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PREFACE  

This book contains all manuscripts approved by the reviewers and the organizing committee of the 

12th International Conference on Computational Fluid Dynamics  in the Oil & Gas, Metallurgical and 

Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also 

known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997. 

So far the conference has been alternating between CSIRO  in Melbourne and SINTEF  in Trondheim. 

The conferences  focuses on  the application of CFD  in  the oil and gas  industries, metal production, 

mineral processing, power generation, chemicals and other process industries. In addition pragmatic 

modelling  concepts  and  bio‐mechanical  applications  have  become  an  important  part  of  the 

conference. The papers in this book demonstrate the current progress in applied CFD.  

The conference papers undergo a review process involving two experts. Only papers accepted by the 

reviewers  are  included  in  the  proceedings.  108  contributions were  presented  at  the  conference 

together with  six  keynote presentations. A majority of  these  contributions  are presented by  their 

manuscript in this collection (a few were granted to present without an accompanying manuscript).  

The organizing committee would like to thank everyone who has helped with review of manuscripts, 

all  those who  helped  to  promote  the  conference  and  all  authors who  have  submitted  scientific 

contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal 

Production and NanoSim. 

Stein Tore Johansen & Jan Erik Olsen 
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ABSTRACT 

Flow dynamics of liquid steel within the Continuous 
Casting (CC) mould are critical for process stability and 
the quality of final products. An “optimal” flow 
provides enough circulation of the metal to avoid 
freezing, but it is stable enough to avoid defects during 
solidification. This requires a trade-off between speed 
and stability that is difficult to achieve for the variety of 
conditions faced by the Scandinavian steel industry 
(e.g. small orders with high variability in size and steel 
grades). This is difficult to address with typical CFD 
models used by the industry and suppliers for design of 
flow control devices (nozzle, stoppers, etc.), since flow 
optimization requires a better understanding of the level 
instabilities inside the mould (i.e. free surface) and its 
highly turbulent behaviour. Consequently, CC requires 
advanced multiphase models as well as accurate 
turbulent and time scales resolution.  
The investigation presented uses a multiphase approach 
(Volume of Fluid, VOF + Discrete Phase Modelling, 
DPM) to solve the molten steel and argon injection 
within the mould combined with Large Eddy Simulation 
(LES) to improve the resolution of turbulent scales 
compared to typical 2-equation models. CFD 
simulations were successfully validated with results 
from a Continuous Casting Simulator using a low 
melting point alloy. Then, these tools were used to 
design and test different SEN types for various mould 
sizes in order to optimize their flow pattern and 
performance in the mould. The project included a 
comprehensive set of plant trials at an industrial caster 
to validate/calibrate model predictions, test nozzle 
resistance and explore process improvement 
opportunities. 
 
Keywords: Numerical modelling, Continuous Casting, 
SEN, LES, design, optimization. 

NOMENCLATURE 

𝑔, Gravitational acceleration [𝑚 𝑠2⁄ ] 

𝜙, Velocity potential [𝑚2 𝑠⁄ ] 

{𝑑, 𝑎, 𝑏}, Spatial lengths [𝑚] 

{𝑥, 𝑦, 𝑧}, Spatial coordinates [𝑚] 

𝜂, Surface offset [𝑚] 

𝑓, Frequency in Hz [1 𝑠⁄ ] 

)(dFd , Dimensionless scaling function 

𝜌, Density [𝑘𝑔 𝑚3⁄ ] 

D , Nozzle port diameter (mm) 

 , Nozzle port angle (mm) 

V , Velocity [𝑚 𝑠⁄ ] 

{𝑚, 𝑛}, integer numbers 

INTRODUCTION 

The Swedish steel industry currently operates in a niche 
market where orders are small and products can differ 
significantly in composition and size. Thus, steelmakers 
seek a deeper process understanding to enhance quality 
for short production runs. Common quality problems in 
CC are related to flow instabilities in the mould, which 
may cause slag entrapment and cracking due to 
differences in shrinking and solidification for the variety 
of slab sizes ordered by the customers. The movement 
of liquid steel within the mould is critical to process 
stability and quality of final products where an 
“appropriate” behaviour of the metal level ensures a 
minimum of defects during solidification (Dauby, 
2011). Therefore, there is a demand for a more flexible 
production where stable casting conditions are reached 
promptly to minimize defects. Consequently, the metal 
flow in the mould has been widely studied through 
simplified numerical models and physical models with 
water. Unfortunately, these approaches are not enough 
to capture the behaviour of the interface between metal 
and slag (e.g. single phase models) as well as the 
magnitude and frequency of level fluctuations at the 
interface due to different physical properties of liquid 
metal and water (e.g. water models).  Advanced 
multiphase models are an efficient tool to address these 
shortcomings as well as testing different mould and 
nozzle geometries in a cost and time efficient manner. 
The advanced simulations carried out in this 
investigation use LES (Large Eddy Simulation) coupled 
to a DPM (Discrete Phase Model) model developed by 
Olsen et al. (Olsen et al., 2009) for stirred ladles. This 
has been adapted to handle Argon gas injection in the 
nozzle and flow dynamics in the Continuous Casting 
mould (Ramirez Lopez et al., 2014).  
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The Continuous Casting (CC) process 

Continuous Casting is a process by which molten metal 
is poured from a ladle into a copper mould through a 
Submerged Entry Nozzle (SEN). The metal fills the 
mould and forms a solidifying shell which contains the 
liquid steel as it is slowly pulled out at a specified 
casting speed (𝑚/𝑚𝑖𝑛). Slag is added on top of the 
mould forming a slag-metal interface which prevents 
direct contact with air to avoid re-oxidation. As the 
strand is drawn out, it is bent by a series of cylindrical 
rolls. Once the strand has completely solidified it is cut 
into slabs by a gas torch. Figure 1 presents an overview 
of the CC process where red represents liquid metal, 
blue illustrates the solidified shell in the strand and grey 
represents the slag cover. 

 
Figure 1: CC-Mould process. 

Numerical modelling 

There are several complex physical processes acting 
simultaneously in the mould during casting. Firstly, 
there is a strong recirculating flow of liquid steel which 
is determined by the nozzle shape and mould size. 
Secondly, the injection of Argon (small bubbles, 
typically <5 mm in ) affects the main flow and 
disturbs the metal level as they leave the surface. 
Additionally, the slag acts as a semi-wall by dampening 
the fluctuations at the slag-metal interface (Pericleous et 
al., 2010). This behaviour is highly dependent on the 
SEN design, mould and casting conditions. 
Furthermore, in some cases, external fields such as 
electro-magnetic breaking and/or stirring can be used to 
modify the flow. However, a model able to capture each 
of these phenomena to the smallest detail is not feasible 
for industrial application. Therefore, several 
simplifications have to be made in order to achieve 
predictions with enough accuracy at a reasonable 
computational cost. These include the following: 
 

 Viscosity and density variations with 
temperature do not affect to a large extent the 
flow in the mould. Thus, the flow is assumed 
to be isothermal. 

 The mushy zone close to the solidified shell in 
the mould walls can be approximated by a 
non-slip wall. 

 The hydrostatic pressure and temperature 
variations in the liquid steel do not affect the 
Argon bubbles diameter significantly. 

 The mesh is adapted for computational 
efficiency. Thus, boundary layers are not fully 
resolved at the walls (e.g. not ensuring 𝑦+ ≈ 1) 
while time-step increments do not achieve 
Courant numbers below 1 in all of the 
geometry. However, it was concluded that an 
element count of ~2 Million cells provides a 
good compromise between accuracy and 
computational time for the available resources. 
A mesh study has been carried out to verify the 
accuracy of the simulations (Barestrand et al., 
2016). 

Figure 2 illustrates the geometry and different mesh 
zones for the model, (1) is a constant velocity inlet, (2) 
is a pressure outlet and (3) is a constant velocity outlet.  

 
Figure 2: Mould model geometry & coarse mesh. 

The mesh is completely conformal and joined by 
transition zones. It is highly refined at the metal level 
(red) and nozzle (green) to enable capturing of surface 
fluctuations and turbulence. The SIMPLE C-algorithm 
is used together with a Least Squares Cell Based 
gradient description for time-stepping. A body force 
weighted formulation was used for pressure, whereas a 
bounded central differencing is used for momentum. A 
second order upwind scheme is used for the volume 
fraction.  
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The following parameters were used for the LES 
(turbulence), VOF (Eulerian frame) and DPM 
(Lagrangian frame) sub-models for solving the Navier-
Stokes equations: 

 Large Eddy Simulation 
o WALE Subgrid model 
o WALE constant (Cw = 0.325) 

 VOF: Eulerian frame type model 
o Implicit body force  
o Dispersed interface 
o Constant interfacial surface tension 

 Discrete phase model: 
o Updated every third time-step 
o Coalescence 
o Custom User Defined Function (UDF) 

for drag-force 
 Two-way coupling interaction between 

continuous phase (steel) and Disperse phase 
(Argon bubbles) including turbulent 
interactions.  

Further details on the standard solver are not discussed 
here in detail since they can be found in the ANSYS-
FLUENT theory manual (ANSYS-Inc., 2013) while 
specific changes to the solution procedure and User 
Defined Functions can be found in a detailed report 
(Barestrand et al., 2016). ANSYS-FLUENT was 
executed on a 128 core cluster. 

Physical modelling 

A numerical model that aims to incorporate all the 
phenomena described previously needs substantial 
amounts of data for validation. This was partly done at a 
Continuous Casting simulator located at Swerea 
MEFOS. The simulator is based on a low-melting point 
alloy with similar properties to liquid steel. The 
properties used in the CFD simulations for steel and the 
low melting point alloy in the casting simulator is 
presented on Table 1.  

Table 1: Casting Simulator Details and material properties 

Continuous Casting Simulator specifications 
Mould size 1.2 x 0.22 x 0.9 m 

Tundish (metal 
holder) h = 0.7-0.9 m 

Argon flow rate Variable : up to 12 lit/min 
Immersion depth Variable within  150 mm 

Bi-Sn alloy (MCP-137) & liquid steel 
properties 

 
viscosity,  

 
(Pa-s x10-3) 

density, 
 

(kg/m3) 

kinematic 
viscosity,  

 
(m2/s x10-6) 

Steel 
(1500 C°) 6.28 7193.7 0.9 

MCP 137 
(150 C°) 10.7 8580 1.25 

MCP 137 
(170 C°) 8.6 8580 1 

 
Further details on the CC simulator were presented 
previously at CFD 2014 in Trondheim (Ramirez Lopez 
et al., 2014) (Figure 3).  

 

Figure 3: CCS-1.5 Continuous Casting SimulatorThe 
CC simulator was used to test two different SEN types; 
namely mountain and cup, based on the shape of the 
bottom of the nozzle and ports (Figure 4). The mountain 
and cup types are designated M and C, respectively. 

 
Figure 4: Mountain & Cup nozzle geometries and design 

parameters. 

Experiments were carried out for all the casting 
conditions in the operational range of the industrial 
caster under investigation as well as testing the 
resistance and performance of the new nozzle designs. 
The industrial mould size varied between 1200 mm to 
1680 mm in width and 220 mm to 290 mm in thickness, 
whereas validation in the CC simulator was carried out 
in a mould with 1200 mm width and 220 mm thickness 
for both nozzles. An optical probe was used for 
characterization of the surface fluctuations by means of 
a distance measurement with high acquisition rate, 
which resulted in reliable evaluation of the surface 
behaviour for the different nozzles and casting 
conditions (Figure 5a). The signal accuracy of the probe 
is up to 0.4 𝜇𝑚 with a sampling frequency of 1000 𝐻𝑧. 
The probe was positioned at half the distance between 
the mould short face and nozzle as well as in the middle 
of the thickness for all measurements (Figure 5b-5c). 
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Large transient events were discarded in the processing 
of these signals, which leaves only the short period 
variations (e.g. Ts<5s) to characterize the fluctuations at 
the metal interface. 

 
Figure 5: Measurement of fluctuations at the metal interface 

using an optical probe. 

Plant trials 

A variety of velocity and surface profile measurements 
were carried out during actual production runs at an 
industrial CC machine. The velocity measurements 
were done using the nail board method where a rack of 
nails is dipped for a few seconds in the mould between 
the nozzle and narrow side. The steel forms a solidified 
tip whose profile can be related to the velocity and 
direction of the steel flow at that moment (Figure 6) 
(Liu et al., 2011). 
 

 
Figure 6: Schematics of nail dipped into the molten steel-slag 

interface (left) and nail board rack (right). 

The velocity of the liquid metal at the nail position may 
be approximated by the formula. 

g
Vh
2

2

       (1) 

Where 𝛥ℎ is the difference in height between the two 
sides of the nail; 𝑉 is the velocity at the interface and 
𝑔 is the gravitational acceleration. The nail board 
presented in Figure 6 (right) provides a 3x6 resolution 
map of the interface velocities. Furthermore, the main 
flow direction may be determined by measuring the 
positions of maximum and minimum height of 
solidified tip on the nail. These measurements were 
used as basis to validate the velocities and level 
fluctuations measured in the Casting Simulator and 
CFD models. 

Analytical model 

The analytical behaviour of surface waves has been 
extensively studied for liquids with a free surface 
(Lighthill, 2001). Thus, the free surface frequencies of 
the metal in the mould can be derived by assuming two 
completely inviscid fluids with density ( and 

𝑥
) 

separated by an interface (𝑧 =  0) confined into a 
rectangular geometry of  𝑆𝑖𝑧𝑒𝑖 = {𝑎, 𝑏, 𝑑}. The velocity 
potential in the fluids may be regarded as a general 
function dependent on spatial position and time. 
Further, it may be also assumed to be separable; so, the 
velocity potential can be written as: 

)()()()(),( tzyxtx tzyxj      (2) 

Naturally, the velocity potential needs to satisfy the 
continuity equation since an incompressible fluid is 
assumed. Thus, this can be written as:  

0
2






ii xx
      (3) 

If a new variable   is introduced to represent the offset 
of the surface from position 𝑧 = 0, the boundary 
conditions for the domain can be written as: 

0  ;  ;0  ;0
,00,0


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
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













 byzaxdz ytzxz


     (4) 
Where 𝑎 represents the width of the geometry 
containing the fluid, 𝑏 is the length and 𝑑 is the depth. 
The last condition for the interface comes from 
Bernoulli’s equation for unsteady flows:  

0)(
2
1 2 








 pgz
t

   (5) 

Linearizing this equation (omitting 2)(  ) gives the 
final boundary condition for Equation 6: 

0),,(
0





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

 ptyxg
t z

   (6) 

The derivation is straightforward by inserting 
Equation 2 into Equation 3. An oscillatory solution with 
the frequency (Equation 7) is obtained after applying the 
boundary conditions (Equations 4 and 6): 
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Where 𝑎 and 𝑏 are the side lengths (e.g. mould width 
and thickness) and 𝑔 is the gravitational acceleration. 
Note that this expression only holds true when there is 
significant density differences between the fluids 
(e.g. water and air). The frequencies obtained through 
this equation are the eigenfrequencies at which the 
liquid steel within the mould resonates. These 
frequencies are independent of viscosity, density and all 
other properties of the fluid (i.e. these are only a result 
of the interaction between continuity and body forces).  
The general expression for the eigenfrequencies, 
ignoring the mould depth can be written as in 
Equation 8: 
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Uneven whole numbers in this equation represent the so 
called “sloshing frequencies”, while even modes 
represent “symmetric frequencies” as observed in Figure 
7. Generally even modes are induced by symmetric flow 
features and uneven modes by asymmetric structures 
(such as jet oscillation)(Gupta et al., 1997). 

 
Figure 7: Sloshing and symmetric mould frequencies. 

These frequencies naturally resonate with the mould and 
may lead to amplification of the surface waves 
(i.e. interface fluctuations in the mould); thereby, flow 
patterns in these frequency ranges must be avoided. 
Additionally, these frequencies affect the circulation 
time and roll frequencies. Ultimately the nozzle design 
affects all these flow structures and plays a major role 
on how these frequencies are induced. 

RESULTS & VALIDATION 

Overall flow patterns 

Processing of CFD results is quite complex since it must 
portray the long-term behaviour of the flow pattern as 
well as its frequency fluctuations without simple 
averaging of the data. Figure 8 presents a volume render 
of velocities, eddy viscosity and Argon bubbles 
(i.e. DPM-distribution) for the 1200 x 220 mm mould. 

 
Figure 8: Volume render of velocity (left), eddy viscosity 

(centre) and Argon bubble distribution (right) for a 
1200mm×220mm mould with M-type nozzle. 

Steel interface 

The steel surface behaviour is of particular interest since 
the validation depends on the surface behaviour; thus, 
an iso-surface was used to define the steel-slag interface 
at VOF=0.5 steel fraction (Figures 9 and 10).  

 
Figure 9: Standard Deviation of metal level fluctuations at the 

free surface. 

 
Figure 10: Averaging of metal level fluctuations at the free 
surface (red denotes an increase in level and blue denotes a 
decrease in level). 

The surfaces in Figures 9 and 10 were extracted at a rate 
of 40 Hz and contain the height of the fluctuations 
measured from a steady reference level 0.0. (red denotes 
an increase in level and blue denotes a decrease in 
level). Figure 9 clearly indicates that the main source of 
surface fluctuations is the dissipation of momentum at 
the narrow sides as well as the bubble departure 
positions. Figure 10 indicates that the most prominent 
surface feature is the standing wave sending metal 
upwards due to momentum in the narrow walls and the 
neighbouring valley (i.e. level depression). This is an 
interface feature that was confirmed during the plant 
trials. 

Argon bubbles  

The Discrete Phase Model (DPM) is able to predict the 
argon distribution and flow differences for the various 
mould sizes. However, there is no method available to 
map the bubble departure positions during industrial 
operation and/or liquid metal experiments. Therefore, 
the results are only indicative of the possible argon 
behaviour in the mould.  
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Nevertheless, the flow and velocity patterns observed 
during plant trials and experiments are similar to those 
predicted in the CFD simulations. This could well 
indicate that the argon model predictions are in line with 
the actual flow patterns in the mould. Bubble departure 
positions and termination points are presented in 
Figures 11 and 12, respectively. Figure 11 indicates that 
the bubble departure positions are spread more evenly 
for the larger geometry while bubbles tend to cluster 
around the nozzle for smaller moulds. This is mainly 
due to the different jet velocities for the widest (1680 

mm) and narrowest (1200 mm) moulds. Bubble 
termination points in the x-y plane (parallel to the wide 
walls) are shown in Figure 12 where termination points 
indicate coalescence or escape. Results show that 
smaller geometries produce more coalescence in the 
upper part of the nozzle, while bubbles are more evenly 
distributed for larger geometries. This suggests that the 
residence times for smaller moulds are significantly 
larger, which allows more coalescence.  
 

 
Figure 11: Scatter plot of bubble departure positions coloured by dimensionless concentration (upper) and particle mass (lower). 

 
Figure 12: Bubbles termination points: y≈0.1 indicates escape while y< or y> 01 indicates coalescence  

(bubbles coloured by mass at termination).
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Nozzle frequency signature 

Predictions show that nozzle performance is the main 
deciding factor for the length, distribution and 
periodicity of stable flows within the mould. 
Furthermore, each particular flow pattern gives rise to a 
Nozzle Frequency Signature (NFS) which varies with 
design, mould geometry and casting speed. Examples of 
these frequency signatures are presented in Figure 13. 

 
Figure 13: NFS for mountain and cup nozzles. 

The main nozzle variables which affect NFS for a given 
mould and casting speed are: 
 

 Inlet angle 
 Inlet diameter 
 Type (Mountain or Cup) 

Frequency comparison 

Table 2 presents the predicted frequencies from 
analytical and numerical modelling compared to the 
actual frequencies measured in the physical caster. 

Table 2: Frequency comparison in Hz 

 

Results in Table 2 show a good agreement between 
Theoretical, Numerical and Experimental frequencies, 
which indicates the validity of the CFD and analytical 
models developed. Nevertheless, the offsetting of the 
modelling results towards lower frequencies reveals 
possible over relaxation as observed in Figure 14. The 
CFD predictions were further improved by disabling the 
sharp interface and interfacial anti-diffusion, which 
provides an excellent match for the Simulator 
frequencies in Table 3. 

Table 3: Frequencies from numerical models in Hz (1/s). The 
number after C or M denotes the port diameter d in mm, while 

the inlet angle in θ degrees is next. Frequencies in bold 
numbers have higher amplitudes. 

 
Substantially better agreement between models and 
experiments are evident by comparing these frequencies 
to the physical caster in Table 2. This means that anti-
diffusion algorithms should be avoided when modelling 
mould frequencies and determining the NFS 
numerically 

Figure 14: Sharp interface numerical model frequencies compared to physical. 
 

Peak # 1 2 3 4 5
Theoretical 0.8069 1.1412 1.3977 1.6140 1.8045
Numerical 0.7688 1.118 1.246 1.409 1.491
CCS-1.5 0.75 1.16 1.35 1.62 1.74

Peak # 1 2 3 4 5
1200x220 - C 65-15 0.778 x 1.328 1.612 1.745

1200x220 - M 65-15 0.709 1.211 1.471 1.588 1.720
1200x220 - M 70-15 0.782 1.148 1.339 1.61 1.739
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Surface velocity comparison 

A comparison between surface velocities in the CFD 
models and plant measurements is presented in 
Figures 15 and 16. A dispersed phase formulation is 
used in Figure 15 for the velocity gradient resulting in 
poor agreement due to the dispersive layer. In contrast, 
a sharp anti-diffusive interface formulation is used in 
Figure 16 resulting in excellent agreement. 

 
Figure 15: Interface velocities for the dispersed phase 

formulation compared to plant measurements. 

 
Figure 16: Interface velocities for sharp anti-diffusive 
interface formulation compared to plant measurements. 

 
 

DISCUSSION 
The combination of LES+VOF+DPM seems suitable to 
predict the phenomena inside the mould and casting 
nozzle for different Argon loads and casting speeds. 
However; at this stage, the model does not account for 
bubble breakup which is expected to have a minor 
influence in the flow pattern (i.e. larger bubbles with 
more buoyancy would have a stronger effect on the 
flow). The surface velocity comparison shows that a 
non-dispersive model should be used in order to capture 
interface velocities with high accuracy. This is the 
opposite of the surface frequency results in the previous 
section. This requires further investigations and work is 
being carried out by the authors to explain and elaborate 
on these findings.  
Ultimately, the aim of the present model is to find 
optimal conditions for caster operation which includes 
the ideal bubble size (to avoid entrapment of the 
bubbles in the solidifying shell). However, this requires 
coupling of LES with a more complex solidification 
model as those presented by the authors for a simpler 
turbulence model; k-epsilon (Ramirez Lopez et al., 
2014). This would also imply a non-isothermal solution 
with the subsequent thermal gradient effects on the 
continuous and dispersed phases (e.g. gas expansion, 
increased lift, convective effects, etc.). However, it is 
expected that these have a minimum impact on the flow 
since the argon temperature is already close to steel 
when reaching the injection point as observed by 
(Iguchi et al., 1995) while the same minor influence  
can be expected for the convective effects since the 
inertial forces in the mould are considerably greater than 
any velocities induced by changes in density of the 
liquid steel. Even if those become more important 
towards the end of solidification further down the 
strand.  

CONCLUSIONS 

The present investigation compared results from 
numerical and analytical models developed for 
Continuous Casting with Industrial trials and 
experiments on a Casting Simulator. The following 
conclusions can be drawn from these comparisons:  
 

 Eigenfrequencies in the mould are almost 
exclusively dependent on the mould geometry, 
except for offsets in the frequency created by 
small differences in flow features. These are 
caused by minor changes in the nozzle design 
(e.g. port angle and diameter). 

 The nozzle performance can be characterized 
by a Nozzle Frequency Signature (NFS) which 
varies between mould sizes and casting speed. 

  The NFS can be evaluated using numerical 
methods validated on the Casting Simulator in 
liquid metal. This allows for a quick and 
efficient way to test the performance of a 
nozzle for a given geometry as well as finding 
optimal casting conditions. 

 The analytical approach developed for 
prediction of frequencies in CC is in very good 
agreement with experiments and simulations, 
confirming the existence of the NFS.  
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 All measurements performed in the CC 
Simulator clearly show the presence of 
eigenfrequencies, although the uneven modes 
are offset compared to the theoretical ones by 
an average 0.06 Hz. 

 It was confirmed that the amplitude of the 
eigenfrequencies is dependent on nozzle 
geometry, while the mode amplitudes are 
dependent on casting speed. 

 The dispersed iso-surface VOF model for level 
monitoring and frequency analysis is proven to 
better capture the resonance frequencies. 
However, the sharp interface anti-diffusive 
interface formulation provides a better 
agreement with the interface velocities 
measured industrially.  

 The major flow features can be captured using 
a relatively coarse mesh aiding computational 
efficiency. 

A deeper study is undergoing to study the dependence 
of the flow patterns on different nozzle parameters such 
as how the interface, jets and argon-distribution are 
affected by changes in diameter and inlet angle of the 
nozzles. 
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