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1. Introduction

The ladle furnace is the most important aggregate in secondary
steelmaking. Its metallurgical tasks include melt transport, addi-
tion and homogenization of alloying elements, adjustment of a
homogeneous casting temperature, and the removal of nonme-
tallic inclusions. However, the demands on process control are
constantly increasing. Customers are expecting steadily decreas-
ing levels of nonmetallic inclusions. Economically, shorter batch

times and lower energy consumption must
be ensured. From a social point of view,
environmental aspects are increasingly
gaining importance. The steel industry
must respond to these growing challenges
by continuously improving all processes
and equipment. Since measurements in
metallurgical aggregates are quite cumber-
some, numerical models have proven to be
a vital tool for these continuous
improvements.

Ever since the first numerical model of a
ladle was introduced by Szekely et al.,[1] more
than 200 flow models have been proposed.
The reviews by Mazumdar and Guthrie[2]

and more recently by Liu et al.[3] summarize
the most important developments. Due to
significantly increasing computational capa-
bilities and improved mathematical models,
there is a distinct trend towardmore complex
and accurate models. Turbulence has been
computed almost exclusively using the
Reynolds-Averaged Navier-Stokes (RANS)
standard k-εmodel except for some very early

works. It is only in recent years that large eddy simulation (LES)
based models are gaining importance. Li et al.[4,5] and Haas
et al.[6,7] showed on the watermodel scale that transient phenomena
can be represented and higher accuracy is achieved compared to
RANS models. Other works used the LES model for local phenom-
ena such as slag emulsification.[8–10] A first full-scale LES model
was presented by Li and Pistorius,[11,12] though this work focused
on transient phenomena, not averaging the flow field. Thus, the
computed physical time was low.

For gas bubble modeling, the early quasi single-phase model
has been almost completely replaced by the Euler�Euler (E-E) or
Euler�Lagrangian (E-L) model. In particular, the latter has found
the most application in recent years. In some cases, the bubble’s
phase boundary has been modeled directly with the volume of
fluid (VOF) model.[13] However, the numerical grid resolution
is much too low for an appropriate computation of the phase
boundary.[14] The E-L approach has some model intrinsic draw-
backs like that the bubbles are considered as point masses and do
not occupy any volume on the Eulerian grid. Two different meth-
ods have been proposed to overcome this. Chen et al.[15] coupled
the Lagrangian and the Eulerian phase by adjusting the local
Eulerian properties in dependence of the void fraction computed
by the Lagrangian bubbles. However, that method, which might
be called E-L-mixture coupling, might cause stability issues since
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Numerical simulation is a vital tool for the continuous improvement of all
steelmaking processes. In previous works, the authors have dedicated different
approaches to optimize modeling of fluid flow in the ladle. This includes a
sensitivity analysis of validation techniques, assembling of a validation database,
and a model optimization on the water model scale. Herein, the final part of this
project is presented at which the optimized model is scaled to the real process.
Associated problems are identified and solutions are proposed. To achieve a
tradeoff between large eddy simulation (LES) grid requirements and current
computational capacities, a hybrid meshing strategy is optimized. To overcome
the intrinsic drawbacks of the Euler–Lagrange model, a mapping approach for
phase decoupling is implemented and made publicly available on GitHub. The
upscaling of semi-empiric submodels is discussed. Good agreement with
experimental mixing time measurements is found, indicating the success of
upscaling. A first time-averaged flow field of a full-scale 185 t ladle with the LES
model is presented. Due to the extreme computing requirements, these results
may currently be used as a benchmark, but the trend toward increasing com-
puting capacities may make LES models state of the art in the future.

RESEARCH ARTICLE
l

www.steel-research.de

steel research int. 2021, 2100653 2100653 (1 of 14) © 2021 The Authors. Steel Research International published by Wiley-VCH GmbH

mailto:haas@iob.rwth-aachen.de
https://doi.org/10.1002/srin.202100653
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.steel-research.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsrin.202100653&domain=pdf&date_stamp=2021-12-28


it produces steep density gradients. In addition, bubbles still
need to be small compared to the Eulerian grid. Li et al.[16] pro-
posed a E-L-VOF coupling at which bubbles smaller than the grid
are modeled by the Lagrangian approach and are transformed
into a VOF phase in case the bubble diameter exceeds the grid
spacing. Liu et al.[17] employed the same approach. However, the
grid resolution is far to coarse to appropriate model the VOF
phase.

Despite the trend toward more complex and more accurate
models, a common feature of all presented models is that good
agreement with validation data was reported. The discrepancy
between more elaborate models on the one hand and the same
“good” results on the other underlines the need for more accu-
rate and detailed validation. With the goal of a structured optimi-
zation of numerical models, the authors of this work met this by
different approaches.

First, a comprehensive sensitivity analysis of the most fre-
quently used validation methods was carried out.[18] It could be
shown that a structured optimization of numerical models is only
possible by combining flow measurements and bubble swarm
tracking. Since this information cannot be determined accurately
enough in the real process, this implies that the numerical model
should first be optimized on a water model scale.

For this purpose, a new measurement method, BubCNN, was
developed to identify gas bubbles on high-speed videos using
convolutional neural networks (CNNs).[19] In combination with
a tracking algorithm, not only the bubble size but also the bubble
rising velocity could be determined. These measurements were
combined with particle image velocimetry (PIV) in the single-
phase and multiphase regions to form a validation database.[20]

In addition to a comprehensive experimental documentation,
this database includes a detailed uncertainty estimate of the
employed measurement techniques. In order to assess the mod-
el’s accuracy using all validation data available in the database
simultaneously and to use a quantitative rather than a qualitative
metric, a validation score was derived. The overall score is com-
posed of various subscores that reveal additional optimization
potentials:

1.1. Toroid (Max. Score: 10)

The “toroid” subscore compares the predicted and measured
position of the point where the radial flow near the surface is
redirected into a downward axial flow. Thereby, the prediction
accuracy of the general flow structure and the position of possible
dead zones are assessed.

1.2. Means (Max. Score: 20)

The “means” subscore compares the numerically calculated
mean values of the velocity components and their fluctuation
with the measured values on the plane of symmetry. This eval-
uates the extent to which the numerical model predicts the
strength of the flow and thus is able to predict mixing, refractory
wear, or removal of inclusions.

1.3. Monitors (Max. Score: 40)

The “monitors” subscore is a refinement of the previous sub-
scores. Here the flow direction and the velocity components,
as well as their fluctuation are compared at eight defined control
points on the plane of symmetry as well as on the plane perpen-
dicular to it. Thereby conclusions can be drawn about the predic-
tion accuracy of the flow structure and the flow velocity.

1.4. Bubbles (Max. Score: 15)

The “bubble” subscore compares the calculated and measured
mean bubble rising velocity and the width of the bubble plume
at five different heights. It allows a detailed optimization of all
bubble-related submodels that play a major role in the formation
of the flow as well as heat and mass transfer in the ladle.

1.5. Plume (Max. Score: 15)

The “plume” subscore evaluates the prediction accuracy of the
numerical model with respect to the axial velocity and the width
of the flow profile of the continuous phase in the plume zone.
Like the bubble subscore, it allows an optimization of all bubble-
related submodels.

With this validation score, the numerical model was first opti-
mized for the water model.[7] An important result was that the
accuracy is significantly higher when the LES turbulence model
is used. In this case, the anisotropy of turbulence in the bubble
column can be represented which increase the accuracy
significantly.

In this work, the final step of this structured optimization is
presented. Here, the numerical model optimized for the water
model is scaled to the real process. However, there are further
sources of inaccuracy as well as modeling problems associated
with this upscaling which are discussed later. Associated chal-
lenges are finding a tradeoff between grid requirements of the
LES model and current computational capacity, overcoming
the intrinsic problems of the E-L method on fine grids by pro-
posing a two-way coupling between Eulerian and Lagrangian ref-
erence frames, discussing the transferability of semi-empiric
models from the air�water system to argon-steel and finally ver-
ifying the upscaling by suitable plant data.

2. Numerical Model

2.1. Geometry

The modeled system is a 185 t ladle, operated at an argon flow
rate of 200 NL min�1. Its dimensions are given in Figure 1.
Employed fluid properties are summarized in Table 1. The sys-
tem is considered isothermal. Numerical models that investi-
gated the temperature distribution in the melt suggest that his
assumption is reasonable. Mukhopadhyay et al.[21] reported a
maximum temperature gradient of 2 �C after 1.5min of stirring
that totally vanished after 3 min. Ganguly and Chakraborty[22]

reported that a argon flow rate of 0.5 NL min�1 is sufficient to
remove any thermal stratification in a 105 t ladle. The total energy
loss of the melt during ladle treatment is also neglected, since the
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calculated time is short enough so that this overall temperature
loss is very small. A no-slip boundary condition is applied to all
walls, and the opening is modeled by a wall with a no-shear con-
dition. For the computations, a structured hexahedral grid is
created. Specifics are discussed in Section 3.

The ladle comprises three continuous phases and one dis-
persed phase which requires two different multiphase modeling
approaches. The continuous phases, steel, slag, and furnace
atmosphere are modeled with the Eulerian approach. Their
phase boundaries, indicated by a volume fraction Fn in the range
between 0 and 1, are dynamically modeled with the VOF inter-
face tracking method[23]

∂Fn
∂t

þ ∂
∂xi

Fnuið Þ ¼ 0 (1)

In cells that contain a phase boundary, the effect of surface
tension is modeled by an additional source term in the momen-
tum equations.

The conservation equations for the continuous Eulerian
phases are discretized by the nondiffusive bounded central dif-
ference scheme.

2.2. Bubbles

The dispersed argon bubbles are modeled with the E-L approach.
The bubbles’ trajectories are computed by a coupled solution of
Equation (2) and (3) by a fifth order Runge Kutta scheme.

∂xB
∂t

¼ uB (2)

∂uB
∂t

¼ 1
mB

X
i

FB,i

¼ gVBðρF�ρBÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
FB

þ 1
2
cDρF

πd2B
4

ðuB�uFÞ2|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
FD

þ cL
πd3B
6

ρFðuB�uFÞ � ð∇�uFÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
FL

þ cVMρFVB
duF
dt

� duB

dt

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

FVM

(3)

As can be seen from Equation (3), the bubble trajectories are
governed by a force balance that include the buoyancy force FB,
the drag force FD, the lift force FL, and the virtual mass force FVM.
These forces are determined by fluid and bubble properties and
the drag coefficient, cD, lift coefficient cL, and the virtual mass
coefficient cVM. In the water model study,[7] it was found that
most accurate results are obtained by employing the drag coeffi-
cient model for fully contaminated systems, Equation (4), by
Tomiyama et al.,[24] the lift coefficient model, Equation (5), by
Tomiyama et al.[25] with the expansion by Frank et al.[26] and a
constant virtual mass coefficient of 0.5.

cD ¼ max
�
24
ReB

�
1þ 0:15Re0:687B

�
,
8
3

Eo
Eoþ 4

�
(4)

cL ¼
(min½0:288 tanhð0:121ReB; f ðEodÞ� Eod ≤ 4
f ðEodÞ 4< Eod ≤ 10
�0:27 Eod>10
f ðEodÞ ¼ 0.00105Eo3d � 0.0159Eo2d þ 0.474

(5)

In Equation (5), Eod is the modified Eotvos number that con-
siders the deformation of larger bubbles into ellipsoids rather
than spheroids

Eod ¼ gðρF�ρBÞd2h
σ

(6)

To estimate the deformation, Tomiyama et al.[24] proposed to
use the correlation by Wellek et al.[27]

dh ¼ dB 1þ 0:163Eo0:757ð Þ1=3 (7)

This model was originally derived for liquid droplets though
have shown to be suited for contaminated bubbles as well.
Whether it describes bubble deformation in liquid steel is diffi-
cult to assess as will be discussed in the subsequent chapter.
Bubbles are released with a log-normal diameter distribution
between 10 and 50mm and a mean of 25mm into the compu-
tational domain. The real bubble size distribution in the melt is
largely unknown and is a major source of model uncertainty in

Figure 1. Dimensions, phases, andmodeling approaches of the numerical
model.

Table 1. Employed physical properties.

– – – Melt Slag Furnace [Atmosphere]

Temperature T �C 1600 1600 1600

Density ρF kg m�3 6932 2700 1.2

Viscosity μF kg ms�1 5.06� 10�3 1 1.78� 10�5

Surface tension σ N m�1 1.5 1.5
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upscaling the model. It is discussed extensively in the next chap-
ter. Some previous experimental studies[28,29] suggest that bubble
coagulation and breakup have an influence on the flow. However,
the governing mechanisms of coagulation and breakup are not
fully understood and still require additional research, especially
in liquid metals.[30] Thus, these phenomena are not considered
in the presented model as the uncertain of such empiric submo-
dels are considered too high at this stage.

On their rising path, the bubbles grow slightly, while its den-
sity decreases because of a declining static pressure according to

dBðzÞ ¼ dB,0
ρFgHFillþp0

ρFg HFill�zð Þþp0

� �
1=3

(8)

ρBðzÞ ¼ ρB,0
ρFgðHFill�zÞþp0

ρFgHFillþp0
(9)

Implemented by a user-defined function (UDF) described in
detail later, all bubbles are removed from the computational
domain as they reach the phase boundary of furnace atmosphere,
which is indicated by an atmosphere volume fraction Fn
above 0.25.

The momentum exchange between bubbles and fluid is
modeled by an additional volume force in the momentum con-
servation equations

FEx ¼
X
i

Fd,i m
:
B Δt (10)

However, coupling between the bubbles and the fluid proper-
ties is one of the major scaling problems, since the bubbles are
large compared to the grid width. The solution for that problem
is discussed in the next chapter in detail.

2.3. Turbulence

In the previous optimization of the numerical model on the
water model scale,[7] it was shown that the accuracy can be sig-
nificantly increased when the LES turbulence model is employed.
In this model, originally proposed by Smagorinsky,[31] the Navier
Stokes equations are filtered using a spatial low-pass filter. The
filtered parts of the turbulence spectrum are directly modeled,
while the remainder, the smaller scale turbulences that tend
to be more isotropic in nature, are modeled with a subgrid
model. In implicit filtering, which is used by Ansys Fluent
and most commercial solvers, no explicit filter function is used,
but the filtering is maintained implicitly via the discretization of
the Navier Stokes equations resulting in Equation (11)

ΔðρuiÞ
Δt

þΔðρuiujÞ
Δxj

¼� Δp
Δxi

þ Δ

Δxj

"
μ

Δui
Δxj

þΔuj
Δxi

�2
3
δij

Δuk
Δxk

 !#
þ ρf i

(11)

However, this approach leads to the fact that on grids larger
than the Kolmogorov length scale the energy dissipation from
large eddies to eddies smaller than the grid is not sufficiently
represented, i.e., unphysically little energy is dissipated.
Therefore, a model is needed that approximates the energy dis-
sipation of the subgrid scale eddies. Commonly, the dissipation

is considered by the subgrid Reynolds stresses that are added to
Equation (11). In the previous study,[7] it was found that the
dynamic Smagorinsky model, Equation (12), is slightly more
accurate than the one-equation model by Deardorff.[32]

Following the mixing-length concept, Smagorinsky[31] proposed
for the turbulent viscosity

μsgs ¼ ρFC2
SΔ

2
ffiffiffiffiffi
S2

p
(12)

Though it is the most often employed subgrid model, this
static Smagorinsky model has two decisive disadvantages.
First, the model constant Cs must be defined a priori. Its value
can vary greatly depending on the flow and is fundamentally dif-
ferent in multiphase zones.[33] Another disadvantage is that the
Smagorinsky model is a pure sink for energy, which is only true
in the statistical mean. Locally, smaller vertices can transfer their
energy to larger scales, known as backscattering. In this work, an
approach that eliminates these two disadvantages is used, the
dynamic subgrid model by Germano modified by Lilly.[34]

Here, two filter operations are performed with different filter
width. The first filter width is the grid width and the second usu-
ally twice the grid width. From this, the energy exchange between
the scales can be approximated and thus the model constant Cs

can be dynamically adapted locally. It can also become negative
that takes the backscatter effect into account.

2.4. Numerical Details

The time step size is determined by the Courant�Friedrichs�Lewy
(CFL) criterion

CFL ¼ Δtumax

Δxmin
< 1 (13)

That implies that the time step size is determined by the
plume zone where the velocity and the grid resolution are high-
est. After grid optimization, described in the next section, a time
step size of 0.002 s is used. The simulations are carried out using
Ansys Fluent 2019 R3. After 90 s, the flow is considered to be in a
quasi-stationary state and sampling for averaging is started. The
average is computed based on 150 s physical computation time.
The computation runs on a cluster that includes 64 cores (2�
AMD EPYC 7502 32-Core Processor, 512 GB RAM). Still, the
whole computation takes about 9months.

3. Upscaling Challenges

By the parameter study in the water model,[7] optimal submodels
were found to reproduce the validation data numerically.
However, a direct transfer of the water model’s numerical model
to the industrial scale ladle cannot be done. There are three major
challenges that need to be considered: the computational costs,
the opposing grid requirements of the E-L multiphase model and
the LES turbulence model, and the scaling of semi-empirical
bubble closures. Finally, it is difficult to verify the accuracy of
upscaling.[18] These different aspects and solution strategies
are discussed later.
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3.1. Grid Optimization

Due to a scaling factor of λ¼ 0.2, a fine grid could be employed in
the water model study. For the industrial scale, however, main-
taining the same resolution would increase the computational
costs by a factor of about 125. This exceeds memory of most facil-
ities and takes far too long runtimes for any practical relevance.
Therefore, a fine resolution like in the water model is not feasi-
ble. Instead, a hybrid meshing approach has to be found, which
allows a high accuracy and at the same time reasonable comput-
ing times. Here, four different zones in the ladle must be
distinguished.

3.1.1. Plume

High turbulent intensity and the highest flow velocities occur in
the plume zone, so that the grid needs to be very fine. At the
same time, this zone determines the time step size. In the water
model study, it was found that a resolution of about 4mm is suf-
ficient to obtain a high accordance with validation data.

3.1.2. Phase Boundaries

At the free surface, the flow direction is changed several times
and high flow velocities and gradients occur. In addition, for a
realistic resolution of the phase boundary, the VOF model
requires a certain resolution.

3.1.3. Near-Wall

Unlike RANS models, the LES model does not have a wall law.
Therefore, the near-wall zone must be resolved very finely.
However, the theoretical requirements of yþ¼1 cannot usually
be met. Since the wall friction plays only a minor role for the
fluid flow in the ladle, the above criterion does not necessarily
have to be met.

3.1.4. Flow

The bulk flow zone takes up the largest volume in the ladle and is
characterized by a relatively slow, less turbulent flow. Thus, a grid
coarsening might be applied.

A problem in finding an optimal grid resolution is that with
implicitly filtered LES it is not possible to distinguish between
model and discretization errors. This implies that, in contrast
to RANS, there is no grid-independent LES solution because this
would be a direct numerical simulation (DNS).

To determine the minimum grid requirements in the differ-
ent zones, there is an a priori and an a posteriori approach. With
the a priori approach, a RANS calculation is performed first.
From this calculation, the turbulent length scale l0 at which tur-
bulence production equals its dissipation can be derived from the
turbulent kinetic energy and dissipation transport equations. To
model about 80% of the turbulence spectrum directly, a grid
width of Δx~l0/5 should be employed. Figure 2 shows the turbu-
lent length scale from a RANS simulation of the water model as a
contour plot (a) and on isolines (b).

The a priori estimate suggests that the grid in the bulk zone
can be up to Δx≤ 50mm. The resolution in the plume zone
depends on the height and reaches from about Δx� 1mm in
the vicinity of the injector to Δx� 20mm close to the surface.
The free surface seems to require no special refinement in com-
parison to the bulk flow, whereas the near-wall resolution should
be Δx≤ 1mm.

A problem with this method is that it is strictly speaking only
valid for single-phase flows and isotropic turbulence. For multi-
phase flows, the problem arises that the turbulence model not
only influences the strength of the flow but also the structure
of the flow field.

For the a posteriori approach, a LES calculation is first per-
formed. Afterward, the quality of the grid can be evaluated by
an appropriate measure such as the index of resolution quality
for LES (LESIQ) proposed by Celik et al.[35]

LESIQ ¼ 1

1þ 0:05 ðμFþμsgsÞ
μF

h i
0:53 (14)

With a value above 0.75, the resolution can be considered ade-
quate, though this does not necessarily mean that the model is
accurate, nor vice versa. Similar to a comparison of the resolved
andmodeled turbulent kinetic energy, the index of resolution has
two major inaccuracies. First, the numerical error depends not
only on the grid resolution but also on the numerical scheme
used, which is not considered in the evaluation. Especially in case
of an odd first-order scheme (upwind), the numerical error is
much larger than in case of a central differencing scheme (sec-
ond order). The second major inaccuracy is related to the fact that
the turbulent viscosity depends not only on the model constant
CS and the filter width but also on the resolved strain rate S. This
is often underestimated, especially in areas close to the wall,
which can lead to a significant underestimation of the turbulent
viscosity.[35] From a practical perspective, a drawback of the a
posteriori approach is that the LES computation has to get into
a pseudo-stationary state before the index of quality can be
assessed. Thus, it is far more time consuming that the a priori
approach.

In this article, both approaches are compared. Due to the
faster computation times and the possibility to assess the model
accuracy simultaneously, the most efficient hybrid grid for the
water model is investigated. The models accuracies, assessed
by the validation score, are summarized in Table 2. The results
are then transferred to the industrial scale and finally evaluated.

Figure 3 shows the a posteriori index of quality criterion for a
grid that fulfills the requirements predicted with the a priori cri-
terion. In the bulk zone, a resolution of Δx¼ 32mm is
employed, while in the near-wall and the plume zone, a grid
width of Δx¼ 4mm is used. It is apparent that the resolution
in the main flow is far too coarse. As a result, the model’s accu-
racy, in particular in the bulk zone, is significantly reduced, as
shown in Table 2. The a priori criterion alone is therefore unsuit-
able for the given problem to predict a minimum grid resolution.
Thus, this approach is discarded, and the a posteriori approach is
used hereafter.

The equidistant grids with a resolution of Δx¼ 4mm and
Δx¼ 6mm from the previous water model study[7] serve as
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benchmarks for the subsequent a posteriori grid optimization.
With a cell count of �4 million and 1.2 million, these grids
obtained a validation score of 87.6 and 85.1, respectively, as sum-
marized in Table 2. A plot of the LES index of quality of the Δx¼
6mm grid is shown in Figure 4a. The grid resolution in the bulk
zone results in a very high index of quality that suggests a grid
coarsening. For the phase boundary zone and the near-wall zone
similar conclusions can be made. In the plume zone, however,
the index of quality drops below 0.75 locally, suggesting a grid
refinement. These considerations lead to the hybrid grid shown
in Figure 4b. Since the plume spreads radially with height, the
grid is refined stepwise to Δx¼ 3mm. In the remaining zones,
the grid is coarsened to Δx¼ 12mm. This reduces the number
of cells to about 250 000. However, the resolution requirements
in the plume zone are met very well with these measures, but
there is a violation in the phase boundary zone. In the near-wall
zone, the index of quality drops below 0.75 at one point and
approaches this value in other areas. Thus, the validation score
drops to 82.7.

Therefore, in the following, the grid resolution in the phase
boundary zone is increased again to Δx¼ 6mm. This increases

the number of cells to about 300 000, but increases the validation
score to 86.2, which is even higher than the benchmark with an
equidistant Δx¼ 6mm grid. In the final step, the resolution of
the near-wall zone is increased to Δx¼ 6mm. This increases the
number of cells to 440 000, while the validation score decreases
slightly to 85.0. Therefore, it is concluded that in the water
model, an ideal tradeoff between accuracy and computational
cost is found with a hybrid grid, where the bulk and near-wall
zones are discretized with aΔx¼ 12mm grid, while in the phase
boundary zone a grid resolution of Δx ¼ 6mm is employed. In
the plume zone, the grid is further refined to Δx¼ 3mm.

Figure 5 shows the index of quality for the grid used for the full-
scale model. The grid consists of 34 597 907 cells. It can be seen
that the index of quality locally drops below 0.75. This is particu-
larly noticeable in the plume zone, so that an even finer grid would
be necessary here. However, it takes more than 3months of com-
puting time to reach the quasi-stationary state and the capacity
limit of the computing cluster is reached, so that calculations
are nevertheless continued with this grid. With increasing com-
puting capacities in the future, however, the grid should be refined
in order to further increase the model’s accuracy.

Figure 2. A priori estimation of the required grid resolution by the integral length scale from RANS as a a) contour plot and b) as isolines.

Table 2. Validation score for different tested grids.

Δxplume [mm] Δxwall [mm] Δxsurface [mm] Δxbulk [mm] #cells Validation-score (T/M/Mt/P/B/Σ)a)

Bench 4 4 4 4 4 050 000 9.8/19.2/33.1/12.6/13.1/87.6

Bench II 6 6 6 6 1 205 892 9.6/17.7/31.8/12.6/13.3/85.1

A priori 4 4 32 32 279 232 8.6/13.4/13.8/11.8/13.8/61.1

Plume refinement 3 12 12 12 235 613 8.4/18.8/29.7/12.1/13.8/82.7

Plumeþboundary refinement 3 12 6 12 301 896 8.7/19.5/32.3/12.1/13.8/86.2

Plumeþboundaryþwall refinement 3 6 6 12 441 777 9.2/19.2/30.1/12.2/13.5/85.0

a):T¼ toroid, M¼ means, Mt¼ monitors, P ¼ plume, B ¼ bubbles, Σ ¼ total score.
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3.2. Lagrange Phase Mapping

Another problem is that the standard E-L model, preimple-
mented in Ansys Fluent, is based on the particle source in cell
(PSI) approach by Crowe et al.[36] In this implementation, it is

assumed that the bubbles are small compared to the grid and
therefore exchanges flow properties and momentum only with
the cell in which the bubble center are located. In the presented
work, however, the LES model requires a grid as fine as possi-
ble, in particular in the turbulent plume zone, violating the PSI
condition. In the water model, the bubbles are in a similar size
range as the sufficient grid width for LES, so that good results
can still be achieved with node-based average, preimplemented
in Ansys Fluent. Even if the bubble size in the industrial ladle is
unknown, it can be assumed that most bubbles are significantly
larger than the width of the grid (dB/Δx~10), so that node-based
averaging is no longer permissible. However, the grid is still too
coarse to use the VOF model. To overcome this problem, the
Eulerian and Lagrangian reference frames are decoupled by
implementing the particle in a ball model.[37] In that, interpo-
lation between the reference frames is maintained by an
exchange function

ϕexðjÞ ¼
1

Vcell

X
ϕex,tot

Z
Ωj

ω bð ÞdΩ (15)

where ω(b) is a template functionZ
Ωj

ωðbÞdΩ ¼
Z
Ωj,x

Z
Ωj,y

Z
Ωj,z

ωðxn�xbÞωðyn�ybÞωðzn�zbÞdx dy dz

(16)

The principle of two-way coupling is shown in Figure 6. For
the sake of simplicity, it is depicted in two dimensions. During
forward coupling (a), the flow properties of the influenced area,
stored in the Eulerian cell nodes, are weight averaged with the
mapping function according to Deen et al.[38] and applied to
the Lagrangian bubble

Figure 3. LES index of quality for a grid proposed by the a priori approach
(Δxbulk ¼ 32mm, Δxsurface ¼ 32mm, Δxplume ¼ 4mm, Δxwall ¼ 4mm).

Figure 4. LES index of quality for a uniform Δx ¼ 6 mm and Δx ¼ 6mm grid.
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ωðxi�xb,iÞ ¼
15
16

ðxi�xb,iÞ4
n5 � 2ðxi�xb,iÞ2

n3 þ 1
n

� �
,

�n ≤ xi�xb,i ≤ n

(17)

where n is the mapping window. Lau et al.[39] investigated the
optimum size of the mapping window and found that values
of n¼ 2RB, 3RB, and 4RB all had advantages or disadvantages
that depend on the axial position in the plume. In this work,
a mapping window size of 4RB is employed.

In backward coupling (b), the exchanged momentum of the
bubbles is transferred to the Eulerian grid with the same map-
ping function. This makes the E-L approach independent of the
numerical grid.

A comparison of the different approaches is shown in
Figure 7. The rising velocity for both, a single 6mm bubble
(a) and a 20mm bubble (b) on an equidistant grid with Δx¼
2mm is shown. In the first case, the PSI approach overestimates
the rising velocity by about 100%. In addition, there is a strong
fluctuation of the rising velocity. This phenomenon, known as
pseudo-turbulence,[40] occurs when the center of the bubble
crosses a cell boundary. With the preimplemented node-based
averaging, this phenomenon no longer occurs, but the rising
velocity is still overestimated by about 40%. In contrast, with
two-way coupling, the rising velocity is almost the same as the
analytical solution. The differences can be explained by the fact
that the analytical solution assumes a quiescent fluid, whereas in
the numerical solution, the bubble induces a flow. In case of a
20mm bubble, the PSI method diverges directly. Node-based
averaging also diverges very quickly. The grid-independent
two-way coupling, in contrast, is stable and yields realistic rising
velocities.

The implementation in Fluent is maintained by UDFs. The
sequence of the program is shown in Figure 8. The functions
of the individual UDFs, identified by its Fluent specific names,
are described in the Appendix. The source code is publicly
available on GitHub: https://github.com/Tim-Haas/DPM-
Euler_coupling_for_Ansys_Fluent.

3.3. Scaling of Semi-Empiric Models

In the water model study,[7] semi-empirical models were found to
describe the force balance on the bubbles in such a way that very
good agreement is found between the numerical model and vali-
dation data. However, the transferability of these interfacial force
correlations to the system steel-argon is difficult to verify.
Moreover, the bubble size distribution is unknown in the real
process. To overcome the uncertainty introduced by extrapolat-
ing existing models to different liquid�gas systems, a compre-
hensive literature review was carried out.[30] For the drag force,
there are a few experimental measurements in liquid metals and
DNS calculations that suggest that the existing models can be
extrapolated. For the lift force, validation for liquid metal systems
is completely lacking, and studies in systems with small Morton
numbers are very rare. Furthermore, there are very little

Figure 5. LES index of quality for the industrial scale grid.

Figure 6. a) Forward and b) backward mapping between Lagrangian bubble and Eulerian grid.
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experimental data for bubble deformation in liquid metals, so it
is difficult to evaluate which of the widely differing models
should be used. However, since deformation has a large effect
on the lift force, the scaling here is particularly uncertain. In addi-
tion, it can be observed in aqueous systems that impurities have a
very strong influence on all bubble forces. Whether this applies
to liquid metals too and whether impurities are present in the
ladle cannot be answered; however, since there is no data basis

for this. Last, the bubble size distribution, which has a great
influence on the model accuracy, is largely unknown in the real
process. Here, either measurements in liquid metals at single
nozzles with small flow rates can be transferred to porous plugs
or measurements at porous plugs in water models can be trans-
ferred to liquid metal systems. However, both approaches are
rather uncertain, so that the bubble size distribution can only
be estimated with a very high degree of uncertainty. For the given

Figure 7. Comparison of different E-L approaches with analytical rising velocity for a) a 6 mm and b) a 20mm, bubble on an equidistant
2 mm grid.

Figure 8. UDF sequence for E-L two-way coupling.
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reasons, the upscaling of existing semi-empirical models is a
major source of model uncertainty. More elaborate measure-
ment techniques such as X-ray or thermal neutron imag-
ing[41–44] and DNS might decrease that uncertainty in the future.

3.4. Verification with Literature Data

As pointed out in the sensitivity analysis of validation techni-
ques,[18] the validation of a numerical model in the industrial
ladle itself is very difficult. Currently, mixing timemeasurements
are the most sensitive and accurate choice. Even if this technique
has problems, such as high measurement uncertainties, it is still
better suited than the alternative evaluation of the slag eye open-
ing area. In this work, to verify upscaling of the numerical model,
the mixing time measurements by Lachmund et al.[45] are used.
Lachmund et al.[45] published two mixing time measurements
with the same setup, decreasing the measurement uncertainty
at least a little. The numerical model tries to reproduce the exper-
imental conditions as closely as possible in order to reduce pos-
sible uncertainties by simplifications. For this purpose, the
ferromanganese alloy particles are first treated as melting par-
ticles in the Lagrangian reference frame. The particle size distri-
bution and feeding rate are taken from Lachmund et al.[45] The
tracer particles are injected at x¼ –1.113, y¼ 0, and z¼ 3.03,
staggered with a radius of 0.25m. The melting time is calculated
for each particle with the model of Aoki et al.[46] by Equation (18),
and the employed physical properties are given in Table 3

t1 ¼ cpAρAdA
πh

TS�T0

TM�TS
(18)

The heat transport coefficient h is given by Equation (19)

h ¼ NukF
dA

(19)

The Nusselt and the Prandtl number are given by
Equation (20) and (21)

Nu ¼ 2þ ð0:4Re0:5 þ 0:06Re0:66ÞPr0:4 (20)

Pr ¼ CpMμ
kM

(21)

After the residence time of an individual particle has reached
the specific melting time, the particle temporarily becomes a
source term of a scalar transport equation before it is removed.

Similar to the work of Aoki et al.,[46] the concentration of tracer is
measured at nine monitoring points whose coordinates are given
in Table 4.

It has been shown experimentally that the measured mixing
times can vary greatly. Aoki et al.[46] showed that this also applies
to the numerically calculated mixing times. It can be assumed
that this applies in particular to LES model, since the unsteadi-
ness of flow is considered. Therefore, tracer particles are added to
the model at five different times, and five different scalar trans-
port equations are solved to reduce the uncertainty due to tem-
poral variation.

4. Results

The calculation runs for 240 s, whereby the first 90 s are calcu-
lated so that the flow gets into a quasi-stationary state. After that,
averaging and the addition of tracer particles started. The calcu-
lation time is about 9months.

Figure 9 shows the comparison of a numerically calculated
tracer concentration and the measurements of Lachmund
et al.[45] There is a very high agreement between numerical
and experimental data. The deviation is in the range of the mea-
surement uncertainty which can be roughly characterized by the
differences of the two experimental measurement series. Thus, it
can be concluded that the upscaling was successful.

The flow field on the symmetry plane (y¼ 0), averaged over
150 s, is shown in Figure 10. The scale is truncated to 0.35m s�1

to visualize the velocity differences in the bulk flow. As expected,
the highest flow velocity of about 1.5m s�1 can be observed in the
plume zone. The maximum flow velocity in the phase boundary
zone is about 0.5 m s�1 close to the slag eye. In the near-wall
zone, a maximum velocity magnitude of about 0.5m s�1 can
be observed between plume and wall. In the bulk zone, the maxi-
mum velocity is about 0.3 m s�1. Due to the increased dynamic
pressure at the spout, a slag eye with an average diameter of
1.2m is formed. In comparison, Ramasetti et al.[47] measured
for the same flow rate in a 150 t ladle with a slightly thicker slag
layer of 0.25m an opening area of 1.08m2. Given that the open-
ing area increases with decreasing slag thickness, this agreement
is reasonable. At the spout, the flow is redirected. Compared to
the water model, however, the flow toroid is significantly closer to

Table 3. Employed physical properties to calculate the alloy particle’s
melting time.

– – FeMn[51] Melt

TS �C 1250 1536

cp J kgK �1 800 820

kM J smK �1 50 40.3

ρ kg m�3 7290 6932

T0 �C 25 –

TM �C – 1600

Table 4. Monitoring points.

Monitoring point x y z

M1 1.05 0 1

M2 1.05 0 2.5

M3 0 1 1

M4 0 1.5 3

M5 �0.5 0 0.25

M6 �0.5 �0.75 1

M7 �1.3 �1 2.5

M8 �1.3 1 2.5

M9 �1.3 0 3
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the plume. This can probably be explained by a damping effect of
the slag layer, which was also found experimentally.[48–50]

5. Discussion

Within the scope of this work, a numerical model of the flow in
the ladle, previously optimized on the water model scale, was
scaled to the industrial scale. Several problems and their solu-
tions were discussed.

A very good agreement with experimental concentration
measurements by Lachmund et al.[45] was found. However, it
should be taken into account that, as shown in the sensitivity
analysis of different validation techniques,[18] concentration

measurements are characterized by a high measurement uncer-
tainty. Figure 11 shows the range of values of the different
numerically calculated concentrations where the calculations dif-
fer at the time of tracer addition. The mentioned measurement
uncertainty is well recognizable here.

Due to the good agreement between the numerical and exper-
imental results, it can be concluded that the scaling was success-
ful. However, a quantitative estimation of the model uncertainty,
as in the water model, is not possible from these data. Since the
computation capacities are still limited and thus the grid resolu-
tion does not everywhere meet the requirements of an LES cal-
culation, a somewhat larger model uncertainty than in the water
model can be assumed. This is further increased by the uncer-
tainty of scaling of semi-empirical models whose verification is
still insufficient. However, due to increasing computational
capacities, it should be possible in the future to compute models
with higher grid resolutions so that an LES index of quality of at
least 0.75 is reached everywhere. Eventually, the grid resolution
will be fine enough to realistically model the bubbles with the
VOF model. Due to the currently very high computational costs,
an LES calculation is currently mainly interesting for the aca-
demic sector as a benchmark. With increasing computing capac-
ities, however, it can become state of the art in the industry.

6. Conclusion

In this work, a numerical model that was previously optimized at
the water model scale was scaled to the real process. Different
challenges and their solutions were discussed. For the numerical
grid, a hybrid meshing approach was developed where the reso-
lution is locally refined or coarsened, and its applicability was
assessed by the a posteriori approach. In this way, a tradeoff
between accuracy and maximum computational capacity was
optimized. The intrinsic problems of the E-L model were over-
come by implementing a mapping strategy in Ansys Fluent to
decouple the phases. This method has been made publicly avail-
able on GitHub. The scaling of semi-empirical models was

Figure 9. Comparison between numerically computed and experimentally
measured tracer concentration.

Figure 10. Flow field on symmetry plane (y¼ 0), averaged over 150 s.

Figure 11. Range of numerically calculated mixing times.
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discussed extensively in a previous publication.[30] By these meas-
ures, good agreement was found with experimental concentra-
tion measurements by Lachmund et al.[45] However, because
of measurement uncertainties, it can only be concluded that
the scale up was successful. However, it is difficult to estimate
the accuracy of the model.

High-resolution LES models are currently still primarily of
academic interest due to the extreme computation times. In
the future, however, they may become state of the art due to fur-
ther increasing computing capacities.

Appendix

A1. Implementation Details of E-L Two-Way Coupling

The UDF DPM_SCALAR_UPDATE is called twice in a time step
for each bubble. To distinguish the calls, the solver passes the
Boolean flag “init” to the UDF. (Table A1)

In both cases, the UDF adjusts the bubble diameter and den-
sity depending on the axial position according to Equation (8)
and (9). In addition, it checks whether the bubble has reached
the phase boundary of furnace atmosphere, and in this case,
the bubble is removed and the UDF is terminated. In case that
the UDF is called for the first time (init ¼ 1) for a particular bub-
ble, mapping is performed. For each bubble, the system searches
for all cells that are in the bubble’s area of influence, a sphere
with the diameter of the mapping window. A problem is that
Fluent converts every computational grid into an unstructured
grid. This means that even with structured, hexahedral grids,
there is not a directly accessible connection between neighboring
cells. For example, it is not possible to switch from a cell to neigh-
boring cells by increasing a pointer value. An extremely uneco-
nomical approach would be to loop over all cells for each bubble
and check whether they are located in the area of influence of the
bubble. Instead, a face loop cascade is conducted to find cells
within the influencing sphere of a bubble and store them in
an array. The procedure is shown in Figure 12, for the sake
of simplicity it is given for 2D. The cascade starts at the cell
in which the bubble center is located in. A loop is performed over
the cell faces, six in case of a hexahedral grid. For all adjacent
cells, it is checked whether they are within the bubble’s influence
area but not already present in the cell array. If this condition is
fulfilled, the array is extended by this cell. Afterward, the proce-
dure is repeated by looping over all faces of a cell added to the cell
array in the previous cascade step. This cascade is repeated until
no further cells are added to the array. A problem can arise with
parallel calculations due to the partitioning of the computing
domain. Each computation core handles only the cells that are
located in its computational area. Partially, the area of influence
of the bubbles may extend into an adjacent partitioning.
However, the core cannot access these cells, so these cells are
simply ignored in this case.

In the next step, the weighting factor is calculated for each
identified cell using Equation (17). Due to the partitioning prob-
lem and rounding errors, the sum of all weighting factors can
become less than one. Therefore, the weighting is calculated

Table A1. List of abbreviations.

Symbol Description

cD Drag coefficient

cL Lift coefficient

cVM Virtual mass coefficient

cp Specific heat capacity, [J kgK �1]

CS Model parameter

dA Diameter of tracer alloy particle, m

dB,0 Initial bubble diameter, m

dB Bubble diameter at height (z), [m]

dh Length of bubble major axis, [m]

Eo Eotvos number

Eod Modified Eotvos number

FB Buoyancy force, [N]

FB,i Mass-based force i on bubble, [N]

FD Frag force, [N]

FL Lift force, [N]

Fn Volume fraction of phase [n]

fi Volume force source term, [N m�3]

g Gravity, 9.81 m s�2

h Heat transport coefficient, [W m�2 K�1]

HFill Filling height, [m]

kF Thermal conductivity, [J smK �1]

Ls Mixing length for subgrid scales, [m]

mB Bubble mass, [kg]

m
:
B Bubble mass flow, [kg s�1]

Nu Nusselt number

n Radius of influencing sphere of a bubble,[m]

Pr Prandl number

p Pressure, [N m�2]

p0 Atmospheric pressure, [N m�2]

RB Bubble radius, [m]

ReB Bubble Reynolds number

S Resolved strain rate

T Temperature, [�C]

TF Temperature of the fluid, [�C]

Ts Solidification temperature, [�C]

T0 Initial temperature of tracer particle, [�C]

t1 Tracer particle melting time, [s]

Δt Time step size, [s]

~uB Bubble velocity, [m s�1]

u
⃑

F
Fluid velocity, [m s�1]

~ui Fluid velocity component i, [m s�1]

Vcell Volume of a Eulerian cell, [m3]

~xB Coordinate of bubble

Δx Cell width, [m]

μF Fluid viscosity, [Ns m�2]

μSGS Subgrid turbulent viscosity, [Ns m�2]
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for all cells except the first one using Equation (17). In the cell
that contains the center of the bubble, the difference between one
and the sum of all other weights is taken as weighting factor. This
prevents that a part of the bubble momentum is lost. For forward
mapping, the flow properties are multiplied by the weighting fac-
tor for each cell in the area of influence and these values are
summed up. With these values, the forces acting from the fluid
onto the bubble are calculated employing Equation (3). Among
the drag and lift models used in this work, other models are
implemented too. The total force is decomposed in its x-, y-,
and z-components and saved in P_USER_REAL structs for each
bubble. Finally, the bubble force components are mapped back to
all cells within the influencing sphere by employing the weight-
ing factors again. These decomposed forces are stored in each
cell in user defined memories (UDMIs).

In the UDF DPM_DRAG, the drag force implemented in Fluent
is set to zero by setting the drag coefficient to zero. This is necessary
because the standard implementation in Fluent always considers
the drag force according to the PSI approach automatically and takes
it as source term of the momentum equations.

In the UDF DPM_BODY_FORCE, the bubble forces computed
within DPM_SCALAR_UPDATE are passed to the bubble
force balance by P_USER_REAL structs. Because the UDF
DPM_BODY_FORCE is called several times in a DPM iteration,
it is more efficient to calculate the forces once in
DPM_SCALAR_UPDATE and to transfer into
DPM_BODY_FORCE only these already calculated forces to the
bubble.

After the DPM iteration has finished, the UDMIs that store the
bubble momentum are transferred to temporary UDMIs and are
then reset. This is necessary because one cell could be in the area
of influence of several bubbles. Thus, the bubble momentum is
just added to the current value in the UDMI to avoid overwriting
the momentum of other bubbles.

Table A1. Continued.

Symbol Description

ρA Density of tracer alloy, [kg m�1]

ρB Bubble density, [kg m�3]

ρB,0 Bubble density, [kg m�3]

ρF Fluid density, [kg m�3]

σ Surface tension, [N m�1]

δi Kronecker delta

ϕex Exchanged quantity

ω Template function

Abbreviation Description

B Bubble score

CFL Courant–Friedrichs–Lewy number

CNN Convolutional neural network

DNS Direct numerical simulation

E-E Euler–Euler multiphase approach

E-L Euler–Lagrange multiphase approach

LES Large eddy simulation

LESIQ LES index of quality

M Means score

Mt Monitors score

P Plume score

PSI Particle source in cell approach

RANS Reynolds-average Navier-Stokes

T Toroid score

UDF User-defined function

UDMI User-defined memory

VOF Volume of fluid model

Figure 12. Face loop cascade to identify cells within the influencing sphere of a bubble.

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2021, 2100653 2100653 (13 of 14) © 2021 The Authors. Steel Research International published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.steel-research.de


Finally, the bubble momentum is introduced into the momen-
tum equation of Eulerian cells by including the values stored in
the temporary UMDIs as a source term.
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