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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 

3



Organizing committee: 

Conference chairman: Prof. Stein Tore Johansen 

Conference coordinator: Dr. Jan Erik Olsen 

Dr. Bernhard Müller 

Dr.Sigrid Karstad Dahl 

 Dr.Shahriar Amini 

 Dr.Ernst Meese 

 Dr.Josip Zoric 

 Dr.Jannike Solsvik 

 Dr.Peter Witt 

 

 

 

 

 

 

 

 

 

 

 

 

Scientific committee: 

Stein Tore Johansen, SINTEF/NTNU 

Bernhard Müller, NTNU 

Phil Schwarz, CSIRO 

Akio Tomiyama, Kobe University 

Hans Kuipers, Eindhoven University of Technology 

Jinghai Li, Chinese Academy of Science 

Markus Braun, Ansys 

Simon Lo, CD‐adapco 

Patrick Segers, Universiteit Gent 

Jiyuan Tu, RMIT 

Jos Derksen, University of Aberdeen 

Dmitry Eskin, Schlumberger‐Doll Research 

Pär Jönsson, KTH 

Stefan Pirker, Johannes Kepler University 

Josip Zoric, SINTEF 

 

 

 

 

 

 

 

 

 

 

 

 

 

4



CONTENTS 

 

PRAGMATIC MODELLING ................................................................................................................ 9 
On pragmatism in industrial modeling. Part III: Application to operational drilling ............................. 11 
CFD modeling of dynamic emulsion stability ........................................................................................ 23 
Modelling of interaction between turbines and terrain wakes using pragmatic approach ................. 29 
 
FLUIDIZED BED .............................................................................................................................. 37 
Simulation of chemical looping combustion process in a double looping fluidized bed                   
reactor with cu‐based oxygen carriers .................................................................................................. 39 
Extremely fast simulations of heat transfer in fluidized beds ............................................................... 47 
Mass transfer phenomena in fluidized beds with horizontally immersed membranes ....................... 53 
A Two‐Fluid model study of hydrogen production via water gas shift in fluidized bed  
membrane reactors  .............................................................................................................................. 63 
Effect of lift force on dense gas‐fluidized beds of non‐spherical particles ........................................... 71 
Experimental and numerical investigation of a bubbling dense gas‐solid fluidized bed ...................... 81 
Direct numerical simulation of the effective drag in gas‐liquid‐solid systems ..................................... 89 
A Lagrangian‐Eulerian hybrid model for the simulation of direct reduction of iron ore 
in fluidized beds..................................................................................................................................... 97 
High temperature fluidization ‐ influence of inter‐particle forces on fluidization behavior  .............. 107 
Verification of filtered two fluid models for reactive gas‐solid flows ................................................. 115 
 
BIOMECHANICS ........................................................................................................................... 123 
A computational framework involving CFD and data mining tools for analyzing disease in            
cartoid artery  ...................................................................................................................................... 125 
Investigating the numerical parameter space for a stenosed patient‐specific internal 
carotid artery model ............................................................................................................................ 133 
Velocity profiles in a 2D model of the left ventricular outflow tract, pathological 
case study using PIV and CFD modeling .............................................................................................. 139 
Oscillatory flow and mass transport in a coronary artery ................................................................... 147 
Patient specific numerical simulation of flow in the human upper airways for assessing                      
the effect of nasal surgery ................................................................................................................... 153 
CFD simulations of turbulent flow in the human upper airways ........................................................ 163 
 
OIL & GAS APPLICATIONS ............................................................................................................ 169 
Estimation of flow rates and parameters in two‐phase stratified and slug flow by an  
ensemble Kalman filter ....................................................................................................................... 171 
Direct numerical simulation of proppant transport in a narrow channel for hydraulic  
fracturing application .......................................................................................................................... 179 
Multiphase direct numerical simulations (DNS) of oil‐water flows through  
homogeneous porous rocks ................................................................................................................ 185 
CFD erosion modelling of blind tees ................................................................................................... 191 
Shape factors inclusion in a one‐dimensional, transient two‐fluid model for stratified 
and slug flow simulations in pipes ...................................................................................................... 201 
Gas‐liquid two‐phase flow behavior in terrain‐inclined pipelines for wet natural 
gas transportation ............................................................................................................................... 207 
   



NUMERICS, METHODS & CODE DEVELOPMENT ........................................................................... 213 
Innovative computing for industrially‐relevant multiphase flows ...................................................... 215 
Development of GPU parallel multiphase flow solver for turbulent slurry flows in cyclone .............. 223 
Immersed boundary method for the compressible Navier–Stokes equations using 
high order summation‐by‐parts difference operators ........................................................................ 233 
Direct numerical simulation of coupled heat and mass transfer in fluid‐solid systems ..................... 243 
A simulation concept for generic simulation of multi‐material flow,  
using staggered Cartesian grids ........................................................................................................... 253 
A cartesian cut‐cell method, based on formal volume averaging of mass,  
momentum equations ......................................................................................................................... 265 
SOFT: a framework for semantic interoperability of scientific software ............................................ 273 
 
POPULATION BALANCE ............................................................................................................... 279 
Combined multifluid‐population balance method for polydisperse multiphase flows ...................... 281 
A multifluid‐PBE model for a slurry bubble column with bubble size dependent  
velocity, weight fractions and temperature ........................................................................................ 285 
CFD simulation of the droplet size distribution of liquid‐liquid emulsions  
in stirred tank reactors ........................................................................................................................ 295 
Towards a CFD model for boiling flows: validation of QMOM predictions with  
TOPFLOW experiments ....................................................................................................................... 301 
Numerical simulations of turbulent liquid‐liquid dispersions with quadrature‐based  
moment methods ................................................................................................................................ 309 
Simulation of dispersion of immiscible fluids in a turbulent couette flow ......................................... 317 
Simulation of gas‐liquid flows in separators ‐ a Lagrangian approach ................................................ 325 
CFD modelling to predict mass transfer in pulsed sieve plate extraction columns ............................ 335 
 
BREAKUP & COALESCENCE .......................................................................................................... 343 
Experimental and numerical study on single droplet breakage in turbulent flow ............................. 345 
Improved collision modelling for liquid metal droplets in a copper slag cleaning process ................ 355 
Modelling of bubble dynamics in slag during its hot stage engineering ............................................. 365 
Controlled coalescence with local front reconstruction method ....................................................... 373 
 
BUBBLY FLOWS ........................................................................................................................... 381 
Modelling of fluid dynamics, mass transfer and chemical reaction in bubbly flows .......................... 383 
Stochastic DSMC model for large scale dense bubbly flows ............................................................... 391 
On the surfacing mechanism of bubble plumes from subsea gas release .......................................... 399 
Bubble generated turbulence in two fluid simulation of bubbly flow ................................................ 405 
 
HEAT TRANSFER .......................................................................................................................... 413 
CFD‐simulation of boiling in a heated pipe including flow pattern transitions  
using a multi‐field concept .................................................................................................................. 415 
The pear‐shaped fate of an ice melting front ..................................................................................... 423 
Flow dynamics studies for flexible operation of continuous casters (flow flex cc) ............................. 431 
An Euler‐Euler model for gas‐liquid flows in a coil wound heat exchanger ........................................ 441 
 
NON‐NEWTONIAN FLOWS ........................................................................................................... 449 
Viscoelastic flow simulations in disordered porous media ................................................................. 451 
Tire rubber extrudate swell simulation and verification with experiments ....................................... 459 
Front‐tracking simulations of bubbles rising in non‐Newtonian fluids ............................................... 469 
A 2D sediment bed morphodynamics model for turbulent, non‐Newtonian,  
particle‐loaded flows ........................................................................................................................... 479 
 



METALLURGICAL APPLICATIONS .................................................................................................. 491 
Experimental modelling of metallurgical processes ........................................................................... 493 
State of the art: macroscopic modelling approaches for the description of multiphysics  
phenomena within the electroslag remelting process ....................................................................... 499 
LES‐VOF simulation of turbulent interfacial flow in the continuous casting mold ............................. 507 
CFD‐DEM modelling of blast furnace tapping ..................................................................................... 515 
Multiphase flow modelling of furnace tapholes ................................................................................. 521 
Numerical predictions of the shape and size of the raceway zone in a blast furnace ........................ 531 
Modelling and measurements in the aluminium industry ‐ Where are the obstacles? ..................... 541 
Modelling of chemical reactions in metallurgical processes ............................................................... 549 
Using CFD analysis to optimise top submerged lance furnace geometries ........................................ 555 
Numerical analysis of the temperature distribution in a martensic stainless steel  
strip during hardening ......................................................................................................................... 565 
Validation of a rapid slag viscosity measurement by CFD ................................................................... 575 
Solidification modeling with user defined function in ANSYS Fluent .................................................. 583 
Cleaning of polycyclic aromatic hydrocarbons (PAH) obtained from ferroalloys plant ...................... 587 
Granular flow described by fictitious fluids: a suitable methodology for process simulations .......... 593 
A multiscale numerical approach of the dripping slag in the coke bed zone of a  
pilot scale Si‐Mn furnace ..................................................................................................................... 599 
 
INDUSTRIAL APPLICATIONS ......................................................................................................... 605 
Use of CFD as a design tool for a phospheric acid plant cooling pond ............................................... 607 
Numerical evaluation of co‐firing solid recovered fuel with petroleum coke in a  
cement rotary kiln: Influence of fuel moisture ................................................................................... 613 
Experimental and CFD investigation of fractal distributor on a novel plate and  
frame ion‐exchanger ........................................................................................................................... 621 
 
COMBUSTION ............................................................................................................................. 631 
CFD modeling of a commercial‐size circle‐draft biomass gasifier ....................................................... 633 
Numerical study of coal particle gasification up to Reynolds numbers of 1000 ................................. 641 
Modelling combustion of pulverized coal and alternative carbon materials in the  
blast furnace raceway ......................................................................................................................... 647 
Combustion chamber scaling for energy recovery from furnace process gas:  
waste to value ..................................................................................................................................... 657 
 
PACKED BED ................................................................................................................................ 665 
Comparison of particle‐resolved direct numerical simulation and 1D modelling  
of catalytic reactions in a packed bed ................................................................................................. 667 
Numerical investigation of particle types influence on packed bed adsorber behaviour .................. 675 
CFD based study of dense medium drum separation processes ........................................................ 683 
A multi‐domain 1D particle‐reactor model for packed bed reactor applications ............................... 689 
 
SPECIES TRANSPORT & INTERFACES ............................................................................................ 699 
Modelling and numerical simulation of surface active species transport  
‐ reaction in welding processes ........................................................................................................... 701 
Multiscale approach to fully resolved boundary layers using adaptive grids ..................................... 709 
Implementation, demonstration and validation of a user‐defined wall function  
for direct precipitation fouling in Ansys Fluent ................................................................................... 717 
 
   



FREE SURFACE FLOW & WAVES ................................................................................................... 727 
Unresolved CFD‐DEM in environmental engineering: submarine slope stability and  
other applications................................................................................................................................ 729 
Influence of the upstream cylinder and wave breaking point on the breaking wave  
forces on the downstream cylinder .................................................................................................... 735 
Recent developments for the computation of the necessary submergence of pump  
intakes with free surfaces ................................................................................................................... 743 
Parallel multiphase flow software for solving the Navier‐Stokes equations ...................................... 752 
 
PARTICLE METHODS .................................................................................................................... 759 
A numerical approach to model aggregate restructuring in shear flow using DEM in  
Lattice‐Boltzmann simulations ............................................................................................................ 761 
Adaptive coarse‐graining for large‐scale DEM simulations ................................................................. 773 
Novel efficient hybrid‐DEM collision integration scheme ................................................................... 779 
Implementing the kinetic theory of granular flows into the Lagrangian  
dense discrete phase model ................................................................................................................ 785 
Importance of the different fluid forces on particle dispersion in fluid phase  
resonance mixers ................................................................................................................................ 791 
Large scale modelling of bubble formation and growth in a supersaturated liquid ........................... 798 
 
FUNDAMENTAL FLUID DYNAMICS ............................................................................................... 807 
Flow past a yawed cylinder of finite length using a fictitious domain method .................................. 809 
A numerical evaluation of the effect of the electro‐magnetic force on bubble flow  
in aluminium smelting process ............................................................................................................ 819 
A DNS study of droplet spreading and penetration on a porous medium .......................................... 825 
From linear to nonlinear: Transient growth in confined magnetohydrodynamic flows ..................... 831 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             

 

10



 
MULTIPHASE FLUID FLOW MODELLING OF FURNACE TAPHOLES 

 
Quinn G. REYNOLDS1* , Markus W. ERWEE1** 

1 MINTEK Pyrometallurgy Division, Randburg, Johannesburg, 2125, SOUTH AFRICA 
 

* E-mail: quinnr@mintek.co.za 
** E-mail: markuse@mintek.co.za 

 
 
 
 
 
 

 

ABSTRACT 
Pyrometallurgical furnaces of many varieties make use of 
tapholes in order to facilitate the removal of molten 
process material from inside the vessel. Correct 
understanding and operation of the taphole is essential for 
optimal performance of such furnaces.  
 
The present work makes use of computational fluid 
dynamics models generated using the OpenFOAM® 
framework in order to study flow behaviour in the 
taphole system. Single-phase large-eddy simulation 
models are used to quantify the discharge rate and 
laminar-turbulent transitions as a function of parameters 
such as height of material inside the furnace vessel, 
taphole geometry, and fluid properties. The results are 
used to inform boundary conditions in multiphase fluid 
flow models used for prediction of the qualitative 
behaviour of the free surface in the launder and tapping 
ladle for selected cases. 

Keywords: CFD, Pyrometallurgy, Tapholes, Furnace.  
 

NOMENCLATURE 
 
Greek Symbols 
  Mass density, [kg/m3]. 
  Dynamic viscosity, [kg/m.s]. 
 
Latin Symbols 
D Diameter of taphole, [m]. 
L    Length of taphole [m]. 
P  Pressure, [Pa]. 
 u  Velocity, [m/s]. 
 
Dimensionless  
NRe   Reynolds number. 
NL    Geometry ratio. 
NT      NEu.√NRe. 
NEu   Euler number. 
KL    Discharge coefficient. 
 

INTRODUCTION 
Many important commodities such as iron and steel, 
aluminium, ferro-alloys, and precious metals are 
produced in part using pyrometallurgical furnaces (Jones 
et al., 2006). The majority of these units make use of 
tapholes, specially-designed openings in the furnace 
wall, in order to remove the molten process products 
from the furnace (Nelson et al., 2016). Depending on the 
commodity being produced, the furnace may use a single 
taphole for all material, or separate tapholes for different 
phases such as slag and metal. Tapholes are typically 
located in a taphole assembly, a section of the furnace 
sidewall designed for this purpose. The taphole assembly 
may consist of several cylindrical or rectangular inserts 
made of copper, graphite, or refractory material through 
which the taphole itself runs, mounted within a steel 
frame which provides structural support and a contact 
point for water cooling (McDougall, 2014).  
 

 
Figure 1: Tapping in operation on a DC furnace pilot plant, (l) 

and (m) slag, (r) metal (images courtesy Mintek) 
 

After the taphole is opened by lancing or drilling, molten 
material drains out of the vessel due to differences in 
hydrostatic pressure (see Figure 1). The rate of drainage 
is primarily determined by a combination of the inlet 
geometry and the length of the taphole channel, as well 
as the physical and thermochemical properties of the 
material passing through the taphole. Characterisation of 
the flow behaviour inside the taphole channel is 
challenging due to the wide variation in physical 
properties of the fluid phases encountered in furnaces; 
metals and sulphide mattes tend to be high-density and 
low-viscosity, while oxide slags are the opposite. 
Transitions between turbulent and laminar flow may 
occur during a tap or even within the taphole itself, 
especially for higher-viscosity materials; such transitions 
affect not only the discharge rate of material through the 
taphole but also the mechanical forces on the taphole 
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surfaces which contribute to erosion and wear, and may 
be exacerbated by gas entrainment during tapping (He et 
al., 2002). 
 
Upon exiting the taphole, the molten material passes 
through an open channel (the tapping launder) and into a 
steel or refractory-lined container vessel (the tapping 
ladle). The launder and ladle system is a multiphase free 
surface flow problem, behaviour of the fluid flow is 
highly dependent on the physical properties of the 
material being tapped. In practice launders may be angled 
both vertically and horizontally in order to reach tapping 
ladles located below, ladles may be positioned 
incorrectly, and wear on the lining of the launder may 
change its shape form the original design. As a result, 
substantial splashing and intermixing of the molten phase 
with the surrounding air may occur. Although this is 
undesirable in the case of reduction smelting or high-
purity product requirements, the degree of contact 
between the air and the molten product is generally small 
and can be further mitigated by careful launder and ladle 
design and operation (Leong et al., 2006). 
 
To date, much research has been conducted in the field 
of computational modelling of taphole flow behaviour 
using advanced modelling techniques (e.g. 
(Kadkhodabeigi et al., 2011) and (Shao et al., 2013)). 
However, due to the high resource demands of accurate 
computational fluid dynamics modelling, there is 
generally a strong focus on specific design problems or 
process parameters, using computational fluid dynamics 
as a post hoc design analysis or failure forensics tool. In 
the present work, the intention is to use computational 
modelling as a virtual experimentation platform in order 
to gain insight into the behaviour of taphole systems at a 
more generalised and simplified level. 
 

FLOW THROUGH THE TAPHOLE – THEORY 
AND DIMENSIONAL CONSIDERATIONS 
 
For the taphole region geometry as described in Figure 2, 
it is instructive to consider initially a simple theoretical 
expression for the fluid flow into and through the taphole. 
Similar work has been performed elsewhere (e.g. 
(Guthrie, 1992) using the Bernoulli equation to relate the 
imposed pressure differential across the taphole to the 
flowrate of material through it. This approach results in: 
 

ΔP =
ρu2

2
+ PP + PE (1) 

 
Where P is the pressure difference between the furnace 
interior and exterior as a result of static head of molten 
material and any additional forces,  is the fluid density, 
u is the bulk average velocity of fluid in the taphole, and 
PP and PE are the irreversible pressure losses due to 
viscous flow inside the taphole channel and friction in the 
taphole entry geometry respectively. Bulk velocity of the 
fluid in the furnace interior is assumed to be close to zero.  
 
 
 

If fully-developed laminar flow in the taphole channel is 
assumed, (1) may be written as: 
 

ΔP =
32μLu

D2
+ (1 + KL)

ρu2

2
 (2) 

 
where  is the fluid viscosity, L and D are the taphole 
length and diameter respectively, and KL is the discharge 
coefficient for a given entry geometry (0.5 for sharp-
edged pipe entries, reducing to negligible values for well-
rounded inlets resulting from advanced taphole wear). 
Rearranging (2) in terms of dimensionless quantities 
yields: 
 

NT
2 =

1 + KL

2
NRe

2 + 32NLNRe (3) 

 
Here, NRe is the Reynolds number, NL is a simple 
geometry ratio, and NT is the product of the Reynolds 
number and the square root of the Euler number. By the 
principles of dimensional analysis only these three 
groups are needed to completely define the problem 
regardless of the flow regime; their definitions are shown 
in Table 1. 

 
Table 1: Dimensionless groups used to characterise 

 taphole flow 
 

NRe NL NT 
Duρ

μ
 

L

D
 D√ρΔP

μ
 

 
This particular set of dimensionless groups is preferred 
since only one (NRe) is dependent on the fluid velocity, 
which is often a poorly-known quantity in tapping 
operations. This allows tapping velocity to be represented 
explicitly as a function of the taphole design, the 
properties of the fluid being tapped, and the applied 
pressure. 
 

MODEL DEVELOPMENT 
 
In order to model different aspects of the behaviour of 
taphole systems most effectively, several simplifications 
were made. 
 
Although the effect of heat transfer and phase change on 
the molten material being tapped is an important aspect 
of the taphole’s behaviour, this study focuses only on 
flow in order to isolate behaviour related to fluid 
dynamics. Coupled heat transfer models will be 
considered at a later stage but are not within the scope of 
the present work. 
 
In addition, the taphole system was divided into two 
separate computational models – one covering the single-
phase flow from the furnace interior to the exit point of 
the taphole, and another covering the multiphase flow 
from the taphole exit through the launder and into the 
ladle. The rationale for this approach as opposed to a 
single unified model is that different research questions 
are posed in the different regions – in flow through the 
taphole, it is desirable to perform high fidelity 
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simulations in order to resolve near-wall turbulence and 
accurately quantify the discharge rate as a function of 
taphole geometry and fluid properties, whereas with flow 
in the launder and ladle the primary aim is to identify 
broad qualitative differences in the patterns of free 
surface flow in response to variations in material 
properties and equipment design. 
 
Both computational models were implemented using the 
finite volume method, in OpenFOAM® version 4.1 
(OpenFOAM, 2017). For the taphole region model, a 
modified version of the “pisoFoam” solver was written to 
allow for adaptive time-stepping using a specified 
Courant number. For the launder and ladle region model, 
the standard “interFoam” solver was used without 
modification. Hexahedral-element-dominant 
computational meshes were generated using cfMesh 
version 1.1.1 (cfMesh, 2017), with mesh sizes ranging 
from between 1 and 2 million elements for the taphole 
region models, up to ~4 million elements for the launder 
and ladle region models. 
 

Taphole region model 
Flow in the taphole region is modelled using large eddy 
simulation (LES) methods to capture the turbulent flow 
behaviour. LES methods directly compute the unsteady, 
dynamic behaviour in turbulent flow at length scales 
above a certain level, and approximate the turbulent 
stresses using sub-grid scale (SGS) models at length 
scales below it. The critical length scale is commonly 
taken as the resolution of the numerical mesh. This 
approach results in a filtered version of the Navier Stokes 
equations for the resolved components of the pressure 
and fluid velocity, containing source terms which are 
closed using the chosen SGS model. LES models 
generally require higher-fidelity meshes than Reynolds-
averaged (RANS) turbulence models, but are 
considerably less computationally demanding than direct 
numerical simulation. They are more adept than RANS 
models with regard to predicting laminar-turbulent 
transition behaviour as well as temporal structures in 
turbulent flows, both of which are relevant to the present 
study. 
 
For the taphole region a dynamic k-equation model (Kim 
et al., 1995) is used as the SGS model together with 
standard box filtering at the mesh resolution. Near-wall 
mesh refinement was used to ensure that the 
dimensionless wall distance y+ remained below unity.  
 
The entry region and taphole channel are modelled as a 
large plenum zone (representing the furnace interior) 
connected to a cylindrical pipe section (representing the 
taphole itself). The lip of the taphole is treated as a sharp 
edge, and assumes that little or no wear of the taphole 
materials of construction has occurred. The geometry of 
the model region is shown in Figure 2. 
 

 
 

Figure 2: Taphole model geometry 
 
Boundary conditions are applied as shown in Table 2. 
 

Table 2: Boundary conditions for taphole region model 
 

Boundary u p k 

A (inlet) 
∂un

∂𝐧
= 0 

uτ = 0 
p =

ΔP

ρ
−

1

2
|𝐮|2 k = 0 

B (walls) 𝐮 = 0 
∂p

∂𝐧
= 0 k = 0 

C (outlet) ∂𝐮

∂𝐧
= 0 p = 0 

∂k

∂𝐧
= 0 

 
In the case of the reduced pressure boundary condition 
on boundary A, the boundary value of p is calculated 
using the total applied pressure difference across the 
domain (a specified parameter, as used in equations (1) 
to (3)) and the local velocity at the boundary, which is 
obtained after calculation of the velocity field boundary 
condition. 
 
Here, u is the fluid velocity vector field (with 
components un and u normal and tangential to the 
boundary respectively), p is the reduced pressure field, k 
is the turbulent kinetic energy field, and n are unit vectors 
normal to the boundary surface. 
 
Launder and ladle region model 
In the region after the molten material exits the taphole, 
the behaviour is modelled using the volume of fluid 
(VOF) method for multiphase fluid flow (Hirt et al., 
1981). VOF tracks the fluid interface using a phase field 
, representing the volume fraction of the first phase (in 
a two-phase system, the volume fraction of the second 
phase is then 1 – ). The evolution of  is modelled with 
a convection equation using gradient compression 
schemes to maintain a sharp interface between phases. 
Source terms are added to the Navier Stokes equations in 
the interface regions to account for the additional forces 
arising from surface tension effects. 
 
The launder and ladle are modelled as solid walls 
surrounded by open atmosphere as shown in Figure 3. 
The ladle is treated as a simple truncated conical vessel 
in all cases, but the launder is modelled with different 
designs (rectangular and v-shaped channel profiles) to 
examine the effect on the flow patterns while tapping. 
Slag and metal materials are modelled in each case to 
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examine the effect of the physical properties of the 
molten phase on the behaviour of the system. A range of 
taphole exit velocities is considered based on results 
obtained from the taphole region model. Static mesh 
refinement is performed in each case by running an initial 
simulation at low resolution, and using the resulting 
phase field to refine the mesh to higher resolution in areas 
where the gas-liquid interface is present. Boundary 
conditions used are shown in Table 3. 
 

 
 

Figure 3: Geometry of launder and ladle models 
 

Table 3: Boundary conditions for ladle and 
 launder region model 

 
Boundary u P 

D (inlet) 𝐮 = 𝐮0 
∂P

∂𝐧
= 0 α = 1 

E, F, G 
(walls) 𝐮 = 0 

∂P

∂𝐧
= 0 

∂α

∂𝐧
= 0 

H 
(atmosphere

) 
{

∂un

∂𝐧
= 0,   uτ = 0

∂𝐮

∂𝐧
= 0

 {
P = P0 −

1

2
ρ|𝐮|2

P = P0

 {
α = 0

∂α

∂𝐧
= 0

 

 
In the case of the absolute pressure boundary condition 
on boundary H, the boundary value of P is calculated 
using the specified total atmospheric pressure and the 
local velocity at the boundary, which is obtained after 
calculation of the velocity field boundary condition.  
 
Here, P is the absolute pressure field, and P0 is 
atmospheric pressure in the region around the launder 
and ladle.  represents the volume fraction of molten 
material. At the atmosphere boundary F, it is possible for 
fluid to flow both into and out of the domain – for each 
field, the first expression is used in the case of inflow, the 
second in the case of outflow. 
 
 
 
 
 
 
 
 

Model parameters 
The viscosities, densities and surface tension values of 
slags, mattes and metals vary with both composition and 
temperature. These properties are often difficult to 
measure, due to the extreme temperatures at which these 

phases are molten. A detailed summary of the viscosity 
and density values for various commodity smelting 
operations in given in (Nelson et al., 2016). For iron and 
steel production, ferroalloys such as ferrochromium and 
ferromanganese, the viscosity of the metal phase at 
temperature varies between 0.004 and 0.007 Pa.s. For 
mattes (e.g. from copper and nickel smelting operations), 
the values can be higher – varying from 0.003 to 0.05 Pa.s 
The viscosity of slags from these operations varies 
between 0.1 to 1.5 Pa.s across operations, except for 
copper smelting where the slag viscosity values  are as 
low as 0.03 Pa.s. Notably, the viscosity of slags in any 
operation can increase dramatically when solids 
precipitate from the melt.  
 
Density values vary from 5500 to 7500 kg/m³ for ferrous-
based processes, typically 4200-4500 kg/m³ for mattes. 
Slag density values vary between 2600-3200 kg/m³ for 
most slags, except for, for example copper and nickel 
process slags, which generally slightly higher densities, 
roughly 3500 – 4000 kg/m³. 
 
The surface tension values for metals and slags in 
pyrometallurgical processes are quite high (when 
compared to common fluids). These values vary across 
commodities, but is roughly 0.5 N/m for most common 
slags, mattes and metals (Tanaka et al., 2014).  
 
In terms of the physical design and operation parameters 
of the taphole region, typical lengths and diameters for 
slag, metal, and matte tapholes have been reported in 
several sources, for example (Nelson et al., 2016), (van 
Beek et al., 2014), and (Nolet, 2014). A summary of the 
industrial data is shown in Table 4. Although the internal 
furnace pressure in the case of certain processes such as 
blast furnaces can be extremely high (up to 5 bar (Nelson 
et al., 2016)), in open-bath smelting furnaces the primary 
source of the pressure is most often the head of molten 
material above the level of the taphole. Typical values 
across several different processes are reported in (Nelson 
et al., 2016) and summarised in Table 5. 
 
Table 4: Geometry parameters for industrial furnace tapholes 

Material Taphole diameter Taphole length 
Slag 0.04 – 0.1 m < 1.3 m 

Matte 0.04 – 0.1 m 1 – 1.5 m 
Metal 0.04 – 0.07 m 1 – 1.5 m 

 
Table 5: Head of molten material above tapholes for slag and 

metal/matte systems 
Material Above slag 

taphole 
Above metal/matte 

taphole 
Slag 0.2 – 1 m 0.4 – 2 m 

Metal/matte - 0.15 – 0.6 m 
 
In order to demonstrate the use of the multiphase flow 
model of the launder and ladle region, dimensions based 
on pilot-scale DC furnace equipment in use at Mintek 
were selected. Two different launder cross sections, a 
square channel profile and a v-shaped channel profile, 
were studied at different flowrates of slag and metal 
material to determine their impact on the flow pattern into 
the ladle. Dimensions of the model system are shown in 
Table 6. 
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Table 6: Geometry parameters for launder and ladle models 

Parameter Value Parameter Value 
Taphole 
diameter 0.03 m Ladle diameter 1 m 

Launder 
length 0.4 m Ladle height 0.75 m 

Launder 
width 0.2 m Launder height 

above ladle 0.2 m Launder 
inclination 

5 

 
 

RESULTS AND DISCUSSION 

Taphole region models 
In order to study a broad range of typical taphole 
conditions and designs representative of most electric 
smelting processes, a set of simulations was executed to 
cover the ranges 500 < NT < 500000, and 10 < NL < 50. 
This was achieved in the computational model by fixing 
taphole diameter (0.02 m), fluid density (7000 kg/m3), 
and applied pressure (89286 Pa), and calculating the 
required taphole length and fluid viscosity in each case 
based on the desired values of NT and NL using the 
expressions in Table 1.  
 
Once the initial conditions had decayed sufficiently 
(typically after 1 s of simulation time), a time- and area-
averaged velocity at the taphole outlet was computed and 
used to calculate NRe. The laminar or turbulent nature of 
the flow was assessed using the relative variability in 
time of the velocity field at the outlet – this was 
calculated by finding the difference between the 
minimum and maximum velocity values at the taphole 
centreline over the final 0.2 s of simulation time divided 
by the average outlet velocity over the same time period. 
A total of 32 separate cases were simulated using the 
sharp-edged entry geometry shown in Figure 2, each 
taking between 10 and 20 hours of wall time on 16 Intel 
Xeon CPUs. 
 
For model validation purposes, the simulation results 
were compared to the predictions of equation (3) in the 
laminar flow region. This is shown in Figure 4. The 
agreement in both qualitative trends and values is fairly 
good, with the computational model under-predicting 
slightly relative to (3). This is expected since (3) assumes 
that the flow in the taphole is fully developed along its 
entire length, whereas in reality there will be an entrance 
length over which the wall boundary layer expands 
before full Hagen-Poisiuelle flow is reached. In this entry 
region, the wall shear forces are higher and will therefore 
restrict the flow to a greater degree, resulting in lower 
flowrates than those predicted by (3). 
 

 
Figure 4: Model validation against equation (3) 

 
Visualisations of the instantaneous flow patterns in and 
around the taphole are presented in Figures 5 to 7, for 
cases in which the value of NL was fixed at 30 and the 
value of NT was changed. All visualisations are shown at 
the end of the simulation, time = 1 s. The upper section 
of each image shows the velocity profile through the 3D 
volume, and the lower section shows a contour plot of 
turbulent viscosity t.  
 

 

 
Figure 5: Velocity field (coloured) and contour of t = 7.5 x 
10-6 m2/s for case NL = 30 and NT = 500, (top) taphole entry 

(bottom) taphole exit 
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Figure 6: Velocity field (coloured) and contour of t = 7.5 
x 10-6 m2/s for case NL = 30 and NT = 5000, (top) taphole 

entry (bottom) taphole exit 
 

 

 
Figure 7: Velocity field (coloured) and contour of t = 7.5 x 
10-6 m2/s for case NL = 30 and NT = 500000, (top) taphole 
entry (bottom) taphole exit 

 
As NT increases, a transition from laminar to unsteady, 
turbulent flow occurs. In particular, a vena contracta with 
flow separation forms in the entry region of the taphole 
due to the sharp-edged entry, and this acts as a strong 
trigger for turbulent flow to develop in this area at high 
NT. Average flow velocity increases steadily from 
approximately 1.5 m/s at NT = 500 to 4 m/s at NT = 
500000. Detail of the evolution of the velocity field along 
the centreline of the taphole over time is shown in Figure 
8 and 9 for cases of laminar and turbulent flow (in both 
cases, x/L = 0.2 indicates the location of the taphole 
entry). It may be seen that the turbulent flow case exhibits 
erratic and unsteady flow starting within one or two 
diameters of the taphole inlet at approximately 0.1 s, and 

propagating down the taphole channel at the bulk average 
flow velocity. 
 

 
Figure 8: Evolution of instantaneous velocity profile along 
taphole centreline as a function of time, case NL = 30 and 

 NT = 500 (laminar flow) 
 

 
Figure 9: Evolution of instantaneous velocity profile along 

taphole centreline as a function of time, case NL = 30 and NT = 
500000 (turbulent flow) 

 
Changing the length of the taphole while holding NT 
constant results in less extreme changes in the behaviour 
of the flow, however certain differences are visible. 
Visualisation of the flow patterns for short and long 
tapholes are presented in Figures 10 and 11. In the case 
of tapholes with early turbulent triggering as is the case 
with sharp-edged entry geometry, the level of turbulence 
at the taphole exit is generally seen to be higher for 
shorter tapholes (this is somewhat exacerbated by the fact 
that shorter tapholes result in higher discharge velocities, 
although this is a second-order effect). Turbulence levels 
settle within 10 to 15 taphole diameters and remain 
constant in longer tapholes. This suggests that 
mechanical wear patterns may be expected to be more 
uniform in longer tapholes away from the entry region. 
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Figure 10: Velocity field (coloured) and contour of t = 7.5 x 

10-6 m2/s for case NL = 15 and NT = 15811 
 

 
Figure 11: Velocity field (coloured) and contour of t = 7.5 x 

10-6 m2/s for case NL = 45 and NT = 15811 
 
The full set of computational model results for the 
prediction of NRe as a function of NL and NT was linearly 
interpolated and is presented in Figure 12. It can be seen 
that increasing the taphole length has a significant effect 
on the discharge velocity only at relatively low values of 
NT, below about 104. Dependence of NRe on NT is strong 
in all operating regions, increasing approximately 
linearly as NT and NL become large – this is expected 
since NT is proportional to the square root of the applied 
pressure, which is the driving force for the flow. It is also 
interesting to note that since NRe and NT are both 
proportional to D/, the viscosity and taphole diameter 
have a relatively small effect on the discharge velocity in 
this range; it is instead dominated by the density of the 
molten material and the applied pressure at the taphole 
entrance. 
 

 
 
Figure 12: NRe calculated by computational model as a 

function of NL and NT 
 
In Figure 13, the transition from laminar to turbulent flow 
as calculated from the model results using the variability 
of the velocity at the taphole outlet is presented. The 
transition region is assumed to be a function of NRe for a 

given taphole geometry – the bounds were estimated 
using the lowest value of calculated NRe for which the 
model predicted unsteady flow, and the highest value of 
NRe for which steady laminar flow was predicted. When 
indicative operating regions for slag, matte, and metal 
tapholes are imposed on the chart, it can be seen that 
metals and mattes are in general very likely to exhibit 
turbulent flow in at least part of the taphole, whereas 
slags may be laminar or turbulent (or even transition from 
one to the other during a single tap) depending on the 
conditions. This has implications for the wear 
mechanisms occurring at the taphole channel surface; in 
general, turbulent flow may be expected to exacerbate 
mechanical wear of the taphole. 
 

 
Figure 13: Laminar-turbulent transition region (grey  

   hatching) showing typical operating windows for slag, 
metal, and matte tapholes 

 
Although results for sharp-edged entries are useful for 
predicting flow through new tapholes, it is also of interest 
to consider how the flow patterns change once the taphole 
has worn after repeated use. Taphole wear patterns are 
typically concentrated in the entry region, resulting in 
conical (Thomson, 2014) or rounded (Steenkamp et al., 
2014) inlets. Computational models of worn tapholes 
were constructed assuming an increase in the channel 
radius at the entry point of 0.05 m, and wear into the 
channel to a depth of 0.05 m. Visualisations of the flow 
patterns from models at NL = 30 and NT = 50000 are 
shown in Figures 14 and 15. When compared to results 
from the sharp-edged taphole models, it can be seen that 
the smoother the entrance geometry relative to the local 
direction of flow, the lower the level of turbulence 
generated in the taphole entrance region. This is 
particularly obvious in the case of the rounded entrance, 
in which the onset of turbulent flow is postponed an 
appreciable distance down the taphole channel even at 
high values of NT. This observation suggests that the 
pattern of mechanical wear in furnace tapholes may 
change as the taphole ages – wear is initially concentrated 
in the entrance region, but reduces and moves into the 
main body of the taphole as time goes on. 
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Figure 14: Velocity field (coloured) and contour of 
t = 7.5 x 10-6 m2/s for case NL = 30 and NT = 50000 
with conical entrance, (top) taphole entry (bottom) 

taphole exit 

 

 
Figure 15: Velocity field (coloured) and contour of 
t = 7.5 x 10-6 m2/s for case NL = 30 and NT = 50000 
with rounded entrance, (bottom) taphole entry (top) 

taphole exit 
 
Although there are considerable qualitative differences in 
the flow patterns and turbulence onset, the quantitative 
differences in flow velocity are relatively small for 
different entry configurations. Figure 16 shows a 
comparison of the sharp-edged entry results with those 
from conical and rounded entry models.  

 

 
Figure 16: NRe calculated by computational model as a 
function of NT at NL = 30, for different entry geometries 
 
It can be seen that the tapping velocities match within 10-
20 % across a wide range of NT for all geometries tested, 
although more comprehensive study is recommended to 
verify this result. 
 

Ladle and launder region models 
The results from the taphole region model determine 
appropriate ranges on the taphole exit velocity, which is 
required as an input boundary condition for the launder 
and ladle region model – in the case of a pilot-scale 
furnace as modelled here, exit velocities between 1 and 3 
m/s were applied. For the liquid phase being tapped, both 
slag ( = 0.1 Pa.s,  = 2500 kg/m3) and metal ( = 0.005 
Pa.s,  = 7000 kg/m3) materials were used. For the 
surrounding gas phase, the properties of air were used.  
 
Results comparing different materials and flowrates for 
the rectangular launder design are shown in Figures 17 to 
20, in all cases at time 4 s after taphole opening. The 
contour of  = 0.1 is used to show the liquid surface, and 
coloured according to the local velocity field. 
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Figure 17: Rectangular 

profile launder,  
slag tapping at 1 m/s 

 

Figure 18: Rectangular 
profile launder,  

slag tapping at 3 m/s 
 

  
Figure 19: Rectangular 

launder profile, 
metal tapping at 1 m/s 

Figure 20: Rectangular 
launder profile, 

metal tapping at 3 m/s 
 
At low flowrates, the tapping stream is generally well 
contained within the launder channel with minimal 
splashing before exiting into the ladle. At high flowrates 
(typical of when the taphole is newly opened) it is clear 
that this particular launder design is too short – the 
tapping stream catches the edge of the launder and 
spreads the tapped material out into a fan shape as it 
enters the ladle. This would not be an optimal 
configuration for tapping metal, as the increased surface 
area may result in undesirable re-oxidation of the 
material by the surrounding air as it enters the ladle.  
 
Comparing different materials, it can be seen that in the 
case of metal the flow tends to separate out into smaller 
droplets and streams than in the case of slag; it is likely 
that this is related to the lower viscosity of molten metals. 
The flow patterns at low tapping velocities are 
particularly different, due to the development of open-
channel flow patterns in the launder in addition to the 
free-surface flow as the material exits into the ladle. 
 
Results comparing a simple variation on the launder 
design are shown in Figures 21 to 24. Flow behaviour at 
a fixed tapping velocity (2 m/s) is shown in all cases, with 
visualisations performed at 4 s after the taphole was 
opened. The contour of  = 0.1 is used to show the liquid 
surface, and coloured according to the local velocity 
field. 
 
 
 

  
Figure 21: Rectangular 

launder profile, 
slag tapping at 2 m/s 

 

Figure 22: V-shaped 
launder profile, 

slag tapping at 2 m/s 
 

  
Figure 23: Rectangular 

launder profile, 
metal tapping at 2 m/s 

Figure 24: V-shaped 
launder profile, 

metal tapping at 2 m/s 
 
Changing the cross-sectional shape of the launder has a 
significant impact on the shape and structure of the flow 
regardless of the material being tapped. In the case of the 
v-shaped launder, the channel flow is kept contained in a 
narrower cross-section as it traverses the launder, 
resulting in a more contained stream flowing into the 
ladle. This results in less break-up of the stream into 
droplets, keeping the surface area exposed to air lower. 
The intense, directed flow of the stream into the ladle 
may however cause high localised heat transfer and 
mechanical wear of the ladle lining – this would have to 
be managed carefully to avoid premature ladle failure.  

CONCLUSIONS 
Characterisation of the flow behaviour in furnace taphole 
systems is a complex subject. Due to the practical 
challenges associated with handling of molten materials 
at high temperatures, computational modelling can be 
used very effectively as a complement to experimental 
work in this area. Development of preliminary 
computational models of the fluid flow behaviour both 
inside the taphole and after the material exits it have been 
successful, and study of a range of operating parameters 
and designs was conducted. 
 
The taphole region models demonstrated that for typical 
material properties and taphole geometries, the nature of 
the flow inside the taphole can be expected to be 
turbulent for metals and mattes, but may be laminar or 
turbulent for slags depending on conditions. 
Quantification of the taphole exit velocities in terms of 
dimensionless parameters was obtained, with 
dependence of NRe on NT being much stronger than on 
NL. The effect of taphole entrance geometry on 
turbulence onset and flow patterns in the taphole channel 
was found to be appreciable, however, the exit velocities 
were not particularly sensitive to this change. 
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The results from the taphole region model were used as 
boundary conditions for multiphase flow models of the 
launder and ladle outside the furnace. The scope of this 
work was limited to comparing the flow behaviour in a 
simple design at pilot-plant furnace scale. It was found 
that differences in flow patterns between slag and metal 
were exaggerated at low tapping velocities, with metal 
flows tending to break up into smaller droplets and 
streams. Launder channel shape also had a large effect on 
the nature of the free surface flow between the launder 
and the ladle, suggesting that proper launder design and 
maintenance is critical for repeatable tapping flow 
behaviour. 
 
This work is intended to be a preliminary starting point 
for computational modelling of taphole flow behaviour, 
and as such, there is considerable scope for further 
research in this area. In the taphole region, more detailed 
studies of fluid dynamics in the taphole channel using 
LES or direct numerical simulation models which 
include the effect of taphole wear on geometry and 
surface roughness would be of value. In the launder and 
ladle region, evolution of the model into a virtual 
prototype capable of comparative performance testing of 
various designs is anticipated. In all cases the impact of 
coupling additional phenomena (in particular heat 
transfer and phase change) to the flow model should be 
investigated further, and ultimately integrated into the 
thermal design of the taphole assembly. 
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