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Abstract: Electromagnetic forces are an important tool to control fluid flow in the mold, 
combined with other casting conditions, nozzle, and mold geometry.  The effects of varying 
EMBr field strength and SEN submergence depth on fluid flow in the mold cavity is 
investigated with computational flow models and plant measurements.  Magnetic field 
contours for a localized static EMBr field were measured in an operating thin-slab caster and 
incorporated into a three-dimensional (3-D) steady k-ε model of the nozzle and liquid cavity 
in the mold using the magnetic induction method in FLUENT.  The model was first validated 
by comparing results with an analytical solution. It was further validated with plant 
measurements of surface velocity using nail boards and surface profile using oscillation mark 
measurements.  Using the knowledge gained from the model and measurements together, 
electromagnetic forces and submergence depth can be controlled together to stabilize the fluid 
flow in the mold cavity and thereby minimize casting defects. 
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0 Introduction 
 
Fluid flow in the mold is critical to steel quality: surface velocity should be kept within an 
optimal range in order to avoid slag entrainment (with excessive surface velocity) or surface 
defects (from level fluctuations or surface stagnation).  Electromagnetic braking (EMBr) is 
useful to help to control the mold flow pattern in order to achieve optimal surface conditions.  
Systems include moving or static magnetic fields, and vary spatially from wide, rectangular 
areas (“ruler brakes”) to circular areas.[1]  This work investigates the simple local static 
magnetic field type EMBr using a computational model, which is validated with plant 
measurements.  The effect of the submerged-entry nozzle (SEN) depth and EMBr field on the 
fluid flow pattern and meniscus are studied. 

 
1. EMBr Magnetic Field Measurement 
 
Plant measurements were obtained on the South slab caster at Nucor Steel in Decatur, AL.  
This caster features a standard bifurcated two-port SEN (Fig. 1) and a 90mm thick, straight, 
parallel mold with a sinusoidal oscillator.  A local EMBr is used on this caster, and was set to 
0.355T. Table 1 gives the casting conditions.  A gauss meter was used to measure the 
magnetic field strength in the centerplane over a grid of points spaced 10cm horizontally and 
5cm vertically.  A typical three-dimensional (3-D) contour plot of the measured field strength 
is given in Fig. 2.  The gray-hatched squares indicate the physical location of the magnets.  
The maximum strength of 0.32T is centered in an oval region, which is typical of local 
braking.  The contour levels scale well with overall field strength. 
 
2. Computational Model 
 
A standard Reynolds-Averaged Navier-Stokes (RANS) model of turbulent fluid flow 
including electromagnetics is used to simulate the time-averaged flow pattern in the 90-mm 
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thick slab-casting mold with local EMBr.  The steady-state, incompressible, 3-D Navier-
Stokes equations are solved in the nozzle and mold domain using the magnetic induction 
method for solving for electromagnetic force,[2] and the standard k-ε model in Fluent.[2]  The 
mold domain consists of the liquid pool with the solidifying shell modeled with mass and 
momentum sinks.[1]  The simulation conditions are given in Table 1.  The nine cases, given in 
Table 2, investigate the combined influences of SEN depth and field strength on the flow 
pattern.  Attention is focused on the surface velocity profile, turbulence levels, and surface 
level profile, which governs quality of the cast product.  The surface level profile is calculated 
from the pressure field, based on a potential energy balance.[3] 
 
Table 1  Casting and Simulation Conditions 
 

Casting Speed 3.3m/min 
 Mold Width  1374mm 

Mold Thickness  90mm 
Meniscus Level 

Below Top of Mold 100mm 

Domain Width  687mm 
Domain Thickness 45mm 

Domain Length  2500mm 
ρsteel  7000 kg/m3 
ρslag  3000 kg/m3 
µ  0.006 kg/m-s 
σ  714,000(Ω-m)-1 

Gravity  9.81 m/s2 

Table 2  Parametric Study 
 SEN Depth 

(mm)
EMBr 

Setting (T) 
Case 1 250 0 
Case 2 250 0.2525 
Case 3 250 0.355 
Case 4 300 0 
Case 5 300 0.2525 
Case 6 300 0.355 
Case 7 350 0 
Case 8 350 0.2525 
Case 9 350 0.355 
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Fig. 1 Nozzle Geometry 
 

Fig. 2 Measured electromagnetic field contours (0.355T)  
 
The typical computed flow pattern is shown in Fig. 3, which shows velocity vectors on the 
wide face centerplane, for Case 6.  The jet exiting the nozzle travels across the mold cavity, 
impinges on the narrow face, splits into upward and downward jets, creating the classic upper 
and lower recirculation zones of a double-roll flow pattern.  In the upper recirculation zone, 
fluid flows up the narrow face, back across the top surface, and down the SEN wall, to rejoin 
the jet exiting the nozzle.  The brake causes some of the secondary jet flowing up the narrow 

Third Baosteel Biennial Conference, (Sept. 25-26, 2008, Shanghai, PRC), Vol. 1, 2008.



face to split off early and flow back across the mold just above the brake region, altering 
velocities in the upper recirculation region.  In the lower recirculation zone, fluid flows down 
the narrow face, across the mold cavity width, and up the center of the mold cavity.  The 
lower recirculation zone is much larger and has lower velocities than the upper zone, because 
it is not confined.  The upper zone is constrained by the top surface and the jet exiting the 
SEN, which tends to bend the jet slightly upwards.   

 
Fig. 3  Velocity vectors on the mold wide face centerplane for Case 6, with outer circle 
showing extent of EMBr field, and inner circle showing region of strongest field. 
 
Velocity across the top surface is compared for all nine cases in Fig. 4, which shows velocity 
toward the SEN on a line across the wide-face centerplane 10mm below the meniscus.  A 
parabolic velocity profile is seen, with a maximum about 450mm from the mold center.  
Without EMBr, surface velocity decreases with increasing SEN depth.  With EMBr, this 
trends reverses, because the jet drops below the EMBr region, and maintains its momentum. 
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Fig. 4  Velocity across top surface toward the SEN for all cases (see Table 2) 
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3. Nail-board Measurement of Surface Velocity 
 
The nail board dip test is a simple method to characterize flow at the meniscus.  A row of 
nails is inserted into a long board, and dipped perpendicularly through the slag/steel inter-
surface for 3-5 seconds.  Upon removal, a knob of steel has solidified on the end of each nail.  
Nail board dip tests have commonly been used to determine the depth of the liquid flux layer 
that lies atop the molten steel.[4]  This can be found by affixing an aluminum wire alongside 
the nails prior to performing the dip test, and recording the difference between the melted wire 
height and the solidified knob. 
 
The angular profile of the knob can be further analyzed to gain insight into the flow pattern.  
The direction of the flow can be found by recognizing that the high end of the angular profile 
indicates the direction of steel flow past the nail, as shown in Fig. 5.  Recently, Rietow used a 
carefully-validated computational model to determine a relation to correlate knob height 
difference, Δh, and nail diameter to surface velocity of the molten steel across the top of the 
mold.[5]  Knob height difference is the difference in height between the low end and the high 
end of the knob profile, as shown in Fig. 6.  This correlation, illustrated in Fig. 7, enables 
accurate, fast measurement of meniscus velocity in a plant setting.  The height difference is 
most sensitive to velocity in the important range of 0.2 – 0.5 m/s.  Within this range, height 
difference increases with increasing surface velocity and increasing nail diameter. 
 
Nail-board tests are compared with the computational predictions of this work.  Ten 7.5cm-
long, 5mm-diameter nails were hammered into a 6.2cm wide, 2cm thick, 550cm long pine 
board to a depth of approximately 2.5cm.  The nails were spaced 5cm apart, and 5cm from 
each end of the board.  A typical nail from this test is shown in Fig. 6.  Velocities measured at 
each nail are plotted across the mold in Fig. 8, together with the model-calculated surface 
velocity profile for the same conditions (Case 6).  The numerical results match surprisingly 
well both near the narrow face and near the SEN.   

 

Fig. 5  Nailboard method to measure steel 
surface speed and direction  

Fig. 6  Nail photo showing measurement of 
solidified knob 

 
4. Oscillation Mark Profiles 
 
Oscillation marks are small depressions in the surface of every steel slab caused by the partial 
freezing of the meniscus during a mold oscillation cycle.[6]  These marks can be used to 
reveal the shape of the meniscus at the instant in time they formed.  This gives another 
opportunity to validate the computational model; the simulated meniscus shape caused by the 
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fluid flow pattern can be compared with the meniscus shape obtained from oscillation marks.  
Fig. 9 shows a photograph of oscillation marks traced on a sand-blasted surface of a sample of 
steel slab.   
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Fig. 7  Predicting steel surface velocity from measured knob height from nail-board test 
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Fig. 8  Comparison of calculated and experimental meniscus velocity 

Fig. 9 compares the calculated meniscus profile with eight separate oscillation marks.  The 
oscillation marks were graphed such that the total “area under the curve” of each oscillation 
mark is equal to zero.  The calculated profile roughly matches that of the oscillation marks.  
The trend of a high wave at the narrow face that slopes downward and stabilizes about 
halfway across the wide face before sloping slightly upward near the SEN is witnessed in both 
the experimental and numerical cases.  The scale of the numerically calculated profile also 
matches that of the oscillation marks.  The match is not exact, however, perhaps because the 
oscillation marks are transient by nature, as indicated by the variations between the eight 
oscillation marks.  The standing wave heights range from 2.25mm to 6.0mm.  The average 
measured height is 4.41mm, which is only 0.85mm smaller than the calculation. This shows 
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that the model can roughly predict the average surface profile, both qualitatively and 
quantitatively, which is the best that can be expected from a steady-state model. 

 

 

 

Fig. 9  Comparison of calculated meniscus profile with oscillation marks (Case 6) 
 
5. Summary 
 
Fluid flow in a continuous casting nozzle and mold cavity under a local EMBr has be 
investigated quantitatively using a 3-D steady flow model with the k-ε turbulence model in 
FLUENT.  The EMBr field at Nucor Steel in Decatur, Alabama, USA was measured for use 
in the mold cavity simulations.  After validating the model with a test problem, the results 
were validated by comparing with plant measurements of surface velocity from nail boards 
and meniscus shape (standing wave height) from oscillation mark profiles. As explained in 
further detail elsewhere,[1] a parametric study on the combined effects of EMBr and SEN 
depth revealed the following: 
 
1.  Increasing EMBr field strength at constant SEN depth causes a steeper downward jet angle, 

lower impingement point, lower velocities deep in the caster, expanded weaker upper 
recirculation zone with lower top surface velocity and flatter meniscus profile. 

 
2.  Increasing SEN Depth without EMBr has almost the same effects as increasing EMBr 

listed above.  The only exception is that jet dissipation is not increased, so downward 
velocity increases at depths more than 0.5m into the mold cavity. 

 
3. Increasing SEN Depth with EMBr has almost exactly the opposite effects as increasing 

EMBr.  This is because the jet tends to move below the EMBr region, so is less affected by 
the EMBr field. 
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6. Implications 

This investigation provides insight into how to best operate this caster for these conditions.  
The local EMBr is beneficial, as it lowers surface velocity and flattens the meniscus profile 
(standing wave height).  This prevents excessive surface velocities, and the corresponding 
slag entrainment, level fluctuations, inclusions and surface defects that accompany casting 
without electromagnetics for this geometry and casting speed.  The EMBr field strength 
should vary with SEN depth to maintain constant meniscus conditions.  Optimum operation 
depends on the location of the EMBr field relative to the SEN port outlets.  For this caster, 
higher EMBr field strength is needed with deeper SEN submergence.   
 
7. Acknowledgements 
 
The authors thank Ron O’Malley and Nucor Steel, Decatur, Alabama for the experimental 
work; and the Continuous Casting Consortium at the University of Illinois and the National 
Science Foundation Grant DMI 05-00453 for support of this project. 
 
8. References 
 
[1] Cukierski, K., and B.G. Thomas. Flow Control with Local Electromagnetic Braking in 

Continuous Casting of Steel Slabs[J]. Metal. Mater. Trans. B 2008; 39B(1):94-107. 
[2] FLUENT6.2-Manual. Ansys Inc., 10 Cavendish Court, Lebanon, New Hampshire, 2005. 
[3] Yuan, Q., B.G. Thomas, S.P. Vanka. Study of Transient Flow and Particle Transport 

during Continuous Casting of Steel Slabs, Part 1.  Fluid Flow[J]. Metal. Mater. Trans. B. 
2004; 35B(4):685-702. 

[4] McDavid, R., B.G. Thomas. Flow and Thermal Behavior of the Top-Surface Flux/ 
Powder Layers in Continuous Casting Molds[J]. Metall. Trans. B 1996; 27B(4):672-685. 

[5] Rietow, B., B.G. Thomas. Using Nail Board Experiments to Quantify Surface Velocity 
in the CC Mold. In: AISTech 2008 Steelmaking Conference Proc., (Pittsburgh, PA, May 
5-8, 2008); vol. 1. Urbana, IL, Assoc. Iron Steel Tech., Warrendale, PA, 2008. p. 

[6] Sengupta, J., B.G. Thomas, H.J. Shin, G.G. Lee, S.H. Kim. Mechanism of Hook 
Formation during Continuous Casting of Ultra-low Carbon Steel Slabs[J]. Metal. Mater. 
Trans. A 2006; 37A(5):1597-1611. 

 
 

Third Baosteel Biennial Conference, (Sept. 25-26, 2008, Shanghai, PRC), Vol. 1, 2008.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




