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To be able to responsibly develop a multiphysics model of the steel belt sintering (SBS)
process used to sinter chromite fines, it is important to have a comprehensive understanding
of the process. This understanding was gained through a site visit, observation of the
process in operation, and interaction with the operators. Material characterization will also
reveal much about the process that is not yet fully understood. A well-defined and
representative mass and energy balance will also give valuable insight into the process.
The plan for the multiphysics model aims to combine a computational fluid dynamics
(CFD) model with a discrete element method (DEM) model.

To obtain a more accurate mass and energy balance representation of the SBS process,
it was decided to develop a dynamic distributed parameter model of the mass and energy
balance. This model will be used to gain better understanding of the SBS process so that a
more complicated multiphysics model can be developed later. The reason for this is
because the SBS process is very dynamic, with a large temperature distribution throughout
the length of the process. In its current state, the mass and energy balance model is capable
of handling solid and gas material packages and exchanging heat between these packages
where they are mixed, and is able to model the heating of the gas by burning CO gas.

The next step in the development of the model will involve enabling it to handle
evaporatoin of liquid water, burning of solid carbon in the pellets, reduction of iron oxide in
the pellets with the CO gas formed from carbon combustion, and then oxidation of the
reduced iron in the oxygen-rich cooling zones.
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Introduction

Sintering of ore fines is becoming a very popular pre-treatment to enhance smelter efficiency. In the ferrochrome
industry, one of these sintering technologies being utilized is the steel belt sinter (SBS) process. In this process,
pelletized chromite fines are conveyed on a steel belt through various operations in which the pellets are dried, heated,
sintered, and cooled. The design life of these steel belts is targeted at 10—11 months, although a multitude of factors
render the actual belt life far shorter, often as low as half the target lifespan. The reason for this is believed to be largely
due to issues related to the operating process. It is suspected that the problem is a consequence of the behaviour of the
sinter bed and its interaction with the steel belt and other components of the equipment. This behaviour is not well
understood and needs to be studied to ultimately solve problems and issues related to the SBS process, such as failure of
the steel belts. It was decided to use multiphysics modelling of the SBS process to gain the required insight and
understanding.

Developing this multiphysics model requires a physical appreciation and understanding of the process and equipment.
This was accomplished through a site visit, characterization of feed and product material, thermochemical analysis, and
the construction of a mass and energy balance. To date, the site visit, X-ray diffraction (XRD) analysis of the feed and
product material, and part of the mass and energy balance model have been completed. The feed and product material
and the anthracite have also been submitted for further characterization. The thermochemical analysis is aimed at
determine the heat capacity, heat of reaction, and heat of formation of the material in this process.

The SBS process is a large and dynamically interactive process, and it is for these reasons that the mass and energy
balance model developed is a dynamic distributed parameter model. The model is being developed in Python, an
object-oriented, interpreted, and interactive programming language (wiki.python.org).
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Background

Sintering

Sintering occurs when thermal energy is supplied to a compacted powder of metal or ceramic. The compacted powder
then densifies and the average grain size increases. The driving force for sintering is the reduction of the total
interfacial area in the compacted powder (Kang, 2005). Figure Ishows the basic phenomena that occur during
sintering.
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Figure 1. Basic phenomena that occur during sintering (Kang, 2005)

In Figure 1 vy is the specific surface energy and A is the total interfacial area in the compacted powder (Kang, 2005).

Sintering in the ferrochrome industry

A large amount of fines are generated during the mining and beneficiation of chromite ore. These fines contain high
concentrations of Cr,0;, ranging between 40% and 50%. However, high percentages of fines cannot be introduced into
the submerged arc furnace (SAF) as the fines tend to be carried out with the flue gas (Pal er al., 2008). Increased
concentrations of fines in the SAF feed can also decreasethe permeability of the burden, which can lead to unsteady
process conditions due to trapped CO gas produced by the reactions (Goel, 1997)., The material therefore needs to be
agglomerated prior to feeding into the SAF. Methods of agglomerating fines include briquetting, pelletization, and
sintering (Banerjee, Dasgupta, and Mishra, 2010). Sintering provides certain advantages over the other two techniques,
such as (Banerjee et al., 2010):
¢ Sintered ore can ensure better furnace stability and ease of operation during smelting
* The hard and porous structure of sinter improves the rate and efficiency of reduction
¢ Sintered fines contain iron in a more easily reducible form and solid-state reduction is improved by the high-
temperature strength of sintered fines
¢ The demand for electrical energy in the SAF is reduced by decomposing volatile hydroxides and carbonates
during sintering
* The lack of moisture and other volatiles in the SAF, combined with improved gas permeability of the sintered
fines, reduces eruptions and hence, furnace downtime.
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The steel belt sintering process

One of the sintering technologies used in the ferrochrome industry is the steel belt sintering (SBS) process. In this
process pellets, consisting of fines agglomerated with a carbon fuel source and a binder, are conveyed on a perforated
steel belt through different operations, producing a sintered product. Figure 2 shows a basic schematic of the SBS
process.
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Figure 2. The SBS process with seven different zones. (D) drying, (H) heating, (S) sintering, (B) balancing, (C1-C3) cooling (Hekkala, F abritius
and Hdrkki, 2004)

The ‘green’ unsintered pellets are fed onto an already sintered bottom layer of pellets. The role of the sintered bottom
layer is to protect the steel belt from the carbon burning in the green pellets. Moisture is removed from the green pellets
in the drying zone by hot gas blown through the pellet bed. In the next zone the pellets are heated further using hot gas,
and in the sintering zone the carbon in the green pellets is combusted, adding more energy to the process. The carbon is
left to burn through the balancing zone, and when the pellet bed leaves the balancing zone, air from outside is blown
through from beneath the bed to start cooling the bed. There are three different cooling zones, each operating at a
different flow rate of cooling air. The hot air from the cooling zones is returned through ducts above the bed to the
drying, heating, and sintering zones, where it is used to heat the unsintered pellets. Burners in the ducts between the first
two cooling zones and the heating and sintering zones add more heat to the air by burning a fuel such as CO gas
(Hekkala, Fabritius, and Harkki, 2004).

The SBS process used for the model sinters a mixture of LG6 and UG2 chromitite concentrates from platinum
producers. The LG6 (lower group 6) and UG2 (upper group 2) seams are part of the Bushveld Complex (Cramer,
Basson, and Nelson, 2004). The ratio of LG6 to UG2 usually varies from 0.25 to 0.42. The concentrate is mixed with
anthracite to obtain a final mixture with 2% carbon, which is wet-milled in a ball mill to 80% passing 0.075 mm. This
wet mixture is filtered with ceramic filters to remove most of the moisture, after which the filter cake is sent to buffer
tanks. From the buffer tanks the filter cake is sent to a mixer, where it is mixed with 0.4 % bentonite, which acts as a
binder, and water. From the mixer the feed is fed into a pelletizing drum. The pellets leaving the pelletizing drum are
fed onto a roller screen where the target size is 12 mm for the pellets. A typical moisture content of pellets entering the
sintering furnace is about 9.5%. Pellets of the target size are fed onto a conveyer belt which transfers them to the
shuttle feeder that feeds the pellets into the SBS furnace. Oversized pellets are crushed and mixed with undersized
pellets, and this stream is recycled back to the pelletizing drum.

The SBS furnace takes two solids input streams: a bottom layer consisting of already sintered pellets and a top layer
of green pellets. The bottom layer is fed onto the steel belt directly, using a shuttle feeder, to layer thickness of 190
mm. The green pellets are fed onto a belt feeder, using a shuttle feeder, in order to build the right profile of bed
entering the sintering furnace. The width of the pellet bed entering the SBS furnace is 4930 mm. The belt feeder feeds
the green pellets onto a roller feeder to remove any undersize pellets that might have slipped at the roller screens. The
green pellets are then fed onto the bottom layer until a total bed height of 450 mm is reached.
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For the SBS process to be modelled, the length of each zone (Figure 2) is:

* Drying zone: 5500 mm

* Heating zone: 4000 mm

¢ Sintering zone: 4000 mm

* Balancing zone: 2920 mm

¢ Cooling zone 1: 4000 mm

¢ Cooling zone 2: 4000 mm

¢ Cooling zone 3: 5500 mm.

The sintered pellets leaving the sintering furnace are screened to remove any unsintered material and broken pellets.
The broken pellets, referred to as chips, are stockpiled to serve as backup feed for the SAF should pellet production be
interrupted.

Material characterization

The only material characterization conducted to date is XRD analysis of the LG6 and UG2 concentrates and the sintered
pellets. The results of this analysis are shown in Table 1.

Table I. Quantitative XRD results for LG6 and UG2 concentrate and sintered pellets

LG6 UG2 Sintered
Weight % 3 o error Weight % 3 o error Weight % 3 o error

Chromite 88.43 1.08 89.57 1.02 87.00 0.48
(FeCr,0,,

Enstatite 11.57 1.08 10.43 1.02

(MgSiO5)

Eskolaite 13.00 0.48

(Cr,05)

Mass and energy balance model

The SBS process is very dynamic with a wide temperature range along the belt. A steady-state lumped parameter
model would not be a realistic representation of the process. For this reason, it was decided divide the bed into smaller
sections, thus creating a distributed parameter model. It was also decided to model the process dynamically to simulate
the start-up of the process and to ascertain how the process might react to disturbances.

Requirement specification

This mass and energy balance model focuses only on the SBS furnace, ignoring any upstream and downstream
processes. The reason for this is that the planned multiphysics model will also focus on the SBS furnace alone.

Temperature plays a major part in this process, and it is therefore of utmost importance that the model is able to give
an accurate temperature distribution through the process. Furthermore, the model should be able to account for the
chemical reactions taking place. The main requirements of the model are:

* Temperature distribution along the length of the bed

* Chemical assay of the pellet bed

* Time required from start-up to reach steady processing.

A possible means of validation would compare temperature readings in the hoods above the belt zones and in the
wind boxes below the belt in each zone with the results produced by the model.

Process analysis

A chemical assay for LG6, UG2, sintered pellets, and anthracite used by the model is shown in Table II. The bulk
density of the chromite ore was taken as 2.73 kg.m” (LKAB Minerals, n.d.).
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Table II. Weight percentages used for LG6, UG2, sintered pellets, and anthracite

Constituent LG6 UG2 Sintered Anthracite
ALO; (%) 13.8 15.3 16.12 5.6
C (%) 0.02 0.005 - 73.0
CaO (%) 0.3 0.3 0.274 0.2
Cr,05 (%) 44.2 41.6 41.5 -
FeO (%) 24.1 27.2 26.38 2
MgO (%) 11.5 9.62 10.33 0.12
Ni (%) 0.09 0.13 - -
SiO, (%) 2.49 2.88 5.4 11.2
TiO, (%) 0.53 0.91 - 0.32
H,0 (%) 0.1 0.1 - 15
Total S (%) <0.01 0.01 0.01 1

The key phenomena that have been identified in this process are the mass flow of solid material along the belt, and
the flow of air through the bed and through the ducts above the bed. The heat transfer between the gas and the solid
material is a very important phenomenon. The main chemical reactions that take place are the combustion of solid
carbon in the pellets, the reduction and oxidation of iron in the pellets, and the burning of fuel in the ducts of the SBS
furnace.

A preliminary assay for the sintered material was determined using data obtained during the site visit. Once the
material characterization of the feed and product material is completed, the data from these characterizations will be
incorporated into the model.

Model formulation

The model is a dynamic distributed parameter mass and energy balance model. The model is being developed in
Python, to make use of Python’s ability to use classes.

The model uses the process modelling for Python (pmpy) software package that was developed in the Department of
Metallurgical Engineering at the University of Pretoria. With pmpy, the user has the ability to create a material with a
certain chemical assay. Once a material has been defined, the user can create a material package, which can have a
mass, pressure, and temperature. The pmpy package also uses data retrieved from FactSage for different compounds to
calculate the enthalpy of the material packages (Bale et al., 2009). It also allows the user to change the temperature of
the material package, in which case a new enthalpy for the material package will be calculated, or vice versa.

A time step is chosen for the model, and the length of this time step, combined with the bed width and height,
determines the volume of bulk material entering the process. Using the bulk density of the fines and choosing a solid
fraction for the pellet bed, the mass of the solid material packages created at the start of each time step is calculated.
The size of the solid packages depends on the volume of material entering into the system for the given time step, the
bulk density, solid fraction, LG6:UG2 ratio, and the percentage carbon in the feed. The sizes of the gas packages that
enter the cooling zones are determined using the flow rates shown in Table II and the time step size. The mass of gas is
calculated using the ideal gas law and the temperature of the gas streams,

The model uses two classes, a Zone class and a Duct class. These classes are used to create objects into which
material packages can be fed, and which return altered material packages. The variables used in this model are shown in
Table III.
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Table III. Variables used in the mass and energy balance

Variable Value
Time step size (s) 36
Belt speed (mm.s™) 8.3
Height top layer (mm) 260
Height bottom layer (mm) 190
Bed width (mm) 4 480
Solid bulk density (kg.m™) 3.2
Solid fraction of bed 0.6
LG6/UG2 0.25
% carbon in feed 2
% moisture in feed 9.5
Flow rate of air in C1(Nm’ per ton feed) 350
Flow rate of air in C2 (Nm® per Ton feed) 500
Flow rate of air in C3 (Nm® per Ton feed) 1 000
CO gas flow rate in C1 to S duct (Nm’.s™) 0.8
CO gas flow rate in C2 to H duct (Nm’.s™) 1.1
Heat transfer coefficient (W.m>K™) 45 000

The heat transfer coefficient used is taken from Hekkala et al. (2004), who determined experimentally a heat transfer
coefficient for pellets of similar composition. The heat transfer coefficient for these types of pellets with air lies
between 15 and 90 kW.m>. K.

The following assumptions are made in the development of the model.

The chromite entering the process has the composition shown in Table II. This is an assumption since the actual
mineralogical composition is not yet known. This could have large impact on the heating and cooling of the pellet
bed, because the various mineral phases have different heat capacities

No heat is conducted between solid packages, either between two adjacent packages or between the green pellet
top layer and the sintered bottom layer. The impact of this assumption can become large at higher temperatures,
where the radiation between packages might play a role

The temperature through the width of the belt is constant. This is a simplification — the effect of the width of the
bed will be taken into account when the multiphysics model is being developed

There are no heat losses to the environment. This is not a true representation of the actual process, but this aspect
will be incorporated into the model once more is known about the heat losses throughout the process

The air entering the cooling zones consists of 79% nitrogen and 21% oxygen at 25 °C. For all gas streams in the
process, it will be assumed that the ideal gas law holds. To simplify the calculations, it is assumed that the
pressure throughout the process is 1 atmosphere.

Model implementation

In its current state the model is able to take solid material packages and put them step by step through each zone in the
SBS process model. Each zone has a gas package that enters it and in each time step heat is exchanged between the gas
and solids. The model uses the explicit Euler method to calculate new values at each new time step, meaning that only
values from the previous time step are used to calculate values in the current time step. A solid material package and a
gas package then exit the zone. The gas packages that leave the cooling zones are fed into a duct object, where the gas
is mixed with a fuel and combusted to heat the gas further. The overall process flow of the model is shown in Figure 3.

152



Modelling of a steel belt sinter process

Duct between
cooling 3 and [« Object
drying
™ 0 () ~borween ¢ —— (TR
5 Duct between {Fuel )
;_:{ cooling 2 and Function
<. | heating
a /
Tuel) i ~
Dug blcmccn Fuel ) (Material Sig
Create Cooling 1 |« \ J
Maerty and Sintering
Package S
A A
> g Sinteri > Baliiici =g ] > %
; ’ Sinterin, alancing ; : ey \
Drying Zone Heating Zone Zor & Z‘ < Cooling 1 Cooling 2 Cooling 3 /’E /)
> Ly N one L5 ‘one Lyl L) %
D —— l TN O
( Smtetf:d | g_ 8_ _8_
\_ Material / = 5 B3
= o = = [
et \ > > >
\V N U & | & | &
' ) N =4 Ry =/

Figure 3. Overall process flow of the model

The zone class

The zone class is used to represent all the zones in the SBS process. Each zone is initialized, where the total length of
the zone is defined. For each time step the zone class takes in a green solid package, a sintered solid package, a length
associated with the solid packages, and a gas package. The solid packages entering the zone are placed in a list, and the
zone then calculates the total length of solid packages in the zone and compares it to the zone length. If the length of
packages in the zone exceeds the zone length, the zone class cuts the last package in the list and sends the excess
material package to the next zone. Figure 4 shows a schematic of the steps that take place during each time step.
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Figure 4. Zone class calculations performed during each time step

The zone class handles the heat transfer between the gas and solids in the SBS process. During each time step the
zone class takes the gas package entering the zone, and divides the gas package into smaller packages for each solid
package. The zone mixes the solid and gas package and calculates an equilibrium temperature for the mixture. The
zone then calculates the enthalpy of the solid package at the equilibrium temperature, and the enthalpy of the solid
package before mixing. The difference in these enthalpies is the maximum change in enthalpy that the solid or gas
package can undergo. At the same time, the zone calculates the possible rate of heat transfer between the gas and solid
using the equation :

q= h‘/solid (Tgas - Tmlid)

The zone compares the maximum change in enthalpy with the rate of heat transfer and chooses the smallest value,
and the enthalpies and temperatures of the streams are changed. The reason for this is to avoid numerical instability
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Once heat transfer is complete, the new solid package is placed inside the zone, all the other packages are moved
along, and the process is repeated. In the first three zones of this model, heat is first transferred between the gas and the
green material stream, then with the sintered material stream, whereas in the cooling zones heat is first transferred
between the gas and the sintered material, and then between the gas and the green material. The direction of flow of the
gas can be seen in Figure 2.

The duct class

The duct class is used to take the gas streams leaving the cooling zones and heat them; in the case of the heating and
sintering zones by simulating the combustion of a fuel gas. The outputs from the three duct objects are used as the gas
inputs to the first three zones.

Each duct is initialized with a volume that was calculated from engineering drawings. Using this volume, a gas
package inside the duct is calculated.

For each time step, a gas package enters together with a fuel package. There is no fuel input in the duct connecting
the third cooling zone and the drying zone. The duct combines all the material package inputs into the duct, together
with the gas package already inside the duct, into one package. The enthalpy of this single package is recorded. The
fuel in the package is oxidized using the oxygen inside the package, and the chemical assay of the package then
changes. The package’s enthalpy is set to the previously recorded enthalpy, and this causes the temperature of the new
package to rise.

The duct class calculates the volume of this new, hotter, gas package and ejects a sufficient quantity such that the
remaining gas package is the same volume as the duct. The gas package that leaves the duct class will become the input
gas package into a drying, heating, or sintering zone.

Results

The results of the model thus far are shown in Figure 5.
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Figure 5. Results for temperature distribution given by the model

In Figure 5, the values in the first row of under the zone headings represent the temperatures of the gas inside the
hoods just above the bed. The next row contains the temperatures of the green material packages throughout the
process, followed by the temperature distribution of the bottom layer throughout the bed. The values in each block show
the minimum, average, and maximum temperature in each zone for each layer. The values in the final row are the
temperatures of the gas in the wind boxes below the belt.

The results shown in Figure 5 do not represent the actual process, because the model does not yet account for the
water evaporation, carbon combustion in the pellets, or the reduction and oxidation of iron. The results do, however,
show, that the model is capable of producing a temperature distribution through the zones, and the model shows that in
the drying, heating, and sintering zones, the green pellets are warmer than the sintered pellets, and in the cooling zones
that the sintered pellets are the first to cool, which is to be expected.

Conclusions

The SBS process is a dynamically interactive process with a multitude of phenomena taking place simultaneously. It is
for this reason that a dynamic distributed parameter mass and energy balance is developed, to gain better understanding
of the process development of a comprehensive multiphysics model of the process.

The results from the material characterization will also help to improve understanding of the process. These results
will be incorporated into the mass and energy balance model to represent the process more accurately.

In its current state, the model is capable of handling solid and gas material packages, successfully moving these
packages through the process, and exchanging heat between them where they are mixed. The model is also able to add
energy to gas by burning a fuel in the ‘ducts’ of the process.
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The next step in the development of this model will be to add the phenomena of liquid water evaporation, solid
carbon combustion in the pellets, reduction of the iron oxide in the pellets, and oxidation of the reduced iron in oxygen-
rich cooling zones.
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