
1. Introduction

Flow in the mold region during the continuous casting of
steel is of great interest because it influences many impor-
tant phenomena, which have far-reaching consequences on
strand quality. These include the flow and entrainment of
the top surface powder/flux layers, top-surface contour and
level fluctuations, and the entrapment of subsurface inclu-
sions and gas bubbles. Flow in the mold can be studied
using mathematical models, physical water models, and
plant measurements. Scale water models have been applied
with great success in previous work to study the flow of
molten steel,1–4) owing to the similar kinematic viscosity of
the two fluids, which governs much of the flow behavior. To
better visualize and quantify the flow, Particle Image
Velocimetry (PIV)5) has been applied recently to measure
the instantaneous velocity fields in these water models.6–8)

In this work, such measurements are performed on a water
model at the LTV Technology Center (Fig. 1) using a PIV
system supplied by DANTEC.9)

The turbulent flow through the nozzle and in the mold of
the continuous caster has been studied extensively using
computational models based on the Reynolds Averaged
Navier Stokes (RANS) approach.10–18) The most popular of
these are time-averaged models using the K–e equations to
model turbulence.19) In this work, the detailed evolution of
the flow structures is also studied using the Large Eddy
Simulation (LES) approach.20) LES is computationally
much more intensive than K–e , but offers a new level of in-
sight into transient phenomena. In this work, the Origin
2 000 computers at the University of Illinois were used to
perform K–e simulations using CFX21) and LES simula-
tions using LES3D.22,23)

Finally, flow can also be measured directly in the actual
steel caster. A crude estimate of steel flow direction across
the top surface can be obtained using the same measure-
ment method used to monitor slag layer thickness.
Specifically, the steel flow direction can be crudely estimat-
ed from the angle plowed up by the liquid steel as it flows
around an inserted nail, as illustrated in Fig. 2. This angle
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steepens with increasing speed and can be captured as a
frozen lump on the bottom of the nail, if care is taken. A
more sophisticated method to measure surface velocities is
to monitor the vibrations of a rod inserted into the flow
through the top surface.24) Another quantitative method
measures an average molten steel velocity using electro-
magnetic (MFC) sensors embedded into the mold
walls,25,26) which monitor the electrical current generated
when steel moves through a magnetic field. In this work,
such measurements were obtained from MFC sensors in-
stalled at LTV Steel7) by AMEPA GmbH.25)

In this paper, all four of these methods are applied to
quantify flow in the mold region of a continuous slab caster,
for the same set of typical casting conditions and geometric
parameters. The results are compared and applied to yield
new insights into steady and transient flow phenomena in
the continuous casting mold and into the relative merits of
these tools to study them. This work is part of an ongoing
effort to develop mathematical models of the continuous
casting process and to apply them to increase understanding
and solve problems of practical interest.

2. Water Model and PIV Measurements

The flow from the tundish passes through a slide gate,
which moves at right angles to the wide face to restrict the

opening in the nozzle and thereby control the flow rate. The
flow then enters the mold cavity through the downward-an-
gled square ports of the bifurcated nozzle, as shown in Fig.
1. Flow exits the bottom of the water model through three
pipes attached to circular outlets in the bottom plate. Table
1 lists the main dimensions and casting conditions used for
this study. The thickness of the water model tapers from top
to bottom in order to simulate only the liquid portion of the
upper part of the steel caster. 

Flow visualization and velocity measurements were
made using 0.4-scale Plexiglas water models of the tundish,
nozzle and mold of the caster at LTV Steel Technology
Center (Independence, OH). Sequences of instantaneous
velocity measurements were obtained using a PIV system
from DANTEC.7,27) The positions of tracer particles are
recorded digitally when two consecutive pulses of laser
light illuminate a planar section through the water.
Knowing the time interval between pulses (1.531023 s) and
the distances moved by the tracer particles (from image
processing), a complete instantaneous velocity field is ob-
tained. This procedure is usually repeated every 0.2 s and
the results from at least 50 such exposures are averaged to
obtain the time-averaged velocity field. Further details are
given elsewhere.7,27)

In order to get good resolution in the PIV measurements,
the domain was divided into four regions: the vicinity near
the nozzle ports, used to validate the inlet conditions, and
three parts of mold, which were combined into a composite
to illustrate the time-average flow pattern. The three parts
are the top region containing the upper roll and the jet
which has been averaged over 10 s (50 snapshots), the mid-
dle region containing the lower rolls (0.25–0.65 m below
water surface) averaged over 200 s (200 snapshots), and the
bottom region containing part of the lower roll and extend-
ing from 0.65–0.77 m averaged over 40 s (200 snapshots).
The middle region is sometimes also a spatial average of
the right and left half regions of the water model, in order
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Fig. 1. Schematics of the 0.4-scale water model domain.

Fig. 2. Crude measurement of flux layer thickness and surface
velocity.

Table 1. Water model conditions.



to average the considerable differences which arose due to
asymmetry between sides.

3. Numerical Models

Several different numerical flow models were developed
for this work at the University of Illinois. Each satisfies
mass and momentum conservation in the computational do-
main by solving the continuity equation and the conserva-
tive form of the Navier Stokes equations for isothermal in-
compressible Newtonian fluids.

....................................(1)

...(2)

The solution yields the pressure, P, and velocity compo-
nents, vx, vy, and vz, at every point in the three-dimensional
domain. Due to the nominal symmetry with respect to the
centerline of the water model (and caster) shown in Fig. 1,
only half of the model was simulated. The thickness varia-
tion was neglected. At the high flow rates involved, these
models must account for turbulence, which is done through
varying treatments of m eff.

3.1. K–ee Model

To solve Eqs. (1) and (2) on a computationally-efficient
coarse grid using a time-averaged approximation, the con-
ventional K–e model averages the effect of turbulence over
both time and space using an increased effective viscosity
field, m eff:

....................(3)

where m0 and m t are the laminar and turbulent viscosity
fields (kg/m · s) and Cm is 0.09.19) This approach requires
solving two additional partial differential equations for the
transport of turbulent kinetic energy, K (m2/s2), and its dis-
sipation rate, e (m2/s3):

...........................................(4)

.....(5)

where the empirical constants, sK, se, C1, and C2 take stan-
dard values of 1.0, 1.3, 1.44, and 1.9219) and i, j are coordi-
nate direction indices, which when repeated in a term, im-
plies the summation of all three possible terms. This ap-
proach needs special “wall functions” as the boundary con-
ditions, in order to achieve reasonable accuracy on a coarse
grid.12,19,28) Inlet turbulence parameters at the inlet were
fixed at average values for K of 0.044 m2/s2 and e of 1.00
m2/s3, based on previous nozzle runs.

The equations were solved using the CFX v4.2 finite-vol-

ume CFD package.21) The mold domain used 141 960
nodes, and converged (reducing relative residuals in veloci-
ty from 1 to about 0.01) in 1 200 iterations using constant
under-relaxation factors of 0.4 for all variables except vol-
ume fraction and pressure, which were set to 1. To simplify
the computational domain, only the mold was simulated
without taper using a rigid wall for the top free surface. It
required 2 hr of computation on a single SGI Origin 2000.
The nozzle domain used 19 855 nodes and typically re-
quired 0.7 hr of computation. Further details are provided
elsewhere.27)

3.2. Large Eddy Simulation (LES) Model

Large Eddy Simulation (LES) uses a fine grid and small
time steps to accurately capture details of the large-scale
time-dependent structures of the flow. To obtain conver-
gence, a turbulence model is often required to dissipate the
kinetic energy at the sub-grid scale. The first of two LES
simulations in this work, LES1, employed the Smagorinsky
sub-grid-scale model29):

....(6)

This LES1 simulation employed time- and position-vary-
ing velocities at the inlet plane which were taken from a
separate LES solution of flow through an approximated
nozzle geometry.30) A 1283184364 computational grid
with over 1.5 million nodes was used with a time step of
0.0005 s. A second simulation, LES2, was performed by
solving Eqs. (1) and (2) directly with no sub-grid scale tur-
bulence model, so is sometimes referred to as DNS (direct
numerical simulation). This simulation used the same grid,
but obtained its transient inlet conditions from an LES solu-
tion of simple fully-developed turbulent flow in a square
duct.22) For both simulations, the inlet flow was directed
into the domain at a downward angle of 30°.

The equations of both LES models are discretized using
the Harlow–Welch fractional step procedure31) on a stag-
gered grid. Second order central differencing is used for the
convection terms and the Crank Nicolson scheme31) is used
for the diffusion terms. The Adams–Bashforth scheme31) is
used to discretize in time with second order accuracy. The
implicit diffusion terms are solved for using Alternate Line
Inversion. The Pressure Poisson equation is solved using a
direct Fast Fourier Transform solver. For parallelization, 1-
D domain decomposition with MPI (Message Passing
Interface) is used. The LES simulations are quite slow and
take 18 CPU s per time step or 13 days (total CPU time) on
an Origin 2000 (single processor) for each 60 s flow simula-
tion.

4. Electromagnetic Sensor Measurements

The fourth method investigated in this work is the elec-
tromagnetic MFC sensor system to measure flow of molten
steel, which was developed by AMEPA GmbH25) and in-
stalled on the LTV Steel No. 1 slab caster in Cleveland to
produce speed histories at four locations.7) The MFC sen-
sors can be used to determine whether the flow pattern in
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the molten steel has only a single roll or a lower and upper
(double) roll.7,25) The signals can also provide a measure of
the strength of the velocities close to the top surface. 

Each MFC sensor consists of two probes located close to
each other behind the copper mold plates. Each probe con-
sists of a permanent magnet and a detector. The flow of
conducting steel through each associated magnetic field in-
duces an electrical signal in each detector, according to
Faraday’s third law of electromagnetism. The time shift be-
tween prominent features of the two signals is a measure of
the time taken by the flow to convect from one probe to the
other. The average velocity in the region between the
probes is then the distance between the probes divided by
this time shift. This procedure is used because the absolute
velocities at each probe are not known quantitatively with
enough accuracy.

Figure 3 shows the location of two MFC sensors on half
of the wideface of the mold. The geometry and conditions
for the steel caster measurements were generally similar to
those in the water model (Table 1), except for the full-scale
1 830 mm wide 3238 mm thick (7239 inch) slab section
size. Other minor differences include a uniform 15° down-
ward port angle and a shallower average submergence
depth (165–190 mm in the caster, or 66–77 mm in the
model). Although argon gas is commonly injected into the
real nozzle to help avoid clogging, no gas was employed
during casting of the 61 slabs in this study.

5. Inlet Conditions from the Nozzle

Flow in the mold depends greatly on the inlet conditions,
which are governed by the jet properties exiting the nozzle
ports. Extensive studies of flow exiting the nozzle have
been carried out in previous work.12,14,18,27) The slide gate
creates a strong swirl at the outlet ports of the nozzle, as
shown in Fig. 4.27) In both the simulation and the water ex-
periments, the jet exits the ports with a single strong vortex
or swirl, caused by asymmetric flow down the nozzle from
the 90° slide gate orientation.27)

No obvious “back-flow” into the nozzle port was ob-
served during either the water model experiments or the
simulations. This observation differs from many previous
findings for typical nozzles,12,14) including the nozzle em-
ployed in the steel plant. The lack of a back-flow-zone is

mainly due to the special design of the SEN ports of this
nozzle, which had a much steeper angle of the upper port
edges (40° down) than the lower port edges (15° down).

Different inlet velocity profiles were adopted as inlet
boundary conditions for the computational models of flow
in the mold, as compared in Fig. 5. In addition to the mod-
eling simplifications, the discrepancies are likely due in
part to experimental error in manual alignment of the
pulsed laser sheet along the nozzle centerline. Results using
a simple turbulent profile based on pipe flow (LES2) were
compared with 3-D distributions based on complete simula-
tions of the nozzle (LES1 and CFX). All profiles have the
same total outward mass flow, given in Table 1, and assume
the same downward jet angle of 30°. This is similar to the
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Fig. 3. Electromagnetic sensor locations (relative to
steel caster dimensions). Fig. 4. Swirling flow exiting the nozzle: a) schematic based on PIV and b) sec-

ondary flow in the nozzle port plane calculated with K–e .27)

Fig. 5. Comparison of inlet velocity profiles along the centerline
of the inlet port plane.

Fig. 6. Flow pattern and the average jet angle measurement in
water model experiment.



PIV measurement of 29° down, as seen in Fig. 6 for Table 1
conditions but with 5.8% gas added to visualize the flow.27)

It is also similar to the 27.8° downward jet calculated from
a CFX nozzle simulation for these conditions,27) based on 
a weighted average over all nodes on the port plane.
Nevertheless, uncertainty in the inlet profiles is an impor-
tant source of discrepancies between the computations and
measurements, which are discussed next.

6. Comparison of Mold Flow Patterns

Flow patterns derived from the water model PIV mea-
surements, CFX, and LES simulations are compared in
Figs. 6–11. Figure 7 shows a side to side comparison of a
typical instantaneous vector plot along the center plane of
the water model, (parallel to the wide faces), obtained from
the PIV measurements (left) and the LES2 simulation
(right) for the conditions in Table 1. The swirling jet exiting
the nozzle moves along a helical path across the mold,
causing a characteristic jagged or “staircase-shaped” veloc-

ity vector pattern in the PIV measurements when viewed in
a plane parallel to the wide faces. This flow feature fluctu-
ates with time and is partly captured by the LES simula-
tions, depending on the inlet conditions.26) In both LES and
PIV, the upper and lower roll structures each evolve chaoti-
cally between a single large recirculation structure and a
complex set of evolving smaller structures and vortices.
Strong evidence of this is also seen in the transient varia-
tions of the MFC sensor signals. Naturally, none of these
phenomena can be seen in the time-averaged K–e model re-
sults.

The corresponding time-averaged flow patterns are
shown in Fig. 8 to have a classic pair of simple recircula-
tion zones in each half of the caster. They differ significant-
ly from the instantaneous snapshots, which illustrates the
limitations of time-averaging. The PIV, LES, and CFX
time-averaged flow patterns are all quite similar in appear-
ance. This demonstrates that the K–e model can reasonably
predict time-averaged flow in the mold, as known from pre-
vious study.10,13)

Both the LES1, CFX, and PIV jets bend slightly up-
wards, as they traverse across the mold towards the narrow
face. The LES2 simulation has a straighter jet and corre-
sponding lower surface velocities, presumably due to ne-
glecting swirl in the inlet condition. The straighter jet leads
to more flow up the corners when the LES2 jet impacts the
narrow face and spreads in all directions, as shown in Fig.
9. This causes lower velocities along a diagonal from the
corner in the other section view shown in Fig. 8. It is inter-
esting to note that this flow feature of LES2 is also found in
the PIV measurements. Aside from this detail, all of the
simulation and experimental flow patterns match fairly
well.

Figure 10 is a 30-min time averaged vector plot of the
velocities measured in both lower rolls of the water model.
Considerable asymmetry can be seen between the left and
right rolls, which persist even over this long time period.
This is likely a feature of periodically unstable turbulent
flow in the large cavity below the SEN, which has been pre-
viously observed3,4) and calculated.17) In addition, there may
have been a slight (1°) misalignment of the nozzle in the
X–Z plane. This may have moved the right-side jet out of
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Fig. 8. Time averaged velocity field
(center plane between wide
faces).

Fig. 7. Instantaneous velocity vector field at center plane be-
tween wide faces.



the center plane and contributed to generally lower veloci-
ties on the right side. Proper simulation of these phenomena
requires modeling the entire mold with no symmetry as-
sumption.

Some features of the periodic evolution of the flow pat-
tern measured in the water model are seen in the transient
LES simulations as well. Figure 8(a) shows a short circuit
structure that expands downward to form the single large
recirculation region shown in Fig. 11. This matches a se-
quence of flow features measured with PIV and even has
the same time scale (7–10 s). This suggests that this short
circuit structure is probably caused by turbulence and not
by changes at the inlet or by other disturbances which may
be present in the PIV but not in the simulation. Some flow
sequences between the lower rolls were observed in PIV to
alternate over 45–60 s,23) so were not simulated.

7. Comparison of Time-average Velocity Profiles 

Quantitative comparisons of the PIV measurements with
the K–e and LES simulation results were made by plotting
velocity profiles along three horizontal lines. Figure 12
plots speed along the centerline of the jet. The three PIV

data sets show close agreement, even though they were av-
eraged over only 60 s each. The LES1 simulation matches
closely with the PIV. The LES2 simulation naturally pre-
dicts slightly higher velocities on average, because its inlet
condition produces a straighter jet with less out-of-plane
motion. The K–e prediction is low, perhaps owing to its
overprediction of turbulence and the accompanying in-
crease in the dissipation of the jet momentum. 

Velocity across the top surface of the water model is
shown in Fig. 13 (taken about 1.5 mm below the meniscus).
All three predictions agree with the PIV data. The greatest
speeds are consistently found midway between the narrow
face and the SEN. The LES2 predictions are slightly lower
than the others, owing to the straighter jet producing less
flow in the upper recirculation zone. This illustrates the im-
portance of inlet conditions on the critical top-surface ve-
locities.

Figure 14 shows the downward velocity profile across
the width of the caster centerline, in the lower region, 0.6 m
below the meniscus. The PIV measurements were time av-
eraged over 2 000 s (2 000 frames), which reduced the vari-
ations between right and left sides shown in Fig. 10. For all
cases, downward flow is naturally greatest along the narrow
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Fig. 9. Time-average velocity field on narrow face. (20 mm in
from wall representing solidification front)

Fig. 10. PIV-measured velocity vectors in lower rolls. (30 min
time average)

Fig. 11. Instantaneous LES2-simulation when lower roll is a
large recirculation region.

Fig. 12. Time-averaged speed profile along jet centerline, com-
paring PIV, K–e , and LES.



face walls. Quantitatively, the K–e model produces the clos-
est match. The LES simulations overpredict both the flow
down the narrow face and the slow flow up the centerline.
This is due in part to LES time averages of only 45 s. This
is too short for the lower region, as indicated by large varia-
tions between the ten sets of 200 s each, which make up the
PIV time average. In addition, the discrepancy might be
due to neglecting the asymmetries due to mold curvature
and left-to-right variations, or to inaccurate modeling of the
outlet ports and bottom of the water model, which control

flow in the lower recirculation zones. In conclusion, all of
the models appear to be capable of predicting reasonably
accurate time-averaged behavior, if sufficient care is taken. 

8. Comparison of Transient Behavior

Transient behavior is very important to quality in contin-
uous casting and can be found even during periods of nomi-
nal steady-state conditions. Velocity variations can be char-
acterized by their Root Mean Square variation, or RMS,
which is defined in the PIV measurements and LES simula-
tions by

where D t is the interval for time averaging. The K–e model
is capable of only crude predictions of these time varia-
tions, by converting the isotropic turbulent kinetic energy
into a mean velocity variation, RMS5√——

2K/3 assumed to be
the same in each coordinate direction. These measures of
velocity fluctuations are compared in Fig. 15 along the
same line and times as Fig. 14. They show that the LES
simulations are remarkably accurate in quantifying this
measure of transient variations due to turbulence. The K–e
model overpredicts the turbulent variations for this case. It
is important to note the significant variation in RMS ob-
served between the right and left sides of the PIV measure-
ments.

Figure 16 shows a sample plot of time variation of ve-
locity at a typical point 20 mm below the top surface,
halfway between the SEN and the narrow face. The PIV ve-
locity variation shows the existence of two time scales. The
short time scale is about 0.7 s and is predicted well by the
LES simulations. The longer time scale is at least 45 s. It
results in periods of 5 s or more when the velocity close to
the top surface is three to four times the mean. These long
time-scale variations are of significant interest, as they
would likely exacerbate shear entrainment of the liquid flux
at the top surface and level fluctuations. The two LES simu-
lations appear to bracket the extremes in the PIV measure-
ments over long time scales. Thus, the long time-scale vari-
ations appear to be caused by differences in the penetration

t
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Fig. 13. Time-averaged speed profile along top surface center-
line, comparing PIV, K–e , and LES.

Fig. 14. Time-averaged speed profile along horizontal line 0.6 m
below top surface, comparing PIV, K–e , and LES.

Fig. 15. Root mean square of turbulent variation in vertical ve-
locity profile along horizontal line 0.6 m below top sur-
face, comparing PIV, K–e , and LES.

Fig. 16. Typical velocity history at the point half way between
narrow face and SEN (about 2 cm below top surface),
comparing PIV and LES simulation.



depth of the jet. They might be due to long-time turbulent
transients, to changes in the inlet conditions from the noz-
zle, or to side-to-side sloshing, which is neglected in the
symmetry assumption of the simulation. 

9. Comparison with Plant Measurements

9.1. LES Simulation of Electromagnetic Sensor 

To enable comparisons of the MFC sensor signals with
results from the other methods, LES2 simulation results
were extracted to predict the output of the probes. As dis-
cussed in Sec. 4, the horizontal velocity component con-
vects the flow structures from one probe to the other.
Prominent flow features appear in both signals, with a time
shift corresponding to the average horizontal velocity be-
tween the probes. To simulate this with the LES model, the
horizontal velocity components calculated within the cells
in the area beneath each probe head were first averaged in
each plane parallel to the wideface. Next, the attenuation of
the magnetic field strength with distance into the flow was
taken into account by assuming that the induced signal
strength decreased inversely with the square of the distance
from the wideface, according to Fig. 17. Specifically, the
overall simulated signal was calculated by taking a weight-
ed average of the horizontal velocities calculated in the dif-
ferent planes beneath the probe head using the weighting

factors in Fig. 17. Examination of the LES simulation re-
sults shows that variations through the mold thickness are
less significant than the time variations, so the attenuation
of the electromagnetic signal should not be important. 

Figures 18(a) and 18(b) show typical simulated probe
signals predicted for sensors A and B. The average of the
two signals predicted at each probe indicates the best possi-
ble MFC sensor output. At position A, near the liquid sur-
face, the two probe signals are very similar, except for an
obvious time shift. Thus, it is quite feasible that the average
of the two signals could be extracted by the signal process-
ing logic, without knowing the absolute velocities shown on
the vertical axis. At position B, however, the two probe sig-
nals are very different. Clearly, they do not always have the
same basic signal offset in time, so it is very likely that
large errors would arise in predicting their average by the
signal processing. 

The reason for this difference in behavior of the signals
at A and B can be understood by looking at the flow fields
near the two sensors. Figure 19 shows two instantaneous
velocity-vector plots in the top region. Flow at position A
near the top surface is relatively consistent, as velocities are
mainly horizontal and similar at both probes. Flow at posi-
tion B is very different, however. The mean convection of
vortices is not nearly horizontal. Flow past one probe often
does not even reach the other probe. Thus, the two probe
signals may not always correlate (Fig. 18(b)) and the de-
rived sensor signal would likely show no relationship with
the true velocity. 

Figure 19 also shows how vortex structures traverse al-
most randomly across the caster, especially near the center
of the upper rolls. Velocities predicted at sensor B probes
indicate a real change in the direction of flow for several
seconds (Fig. 18(b)) 122–124 s and 152–154 s). Even near
Sensor A, the fluctuations appear to reverse the time shift
for a few seconds (Fig. 18(a)) 70–72 s). Either of these situ-
ations might be falsely interpreted as a change between sin-
gle and double roll patterns. In conclusion, this analysis
suggests that the MFC sensor probes should be placed in
regions of steady horizontal flow, such as found near the top
surface. Moreover, temporary reversals in signal flow direc-
tion should be interpreted as local turbulent fluctuations
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Fig. 17. Assumed weighting of velocities with distance from
wideface by electromagnetic probes assumed for LES
simulation.

Fig. 18. LES-Simulated electromagnetic probe sig-
nals at locations A (a) and B (b).



and do not necessarily indicate a real change in flow pat-
tern.

9.2. Comparison with Electromagnetic Sensor Measure-
ments

The gradually fluctuating shape of the signal recorded by
the MFC sensors on the caster at LTV Steel is quite similar
to the shape of the simulated probe signal in Fig. 18(a).26)

Figure 20 shows MFC output at A near the surface as a
function of casting speed for Table 1 conditions. Each point
is a 600 s time average. The significant scatter has several
potential causes, including variations in casting conditions
between the 61 slabs in the plant trial.

Qualitatively, the plant measurements agree with the
other three flow analysis tools. The conditions under inves-
tigation always produce a classic double roll flow pattern,
shown in Figs. 6 and 8. This is confirmed by both MFC
sensors measuring flow towards the SEN. Maximum veloci-
ties along the top surface are found midway between the
SEN and narrow face, and fluctuations are great. Top sur-
face velocities increase with casting speed.

It is difficult to compare the MFC sensor data directly
with the water model results in Fig. 13 due in part to the 0.4
scale factor. However, assuming Froude similarity means
that the 0.725 m/min casting speed in the water model
scales up by a factor of √——

1.0/0.4
—

to 1.15 m/min. in the cast-
er. The average surface speed from the MFC sensor signal
at 1.15 m/min is 0.23 m/s (Fig. 20). This agrees roughly
with the average K–e , LES1, and PIV value of 0.22 m/s
(scaled up from the maximum of 0.14 m/s in Fig. 13). This
agreement is very encouraging, but further validation is
needed, especially when argon gas is present. 

10. Summary

The turbulent flow of liquid steel in a continuous casting
mold has been investigated with time-averaged K–e and
transient LES computational models. The predictions are
compared both qualitatively and quantitatively with veloci-
ties measured using PIV on a 0.4-scale water model and
with MFC sensor measurements in an operating steel cast-
er. The results compare the abilities of these four methods,
in addition to providing new insights into flow phenomena
in this process.

10.1. Comparison of Methods

This work compares the relative merits of four tools to
investigate the flow pattern and quantify fluid velocities. To
obtain just the time-averaged flow pattern, the simple time-
averaged K–e model is both reasonably accurate and very
cost-efficient. Transient phenomena are very complex and
require several orders of magnitude more effort to investi-
gate. The LES model is capable of accurately reproducing
many transient phenomena, as demonstrated in this work.
Even the jagged staircase flow caused by swirling flow exit-
ing the nozzle ports can be predicted if the geometric fea-
tures inside the nozzle are fully incorporated into the mod-
els. However, long-time transient phenomena, which are
shown in the PIV work to be very important, are cost pro-
hibitive to simulate with a conventional fine-grid LES
model. Computational efficiency is further reduced by the
need to avoid symmetry assumptions to study some phe-
nomena. Thus, it appears to be infeasible to study many im-
portant transient phenomena with LES, even with state-of-
the-art computer power.

Water models are very useful, practical tools for under-
standing and optimizing the flow pattern, especially when
quantified using PIV. In addition, they can serve as educa-
tional tools for operator training. Their main drawback is
the difficulty to extend beyond the flow pattern to phenome-
na of more practical interest, such as heat transfer, solidifi-
cation, surface slag entrainment, two-phase flow, and parti-
cle motion. 

The electromagnetic sensor has the advantage of measur-
ing the real process, although it is expensive. The LES sim-
ulation of the MFC sensor signals illustrates the great im-
portance of locating the sensor in a region of stable hori-
zontal flow if accurate velocities are to be extracted.
Sensors positioned near the top surface midway between
narrow face and SEN should accurately output both the di-
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Fig. 19(a). Instantaneous LES-simulated vector plot of the upper
roll 9mm from wideface.

Fig. 19(b). Instantaneous LES-simulated vector plot of the upper
roll 35 mm from wideface.

Fig. 20. Electromagnetic sensor output sorted by casting speed.7)



rection and velocity history at that point. The individual
probes of sensors positioned within a region of recirculat-
ing flow, however, experience very different transient flow
fields, so cannot be relied upon to produce accurate veloci-
ties. This method is limited to measurements averaged over
the region near each of just a few sensors. In summary,
each method has its own merits and disadvantages relative
to the others, and each can be a useful tool for investigating
flow phenomena in processes with molten metal.

10.2. Insights into Transient Mold Flow

The numerical simulations, PIV and MFC results pre-
sented in this work together reveal deeper insight into flow
in the continuous casting process, especially transient phe-
nomena in the mold region. Strong swirl is generated at the
port outlets by the 90°-oriented slide-gate nozzle. This
causes considerable in and out of plane motion, which per-
sists at least halfway across the mold. The flow pattern in
the upper region of the mold evolves chaotically between a
single large recirculation structure and a set of distinct vor-
tices. Flow across the top surface varies in time by more
than 100% of its mean value. This variation has a high fre-
quency component (,1.5 Hz) which is also seen in the sim-
ulations, so appears to be inherent to the turbulent nature of
the flow. The variations also include a low frequency com-
ponent (time period of the order of 45 s) with times of more
than 5 s when the horizontal velocities are 3–4 times larger
than their mean values. This component is probably very
significant to shear entrainment of liquid flux, level fluctua-
tions, and the associated quality problems. It is not seen in
the symmetric simulations with steady inlet conditions,
which therein suggests the means to avoid it.

The inlet conditions to the mold from the nozzle are
shown to be important for both steady and transient phe-
nomena. Deeper penetration, such as resulting from less
swirl at the inlet, impacts deeper along the narrow face, and
lowers surface velocities and level fluctuations. Thus, it is
useful to continue study to optimize nozzle design. 

Although the entire geometry of the scale water model,
including the inlet nozzle and its port were symmetric,
there is considerable, persistent, asymmetry between the
two lower rolls. Flow in the lower region alternates through
different sequences of flow phenomena, which repeat
chaotically and have longer time scales than the upper zone.
One of these features involves a short circuit between the
upward and downward flow in the lower roll and evolves
over 7–10 s. This phenomenon is also seen in the simulation
and appears to be inherent to the turbulent nature of the
flow. Some flow asymmetries in the lower rolls alternate pe-
riodically over 45–60 s, while others may persist for very
long periods of time (one hour or more).

Transient flow phenomena are likely very important to
inclusion particle motion and bubble entrapment, which are
responsible for defects in the final product. Thus, further
study of transient flow phenomena using all four tools stud-
ied in this work should be a fruitful research area for con-
tinuous casting of steel and other processes involving
molten metal flow.
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