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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



12th International Conference on CFD in Oil & Gas, Metallurgical and Process Industries
SINTEF, Trondheim, NORWAY
May 30th - June 1st, 2017

CFD 2017

LES-VOF SIMULATION OF TURBULENT INTERFACIAL FLOW IN THE CONTINUOUS
CASTING MOLD

Mahdi SAEEDIPOUR1,2∗, Stefan PUTTINGER1†, Stefan PIRKER1‡

1Department of Particulate Flow Modelling, Johannes Kepler University, 4040 Linz, AUSTRIA
2Christian Doppler Laboratory for Multi-scale Modeling of Multiphase Processes, Johannes Kepler

University, 4040 Linz, AUSTRIA

∗ E-mail: mahdi.saeedipour@jku.at
† E-mail: stefan.puttinger@jku.at

‡ E-mail: stefan.pirker@jku.at

ABSTRACT
Slag entrainment during continuous casting process is a multiscale
problem strongly dependent on the molten metal flow in the mold.
Large-scale flow structures in the mold interact with the slag layer
at the top of the meniscus, and small-scale liquid structures in the
form of slag droplets may be entrained into the solidifying metal.
In this work a large eddy simulation - volume of fluid (LES-VOF)
approach is applied to investigate the unsteady flow interaction with
the metal-slag-air interface including the interface instability, defor-
mation of the slag layer and its entrainment into the molten metal.
A benchmark experiment was designed to investigate the flow field
in the proximity of a liquid-liquid interface for validation purposes.
The experiment uses water and paraffinum liquidum to model the
combination of liquid steel and the slag layer. While the entrain-
ment of oil droplets can be visualized via shadowgraphy the flow
field was measured via particle image velocimetry PIV. In combi-
nation, these two methods allow a qualitative and quantitative com-
parison of the unsteady flow characteristics with the CFD results.
The measurement data at different inflow conditions have been used
to validate the simulation results. We compare the global flow char-
acteristics and mean velocity of submerged entry nozzle jet upon
injection to the mold. Furthermore, the statistics of turbulence in-
cluding velocity fluctuations and turbulent kinetic energy are used
to investigate the unsteady jet interaction with the slag layer as well
as liquid-liquid interface dynamics. The comparison of CFD results
and experimental data reveals fairly good agreement both quantita-
tively and qualitatively.

Keywords: Two-phase interfacial flow, large eddy simulation
(LES), volume of fluid (VOF), particle image velocimetry (PIV),
slag entrainment, continuous casting .

NOMENCLATURE

Greek Symbols
ρ Mass density, [kg/m3]
µ Dynamic viscosity, [kg/ms]
σ Surface tension coefficient, [N/m]
α Volume of fluid, [−]
µ Dynamic viscosity, [kg/ms]
δ Kronecker delta tensor, [−]
φ Arbitrary flow quantity, [−]
τ Sub-grid term, [−]
∆ Grid size, [m]
κ Curvature, [1/m]
G Spatial filter operator, [−]
Θ Inlet angle, [deg]

Latin Symbols
p Pressure, [Pa].
U Velocity, [m/s].
Sσ Surface tension force, [N].
D Rate of deformation, [1/s].
n Interface normal vector, [−].
Cs Smagorinsky constant, [−].

Sub/superscripts
a air.
o oil.
w water.
i Index i.
j Index j.

INTRODUCTION

Many industrial and environmental processes involve highly
unsteady turbulent interfacial flows. Examples include liq-
uid jet breakup, petroleum transportation, continuous casting
process and many others. In continuous casting molds, the
top surface of molten steel is covered by a slag layer in order
to prevent steel from oxidation and heat loss as well as to use
it as a lubricant between the solidifying steel and the mold
(Iguchi et al., 2000). Slag entrainment affects the quality of
the final product strongly, if the entrained droplets become
trapped in the solidifying metal. This draws much attention
to the fundamental studying of slag entrainment in the cast-
ing industry over the recent decades, resulting in several pro-
posed mechanisms (Hibbeler and Thomas, 2013).
According to several experimental investigations on mold
flow, the shear-layer instability between the slag and molten
metal, known as Kelvin-Helmholtz instability, has been iden-
tified as one of the mechanisms of slag entrainment. In ad-
dition, the formation of vortices behind the submerged en-
try nozzle (SEN), known as Karman vortex, can cause slag
entrainment by pulling the slag layer down into the molten
metal. It is also discussed by Iguchi et al. (2000) that the
argon gas injection into the SEN to prevent clogging will re-
sult in bubble formation in the mold. The interaction between
these bubbles and the slag interface is also introduced as an-
other mechanism of slag entrainment.
All mentioned mechanisms are associated with the unsteady
flow situation near the interface in particular due to the turbu-
lence of the liquid steel pool (see Figure 1). Numerical sim-
ulation of such a multiphase turbulent flow remains a chal-

507



M. Saeedipour, S. Puttinger, S. Pirker

lenging topic, because a prospective approach must account
for the turbulence modelling as well as capturing the interfa-
cial topology between phases.

Figure 1: Schematic of slag entrainment mechanisms (reproduced
from Iguchi et al. (2000)).

A variety of numerical studies on turbulent multiphase flows
with different industrial application have been done within
the last decade. In the case of modelling the continuous cast-
ing mold flow, Liu et al. (2013) carried out large eddy simu-
lations to study the effect of argon gas injection through the
SEN on the flow pattern in the mold. In this study they em-
ployed an Euler-Euler approach to model the molten metal
flow and argon bubbles. In a similar work, they coupled a
Lagrangian model with two-fluid model to study the influ-
ence of argon gas injection on the molten steel flow and par-
ticle transport behaviors (Liu et al., 2014). Vakhrushev et al.
(2014) studied the global behavior of mold flow around the
SEN using a volume of fluid method. In this work a RANS-
based turbulence model (i.e. k− ε) was coupled to three-
phase VOF model to obtain the velocity field and the time-
averaged oil-water interface position. They also validated the
numerical results with a 1/3 scaled-down water model. Re-
cently, the transient free surface behavior in a model mold is
studied by Asad et al. (2015) using a RANS-VOF approach.
In this work the impact of inlet velocity and nozzle depth on
the free surface behavior and flow pattern was investigated
and different flow regimes in the mold were observed.
Most of the aforementioned studies employed the RANS-
based turbulence models which can only capture the global
behavior of the unsteady flow in a large-scale domain; how-
ever, there are many small-scale phenomena involved in the
slag entrainment that need to be captured by the numerical
tool. Although RANS methods are computationally-efficient
for industrial flow, they are not capable of capturing small-
scale physics of multiphase flows. Even those studies that
carried out LES do not report the conditions where several
droplet-like slag structures are generated from the interface.
Nevertheless, the entrainment of slag droplets into the water
pool is observed in present benchmark experiments.
In the present work we aim at studying the mold flow three-
phase using an LES-VOF approach which then provides us
with an in-depth understanding of the physics of the flow
in both large and small scales. Furthermore, the water-oil
benchmark experiment is designed to visualize the global
mold flow and measure the unsteady flow using PIV. The
simulation results are then validated against the experiments
at different conditions. The combination of experiments and
modelling helps us to realize the shortcomings of LES ap-
proach in modelling of slag entrainment, especially at critical

conditions result in dispersed multiphase flow.

MODEL DESCRIPTION

Governing equations

From computational point of view, a feasible modelling strat-
egy for interfacial turbulent flows including metal-slag-air
flow in the continuous casting mold, must include proper
treatment for (i) fluid flow governing equations (i.e. Navier-
Stokes equations), (ii) capturing the interface between phases
(i.e. VOF method (Hirt and Nichols, 1981) in the present
study) and (iii) turbulence modelling. Therefore, the conser-
vation equations governing the fully resolved motion of an
unsteady, incompressible, immiscible, multiphase flow with
single-fluid formulation are the continuity and Navier-Stokes
equations together with the transport equation of volume of
fluid as follows:

∂ρ

∂t
+∇ · (ρU) = 0 (1)

∂(ρU)

∂t
+∇ · (ρU⊗U) =−∇p+∇ · (2µD)+ρg+Sσ (2)

∂α

∂t
+∇ · (αU) = 0 (3)

For incompressible flows where ρ = const, the continuity
equation reduces to ∇ ·U = 0.
In this single-fluid formulation, ~U is the mixture velocity
field shared with all phases. p is the pressure and D is the
rate of deformation tensor in the form of D = 1

2 (∇U+∇T U).
The scalar function α is the volume of fluid field which de-
termines the physical properties of the flow in one-fluid for-
mulation based on properties of each phase, as follows:

ρ = αρ1 +(1−α)ρ2 (4a)

µ = αµ1 +(1−α)µ2 (4b)

Sσ is the surface tension force which is treated by the Con-
tinuous Surface Force (CSF) method (Brackbill et al., 1992).
This method considers surface tension effects as a volumet-
ric source term in the momentum equation acting only on
the interfacial areas. Following the CSF method, the inter-
face normal vector n̂ and interface curvature κ (i.e. the first
and second derivatives of the phase indicator function) are
of significant importance in the determination of the surface
tension force.
The most common method in estimation of the curvature and
normal vector for each computational cell is based on inter-
face orientation approach by Youngs (1982). In this approach
a basic definition of interface normal vector is applied based
on the gradient of VOF function, then the unit interface nor-
mal, and its curvature are determined as

n̂ =
∇α

| ∇α |
(5)

κ =−∇ · n̂ =−∇ ·
(

∇α

| ∇α |

)
(6)
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Finally, the surface tension force can be computed by the
CSF method and reads

Sσ = σκn̂δs (7)

where σ is the surface tension coefficient and δs is the Dirac
delta function that equals unity at the interface and zero else-
where. The numerical procedure to solve this system of
equations for two phases is implemented in the open source
CFD framework of OpenFOAM (Greenshields, 2015) within
the solver called interFoam. As an extension to this solver,
for the multiphase flows with more than two different phases,
the solver multiphaseInterFoam is adopted. The main differ-
ence between these two solvers is the way for computation
of the curvature. multiphaseInterFoam uses a pair-averaged
gradient of the volume fraction (Vakhrushev et al., 2014) for
computing the unit interface normal in equation (5). Thus n̂
is reformulated for interface between each pair of phases and
reads

n̂i j =
α j∇αi−αi∇α j

| α j∇αi−αi∇α j |
(8)

where αi and α j are the volume fractions of each pair of
phases (i, j). This solver is utilized in the present study to
capture the interface between molten metal, slag and air. It
should be noted that the equations (4a) and (4b) are also in-
cluding the third phase properties to be consistent with the
mixture assumption.

Large eddy simulation

Large eddy simulation (LES) is typically considered as an in-
termediate approach for modelling turbulent flows. The prin-
cipal idea behind LES is to reduce the computational efforts
by spatial filtering the small-scale motions (i.e. by a low-pass
filter operation) and only resolve the largest ones. By apply-
ing a spatial filter operator G to a flow quantity φ(x, t), the
filtered quantity reads:

φ(x, t) = G ∗φ(x, t) =
∫

D
G(x−x′)φ(x′, t)dx′ (9)

where (.) indicates the spatial filtering.

Introducing the filter operation into equations (1) to (3) and
assuming that the filter commutes with both the time and spa-
tial derivatives, the filtered governing equations can be de-
rived as follows:

∇ ·U = 0 (10a)

∂(ρU)

∂t
+∇ · (ρU⊗U) =−∇p+∇ · (2µD)+ρ~g+σκ∇α

+∇ · (τµD− τuu)+ τσ− τtt
(10b)

∂α

∂t
+∇ · (αU) = ∇ · ταu (10c)

This operation results in appearance of different sub-grid
scale (SGS) terms in the equations.

τuu = ρU⊗U−ρU⊗U (11a)

τµD = µ(∇U+∇T U)−µ(∇U+∇
T U) (11b)

τtt =
∂(ρU)

∂t
− ∂(ρU)

∂t
(11c)

τσ = σκ∇α−σκ∇α (11d)

ταu = αU−αU (11e)

The sub-grid scale of convective, viscous and unsteady terms
in equations (11a) to (11c) are present in classical single
phase LES while the sub-grid surface tension effects as well
as the sub-grid of interfacial transport in equations (11d) and
(11e) appear specifically in two-phase flows.
It is reported by several DNS studies that in most of single
phase turbulent flows, the contribution of the sub-grid scale
convective term to the turbulent kinetic energy budget is pre-
dominant (Labourasse et al., 2007). This provides the basis
for the closure of the single phase LES formulation by the
eddy-viscosity approach (Versteeg and Malalasekera, 2006).
Nevertheless, in the context of turbulent interfacial flows, the
contribution of sub-grid scale surface tension and volume of
fluid transport is not negligible specially at small-scale in-
terfacial topological changes. But due to the lack of general
model for those sub-grid terms, only the sub-grid convective
term is accounted for in the present study. Therefore, the
anisotropic part of the sub-grid stress tensor is modelled by
eddy-viscosity approximation as follows:

τuu−
1
3

Tr(τuu)I =−2µtD (12)

In this formulation, the turbulent eddy-viscosity reads

µt = (Cs∆)
2 | D | (13)

where Cs is the model constant and ∆ is the grid size. As
the turbulence modelling is a generic feature of most of
the OpenFOAM solvers, the classical Smagorinsky model
(Smagorinsky, 1963) is chosen in multiphaseInterFoam to
close the system of equations.

EXPERIMENTS

To provide experimental data for comparison with our CFD
model we built up a simplified mold flow experiment in the
lab as shown in Figure 2. It represents a 1/3 model of a con-
tinuous casting mold. As a replacement for steel and slag
we use water and colored paraffinum oil. In order to in-
vestigate the interaction of the jet with the water-oil inter-
face for various inlet angles (Θ), we use a central symmetry
plane with an adjustable inlet nozzle instead of a SEN. This
gives more flexibility and allows to check worst case scenar-
ios with strong interaction of the jet with the liquid-liquid
interface for positive inlet angles. The water circuit is driven
by an impeller pump and all shown results were obtained at
a flow rate of 0.26 l/s. To avoid upstream disturbances in
the mold flow caused by the water outlet, the main basin is
decoupled from the outlet area by a porous plate. The dimen-
sions of the experiment are shown in Table 1. The physical
properties of water and paraffinum oil are found in Table 2.
Data is recorded with an ordinary video camera to get a qual-
itative impression of the jet-interface interaction and slag en-
trainment as well as 2D particle image velocimetry (PIV). In
the latter case the center plane of the basin is illuminated with
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Table 1: Dimensions of the lab experiment.

Dimensions 250 x 400 x 75 mm
Diameter of inlet nozzle 19 mm
Water level above inlet 8 cm
Thickness of oil layer 1.5 cm

Table 2: Physical properties of water and paraffinum oil at
20◦C.

Water (w)
µ 1 mPa · s
ρ 1000 kg/m3

σ 0.07275 N/m

Paraffinum Liquidum (o)
µ 189 mPa · s
ρ 863.3 kg/m3

σ 0.026 N/m

a Nd:YAG laser and plastic powder is used as tracer particles
for PIV processing. A total number of 1000 double frames is
recorded for each case to provide sufficient data for averag-
ing the flow fields.
For comparison of CFD results with experimental data both
data sources are interpolated to a common equidistant grid
using MATLAB.

Figure 2: The sketch of lab experiment.

RESULTS AND DISCUSSION

Simulation setup

In order to perform numerical simulation, a three-
dimensional geometry (Lx = 250 mm, Ly = 400 mm and
Lz = 70 mm) with a circular inlet was created as the com-
putational domain. Then structured computational grid net-
works were generated with the lowest grid spacing of 1.5 mm
as shown in Figure 3. The initial value of volume fraction for
each phase is adjusted similar to the experimental case.
Pressure outlet and wall boundary conditions were imposed
on the surrounding boundaries of computational domain.
Since generating inflow boundary conditions for LES is not a
straightforward task, a turbulent velocity boundary condition
was used at the inlet to initiate the injection with a randomly-
perturbed velocity profile with the intensity of 0.1. The PIM-
PLE algorithm is adopted for pressure-velocity coupling and
pressure correction. The VOF transport equation is solved
by a specific algorithm in OpenFOAM called MULES solver
(Multidimensional Universal Limiter with Explicit Solution).

This method guarantees the robustness of the VOF method
when using an artificial compression term to improve the in-
terface resolution (Greenshields, 2015). The simulation time
steps are determined based on CFL criterion to keep the max-
imum Courant number about 0.6.
All the fluid properties in the simulation were taken similar to
the experiments. The interfacial tension between water and
oil is σw/o= 0.048 N/m. The air properties were used at stan-
dard room temperature ρa= 1.2 kg/m3 and µa= 0.017 mPa·s.

Figure 3: The sketch of computational domain.

Global flow characteristics

Numerical simulations were performed for two cases at dif-
ferent inlet angles of Θ = -10 and 0 degree. In order to vali-
date the CFD results with PIV measurements, the first quan-
tity to look at is the average velocity field in the mold. For
this purpose the simulations were run long enough to obtain
sufficient instantaneous velocity fields at every 5 ms at the
mid-plane in z-direction. The average velocity magnitude
from the CFD results for Θ = -10 and 0 degree are shown in
Figures 4 and 5, respectively. To reveal a comparison with
the PIV results, the average velocity profiles from CFD and
experiments are plotted along with the constant horizontal
and vertical distances of x = 200 mm and y = 70 mm as
shown in Figures 6 to 9. The overall comparison demon-
strates fairly good agreement between the simulation and ex-
periments.
Furthermore, the velocity fields obtained from the CFD sim-
ulation are used to compute the energy spectra. Therefore, a
fast Fourier transform was carried out and the energy spec-
trum reveals that the present LES model yields good agree-
ment with the Kolmogorov spectrum (Pope, 2000). However,
for validating the dynamic behavior of the CFD simulation
we need time-resolved experimental data, which we will ob-
tain by high-speed PIV in the near future.

Slag entrainment depth

To investigate the interaction of the mold flow with the slag
layer we extracted the point of maximum slag entrainment
depth. Figure10 shows an example of the shadowgraphy ex-
periments where the colored layer of oil can be clearly dis-
tinguished from the water phase. The position of the deep-
est oil entrainment can simply be extracted via digital image
processing. The same procedure was applied to CFD data
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by using the volume of fluid field of oil at iso-surfaces of
αo = 0.5. The CFD and experimental results are compared
in Figures 11 and 12 for the cases with Θ = −10 and 0 de-
gree inclination, respectively. One can see that the positions
of maximum slag entrainment correspond quite well between
CFD and experimental results. Nevertheless the spreading of
data in the experiment is larger which can also be noticed as
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Figure 4: The average velocity magnitude at mid-plane for Θ =
−10 deg. The contour is plotted in SI unit.

Figure 5: The average velocity magnitude at mid-plane for Θ = 0
deg. The contour is plotted in SI unit.
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Figure 6: CFD-PIV comparison of the average velocity profile at
x = 200 mm for Θ =−10 deg.

a higher dynamics of the interface movement in the recorded
videos.

CONCLUSION AND OUTLOOK

In this paper, the turbulent interfacial flow in the continu-
ous casting mold was numerically and experimentally stud-
ied. An LES-VOF approach is applied to investigate the un-
steady flow interaction with the metal-slag-air interface. A
water-oil benchmark experiment was designed for validation
purposes. While the entrainment of slag into the mold was
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Figure 7: CFD-PIV comparison of the average velocity profile at
y = 70 mm for Θ =−10 deg.
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Figure 8: CFD-PIV comparison of the average velocity profile at
x = 200 mm for Θ = 0 deg.

0 50 100 150 200 250
0

0.05

0.1

0.15

0.2

0.25

x (mm)

(u
2  +

 v
2 )1/

2  (
m

/s
)

y=70 mm

 

 

CFD
PIV

Figure 9: CFD-PIV comparison of the average velocity profile at
y = 70 mm for Θ = 0 deg.
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visualized via shadowgraphy, the flow field was measured via
particle image velocimetry. In combination these two meth-
ods allow a qualitative and quantitative comparison of the
unsteady flow characteristics with the CFD results. First, we
compared the global flow behavior for different inflow con-
ditions by using the average velocity fields obtained from the
CFD and PIV. The general agreement of CFD results and ex-
perimental data is very promising. Then, we investigated the

Figure 10: Example image from the mold flow experiment showing
the position of maximum slag layer entrainment.
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Figure 11: The positions of maximum slag entrainment for Θ =
−10 degree from simulation and experiment.
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Figure 12: The positions of maximum slag entrainment for Θ = 0
degree from simulation and experiment.

interaction of the unsteady flow field with the liquid-liquid
interface. The entrainment depth from the simulation match
the experimental visualization quite well while the dynamics
of the interface motion is much lower in the CFD simulation
than in the experiments.
However, there are some shortcomings to be considered for
future improvements of the model such as employing a more
accurate inflow boundary condition for LES simulation. Al-
though the entrainment of small-scale oil droplets cannot be
captured with the current level of modelling, it can be de-
duced that LES-VOF approach is a feasible way to model
the slag entrainment at critical conditions where the droplet-
like slag structures become dispersed in the mold. To this
end, improvement of the current LES-VOF by sub-grid mod-
ification seems inevitable. Future studies will also focus on
numerical modelling and experimental investigation of other
mechanisms for slag entrainment including the Karman vor-
tex formation.
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