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Mathematical modelling is one of the techniques that makes it possible to study and
observe the course of steelmaking processes with a view to the optimization of conditions
for the manufacture of good quality products [1–4]. The formation of non-metallic inclu-
sions (NMI) in liquid steel is an undesirable phenomenon, as NMIs are the source of defects
that may disqualify the steel products. The size, shape and quantity of NMIs are regulated
by relevant standards.�The main stimulator of the NMI formation process is the amount of
the addition of elements exhibiting strong affinity to oxygen and sulphur and the amount
of free oxygen or sulphur in liquid steel during refining and casting.�As a consequence of
chemical reactions, oxides and sulphides, or more complex compounds form. This results in
a reduction of the contents of free oxygen and sulphur and an increase in the amount of
a highly dispersed non-metallic phase.�Associated with this phenomenon is the problem
of effectiveness of removing the steel deoxidation or desulphurization reaction by-products
from the liquid metal. In a situation where there is no stimulator of the NMI flotation
process and MNI assimilation by the slag phase is poor, the NMIs become a source of
defects in the finished product.�The currently used secondary metallurgy processes remove
considerable amounts of NMIs from liquid steel. The MNI removal process must also cover
the subsequent steel production stages including the flow of steel through the tundish and
moulds of the Continuous Steel Casting (CSC) plant.�In the last two decades of the turn of
the 20th and 21st centuries, many important scientific works originated, dealing with the
processes associated with the occurrence of NMIs both in liquid and in solidified steel.
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Among those works, there are also studies on the role of NMIs in the tundish�[5–10]. As the
liquid metal resides in the tundish for a specific time, the question arises of whether it is the
time sufficient for the NMIs to increase their size and flow out to the slag.�Given that se-
condary metallurgy does not assure the 1000 purity of metal being cast, the control of the
state of NMIs in liquid steel at the tundish stage seems to be entirely justified. The present
paper reports the results of studies on the behaviour of NMIs in liquid steel during casting
of concast slabs. Using a mathematical model and appropriate numerical methods, an
attempt was made to describe the process of non-metallic inclusion size variation in liquid
steel in the tundish of the CSC plant.
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The facility covered by the evaluation of NMI behaviour is a wedge-type tundish
designed for the casting of concast slab, as described in detail in the paper [11]. The liquid
steel from the main ladle flows into the tundish through the ladle shroud. The flow rate of
steel flowing from the tundish to the mould is controlled by the stopper rod system. The
tundish is equipped with a low dam (h = 120 mm), which incorporates two overfall win-
dows. The liquid depth in the tundish in the feed zone is 0.7 m, while in the stopper rod
system area it being 0.92 m. The tundish holds 25 Mg of liquid steel.� Figure 1 shows
a schematic of a tundish with virtual measurement points indicated.�The first measurement
points is located in the axis of the feeding stream, 5 mm above the tundish bottom.�The
second measurement point is situated 215 mm above the dam.�The third measurement point
has been positioned at the tundish outlet level.�All of the measurement points lie in the plane
passing through the tundish inlet and outlet axes. These are the points where the NMI distri-
bution variation process is fully monitored.
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In the first step of numerical computation, a single-phase model of turbulent motion
using the k–ε model was employed for the preliminary determination of the characteristics
of steel motion in the tundish� [12]. For the simulation of the simultaneous flow of liquid
steel and non-metallic inclusions, the two-phase “mixture” model was employed, featuring
the “slip velocities” option allowing the motion of both considered phases at their respec-
tive velocities.�The “mixture” model is described by the equations of continuity, momentum
and energy:
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where:

t – time [s],

ρm – mixture density [kg/m3],

mv
�

– mass averaged velocity [m/s],

αk – volume fraction of phase k [–],
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ρk – density of phase k [kg/m3],

kv
�

– velocity of phase k [m/s],

ρm  – mixture density [kg/m3],

p – pressure [Pa],

μm – viscosity of mixture [Pa⋅s],

n – number of phases,

g – gravitational acceleration [m/s2],

F
��

– body force [N],

,dr kv
�

– drift velocity of phase k [m/s],

μk – viscosity of phase k [Pa⋅s],

T – temperature [K],

SE – volumetric heat sources,

keff – effective thermal conductivity [W/m⋅K],

hk – enthalpy for phase k [J/kg].

The relative velocity and drift velocity are presented by the following expressions:
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where:

pqv
�

– slip velocity [m/s],

pv
�

– velocity of secondary phase [m/s],

qv
�

– velocity of primary phase [m/s],

ck – mass fraction for any phase k [–],

αk – volume fraction of phase k [–],

ρk – density of phase k [kg/m3],

ρm – mixture density [kg/m3],

,dr pv
�

– drift velocity [m/s],

qkv
�

– velocity of phase k [m/s].
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The behaviour of non-metallic inclusions, that is the variation in the distribution of
their size as a result of�mutual collisions and the diffusion growth, was described using
a population balance model. In the studies of the NMI size distribution, a discrete method
was employed to simulate the increase of six NMI classes in the size range from 1 to 10 μm.
The population balance model is described by the following equations:
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where:

ρNMI – density of non-metallic inclusions [kg/m3],

αi – volume fraction of particle size i [–],

α – total volume fraction of the secondary phase [–],

ui – velocity magnitude of�particle size i [m/s],

V – volume [m3],

Gv – particle volume [m3],

Vi – volume of the particle size i [m3],

Bag, i – particle size i birth rates of aggregation [m3/s],

Dag, i – particle size i death rates of aggregation [m3/s],

0n� – nucleation rate [particles/m3/s],

aij – aggregation kernel [m3/s],

Vag – particle volume resulting from the aggregation of particle k and j [m3],

xkj – contribution of particle k and j [–],

N – number of bins.

In the research six NMI classes were considered.�Particular classes corresponded to
a NMI group of a specific diameter, i.e. 1, 1.58, 2.51, 4, 6.3 and 10 μm. The share of fraction
volume for each class was assumed to be at a level of 0.16. The volumetric share of the
whole NMI fraction relative to the metallic fraction was 0.0001. The NMI growth was sti-
mulated by three mechanisms:�nucleation, diffusion and turbulent collisions. The nucleation
values was assumed at a level of 1⋅10+10 particles/m3/s, and the diffusion growth at a level
of 1⋅10–07 m/s. The collision kernel was represented by the turbulent collision model, in
which Hamaker’s constant was 2.3e–20, as described by the following equations [13]:
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where:

Tι  – capture efficiency coefficient of turbulent collision,

γ�  – shear rate,

ε – turbulent energy dissipation rate [m2/s3],

ν – kinematic viscosity [m2/s],

NT – ratio between viscous force�and Van der Waals force,

λ�  – deformation rate,

H – Hamaker constant.

It was assumed that the non-metallic phase was represented by NMIs of the Al2O3 type
of a density of 3960 kg/m3. The remaining physicochemical quantities describing the both
phases are reported in work [11]. The steel flow rate was 34.17 kg/s, which corresponded to
the founding sequence of casting 1500×225 mm concast slabs at a speed of 0.9 m/min. The
temperature of steel flowing out from the tundish was 1823 K. The initial values of the
parameters k and ε are 0.0169 m2/s2 and 0.062771 m2/s3, respectively. The numerical simu-
lation was performed for non-isothermal and non-stationary conditions.�The details con-
cerning heat exchange between the tundish, liquid metal and the environment are given in
work [14]. In the present study, the following assumptions were made: no possibility of
NMI assimilation by the tundish powder forming the refining slag phase, and no capturing
of NMIs on the ceramic lining of the tundish. The virtual tundish object is composed of
490 000 tetrahedral elements.�The system of equations forming the mathematical model
of steel flow and non-metallic inclusions was solved by the method of control volumes by
employing discretization of the second order upwind and Quick using the sequential solver.
The algorithm SIMPLEC3 (Semi-Implicit Method for Pressure-Linked Equations-Consis-
tent) was used for the description of the coupling of the pressure and velocity fields in the
model being solved. All numerical simulations were performed using the Fluent-Ansys
software.
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By the computer simulations of casting of steel containing the NMI share preset at the
input, the distribution of NMI size was observed, as dependent on the process duration in
different tundish regions.�As a result of the computations, the distribution fields of particu-
lar NMI class fractions and the curves of NMI growth during the continuous casting process
were obtained.�Figures 2 and 3 show NMI distribution fields after 26 minutes of the starting
of the casting sequence. In contrast to Figure 3, Figure 2 shows only a fragment of the
tundish region, because in the remaining tundish region variations in NMI distribution are
only slight. The period of 26 minutes corresponds to over twice the mean time of residence
in the tundish and can be regarded as the steady state that will settle in the tundish during
sequential casting.�The mean residence time of steel in the tundish for the process under
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analysis is 12 minutes.�In Figures 2a and 2b it can be seen that the NMI fraction of a size of
1 and 1.58 μm undergoes considerable reduction already in the feeding stream zone.�The
NMI group fractions of sizes of 2.51 and 4 μm change in a similar way.�The 6.3 and 10 μm
size NMI fractions, on the other hand, are increased relative to their initial shares (Fig. 3).
In the stopper rod zone, a significant share of 10 μm-size NMIs is observed, which reaches
a level as high as 750 of the whole population of NMIs flowing with steel into the mould.
The accumulation of highest-size NMIs in the vicinity of the tundish outflow can be
explained by the assumed lack of possibility of NMI assimilation by the slag covering the
liquid steel in the tundish.
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To better understand the phenomenon of differentiation of NMI distribution in liquid
steel in the tundish, curves plotting the fraction variation process as a function of time, as
counted from the sequence start, are presented in Figures 4a–f.�The individual figures show
curves for the NMI fraction of a diameter from 1 μm to 10 μm for different monitoring
points.�The monitoring points are positioned in locations characteristic of the tundish. The
first point is situated in the region of the greatest flow turbulence in the entire plant, so this is
where the best conditions for the collision growth of NMIs exist. The second point located in
the central part of the plant reflects the average hydrodynamic conditions for liquid steel
motion; whereas the third point, situated at the tundish outlet, will characterize the NMI state
in concast slabs being cast.�By analyzing Figures 4a–e, it can be possible to easily determine
from them the moving front of the liquid with NMIs within the plant. Hence it can be seen how
important changes occur in the distribution of particular NMI fractions.� It has been found
that after the period of 1200 seconds the stabilization of NMI size differentiation takes place
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The continued steel casting process has no longer a significant effect on the final
distribution of non-metallic inclusions. The processes of collision (turbulent) and diffusion
growth proceeding in the tundish cause substantial changes in NMI distribution compared to
the initial state.�Namely, a complete reduction of 1 μm-size NMIs and 99, 95 and 76
 reduc-
tions of NMIs of sizes of 1.56, 2.51 and 4 μm take place.�As a consequence, an increase in
the share of NMIs of diameters of 6.3 and 10 μm occurs by 11 and 359
, respectively.

�� �����
�

From the numerical computations carried out, the pattern of non-metallic inclusion be-
haviour in the liquid metal volume in the tundish during continuous casting of steel concast
slabs was obtained.�The presented results indicate the complexity of the process of differen-
tiation of NMI fraction distribution in liquid steel.�This is evidenced by a considerable
reduction in the quantity of small NMIs, and an increase in the share of larger-size NMIs,
as observed in specific locations of the tundish. As the casting time goes by, the NMI distri-
bution differentiation process appears to stabilize.�The greatest increase in the volume mag-
nitude has occurred for the 10 μm-size NMI fraction; it has increased from 0.16 to 0.75,
which means a relative increase a high as 359
.�Hence there is a real need for modifying
the internal space of the tundish and spreading the assimilation-insulation powder onto the
free liquid steel table in order to create conditions for a better elimination of large NMIs
formed from the liquid metal.�The next research stage will include attempts to change the
description of the mechanism of NMI growth in the tundish with the aim of determining
the extent of possible modification to the NMI size distribution.

� !"#$%&'(&)&"*+

This scientific work has been financed from the resources allocated for Science in the
years 2009–2011 as Research Project No. N508390437. This publication has been made
with the financial support by the Foundation for Polish Science


���
�
	��

9�: *���+���,������	�-����;
�����������������������<����;;�=����5����>���

9�: .�

���/�,�0�+��
�1��2����
��2�,�1
������3�,�4�����+�.���;
;��;�����<�������=����5��� �>����

9 : 5�����-�,�/�
�1�-���;
;��;�����<�������=����5���7�>��7	

9�: 0	�����6���
��7�,�������	�8�9�,���:������	
����7�,������	�;�������<���-�,�1��������8�
�	�7���!�����

!�������������?���<������?�=����5�	��>	7�

9�: ��		�����,�=�
�	�+��;�,�3�:��.�,���<�+��.�,�;���	��1���;
;��;�����<���� ��=�		�5���7>�� 

9�: 6�����>�������;����"��������"#$����������������;��%�������"
;@A�=����5��>��



���

97: 4����=�,�4���2�,�.����?�,�6�����,�5����=�,�1����4������&��'�����
�������������?��B�����<�������=���75���>��

98: 6�����1����,�6������@���
�����@����;�����<����7	�=���85��8�>�	�

9	: /�	��
	������,� �	���� A���,���
��	��� =���,������	�������,� 2���������1�,� 9�@�+� 0�3��� 
����� ���������������

<���� 	�=���	5��77>�8�

9��: 9��@�����7�7�,������B�@��������
���������������������<�������=����5����>�7�

9��: 5���<�C	+��7���;���(�)����
����(�)�����<���� 7�=����5���	>�8�

9��: 5���<�C	+��7�,�-��	��-��������'��!�������!�������<����� �=���85�7�	>7��

9� : ��*%�������?�������!��%���!��%�������+�,#�%���������=���	5

9��: 5���<�C	+��7�,�-��	��-���!�������#�%����C�����<����  �=���75�	7>�� 

@����'��

���%��+�����



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


