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PREFACE

This book contains all manuscripts approved by the reviewers and the organizing committee of the
12th International Conference on Computational Fluid Dynamics in the Oil & Gas, Metallurgical and
Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also
known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997.
So far the conference has been alternating between CSIRO in Melbourne and SINTEF in Trondheim.
The conferences focuses on the application of CFD in the oil and gas industries, metal production,
mineral processing, power generation, chemicals and other process industries. In addition pragmatic
modelling concepts and bio-mechanical applications have become an important part of the
conference. The papers in this book demonstrate the current progress in applied CFD.

The conference papers undergo a review process involving two experts. Only papers accepted by the
reviewers are included in the proceedings. 108 contributions were presented at the conference
together with six keynote presentations. A majority of these contributions are presented by their
manuscript in this collection (a few were granted to present without an accompanying manuscript).

The organizing committee would like to thank everyone who has helped with review of manuscripts,
all those who helped to promote the conference and all authors who have submitted scientific
contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal
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ABSTRACT

The gas offtake design is an important aspect of the Top
Submerged Lance (TSL) furnace technology. CFD modelling
has been used to investigate the gas offtake geometry to better
understand and address common industrial issues. The
objective of the study was to understand how the shape of the
offtake affected emissions from the roof ports, and influenced
both the location of the post combustion reactions and the
flow profile of the gas within the vessel and waste heat boiler
(WHB). The conditions and gas species included in the
modelling are based on typical large industrial copper
smelters. Commercial software (ANSYS-FLUENT) has been
used to investigate design variants by incorporating the effects
of momentum, multi-component mixing, radiative and
convective heat transfer, combustion reactions, and buoyancy.
The learnings from the CFD modelling were integrated into
the design of the new Novasmelt™ TSL technology.

Keywords: CFD, TSL, copper smelting, offtake.
NOMENCLATURE

Greek Symbols

) Mass density, [kg/m’].
] Roof angle, [°].

Latin Symbols

P Pressure, [Pa].

T Temperature, [°C].

t Time, [s].

v Velocity, [m/s].

m Mass flow, [kg/s].

Sub/superscripts

b Bath inlet.

whb  WHB outlet.

fr Feed port opening.

lp Lance port post combustion inlet.

dc WHB downcomer post combustion inlet.

INTRODUCTION

The Top Submerged Lance (TSL) furnace technology
was originally developed by the Commonwealth
Scientific Industrial Research Organisation (CSIRO) in
Australia in the 1970s under the name Sirosmelt (J.M.

555

Floyd & Conochie, 1984). Originally starting in the
field of tin smelting, the technology has since been
adopted for copper, lead, nickel and zinc production (J.
M. Floyd, 2005), becoming a popular choice for many
base metal smelters. The TSL technology involves a
cylindrical furnace vessel with material continuously
fed via a roof opening into a molten bath. The bath is
vigorously stirred by submerged gas injection from the
centrally inserted lance. In sulfide smelting TSL
furnaces, the bath reactions and bubbling creates a
continuous stream of high concentration sulfur dioxide
(SO,) containing off-gas. The off-gas is typically cooled
in a waste heat boiler (WHB), often consisting of two
vertical radiation shafts and followed by either a spray
quencher or a horizontal heat recovery convection
section (Koster, 2010). The cooled off-gas is then
delivered to an electrostatic precipitator for de-dusting
before being sent to an acid plant for sulfur recovery.

The TSL furnace has been the focus of CFD studies in
the past, although primarily in the bath region rather
than the gas offtake. Morsi et al. (2001) used a CFX
model, validated by an experimental setup, of gas
injection into a liquid bath to study the impact of gas
injection angular momentum (swirl) on the liquid
recirculation patterns. Pan and Langberg (2010) used a
CFX model and experimental test-work to study the free
surface behaviour of large collapsing gas bubbles in a
liquid bath (such as those created at the tip of the lance
in TSL furnace). Huda et al. (2009) used CFD to study
the bath mixing differences when the lance
submergence, flow rate and swirl angle were varied.
Huda then constructed a model to simulate the
submerged zinc fuming reactions that occur in a pilot
plant TSL (Huda, Naser, Brooks, Reuter, & Matusewicz
2012).

Off-gas dynamics has been the subject of study in other
copper smelting furnaces. (Pelton, 1995) created a CFD
model of the radiation and convection sections of a flash
furnace to study the effect of changing the geometry.
(Li, Brink, & Hupa, 2009) simulated the particle
deposition in a flash furnace WHB radiation section to
study locations of accretion formation and resulting
impact on heat transfer. However, there appears to be no
public domain information specifically addressing the
effect of the TSL off-take geometry on the furnace off-
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gas flow patterns. This study aims to fill this gap in TSL
furnace understanding and discusses how the offtake
geometry design can address common industrial issues.
The outcomes of this study have been incorporated into
the next generation of TSL furnace, the Novasmelt™,
with solutions being supplied both to existing operations
and for new facilities.

BACKGROUND

TSL Furnace Offtakes

The volume above the bath of the TSL furnace is
commonly referred to as the gas offtake. The offtake is
shaped to connect the cylindrical barrel section to the
roof openings and the gas treatment system. The offtake
design must allow for post-combustion reaction
management, splash containment, lance and feed entry,
and emissions control. Operating TSLs have reported a
variety of issues with their offtakes, including: accretion
formation, corrosion and steam leakages, feed chute
blockages, and roof panel or refractory failures
(Bhappu, Larson, & Tunis, 1994; Binegar, 1995;
Herrera & Mariscal, 2013; Viviers & Hines, 2005).

There are two main furnace offtake shapes for the TSL
vessel in use by industry, a flat roof design and a sloped
roof design as shown schematically in Figure 1.
Originally the majority of TSL furnaces had sloped
roofs, and the flat roof furnace design was introduced to
offer cost saving advantages and improve the access for
operators when compared to the sloped roof, supposedly
without detracting from the off-gas flow dynamics
(Arthur & Hunt, 2005). There is no indication in the
literature that the latter claim was substantiated, and it is
the intent of the present study to address this gap.

L

W

VL,

Lol

B

Figure 1: Typical TSL furnace shapes; flat roof design
(left), sloped roof design (right)

The materials of construction of TSL furnace offtakes
vary in existing designs, with the walls of the offtake
typically being refractory lined, although more recently
boiler tubes have also been employed (Peippo &
Lankinen, 2010). The furnace roof is typically
constructed of either copper panels or boiler tubes
(Arthur & Hunt, 2005). Refractory bricked furnace
offtakes must maintain a minimum shell curvature to
ensure brick stability, whereas boiler tubes do not have
this restriction and may be shaped to better
accommodate fluid flow and remove dead zones.
Recently, it has been proposed that additional cost
savings could be realised if the entire furnace offtake,
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including the walls are manufactured from flat panel
boiler tubes, creating a polygonal shape (Peippo &
Lankinen, 2010). The effect of the polygonal offtake on
the gas flows was not discussed, and it is a further intent
of the present work to make use of simplified cases to
understand how such a design would impact fluid flow
behaviour.

Some flat roof TSL furnace offtakes include a splash
mitigation device (Voltura, 2004). The device reduces
the amount of splash from the bath that enters the gas
offtake and would otherwise form accretion. By
providing a physical barrier the splash instead contacts
the block, and forms an accretion inside the offtake or
returns to the bath. The device is typically a large water
cooled copper element. There is no indication that the
impact of this geometry on the gas flows within the
furnace has been investigated in the literature.

Early TSL furnaces used an angled (rather than vertical)
first shaft for the WHB, which resulted in significant
issues with accretions. Some of these installations opted
to redesign their offtake hood to be vertical to help
alleviate these issues (Binegar, 1995; Viviers & Hines,
2005).

Heat Transfer in TSL Furnace Offtakes and
WHBs

The WHB is required to the cool the off-gas to enable
subsequent volatile element precipitation, de-dusting
and sulfur recovery from the gas stream. The boiler
produces a low pressure steam which requires additional
heating for recovery of the heat to power via a turbo-
alternator. Alternatively the steam is simply re-
condensed. The route chosen by the operation depends
on local economics. The heat transfer in this application
is complex as high temperature gas (1200 °C), with up
to 60 wt. % SO, content and laden with reacting dusts,
is cooled by a combination of radiative and convective
heat exchange with the boiler tube walls. Inside the TSL
furnace offtake the heat transfer and combustion
reactions are further complicated by three dimensional
flow patterns and recirculation. Air/oxygen, at lower
temperature than the furnace gases (between 50 — 400
°C depending on whether preheating is used), is usually
added to the furnace to provide sufficient oxygen for
post combustion reactions. The SO, content in the off-
gas is the primary species involved in the grey gas
radiative heat transfer in the WHB radiation section
(Pelton, 1995). Over cooling the gas is problematic,
because temperatures below 220 °C can result in weak
acid condensation inside the off-take or boiler, leading
to corrosion and a loss of sidewall integrity. The boiler
water/steam temperature is thus selected, through the
boiler pressure setting, to operate above 240 °C to
prevent such low temperatures from occurring.

Ingress Air and Draught

Air/oxygen is not only injected into the furnace offtake
and boiler, but is also added in a less controlled manner
via ingress of additional air through the multiple
openings in the furnace as it operates under slight
negative pressure. The main source of ingress is air
drawn into the open feed port. The negative gauge
pressure measured at the port is often called the furnace
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draught. Furnace draught is controlled by the
downstream off-gas system using an Induced Draught
(ID) fan. Engineers typically specify that a TSL furnace
should have an ingress air flow rate to suit the process
requirements for the off-gas treatment, which results in
an off-gas containing 2-2.5 vol% free oxygen at the
WHB outlet (Herrera & Mariscal, 2013).

In practice the internal pressure within the TSL vessel
fluctuates significantly during operation. At times, the
furnace pressure may become positive which results in
emission of the furnace gas into the surrounding
atmosphere. This is undesirable as these fugitive
emissions are hazardous for both the workplace and
general environment. Controlling furnace ingress air
and preventing fugitive emissions is challenging. The
primary causes of the pressure fluctuations within the
TSL vessel are predicted to be bath bubble collapse
from the submerged lance and the rapid vaporisation of
the moisture in the feed as it falls through the furnace
top-space. The frequency of the bubble collapse has
previously been calculated to be between 1.2-3.4 Hz
(Player, 1996), and the magnitude of the pulse will be
dependent on the size of the bubble, which is inversely
proportional to the bubble frequency. Deeper lance
immersion depth has been suggested to increase the
bubble size, and reduce the bubble frequency (De
Antunes, 2009). The frequency and magnitude of
pressure fluctuation from the vaporisation of the feed
moisture will be dependent on the stability of the feed
rate into the furnace, the moisture content and the
homogeneity of the feed.

In addition to the internal causes of TSL furnace
pressure fluctuation, there are also external causes.
Sulfide smelting TSL furnaces typically interface with
complex off-gas handling systems carrying sulfur
dioxide laden gases from multiple furnaces to the site
sulfuric acid plant(s). If these other furnaces are in batch
operating mode, as is typical of converting furnaces (i.e.
Peirce-Smith Converters), they can cause rapid changes
in the pressure of the entire off-gas system when they
roll in or out of the blowing position, requiring ID fan
control adjustments to stabilise the TSL furnace
pressure. Consequently, the TSL furnace control
philosophy requires continual adjustment of the furnace
draught in an effort to minimise both excessive
accretion in the TSL furnace from too much cold
ingress air, and potential release of hazardous fugitive
emissions from the furnace ports arising from process
pressure spikes.

In the present work, the relationship between furnace
draught, bath off-gas flow and ingress air is studied for
several different furnace offtake geometries to
understand how changing the offtake design affects the
gas flows. The different furnace offtake designs are then
compared in terms of ability to help achieve process
targets and minimise operational issues. Given the
current modelling context (complex models exhibiting
step change behaviour, qualitative and quantitative
targets, limited validation data and lack of directly
relevant literature) the analysis is executed using a
simplistic approach: changing the design incrementally

557

and studying the impact. For the sake of brevity, this
paper will focus on the findings of the work related to
offtake shape. Optimisation for the post combustion air
addition (size, quantity, locations, and flow
enhancements) and boiler transition piece shapes have
been excluded.

MODEL DESCRIPTION

Scope

The CFD model in the present work is intended to focus
only on the furnace gas flows. Thus, the model does not
consider splash, accretion formation on the walls, or the
falling feed. The modelled domain includes the furnace
gas space, port openings, WHB uptake, and
downcomer. The outlet of the WHB radiation
downcomer was set to be of equal height to the feed
port.

The geometry used for this study is based on scaling
publically available dimensions, drawings and site
photos (Chitundu, 2009; Herrera & Mariscal, 2013), and
can be considered a reasonable approximation of a
typical large TSL copper smelter.

As the intended use of the modelling results was to
understand the relative impact of changes, it was
decided to limit the complexity to only include the
physics that were likely to affect the offtake design.

Main Assumptions

The main assumptions made during the modelling of the
gas offtake are:

1. Particulate media are not included in the model
to reduce computational time.

2. Heat associated with solid-gas reactions is
excluded.

3. Combustion reactions are simplified to include
only carbon monoxide (CO), with the
remainder of the combustibles recalculated to
an equivalent CO flow/concentration as
outlined in the process conditions section
below.

4. SO, reactions are completed in the bath and
SO, does not participate in the gas-space
reactions.

Model Settings

The CFD model was built using the commercial code
ANSYS FLUENT® 17.2, utilising the pressure-based
Navier-Stokes equations. The simulations were set up
using a steady state solver approach, with the pseudo-
transient option enabled to aid in convergence. The
simulation used the k-epsilon 2 equation realizable
turbulence model. As the focus was on the macro flow
field and small scale recirculation is not expected, the
Realizable k-e model was considered adequate for this
analysis. Near-wall turbulence was approximated by the
accompanying Standard Wall Function and care was
taken to maintain an appropriate y+ using three inflation
layers for most of the domain. Radiation was
implemented using the Discrete Ordinates Radiation
Model. The emissivity was calculated depending on the
gas composition using the weighted-sum-of-grey-gases
model (WSGGM) approach. Due to the high
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temperatures inside the furnace, the rate of reaction for
the CO oxidation is expected to be primarily controlled
by the turbulent mixing. Thus the turbulence/chemistry
interactions were modelled using eddy-dissipation,
which assumes an instantaneous burn upon mixing. The
simulations were executed using double precision. The
second order scheme was used for the scalars and
energy equations. The PRESTO! Scheme was used for
pressure.

Process Conditions

Typical industrial copper smelter process data from the
Mt Isa Copper Smelter (Edwards, 1998) was combined
with Tenova Pyromet’s in-house copper smelting
process model to calculate the gas flows and
temperatures. The inputs to this process model were the
elemental compositions (Edwards, 1998), which were
speciated to their mineralogical components for proper
incorporation into the system enthalpy balance. The
mineralogical inputs were then bulk reacted to their
respective liquid metal oxide slag and liquid metal
sulfide matte phases with the remaining sulfur and
carbon species partially combusted to the gaseous phase
(Yazawa, Nakazawa, & Takeda, 1983). The reaction
extents were determined by the output compositional
data for the matte grade, mass percent copper in matte,
and slag magnetite concentration, as listed in (Edwards,
1998). Combustion of the feed was completed by added
air/oxygen, which carries with it both the oxygen for
reaction and nitrogen. From a chemical reaction
perspective the nitrogen gas component is inert, but this
gas is responsible for the generation of bubbles at the
end of the submerged lance and therefore ensures the
bath is turbulent and that the reactions are completed to
their required extents.

The outputs of the process model were converted into
the boundary conditions for the CFD model that are
specified in Figure 2, Table 1 and Table 2 These
conditions were kept constant across all of the models to
provide a comparison between the different geometries.
The thermal boundary condition values were selected
based on typical industry values. It should be noted that
the gas flow rates and compositions can vary
significantly between operations, thus although the
findings will hold, the specific flow patterns and
calculated outcomes may not apply to operations with
significantly different process inputs.

The CO mass flow has been calculated such that it will
provide the same total heat energy as all of the other
combustible gases arising from the furnace bath
(hydrogen, hydrogen sulfide, sulfur gas, methane, etc.).
This simplification does not account for the heat energy
released from the additional reactions of dust particles
entrained in the gas stream. This assumption is not
expected to significantly impact on the results.

The wall boundary conditions included heat transfer
effects by specifying an effective thermal resistance to
the temperatures listed in Table 2, and was calculated
using a 1D approach based on typical refractory or
boiler tube designs. The copper splash mitigation device
was set to have the same thermal resistance as the

refractory bricks, based on the assumption that it would
be coated in a thick slag layer during operation.
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Figure 2: Boundary condition locations and key
dimensions on CFD model

Table 1: Fluid boundaries

Bounda . Temperature
Condi ticl)’i Value Units 0)
m, 274 kg/s 1180
Py, 0 Pa(g) 20
Punb -100 to -10 Pa (g) 580
My 1.68 kg/s 50
Mg 1.87 kg/s 50
Table 2: Thermal boundaries
Boundary ngz—fré:frier Temperature Internal
(W/m’-K) °O) Emissivity
Refractory Brick  2.64" 20 0.38@
Steel 0 (adiabatic) NA 1
Boiler Tubes 309 280 0.8
Copper 2.64 20 0.38
Bath Inlet NA 1180 1
Boiler Outlet NA 580 1

) Calculated assuming brick, backing lining and steel layers with
natural convection.

@ Magnesite brick emissivity at 1000 °C

® Typical industrial value for overall heat transfer in TSL WHB

@ Combination of frozen slag and oxidised steel surface values

Mesh Strategy

An unstructured tetrahedral mesh was created in
ANSYS meshing consisting of approximately 2 million
cells. An example of a typical mesh can be viewed in
Figure 3. The mesh was refined in the region of the roof
ports and post combustion air injection, and inflation
layers were used at all walls to capture the boundary
layer effects. The tetrahedral mesh was imported into
ANSYS FLUENT® and converted to be a polyhedral
mesh, reducing the total element count to approximately
0.8 million cells.
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e

Figure 3: Typical polyhedral mesh on domain
centreline. All walls have inflation layers.

Cases

The list of geometry cases is contained in Table 3. The
angled roof geometries were created by removing a
segment of the offtake volume and lowering the lance
and feed ports to suit the angled shape. The flat panel
geometries were constructed by matching the offtake
width to the WHB. Examples of the geometries are
included in Figure 4.

Table 3: CFD Geometry cases

Roof Splash
Case Angle Offtake Wall Mitigation Offtake Wall Notes
- Material .
() Device
1 0 Bricks Y Curved Shell
2 0 Bricks N Curved Shell
3 30 Bricks Y Curved Shell
4 30 Bricks N Curved Shell
5. 0  Boiler Tubes N Flat Panels
6. 15 Boiler Tubes N Flat Panels
7 30 Boiler Tubes N Flat Panels
8 45  Boiler Tubes N Flat Panels
9. 45  Boiler Tubes N Flat Panels  FP Length x2
10. 0 Bricks Y Curved Shell FP Length x2
Case 2 Case 5
Case 4 Case 7

Figure 4: Example geometries for various cases

RESULTS

Convergence

The models typically required 2000 iterations to achieve
acceptable convergence from initialisation. Subsequent
runs of the same geometry at varying boundary
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conditions were run for an additional 1000-1500
iterations depending upon the convergence of the
boundary mass flows and temperatures.

Heat Transfer
Assumptions

The process model predicted the WHB radiation section
outlet temperature to be approximately 581 °C based on
typical operational experience, equating to a total heat
loss of 22.1 MW from the boiler tubes and refractory
bricks.

Comparison to Process

The CFD model for Case 1 predicts that the total heat
loss through the walls is 15.6 MW by summing the total
heat transfer across those surfaces, and is mostly from
radiation as shown in Figure 5, which is expected since
the model only includes the radiation section of the
boiler. When compared to the process model heat loss
of 22.1 MW the result indicates that the CFD model
may be under-predicting the heat loss in the WHB.
While it would have been possible to adjust the heat
transfer coefficient for the boiler tubes to be a higher
value, the boiler itself is not the focus of the present
study. Further, altering the boiler heat transfer was only
expected to have a minimal impact on the gas flows in
the furnace offtake.
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Figure 5: Convective (left) and radiative (right) heat on
the boiler tube boundary condition for Case 1 with Py,
= -10 Pa. Negative heat flux is heat leaving the domain.

Comparison to Site Data

The complexity of the present model requires that it be
validated against site data to provide some confidence in
its ability to simulate actual furnace conditions.
Unfortunately it is only possible to perform limited
validation for two reasons: firstly, the geometry and
boundary conditions of the CFD model were pieced
together from public data sourced from multiple TSL
furnaces (Mt Isa, Mopani and SPCC), and secondly,
there is limited information in the literature that can be
used validate the CFD predictions. The available plant
data for gas temperatures provided by Herrera and
Mariscal (2013) are plant measurements from a large
scale copper smelter (SPCC) of a similar design
throughput to the modelled case.

Case 1 was selected for the model validation as it best
matched the offtake design of the Southern Peru Copper
Corporation furnace (Cuadros Rojas, 2010). The boiler
outlet pressure was set to -10 Pa as this resulted in a
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feed port ingress of 2.04 kg/s, where the target value
from the process model was 2.05 kg/s.

Figure 6 illustrates the CFD results for temperature
cross sections at 12 locations along the WHB. The
results show that the CFD model predicts a range of
temperatures at each location depending upon the
localised flow field.
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Figure 6: Temperature cross sections along WHB in
Case 1 with Py, =-10 Pa.

In Figure 7 the CFD results for temperature at each
location are compared against the values from Herrera
and Mariscal (2013). As no precise information was
provided about the location used to collect the plant
temperature measurements, the CFD data is presented as
a range for comparison purposes. While the CFD
prediction of temperature range overlaps the measured
plant data at both measurement locations, the CFD
average is higher; this is consistent with the comparison
to the process model.
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Figure 7: Comparing CFD prediction of off-gas
temperature (Case 1 with Py, = -10 Pa) to 2 years of
copper smelter plant data from Herrera and Mariscal
(2013). Error bars on CFD result indicate the range of
values of temperatures at each cross section.
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There are several reasons that the CFD model might
predict slightly different temperatures than the industrial
data. The heat transfer coefficient of the boiler tubes
used in the model is a typical value, and has not been
the subject of rigorous analysis. In the industrial case
the curved shape of the boiler tube panels increases the
heat transfer area compared to the flat surfaces used in
the CFD model. As the boiler is below atmospheric
pressure it would be drawing in cold atmospheric air
through any openings or gaps between panels, which is
not permitted to occur in CFD. Overall the CFD model
showed reasonable agreement with site data, indicating
it could be used for comparing the relative impact of
changes to the geometry.

Impact of a Splash Mitigation Device

The impact of including a splash mitigation device in
the design can be assessed by comparing Cases 1 and 2.
Note that cases 3 and 4 showed the same change. Figure
8 shows a velocity contour plot on the furnace
centreline. The results indicate that the splash mitigation
device creates a large recirculation zone as the rising
gas flows around it. The ‘dead zone’ of flow created by
the recirculation acts to reduce the effective cross
sectional area for the furnace gases, increasing the gas
velocity.
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Figure 8: The impact of the splash mitigation device.
Velocity contours for case 1 (left) and case 2 (right) at
Py = -10 Pa. Splash mitigation device creates large
recirculation zone in furnace offtake.

TSL furnace offtakes are typically designed to keep the
linear velocity of the gas at the boiler inlet below 10 m/s
(Koster, 2010) to ensure homogenous heat transfer and
temperature profiles. The presence of the splash
mitigation device creates instantaneous velocities up to
14 m/s at the boiler inlet leading to recirculation in the
boiler.

Impact of Roof Angle

The air streamlines from the introduction of post
combustion air into the furnace lance and feed ports for
Cases 1, 2, 3, and 4 are compared in Figure 9 to
understand the impact of adding a slope to the furnace
roof and the impact of a splash mitigation device. One
of the main differences observable in these results is
that the feed port ingress air and the injected lance port
air behave differently depending on these geometrical
factors. When the roof is flat (Cases1 and 2), a
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recirculation zone is created in the relatively cold
stagnant zone below the feed port. The stagnation zone
occupies a similar shape to the volume of fluid removed
when converting to an angled roof, and is larger when
there is no splash mitigation device. When the roof is
sloped there is no stagnant zone, and the air is entrained
into the furnace gas flow before entering the offtake,
and better mixing is observed when there is no splash
mitigation device.

Recirculation
zone

irnan § l
I A7

Figure 9: Air streamlines from feed port and lance port
post combustion air for case 1 (left), and case 2 (right).
Recirculation is evident in the flat roof case.

In order to compare the performance of multiple furnace
offtake geometries it is convenient to map the system
response for feed port ingress air to changing boiler
suction as a series of steady state simulations. The slope
of the curve relating ingress air to suction pressure
indicates the rapidness with which the furnace will
transition from ingress to emission, i.e. “puffing”
furnace gas into the atmosphere, for a given pressure
pulse.

The simulation results relating the feed port mass flow
(ysp) to the vessel roof angle (@) is summarised in
Figure 10. The following observations may be made:

e Increasing the slope angle of the roof at a constant -
10 Pa at the WHB inlet increases the ingress air
flow. This suggests that sloped roof furnaces could
run less ID fan suction to meet the same ingress air
requirements. The increased angle more effectively
channels the gases into the boiler, causing the gas
to flow parallel to the roof.

e The presence of a splash mitigation device does not
significantly impact the feed port mass flow.

4.5

4
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e
- Flat Panel Cases 5,6, 7 & 8 @ Pwhb =-10 Pa
-3 - Curved Offtake Cases 1 & 3 @ Pwhb=-10 Pa

Figure 10: The relationship between feed port ingress
air at Py, = -10 Pa and vessel roof angle. Increasing the
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roof angle increases the ingress air, likely due to
increased entrainment.

Flat panel offtake performance

The flat panel boiler tube offtake design is an
opportunity to improve the offtake service life, and
reduce the complexity and operating costs associated
with curved refractory offtakes. Figure 11 and Figure 12
show the air streamlines from the introduction of post
combustion air into the lance and feed ports for the
curved offtake design (Case 2) and flat panel design
(Case 5) for a flat roof TSL. The flat panel geometry
reduces the recirculation of the ingress air, likely due to
it not having the stagnant zones around the entrance to
the boiler as in the curved offtake design. These same
benefits were evident in the angled offtake cases that
utilised flat panels.

M 5*%1]

Figure 11: Streamlines and contours showing velocity
for Case 2 (left) and 5 (right). The flat panel design has
less dead zones around the offtake and fewer
recirculation zones.

—1

Figure 12: Temperature contours for Case 2 (left) and 5
(right). The inclusion of boiler tube flat panels reduces
the gas temperatures in the offtake compared to the
bricked design.

Combustion near the splash mitigation device

The results for Case 1, as highlighted previously in
Figure 8, show a recirculation region around the splash
mitigation device. In conditions representative of higher
feed rates there was a deeper penetration of the feed port
air combined with the higher volume flow of bath gas
generated. The recirculating region is supplied with
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oxygen by the feed port air ingress, which results in a
combustion zone at the interface with the rising furnace
gases. The resulting combustion zone extends the entire
length of the splash mitigation device and is in contact
with the offtake walls on either side as shown in Figure
13. For refractory furnaces it is suspected that this
combustion zone will create local hot spots on the
refractory resulting in accelerated wear. This can be
mitigated by the application of cooled elements such as
plate, SafeCool® or MAXICOOL® coolers (Joubert,
Nikolic, Bakker, & McDougall, 2016), which can be
retrofitted to existing furnaces. Alternatively boiler tube
offtake walls can also perform this function, as
investigated in the current work.
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Figure 13: Combustion cross sections (top left and
bottom left) and temperature cross sections (top right
and bottom right) around the splash mitigation device
for Case 1 at Py, = -40 Pa for boundary conditions
representative of increased feed rates. High localised
temperatures around sides of furnace caused by splash
mitigation device recirculation region.

Transient simulation of “puffing”

In operating TSL furnaces, the intermittent emission or
“puffing” of gases from open ports can occur rapidly
and frequently. It is proposed that this puffing is
strongly influenced by the bubble collapsing in the bath
from the submerged lance gas injection. In order to
study this assumption a transient simulation was
created. As the bubble frequency has been demonstrated
to be related to nitrogen flow, and not the total flow
(Player, 1996), it is expected that the bubble expels
mainly nitrogen. To simulate these conditions the
nitrogen flow rate from the bath was set to fluctuate at
+/- 100% from the nominal value in a sinusoidal nature,
to provide a generalisation of flow variation due to
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bubble collapse. The frequency of the pulsing flow was
set at 2 Hz based on the findings of Player (1996).

The boundary conditions used for the transient
simulation of bath gas over a one second period are
summarised in Figure 14. The simulation was run using
FLUENT’s default under-relaxation factors and a time
step of 0.025 s. It can be seen that, at its peak, the
fluctuating nitrogen component has a similar velocity
contribution as all of the other gas species combined.

tis)

B500 WHPOD WCO7 W00 EN2

Figure 14: Volume contribution of individual gas
species to bath inlet flow velocity for transient
simulation case over a 1 second time period. Nitrogen
flow is pulsing at 2 Hz.

The results for the total mass flow and mass flow of SO,
over the feed port boundary with time for case 1 and
Case 8 are summarised in Figure 15. SO, is selected for
this comparison because it is hazardous and is one of the
primary constituents of the bath gas. SO, is emitted
only when the feed port mass flow is net outwards from
the domain (negative values). The feed port mass flow
can be seen to have a peak when the bath gas velocity
has a trough, indicating an inverse relationship. The
results also indicate that there is very little difference in
performance between the flat roof geometry with splash
mitigation device (Case 1) and the 45° angled roof
(Case 8), despite the significant geometrical changes to
the offtake.
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Figure 15: Feed port mass flow for Cases 1 and 8 at
Py = -10 Pa in response to pulsing nitrogen flow. Both
cases exhibit similar feed port mass flow and SO,
emissions.
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Longer feed port

Additional cases were created to examine the impact of
changing the feed port geometry on SO, emissions
using the transient models. The results of these analyses
are summarised in Figure 16 for Case 9 and 10, which
are simply Case 8 and 1 with doubled feed port heights.
The results indicate that doubling the feed port height
reduces the SO, emissions by an order of magnitude.
This is because there is insufficient time for the SO, to
travel along the length of the feed port before the flow is
reversed, as per Figure 17. This suggests a longer feed
port will emit less SO, for a given set of pressure
pulsing conditions by acting as an increased length
buffer zone. In existing TSL furnaces with angled roofs,
the layout of the floor levels has resulted in feed port
lengths that are approximately twice as long as those
found on flat roofed furnaces, perhaps unintentionally
conveying these benefits to those operations. Ostensibly
the effectiveness of using a longer feed port to reduce
puffing will depend on the magnitude of the pulses in
the bath gas flow, which will be specific to each
operation.
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Figure 16: Feed port mass flow for Cases 9 and 10 at
Py = -10 Pa in response to pulsing nitrogen flow. Both
cases have 2x feed port length and display a substantial
reduction in SO, emissions.
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Figure 17: SO, mass fraction volume rendering for
Case 1 (left) and 10 (right) at t = 1.625 s displaying
maximum outward mass flow. The longer feed chute

exhibits lower SO, emissions by increasing the buffer
zone.
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Dust sulfation and oxidation locations

The off-gas in a TSL furnace is typically laden with
dust, which originates from entrainment of small
particles or condensation of vapours (Swinbourne,
Simak, & Yazawa, 2002). Managing the dust reactions
is an important part of designing the off-gas system and
post combustion addition. It is important to balance the
flows between the furnace and WHB downcomer to
prevent accretion formation in the WHB and furnace
offtake (Herrera & Mariscal, 2013). While dust
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oxidation/sulfation reactions are occurring, the dust is
sticky and soft (Ranki-Kilpinen, 2004), which increases
the likelihood of accretion formation. In order to predict
the regions of accretion formation, temperature contours
were added to the Case 8 steady state CFD results to
examine the regions where various sulfation reactions
are likely to occur (Figure 18). Note that as the CFD
model does not incorporate these additional species
these contours are only based on the specified
temperatures ranges. The results indicate that the
simulated WHB would have minimal sulfation reactions
occurring in the top of the boiler, reducing the
likelihood of accretion formation in this area.

Zn sulfation
temperatures
1100-850 °C

Cu & Fe
sulfation
temperatures
800-500 °C

[]

Pb sulfation
temperatures
1300-1000 °C

[]

reaction

sulfation
locations based on temperatures in case 8 at Py, = -10
Pa.

Figure 18: Approximate dust

CONCLUSIONS

The TSL furnace gas offtake is an important part of the
furnace design that performs a range of essential
functions. There is scant evidence in the public domain
that the offtake design has been subject to previous
rigorous analysis, despite it being the source of
numerous issues in operating plants, and the two
different designs used throughout industry. The present
work has focused on the development of a CFD model
that captures key aspects of fluid flow and heat transfer
in different TSL furnace offtake geometries. This CFD
model was then used to assess the impact of a range of
design changes. This CFD model may also be used to
investigate off-gas dynamics in existing TSL operations,
as long as the site specific boundary conditions and
geometry are used.

The learnings from the present work regarding the

optimisation of TSL furnace offtakes have been

integrated into the new Novasmelt™ TSL design. An

optimised TSL furnace offtake geometry would achieve

the following:

e Reduction in SO, emissions and excessive ingress
air from puffing.
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e Reduction in damaging post-combustion reactions
and ‘hot spots’ near the refractory sidewalls, or use
of more robust materials such as boiler tubes.

e Increased homogeneity of flow at inlet to WHB to
improve heat transfer and reduce accretion
formation.

e Minimise velocities in offtake to reduce carryover
of un-smelted feed.

e Sulfation reactions located in vertical sections of
boiler to reduce risk of sticky accretion formation
in stagnant flow areas.

The following may be concluded from the present work:
1. The inclusion of a splash mitigation device at the
bottom of the offtake creates a large recirculation
zone, resulting in increased combustion at the
furnace sidewalls, higher gas velocities in the
offtake, reduced mixing of post combustion air, and
less homogenous gas flow in the WHB.
Flat roof offtake geometry tends to create a
recirculation zone of air underneath the feed port.
This can lead to increased carryover, localised
accretion formation and thermal shock of the
refractory in extreme cases.
3. Angled roof offtake geometry causes ingress air
and injected post combustion air to be entrained
into the furnace gas bulk flow without recirculation
and results in improved mixing.
Flat panel offtake geometry using boiler tubes
rather than bricks can be used to remove dead zones
and reduce gas recirculation, and also results in
lower overall temperatures in the offtake.
5. Longer feed ports should result in less furnace
“puffing” and significant reductions in SO,
emissions.
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