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on a variety of scientific topics.
The processes of peer-reviewing of papers published in SINTEF Proceedings are
administered by the conference organizers and proceedings editors. Detailed
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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
Production and NanoSim.
Stein Tore Johansen & Jan Erik Olsen
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The Si-Mn alloy process production in submerged arc furnaces
(SAF) is investigated. The aim of the studies currently in progress
is an enhancement of the knowledge about the key reactions and the
mass transport phenomenon related to the metal production. Some
small scale experiments on raw materials and bigger pilot scale experiments are done to understand local kinetic and its extension
to real condition production furnaces. As it is impossible to observe what is happening in the core of the furnace during operation,
excavation of the pilot scale furnace are realised after operations.
Based on bibliographical description of similar processes, observations and species analyses after excavation, a numerical simulation
is currently in development to test the hypothesis formulated about
the internal behaviour of the furnace. As it is difficult to model the
complex entire furnace, the work presented here is focusing on what
are the phenomenas inside the coke bed, in the dripping zone where
the slags flow around the carbon particles before reaching the bottom of the furnace. The thrickling of the slags across the coke bed
can be evaluated by a simulation of the droplets finding their path
by gravity through the packing of carbon particles. This study has to
be very local in space and time, but can give some useful informations such as velocities and drag force. At a larger scale (ie furnace
scale), the coke bed particles are modelled by a granular phase in
an eulerian-eulerian representation where the slag phase flow interact in the same way as in the local study. The slag is found to flow
across the coke bed under the form of droplets of a maximum diameter of 10mm. The apparent velocity of the fluid is about 0,12
m/s. However the residence time of the droplets is longer due to the
liquid trapped along the coke bed.

Reaction enthalpie, [J/mol ].
Heat flux, [J/m2 .s].
Convective heat transfer coefficient, [J/m2 .s.K ].
Reaction rate, [mol/m3 .s].
Temperature, [K].
Area density, [m2/m3 ].

Sub/superscripts
p
particle.
s
slag.
g
gas.
eq
equilibrium.
INTRODUCTION
In the steel industry, manganese is an important element
needed in order to produce specific grades of steel, ranging
from materials having a great toughness,a high strength or
containing low carbon. Manganese is added into the steel
production furnace in the form of alloys and mainly ferroalloys. Silico-manganese, also called SiMn is another alloy
which is privileged in the production of silicon and manganese containing steel.
The major part of SiMn is produced in submerged arc furnace (SAF) by carbothermic reduction of oxidic raw materials. An experimental effort has been conducted these last
years at NTNU, operating a pilot scale SAF to investigate
the parameters limiting the conversion of slag into metal alloy. Currently about 35 % of the mass is tapped from the
production furnace as a metal, leaving the 65% remaining in
a slag form.
To facilitate the understanding of the furnace, a modeling effort of the furnace is conducted in order to give different scenarios conducting to the conversion of slag into metal. Hypothesis has to be made to describe the furnace, and, to reduce the complexity of the problem, the whole problem has
been split into more elementary part.
This paper is focusing on the modeling strategy used to depict one part, identified as the dripping part of the furnace.

Keywords: Packed bed, Granular flow, Free surface flow, Multiphase mass transfer, Multiscale .

NOMENCLATURE
Greek Symbols
ρ
Mass density, [kg/m3 ]
µ
Dynamic viscosity, [kg/ms]
α
Surface tension, [kg/s2 ]
Latin Symbols
u
Averaged volume Velocity, [m/s].
K
Momentum exchange Coefficient, [1/s].
F
Volumic Force, [kg/m2 .s−2 ].
g
Gravitational Acceleration, [m/s−2 ].
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temperature, the flow rate, or the reduction rate in the furnace.
The data available during a run are mostly external parameters that is the power supplied to the installation and the
variation of resistance measured in between the electrodes,
the quantity of molten slag and metal collected every 30 min,
the temperature of the tapped liquid and the analysis of this
liquid components after operations.
At the end of the operations the furnace is cooled down and
the void areas are filled with epoxy. A slice along the diameter of the furnace is realised. This slice, called the excavation
plate, gives us a picture of the furnace at the instant when
the electrical power is shutdown. The informations extracted
from it can help us to understand the internal process during
operations. The hypothesis made is that no reduction happen
during the cooling process as not enough power is supplied
to continue the reduction. From the excavation of the furnace
some informations about the solid phase packing can be extracted, as well as the composition of some phases remaining. According to these excavations, it seems that 90% of
the reduction happen on a thin layer situated at the top of the
reduction zone, at the interface with the pre-reduction zone,
where the reacting ores, already liquid are reduced. The 10%
remaining reduction should happen in the coke bed by dripping down through it.

FURNACE DESCRIPTION
The pilot scale furnace (Ringdalen and Tangstad, 2013) is a
cylindrical container of 450 mm of inner diameter and the
charge height is around 700mm. The furnace is filled with
ores and the charge is always maintained up to its maximum
height level during operations. There are two electrodes; a
top one situated in the furnace and a bottom one situated under the furnace. Their role is to bring thermal energy to the
particles due to ohmic dissipation inside the conducting material which is mostly carbon particles.
The furnace is usually reported to be composed of two parts
that is the pre-reduction zone and the reduction zone. The
pre-reduction zone is the upper part of the furnace where
the ores are reduced (FeO) or pre-reduced (Mn3 O4 , Mn2 O3 ,
MnO2 ). This zone is heated by the exothermic pre-reduction
reactions as well as by the hot flux of CO gas ascending from
the reduction zone which is at the same time a reactant in the
pre-reduction reactions (figure 1). The reduction zone is located on the bottom half of the furnace. In this zone, due to
Joule dissipation in the carbon particles, the ores are melted
and reduced into metal by carbo-reduction. The general layout of the reducing steps and the kinetic associated is not yet
well known and are the object of the current investigations.
Poor pre-reduction of the ores as well as limited ores reduction lead to partial conversion of the slag into metal.
As the core of the metal production process is happening in
the reduction zone, it is interesting to investigate this zone
more deeply.
PHYSIC OF THE PROCESS

du
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The process involves various different physical phenomena
which are coupled together such as electricity, thermodynamics, turbulent hydrodynamics, heat radiation and chemical reactions. The complexity of the interdependency of
these phenomenas both in a mathematical way and due to the
existence of different zones inside the furnace lead to challenging modeling where some choices have to be done.

ct

Phases At least 4 phases have to be taken into account that
is the gas phase, the solid phase and two liquid phases. The
oxides form the liquid slag phase, whereas the reduced oxides are combined together into another liquid phase which
is the metal phase. The pre-reduction zone is mainly constituted of solid and gas whereas in the reduction zone, the two
liquids are flowing through a bed of solid particles.

n
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Species The number of species present can be quite
large due to the wide variety of ore materials used. In
those materials some elements participate only in the slag
phase(CaO,MgO,BaO,Al2 O3 ), as they seem not to be involved into the reacting system of metal production. The
solid material are mainly Mnx Oy , SiO2 , and the carbon represented as coke. The fluid species can be classified in two
types that is the oxides and the metallic compounds. The slag
components taking part of the reaction are mainly SiO2 and
MnO whereas the metallic component are by order of importance Mn, Fe and Si. The gas phase is composed of CO and
CO2 , but only CO is present into the whole furnace.
In this paper we focus on the way the melting ores are dripping on carbon particles.

Metal

Figure 1: Scheme of the Si-Mn pilot-scale furnace

COKE BED, THE DRIPPING ZONE
As the phenomenons explaining that most of the reduction
operations happen on the top of the coke bed are not yet well
identified and just hypothesis, it is difficult to model the entire coke bed as a whole. Indeed the slag in liquid state has
to stay long enough on the top of the coke bed to be reduced
without flowing in the down part of the coke bed.

DATAS AVAILABLE TO PROCESS THE MODELING.
Due to the temperature, the size, and the opacity of the system, it is difficult to monitor internal parameters such as the
600

solver is the interFlow solver based on interFoam version of
OF 4.1.
In this solver, the interface reconstruction algorithm used
is the recent isoAdvector algorithm (Roenby et al., 2016),
which oppositely to MULES, use geometrical interface reconstruction and advection instead of algebraic interface
compression. This algorithm has been found to be more accurate in interface advection and reducing splashing of small
parts of the volume fraction out of the main fluid flow. The
performance of the algorithm is also very good in comparison to others geometrical reconstruction algorithm. Additionaly the advection of the interface is almost not affected
by the type and shape of cell used.
The solver is modified to introduce the gravity field into
the momentum equation instead of the pressure equation, to
avoid problems due to the non periodicity of the pressure
field. The average slag velocity in the box is calculated with
the velocity of the liquid phase along the dripping path of the
slag. The volume of fluid reported divided by the height of
the box and the final velocity, gives us the flow rate obtained
when the slag reaches the bottom of the coke bed.
The goal of this calculation is to depict the behaviour of the
slag when the flowrate calculated at the bottom of the coke
bed is similar to the one deduced from the quantity of liquid obtained from each tapping of the pilot-scale experiment.
This calculation is done iteratively by correcting the quantity
of liquid introduced and the size of the simulation box until reaching some result in accordance with the experimental
quantities obtained.
The hypothesis done during the calculation is that the slags
are flowing homogeneously in the whole dripping zone and
that the flow rate stay constant during all the process. The
thickness of the droplets is estimated as being the average of
the diameter of the flowing droplets considered. This study
can be completed by taking into account the variation of the
viscosity, surface tension, density and contact angle along
the path, due to composition variation. As it is still a bit
difficult to obtain the correct informations into both spatial
variations of composition and properties evolutions related
to these composition variation, the properties have been, in
this attempt , kept constant.
This averaged velocity of the dripping slag has been reinterpreted in terms of drag coefficient of the coke bed :

To decouple the problem, we focus on the way the liquid
slag flow through the coke bed (see figure 1). This zone is
referred to the dripping zone. It is the zone where the slag
flow by gravity around the carbon particles. The description
we depict now is similar to the one observed in the blast furnace where the dripping zone is described as a zone of great
importance to the mass transfer of elements (Husslage et al.,
2005).
To study this zone we are using two different numerical models involving two different scales :
• one local model where the interstitial space between
carbon particles is meshed, and where the interface of
the flowing fluid slag is tracked with the help of the Volume of Fluid method
• one global model where the phases fractions are tracked
in each cells with the Euler-Euler method. In this model,
the cells are bigger than the inter-poral space and the
whole dripping zone is modeled.
In the dripping zone the temperature is assumed to be maintained at a value of about 1873 K. It is the temperature measured of the tapped metal, and just above the temperature of
reduction of the ores.
THE TWO SCALES MODEL
The local model
This part of the calculations referred to the local model are
done in order to give a representation about the intensity and
the configuration of the dripping slag into the coke bed.
We consider a 2D box representing some carbon particles
digitized from the real geometry (figure 2 ). In this box only
the poral space around the carbon particles is meshed, using
the snappyHexMesh tool of OpenFoam 4.1 (OF4.1).

Fdrag = αs ρs (u p − us ) K p−s + αs ρs (ug − us ) Kg−s = αs ρs g
If we consider that there is no drag interaction between the
gas and the slag phase and that the solid particles are not
moving, we can then estimate the value of K p−s with the expression K p−s = g/us . We can also deduce an order of size
of the droplets by following the liquid phase in spaces without particles where the droplets are not combined together.
Both datas can be used in a large scale modeling which will
be presented in the next part.
The physical properties used to calculate the flow are based
on the composition of the slag tapped afer experiment. These
properties are summarized in table 2 for an average slag composition obtained over several tapping given in 1.

Figure 2: 2D box for slag droplet simulation

This box have to be small enough to permit a fine meshing
of the poral space and large enough to contain at least some
droplets free to move.
The solid fraction in the box is representative of the average
solid fraction of the real packing in the pilot scale experiment. The slag phase is introduced by initializing its phase
fraction to 1 into a geometrical zone representing the desired
quantity of liquid, This liquid is initially at rest (zero velocity), and flows by gravity.
Periodic boundary conditions are used on top and bottom of
the box, and non matching cyclic boundary conditions are
used on the right and left side of the box.
The method used is the Volume Of Fluid method which solve
all the phases with one set of conservation equations. The

Table 1: Slag composition (mass %) at the temperature T=1778K

Temperature
1778
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MnO
21

SiO2
39

CaO
19

MgO
8

Al2 O3
13

Boundary conditions The fluid is entering the top part of
the coke bed near the electrode, and the fluid is free to leave
the coke bed (pressure outlet conditions) on both the lower
part and the upper part of the coke bed (figure 3). The velocity inlet conditions are set in a way to respect the global
flowrate of the experiment. The velocity is set at a similar
value as the main value wanted into the coke bed, and the
inlet phase fraction is adapted to this value.

Table 2: Physical propoperties of the slag whose composition is
given in table 1

ρ(kg.m−3 )
3280

µ(Pa.s)
0.1

σ(N.m−1 )
0.49

θ
125

dynamic θ
±10

The global model
The Euler-Euler model of Fluent 17.2 is used to represent
the dripping part of the whole furnace. This model offer the
possibility to study a process on a large scale geometry. This
model has been used to simulate several complex processes
involving several phases and reactions. In metal production it
has been used to simulate the trends of the silicon production
process in an industrial configuration (Darmana et al., 2012).
In this model particle, liquids and gas phases are present in
each cell. The phase fraction of the phases are tracked as
well as their averaged velocity and temperature in each cell.
Only one pressure field is calculated for all the phases, and
the turbulent quantities k and ε are calculated for the mixture.
The evolution of these continuous fields are calculated with
the help of correlations to describe the inter-phase interaction
inside the cells. These terms are added as source terms in
the fluid flow equations (momentum and/or energy) of each
phase. The study is axi-symmetric.

Figure 3: Geometry and mesh of the coke bed zone

Solid phase The granular model is used to model the coke
particles. The coke bed is represented as a packed bed with
no velocity. The solid phase fraction is taken as the same
as the one used in the local model (0.39). The size of the
particles is also taken as representative of the coke bed (0.01
m).

Drag coefficient For the calculations of the drag coefficient between fluids the Schiller-Naumann correlation is
used. For the drag interaction between the liquid and the
solid, the K p−s coefficient calculated previously and adapted
to the dimensions required by the equation solved by Fluent
(kg.m−3 .s−1 ) is used.

Liquid phase The main parameter of the liquid phase is
the size of the droplets flowing through the solid phase. The
droplet size is assumed to be homogeneous in the whole furnace and the value is estimated from the calculations of the
local model. The phase fraction in the domain is calculated
from the imposed boundary conditions.

RESULTS
Local model
The VOF model gives us several informations about the distribution of the droplets into the coke bed.
First, small droplets (diameter < 9mm) will flow quickly in
places where the pore size is superior to their size. Depending on their velocity these droplets will go through smaller
interpores. If the smaller interpore zone is smaller than the
droplet diameter, and its inertia is not sufficient to cross the
obstacle, then the droplet will get stuck. These droplets may
fragment into smaller droplets when they impact a bigger
particle with a high velocity (0.5 m/s), but usually due to
the high surface tension and the friction along the coke bed,
these droplets rarely split.
The high density (3 times higher than water), and the relatively low dynamic viscosity (comparable to olive oil) permit
the slag phase to flow easily into the coke bed. Oppositely,
the contact angle and the high surface tension oppose a resistance when it comes to zone with smaller pore dimensions.
Big droplets (diameter >10mm) split in smaller droplets during their trickling path through the coke bed. The dynamic of
the obtained droplets depends on the size of these droplets.
As long as the smallest pores between particles is not filled
with slag, the droplets will partially attach to the carbon particles which leads to a non steady flow rate, and a residence
time of a droplet which vary at the beginning of the simulation. As these poral spaces of the coke bed are filled

Gas phase The gas phase is the main or continuous phase
which means that its phase fraction is calculated with the
space non occupied by the other phases following αsolid +
αliquid + αgas = 1.
Geometry The geometry boundary are sketched from :
1. The walls of the furnace for the down and side boundary
2. The shape of the reduction zone determined from the
excavation plate of the furnace.
The shape of the reduction zone can be located as the fictive
boundary separating the zones with different solid composition. On the upper part a mix of solid coke and ore particles
can be observed whereas on the lower part there is just solid
coke remaining. The mesh generated with the Delaunay algorithm for quad (Remacle et al., 2010) of the GMSH utility,
is represented on figure 3.
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with slag, we have a continuous process which begin, one
droplet pushing the precedent droplet out to feel the cavity
or to extract the totality of the fluid, releasing each time new
droplets. The size and the dynamic of the new droplet depend
on the quantity of liquid extracted from the cavity.
In this pseudo stationary regime the movement of fluid is estimated to be around 0.12 m/s with velocities ranging from
0m/s for the droplets trapped into the coke bed up to about
0.5 m/s during (free fall of some small droplets). The velocity of the droplets vary depending on how many filled cavities
are met along the droplet path inside the coke bed. If we consider that the liquid pushed out of the cavity is the continuity
of the one pushing the liquid then the velocity of one bubble
of a diameter of 9 mm is about 0.12 m/s. The final size of the
droplet at the bottom of the furnace does not depend directly
of the size of the initial droplet but also of the quantity of liquid trapped into the pores. If the size of droplets stemming
from the top of the coke bed is stationnary then the size of
a droplet trapped is about the same size and the size of the
bubble released is also approximatively the same.
The wetting of the particles is a key parameter to determine
the contact area between the slag and the solid particles. It
depends on the physical properties of the fluid, in particular
the contact angle, but also on the geometry of the particles
and the interstitial space where the droplets are trapped. The
scarcity of the droplets flowing through the coke bed and the
high value of the contact angle explain that only a few part
of the coke surface is wet by the slag in the dripping zone.

involving just one component in each phase. The subscript
specify the liquid phase whereas the superscript specify the
physical state of the compound. The slag phase is composed
of MnO, the metal phase of Mn, the solid phase is made of
carbon and the gas phase is composed of CO. This means
that in contact with carbon our slag phase transform into the
metal phase. The reaction is endothermic, needing an external energy source to supply thermal power to the system.
The kinetics of the process is still in investigation, and, in this
attempt we used a heat transfer correlation, the Gunn correlation to estimate the heat transfer coefficient h between the
carbon phase and the slag phase. The reaction is temperature
driven and the kinetics is based on the heat flux received by
the material : rr = Adst .q/∆H with q = h (Tp − Teq ). The value
of the area concentration Adst can be use to model the surface
of contact between slag droplets and coke particles available
for chemical reactions.
In the figure 6 we can see the calculated reaction rate of our
implementation. The results are homogeneous on most of
the part of the furnace, and a bit higher on the top zone of the
furnace where the fluid is slower.
It is not yet a goal in this paper to reproduce the real reduction
behavior of the furnace, but to present the modeling strategy
used to help understanding the furnace operations by adapting the input datas of the model to the observations.
DISCUSSION
This modeling answers some questions :

Global model

1. The fluidity of the slag in a fully liquid state cannot explain that 90% of the reduction happen at the top of the

Introducing the correct order of magnitude of the particle
size, coke bed void fraction and drag coefficient permit to
simulate an averaged situation which is representative of our
local simulation. The droplets of the predetermined size (4
mm in our simulations) flow in a coke bed at the approximate
velocity of 0.1 m/s. This lead to a distribution of the phase
fraction given by the calculation on figure 5. This model as
such does not give more informations as it reproduces in a
modeled way the results obtained with the local model.
The idea behind the use of this model is to add an energy balance calculation in the system by choosing the appropriate
boundary conditions, energy sources and energy consumption inside the coke bed. This needs an accurate description of the thermo-physical properties of the system, electrical power released and of the kinetic of the reaction system.
A first attempt has been made in this direction using the simplified system
liquid

Figure 5: Velocity and phase fraction of the slag phase dripping
into the coke bed

liquid

MnOslag +Csolid −→ Mnmetal +COgas

Figure 6: Reaction rate in the coke bed volume (kmol.m−3 .s−1 )

Figure 4: 3-6 mm droplets flowing along coke particles
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it can flow into a dry coke bed when traveling from the
reduction zone to the bottom of the furnace.

coke bed. Another explanation has to be found to explain the residence time of the slags on this part of the
furnace.

2. The second one use hydrodynamic results of the interaction between the solid phase and the slag phase calculated in the first one to describe the whole geometry
with averaged quantities.

2. The slag is not flowing down through the coke bed as
a continuous flow but by succession of droplets coming
from the reduction zone at the top of the coke bed.

The first one use the VOF-isoAdvector method when the
other one use the Euler-Euler model. The results show us
that the liquid slag is flowing through the coke-bed by a succesion of droplet and that the averaged flowing velocity is
about 0.12 m/s. The diameter of the droplet cannot be higher
than 9-10 mm to avoid their break-up. The residence time
of the droplets should be greater than the apparent velocity
of the fluid to take into account that the droplets stay often
trapped into the coke-bed. These effects can be taken into
account into the big scale model by introducing the appropriate drag coefficient. This model can be used to simulate
the reductions reaction and validate a thermal balance of the
coke bed zone.

3. The chemical composition of these droplets is not just
evolving by reaction along the path imposed to them by
the gravity, which would result in very few reduction as
their residence time would be small.
Instead, some droplets stay at some places into the coke
bed until another droplet push it down. There is certainly
a permanent renewal of the chemical concentration of these
droplets which are trapped. So it can be considered that a real
droplet has an average residence time in the coke bed which
is superior to the impression it gives when flowing from cavity to cavity. In addition the renewal of the droplet may depend on the position in the coke bed. On the peripheral part
of the main dripping zone, some droplets are renewed less
often than in the main flow leading probably to a less important reduction rate. In 3D also there are more accessible
places for a droplet to stay before being pushed by another
one. In addition, the modification of the chemical composition of the droplets modifies the physical properties. The
trajectories of these droplets are very sensible to the physical
properties due to the combinaison of variation of properties
as the contact angle, the surface tension and the viscosity.
The trajectories of the flow will probably defer from droplet
to droplet leading to an exploration of the whole geometry
and a lower renewal of droplets trapped in the coke bed, increasing their residence time. However in some conditions,
the limited height of the coke bed allow for some droplets to
flow without being trapped.
All these considerations can be taken into account in the
global modeling by adapting the K p−s drag coefficient to a
value consistent with the evaluated residence time in the coke
bed. This will be a parameter which will influence the way
the reaction rate will be calculated and need to be taken into
account.
Here the reduction rate calculated is not in accordance with
the real transformation rate. Some thermal datas used are
not totaly accurate and the real kinetic need to be reformulated with the last datas obtained about the Si-Mn reduction
process in order to be compared with a real production rate.
In addition the gunn corelation is not well adapted when the
liquid is not the continuous phase.
However, the modeling strategy presented here, can give
some useful informations about the reality of some hypothesis formulated, and may assess if it is realistic to estimate
that 10% of the slag reduction occur in the coke bed.
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CONCLUSIONS
A modeling strategy to simulate the behaviour of a Pilotscale Si-Mn production furnace in relation with experiments
analysis has been proposed. For this purpose, a 2D numerical model of the dripping slag across the coke bed zone is
detailed.
The developed numerical model is based on two different
scales using two different approach of the multiphase modeling.
1. The first one is a detailed model on a small scale aiming
at using the fluid properties of the slag to describe how
604

