
30 years ago and has been the subject of numerous stud-
ies [3—7]. In these studies, molten slag was first broken
up into small droplets by a number of mechanical means
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such as air blasting, rotary drum(s), and spinning disc/
cup. The slag droplets were then quenched and solidified
using air. High-grade heat could be recovered by blow-
ing air to extract heat from flying slag droplets or from
solid granules to produce hot air. Some of these proposed
processes were more extensively researched and tested,
including air blast dry granulation trialed by Mitsubishi
Heavy Industries in 1970-1980s [3, 6] single drum dry
granulation process by IHI and Sumitomo Metal Industries
in the 1980s [3], spinning disc/cup dry granulation process
proposed by Sumitomo Metal Industries and IHI in 1982
[7] and British Steel and the University of Nottingham in
1985 [6] and later by VAI UK [4, 5].

Today, the air atomization technology has been adopted
at industrial scale by Ecomaister Hatch [8], and there has
been industrial scale demonstration of a spinning cup pro-
cess by Primetals [9] and of quenching with steel spheres
by Paul Wurth [10]. There are widespread efforts in dry
granulation in China [11], including Chongqing University
[12].

In comparison with other methods, dry granulation
using a spinning disc/cup offers a more efficient process
for slag granulation. It uses less air than blasting with air
to break up the slag into droplets, and thus has the poten-
tial to produce a higher-grade heat source for subsequent
utilization. However, the spinning disc/cup-based process
has not as yet been commercialized due to some design
difficulties, including appropriate disc design to avoid the
formation of slag wool, and effective granulator design to
handle hot slag droplets and granules while avoiding stick-
ing and agglomeration of hot slag granules.

Fig.1 Conceptual process
flowsheet for dry slag granula-
tion and heat recovery [13]
(Color figure online)

CSIRO Dry Slag Granulation Process
Overview

The CSIRO dry granulation process involves a two-step
operation involving a granulator and a moving bed counter-
current heat exchanger as shown in Fig. 1 [13]. The granu-
lator receives and atomizes molten slag to produce liquid
droplets, which are rapidly quenched to become solid gran-
ules. The hot granules are fed to a second unit, a counter-
current moving packed bed heat exchanger, where they are
further cooled and finally discharged at close to ambient
temperature. Air is used in both units to recover the heat.

A water-cooled metal disc with optimized disc profile
is used to spin slag off under centrifugal forces to form
fine slag droplets, without forming slag wool. The disc is
designed to form a solidified slag layer, to protect the disc
from direct attack by slag and to better control the liquid
film thickness.

The flying slag droplets impact the water-cooled inclined
roof of the granulator and are redirected to the torus at the
periphery of the granulator (Fig. 2). A cyclonic airflow is
employed to efficiently quench the droplets/granules. This
makes it possible to significantly reduce the droplet flying
distance, leading to a compact granulator design that can
efficiently recover heat.

Development History
The development history has been summarized previ-

ously [14, 15]. In 2008, a prototype dry slag granulator
(DSG) with a spinning disc up to 70 mm in diameter and a
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Fig.2 Schematic of dry slag granulation system (Color figure online)

1.2-m-diameter granulator was designed and constructed to
prove the concept at CSIRO in Melbourne. This could oper-
ate with slag tapping rates up to 10 kg/min. Considerable
efforts were directed towards resolving operational issues
relating to the movement and fast cooling of granules using

Fig.3 DSG pilot plant [13]
(Color figure online)
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relatively low flow rates of air inside the granulator, with-
out sticking and agglomeration occurring. The trials dem-
onstrated that efficient operation could be achieved using
relatively low airflow rates. In an industrial scale granulator,
these airflow rates would allow off-gas to be produced at
temperatures > 500 °C.

An industrial scale DSG would need to operate at tap-
ping rates of 1-2 t/min, more than two orders of magnitude
higher than the prototype DSG. Although models of the disc
and granulator operation had been developed, this degree of
scale-up was considered too risky. So, in 2010, a DSG pilot
plant with a spinning disc of up to 250 mm in diameter and
a 3-m-diameter granulator was designed and constructed in
the same CSIRO facility (Fig. 3 [13]). This could operate
with slag tapping rates up to 100 kg/min. The primary pur-
pose of the pilot plant was to validate the disc and granulator
models at a larger scale and steady-state operation, to pro-
vide sufficient confidence to design an industrial scale plant.

Design Considerations

The CSIRO dry granulation process involves melt flow,
droplet formation, and solidification in a complex and
dynamic process. These must be controlled through appro-
priate design and operation of slag delivery, atomization,
air delivery, and mechanical design and fabrication of the
granulator.

The slag delivery system must supply the slag to the
spinning disc with sufficient control of the tapping rate,
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tapping temperature, and the location of impingement on
the spinning disc. The system must be sufficiently simple
to be incorporated into an industrial plant. The disc must be
able to operate at high tapping rates and produce fine slag
droplets without forming slag wool. Efficient and reliable
cooling to protect the disc is critical.

It is necessary to minimize the air flow rate to maximize
heat recovery. It is preferable to minimize the internal vol-
ume of DSG to achieve this, which allows higher air veloci-
ties to be maintained, which are critical to ensuring sufficient
cooling and granule movement in the torus. Air must be
delivered to the granulator efficiently and at low cost with
a small footprint. Mechanical design and fabrication of the
granulator is in general straightforward. However, the torus
design can have a major impact on the behavior of air and
granules, and there can be trade-offs between optimum
design and ease of fabrication.

In this paper, we will give an overview of the design and
operation of the DSG pilot plant, and outline the next stages
of development and commercialization.

Disc Design
Introduction

The purpose of the disc is to produce fine droplets that can
be solidified in the granulator. It is logical, and experimen-
tal results have shown, that the liquid film thickness at the
disc edge heavily affects the droplet formation and size dis-
tribution. In particular, slag wool can be produced when
either the slag temperature is too low or the disc spinning
rate is too high. Thus the disc must maintain the liquid film
thickness at the disc edge at the target range, over extended
operation. This means the disc must not be damaged during
operation, and must be able to cope with reasonable fluctua-
tions in process conditions. Disc temperature is a measure
of disc integrity, as an excessively high temperature is likely
to damage the disc.

A steady-state, two-dimensional, multiphase CFD model
was developed to predict the effect of disc design and operat-
ing parameters on liquid slag spreading, heat transfer, solid
slag layer formation, breakup of the slag film, and formation
of ligaments and droplets [16—18]. The effects of some of
these parameter on liquid film thickness for a flat disc have
been presented [16].

During the subsequent development programme, the
disc design was modified to have a recess [19], as shown
in Fig. 4. Here, we describe the predicted effect of design
and operating parameters, and slag properties, on liquid film
thickness and disc temperature for a recessed disc suitable
for the DSG pilot plant.

@ Springer

Fig.4 Disc design with recess (Color figure online)

Design Parameters

Figure 5 shows the predicted effect of disc recess diameter.
A larger diameter results in a significantly lower liquid film
thickness and a lower disc temperature.

Figure 6 shows the predicted effect of disc recess depth. A
deeper recess results in a slightly lower liquid film thickness
and a lower disc temperature. The lower disc temperature
for a deeper recess is because the distance between the disc
surface and the water-cooled surface is reduced.

Figure 7 shows the predicted effect of disc material. The
thermal conductivity of cast iron is much higher than stain-
less steel, which results in a much lower disc temperature for
the cast iron disc. There is predicted to be a negligible effect
on liquid film thickness.

Operating Parameters

Figure 8 shows the predicted effect of slag tapping rate. As
expected, a higher tapping rate results in a higher slag film
thickness. The effect is significant as experimental results
have shown that the range of liquid film thicknesses pre-
dicted (0.55-1.1 mm) is much larger than the acceptable
operating window.

A higher tapping rate results in a higher maximum disc
temperature, to a point. It is likely that the solid slag layer
prevents the disc temperature from reaching even higher
temperatures at the highest tapping rate.

Figure 9 shows that slag tapping temperature is predicted
to have a negligible effect on liquid film thickness and maxi-
mum disc temperature. This further illustrates the critical
role played by the solid slag layer as an insulator to protect
the disc.

Figure 10 shows the predicted effect of disc spinning
speed. As expected, a higher disc spinning rate results in a
much lower liquid film thickness. In comparison, the spin-
ning rate has only a limited effect on disc temperature;
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Fig.5 Predicted effect of disc recess diameter on liquid film thickness (left) and maximum disc temperature (right) (8 mm disc recess depth, cast
iron disc, 50 kg/min tapping rate, slag tapping temperature 1450 °C, 800 RPM spinning speed) (Color figure online)
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Fig.6 Predicted effect of disc recess depth on liquid film thickness (left) and maximum disc temperature (right) (200 mm disc diameter, cast
iron disc, 30 kg/min tapping rate, slag tapping temperature 1470 °C, 700 RPM spinning speed) (Color figure online)

the slight increase is believed to be due to a higher heat
transfer rate as a result of the faster slag motion.

Slag Properties

Figure 11 shows that the liquid slag viscosity is predicted
to have a negligible effect on both liquid film thickness
and disc temperature.

Summary

The predicted effects of the various parameters are sum-
marized in Table 1. A key difference between increasing
the recess diameter and increasing the recess depth is that
larger diameters increase centrifugal forces and velocity at
the disc edge. This results in greater slag spreading and a
greatly reduced slag film thickness at the disc edge. Based
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Fig. 7 Predicted effect of disc material on liquid film thickness (left) and maximum disc temperature (right) (200 mm disc diameter, 8§ mm disc
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Fig.8 Predicted effect of slag tapping rate on liquid film thickness (left) and maximum disc temperature (right) (200 mm disc diameter, 8 mm
disc recess, cast iron disc, slag tapping temperature 1450 °C, 800 RPM spinning speed) (Color figure online)

on these effects, an approach for designing and operating Granulator Design
a disc has been developed:
Introduction
1. Design and/or determine the expected slag tapping rate.
Design the disc material and geometry to control the  After the slag droplets are generated from the edge of
maximum disc temperature, for the expected slag tap- the spinning disc, they move at high speed towards the
ping rate. inclined roof. The purpose of the granulator is to cool
3. Control the disc spinning speed to control the liquid film  these droplets into solid granules as rapidly as possi-

thickness, for the given disc design and expected tapping  ble, to minimize the required size of the granulator. The
rate.
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Fig.9 Predicted effect of slag tapping temperature on liquid film thickness (left) and maximum disc temperature (right) (200 mm disc diameter,
8 mm disc recess, cast iron disc, 25 kg/min tapping rate, 800 RPM spinning speed) (Color figure online)
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Fig. 10 Predicted effect of disc spinning speed on liquid film thickness (left) and maximum disc temperature (right) (200 mm disc diameter,
8 mm disc recess, cast iron disc, 25 kg/min tapping rate, slag tapping temperature 1450 °C) (Color figure online)

granulator must enable the granules to be collected and
hot air to be extracted.

Design Considerations

The granulator involves the introduction of air tangentially
to produce cyclonic airflow. With only brief consideration, it
is apparent that an enormous number of options are possible
for introducing the air. For example:

e Location of injection: from the inside and/or outside of
the torus

¢ Angle of injection:

e Volumetric rate of injection

e Velocity of injection

The minimum amount of air should be injected to minimize
cost and maximize the temperature of the off-gas. But air-
flow must be sufficient to cool the droplets and granules, and
maintain granule motion. The off-gas discharge system must
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Fig. 11 Predicted effect of liquid slag viscosity on liquid film thickness (left) and maximum disc temperature (right) (250 mm disc diameter,
8 mm disc recess, cast iron disc, 100 kg/min tapping rate, slag tapping temperature 1450 °C, 1050 RPM spinning speed) (Color figure online)

Table 1 Summary of effects of design and operating parameters, and
slag properties, on liquid film thickness and disc temperature for a
recessed disc suitable for the DSG pilot plant

Parameter Effect on liquid  Effect on
film thickness maximum disc
temperature

Design parameters

Disc recess diameter Major Minor

Disc recess depth Minor Minor

Disc material Negligible Major
Operating parameters

Slag tapping rate Major Minor

Slag tapping temperature Negligible Negligible

Disc spinning speed Major Negligible
Slag properties

Liquid slag viscosity Negligible Negligible

minimize pressure drop. The granulator design must produce
a consistent, minimal residence time of granules that is suf-
ficient for granules to cool to the required temperature.

Modeling Approach

During granulation in the CSIRO DSG process, droplets
are cooled both in-flight and during collisions with the
walls, while the droplets freeze to become solid granules.
Modeling of the prototype DSG demonstrated that the air-
flow was complex, with primary and secondary airflows.
The CFD model was upgraded and extended to model the
pilot plant DSG. Key features are described in the following

@ Springer

sections. The term particle is used to describe both droplets
and granules.

Particle Tracking

The motion of droplets and/or particles is solved using
Lagrangian particle tracking. The numerical approach is the
same for liquid drops and solid particles. The instantaneous
location and velocity of particles suspended in a continuous
fluid is determined by numerically integrating an equation
of motion for each particle. A detailed summary is available
from [20, 21].

Heat transfer to and from the droplet along the particle
track is governed by the slag-specific heat, the instantaneous
particle temperature, convective heat transfer with the air,
radiation heat transfer, and interfacial heat transfer due to
collision with a wall.

Particle-Wall Interactions

DSG operation involves collisions between liquid droplets
and walls, and solid granules and walls. In the latter case,
particles have point contact with the wall and then bounce
off. Heat is transferred only between the particles and the
surrounding air.

Droplet—wall interactions are more complex and the
extent of heat transfer needs to be determined. The drop-
let-wall interaction model was developed from experimental
observations from a series of droplet free-fall tests using
a previously published approach [22]. Molten slag was
forced through a taphole to form a spherical droplet that fell
onto a flat (90° collision angle) or inclined (30° collision
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angle) metal plate. The droplet formed a ‘splat’ after fall-
ing onto the substrate and recoiled from the wall to form
a sphere. A high-speed video camera was used to measure
the droplet diameter just prior to impact, and the contact
time. The spread (ratio of splat diameter to droplet diameter)
showed good agreement with the model developed by Mao
et al. [23]. There was a reasonably strong linear relation-
ship between contact time and spread, hence Mao’s model
could be used to predict contact time as a function of slag
properties.

A mathematical model was developed to estimate the heat
transfer between the droplet and the wall during a collision.
This used the analytical solution given in [24], where heat
transfer is a function of the contact time and the tempera-
tures, thermal conductivities, and thermal diffusivities of
the droplet and wall.

The effect of a collision on the resulting velocity of a
droplet also needs to be understood. Data from droplet
free-fall tests on to a horizontal substrate were used to form
the basis of the rebound model. It was found that increas-
ing droplet size resulted in decreased rebound height and
increased restitution coefficient (ratio of final velocity to
initial velocity). However, the importance of gravity in the
free-fall tests meant that the impact velocity was also larger
for the larger droplets, which is not the case for the DSG,
where the droplets are traveling horizontally at high velocity.

Modeling of the resulting velocity after a droplet collides
with a wall at an angle was more difficult. Free-fall tests
were conducted with a collision angle of 30°, but individual
effects could not be quantified. Instead a CFD model was
used to predict the parallel restitution coefficient as a func-
tion of droplet size. Furthermore, on the prototype DSG,
it was observed that on some occasions droplets stuck to a
wall for a much longer period of time, implying a very small
restitution coefficient.

Agglomeration

Agglomeration of granules occurs when hot granules, after
being deflected from the inclined roof, collide and stick to
those granules already moving inside the torus. The resulting
agglomerates are significantly larger than ‘fresh’ granules
produced from single droplets and thus will move quite dif-
ferently in the torus. They will be less dependent on airflow
and more dominated by collisions and gravity. Furthermore,
agglomerates can decelerate the local airflow due to gas—solid
momentum transfer. Agglomerates also cool more slowly
than single droplets, affecting the local air temperature.

In modeling agglomeration, the factors to be considered
include:

e The probability of collision;

e Whether agglomeration occurs as a result of a particular
collision; and

e The nature of an agglomerate, e.g., do droplets coalesce
to form a sphere, or do they form a loose network of
droplets held in place by weak bonds.

This is a complex phenomenon to model and the capability
to do so was only introduced into the CFD code a few years
ago.

Agglomeration is more probable where there is high local
droplet concentrations, which is more likely at the outer
regions of the torus. Agglomeration is also more probable
at higher temperatures, and particularly unlikely below the
glass transition temperature.

Results

The modeling results demonstrated that the generated air-
flow is highly dependent on the design of the air injection.
Typically, the primary airflow is in a horizontal plane. The
airflow accelerates as it spirals inwards and upwards to the
off-gas discharge, as a result of conservation of angular
momentum, reaching velocities up to 45 m/s. The predicted
residence time for the air varies from 1 to 8 s.

The tracks of many particles were predicted. Typically,
the flight time of a droplet from the edge of the disc to the
roof is very short (e.g., 0.1 s), so only limited cooling (~ 100
°C) occurs in this period. Droplets bounce off the roof down
to the torus, where the airflow produces very rapid cool-
ing of the droplets (over 500 °C/s), far exceeding the rate
required to convert the slag into a glassy material (~ 60 °C/s)
[25, 26].

It is predicted that airflow has less influence on gran-
ule motion at higher slag tapping rates. This is because the
higher amount of granules increases the drag on the airflow,
reducing the airflow velocity. Lower airflow velocity means
that the inertia of granules has more effect.

Similarly to the airflow, it is predicted that the granules
will have a residence time from 1 to 8 s. The temperature
of the discharged granules is predicted to be 400-900 °C.

Figure 12 shows the predicted effect of slag tapping rate
on the mean temperatures of the off-gas and discharged
granules. The trends are as expected, and significant. A
four-fold increase in slag tapping rate is predicted to more
than double the off-gas temperature, from 240 °C to 580 °C,
and produce a similarly large increase in discharged granule
temperature, from 520 °C to 860 °C. Note that the large
distribution of discharged granule temperature means that
mean values must be interpreted with care.

The challenge is to maximize the off-gas temperature for
heat recovery, while minimizing agglomeration, both in the
granulator and in the second-stage heat exchanger. Figure 13
shows the predicted effect of slag tapping rate on redistribution
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of the slag heat in the form of relative heat losses from the
granulator. A higher tapping rate increases the percentage of
heat retained in the slag granules, with an approximate corre-
sponding decrease in the percentage of heat transferred to the
off-gas. This is because the mass loading is higher at a higher
slag tapping rate, leading to insufficient cooling of the gran-
ules. About 10% of the heat is lost out of the structure of the
granulator (walls, roof, etc.), and this is relatively independent
of slag tapping rate.
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Table 2 Parameters investigated experimentally on DSG pilot plant

Parameter Approximate

range investigated

Disc recess diameter 200, 250 mm
1420-1500 °C
40-110 kg/min
1200-1800 RPM

4000-7000 Nm*/h

Slag temperature
Slag tapping rate
Disc spinning speed
Airflow

Experimental

DSG Pilot Plant

The DSG pilot plant comprises the following main
components:

e Slag melting and tapping An induction furnace
(300 kW) for melting of up to 500 kg of slag, and an
induction-heated tundish furnace (100 kW) for receiv-
ing the molten slag poured from the melting furnace
and tapping the slag onto the spinning disc.

e Granulator A spinning disc at the center to atomize
molten slag and produce fine droplets, which were then
rapidly cooled and solidified in a fully enclosed torus
of 3 m diameter.

e Air delivery system Two centrifugal blowers to deliver
air at up to 10,000 Nm?>/h through an air distributor and
a number of air inlets. The hot air is ducted off from the
top.

e Slag collection Drums to collect granules discharged
from the granulator through openings at the bottom of
the torus.

The geometrical profile and dimensions of the granulator
were optimized using CFD modeling. The schematic design
was generated using CAD and converted to detailed engi-
neering design drawings, including structural and granulator
assembly. The fabrication of the granulator involved a large
number of metal sheets that were laser cut, rolled to required
shape, welded, and installed/assembled in position. Sensors
were installed to measure and record temperature and flow
conditions during the tests. A number of video cameras were
installed to capture process images inside the granulator. The
DSG pilot plant was commissioned in 2010.

During 2010-2014, the pilot plant was run over 50
times, with typically several taps per run. All of these
were with remelted ironmaking blast furnace slag. Tap-
ping times were typically 30—120 s, with the longest being
about 5 min, being limited by the 500 kg slag capacity of
the furnace. Variables investigated included disc design,
slag temperature, slag tapping rate, airflow, and disc
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spinning speed. The range of values investigated for some
of these parameters is shown in Table 2.

Results
Granules

Granule samples were collected from a total of 32 taps from
11 runs. An initial sample was typically 10-20 kg. Firstly, the
entire sample was passed through a 3-mm sieve to remove
any agglomerated granules. The percentage of granules
> 3mm varied from 0.1 to 31%, with a median of 6%. The
samples were manually riffled to a sample size of 200-250 g.
Any slag wool was also removed at this step, which was typi-
cally a very low amount. The 200-250 g sample was passed
through a set of ten sieves of 2082362 pm, with mechanical
agitation to assist with separating the size fractions.

The mean, minimum, and maximum weight fraction for
each granule size over the set of 32 samples is shown in
Fig. 14. This illustrates that the particle size distributions
are relatively similar, despite the variation in design and
process conditions.

The mass mean diameter of each 200-250 g sample was
calculated. The effect of slag tapping rate and disc spinning
speed on mass mean diameter is shown in Fig. 15. This is
for 22 taps over 7 runs with the 200-mm-diameter disc. Over
all taps, the mass mean diameter was 1.2—1.6 mm and was
slightly lower for higher disc spinning speeds. This is as
expected, given that a higher disc spinning speed should
produce a thinner liquid film, and thus presumably smaller
droplets that subsequently solidify to smaller granules. The
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Fig. 14 Mean, minimum, and maximum size fractions of granules
collected from 32 taps over 11 runs on DSG pilot plant
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Fig. 15 Effect of tapping rate and disc spinning speed on mean mass
diameter of granules collected from 22 taps over 7 runs on DSG pilot
plant (disc diameter 200 mm) (Color figure online)

mass mean diameter was perhaps slightly higher for high
slag tapping rates, but the effect was very small.

Six samples were analyzed using XRD to measure glass
content. All the granulated products were highly glassy
materials with good cementitious properties, consistent with
the granules produced on the prototype DSG [27].

Off-Gas Temperature

Some typical results are shown in Fig. 16, where the meas-
ured off-gas temperature is plotted as a function of time for
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Fig. 16 Measured and predicted off-gas temperature for three taps on
DSG pilot plant (Color figure online)
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three taps. The predicted off-gas temperature is also shown,
which is discussed in a later section. The process conditions
were not identical in these taps, so the difference in the max-
imum off-gas temperature achieved for each tap is not unex-
pected. In all taps, the off-gas temperature increased rapidly
from room temperature for about 30s, and then continued to
increase at a slower rate, possibly reaching a plateau after
2-3 min. The precipitous decrease in off-gas temperature
for each tap is when slag tapping and introduction of air
were halted.

The effect of slag tapping rate on measured off-gas tem-
perature is shown in Fig. 17. These data are from 23 taps
over 8 runs, where other conditions such as disc spinning
speed and airflow were varied. The measured off-gas temper-
ature 30 s after the commencement of tapping was used, as
there were sufficient data for many taps at this time interval,
even though this was not the maximum off-gas temperature
achieved. There is a remarkably strong positive correlation,
despite the differences in the other process parameters.

Comparison of Experimental Results
and Model Predictions

Disc Performance

The key performance parameters for the disc are liquid
film thickness and disc temperature, for which CFD pre-
dictions have been described in previous sections. How-
ever, the liquid film thickness cannot be directly meas-
ured during experiments. Measuring the temperature of
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Fig. 17 Off-gas temperature 30 s after commencement of tapping as
a function of slag tapping rate for 23 taps over 8 runs on DSG pilot
plant (Color figure online)
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a spinning disc is also highly challenging, and was not
performed on the DSG pilot plant.

However, one would expect a positive correlation
between the predicted liquid film thickness and the meas-
ured mass mean diameter of the granules. A parametric
equation was developed to predict liquid film thickness as
a function of disc recess diameter, slag temperature, slag
viscosity, slag tapping rate, and disc spinning speed, using
results from a series of CFD simulations. This parametric
equation can be used to predict the liquid film for any com-
bination of the design and process parameters, which is
much quicker than using the CFD model on each occasion.
Figure 18 shows a comparison of the measured mass mean
diameter of granules and the predicted liquid film thick-
ness for 31 taps over 11 runs on the DSG pilot plant. There
is a strong positive correlation, providing confidence that
the predictions of liquid film thickness are meaningful for
DSG operation.

An obvious difference between the model and the
experimental results is that the two-dimensional CFD
model predicts a single liquid film thickness, while the
experimental results showed a distribution of granule
sizes. Some work has been done to extend the disc model
to three dimensions, where the liquid film thickness is used
as an input to predict droplet formation and the range of
droplet sizes [18].

There was no degradation of disc performance due to
high temperatures, also providing confidence that the CFD
predictions of disc temperature are representative. This
will be more fully evaluated over extended operation.
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Fig. 18 Comparison of measured mass mean diameter of granules
and predicted liquid film thickness, for 31 taps over 11 runs on DSG
pilot plant (Color figure online)
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Granulator Performance

The measured and predicted off-gas temperatures are shown
in Fig. 16. A direct comparison is difficult because the CFD
results are for a steady-state condition, whereas the experi-
mental temperatures are increasing over time. However, the
experimental and predicted results are similar, and show a
corresponding trend, i.e., for both the measured and pre-
dicted off-gas temperature, run 3 is the highest and run 1 is
the lowest.

Concluding Remarks

The CFD predictions and experimental results on the DSG
pilot plant have provided significant insights into DSG
design and operation. There are opportunities to optimize a
number of parameters, such as disc design, airflow injection,
and granule collection. Longer run times under steady-state
operation are required to effectively investigate these param-
eters. The results on the DSG pilot plant provided sufficient
confidence to design and construct a larger DSG demonstra-
tion plant.

CSIRO has partnered with Beijing MCC Equipment
Research & Design Corporation (MCCE) to scale-up and
commercialize the DSG process. A demonstration plant has
been constructed and is about to be commissioned in China,
which comprises a 5-m-diameter granulator capable of pro-
cessing 300-500 kg/min of slag.

CFD modeling and experimental studies have also been
conducted on various non-ferrous slags and mattes, using
the prototype DSG and the DSG pilot plant. Even with the
differences in parameters such as tapping temperature and
material viscosity, the CFD modeling and experimental
experience has allowed the design and operating conditions
for effectively granulating these materials to be rapidly
optimized.
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