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Abstract
During the continuous casting of steel, transient flow events can be very important to the
generation of quality problems, such as shear entrainment, surface level fluctuations and
bubble entrainment. These phenomena can be better predicted using Large Eddy
Simulation (LES) models than the K-ε models, which have been extensively studied. In
this work the turbulent transient flow in a water model of a continuous caster has been
both simulated using LES models and measured using Particle Image Velocimetry (PIV).
The results of PIV and LES have been compared to validate the LES model and also to
enhance the understanding of the prominent transient features of the flow field. The flow
near the top surface in PIV was found to contain periods of 5-10s when the velocities
were three to four times their mean values, which is of importance to the shear
entrainment of the liquid flux. In both simulation and PIV the upper roll structure is
found to change chaotically from a single large recirculation structure to a set of distinct
vortices. The inlet swirl in PIV is seen to persist more than halfway across the mold,
causing a characteristic staircase velocity vector pattern when viewed in a plane parallel
to the wide faces. The lower rolls in PIV are significantly asymmetric for very long
periods of time (~ 1-hour) and go through a repeating sequence of features. One of these
features involving a short circuit between the upward and downward flow in the lower
roll is also seen in the simulation and is of significance to bubble entrapment.

2
Introduction
The turbulent flow through the nozzle and in the mold of the continuous caster has been
studied extensively using computational Reynolds Averaged Navier Stokes (RANS) flow
models [1,2]. Defects, such as internal inclusion of liquid flux through surface shear,
pencil pipe defects due to bubble entrapment, surface defects due to level fluctuations are
caused by transient flow phenomena occurring in the mold. These phenomena can be
better predicted using transient Large Eddy Simulation [3] or “LES” models.
In this paper, experimental results obtained from PIV (Particle Image Velocimetry)
measurements, done on a scaled water model are compared with LES models for the
same conditions. The comparisons include time averaged velocities, Root Mean Square
velocity fluctuations and transient flow features in all parts of the mold. In order to
reduce the computational time and resources, some simplifying assumptions were made
in the LES models. The comparisons study the validity of these assumptions and also
enhance the understanding of prominent transient features of the flow field. This study is
being carried out in several stages, involving increasing complexity of the LES models
and more detailed PIV studies.
Description of water model and simulation domains
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Figure 1: Sketch of water model (a) and simulation domains (b) to scale (All dimensions
in mm). The water model domain also shows the three rectangular regions in which PIV
data was collected.
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Figure 1(a) shows a sketch of the experimental water model of the caster, which is made
of transparent Plexiglas. The flow from the tundish passes through a slide gate, which
moves at right angles to the wide face. The flow enters the domain through the
submerged nozzle and flows out at the bottom, through three pipes attached to circular
35mm diameter outlets in the bottom plate. The experimental domain is nominally
symmetric with respect to the centerline shown in the figure. Table I lists the dimensions,
flow rates and velocities. The experimental model does not have a constant thickness but
tapers from top to bottom, thus simulating only the liquid portion of the steel caster. In
order to get good resolution in the PIV measurements, most of the experimental domain
is divided into three regions namely the the top region containing the jet and the upper
roll, the middle region containing both the lower rolls and the bottom region containing
part of the lower roll (Please refer to [4] for a description of the PIV measurement
system).
Table I Water model and simulation conditions
No.
1
2

Property

Water model

Simulation

Length of the model
Thickness of model

0.950m
0.956m
Varies from 0.095m Constant
at the top to 0.065m 0.08m
3
Port opening
0.031 x 0.031m
0.031 x 0.031m
4
Top surface
Free surface
Free slip boundary
5
Flow rate through each port
3.528 x 10-4 m3/s
3.528 x 10-4 m3/s
(5.6 gal/min)
(5.6 gal/min)
6
Average inlet velocity
0.4239m/s
0.4239m/s
o
7
Average jet inlet angle
30
30o
8
Distance of top of port outlet from
0.075 m
0.07207m
top surface (submergence depth)
(Varies with time)*
9
Outlet
1.5 35mm diameter 1.5 35mm square
outlets along each
outlets at the
half of the bottom
bottom
10
Fluid used
Water
Water
1 x 10-6 m2/s
11
Kinematic viscosity
1 x 10-6 m2/s
12
Gas flow rate (cubic ft / hr)
0.0
0.0
* An ultrasonic flow sensor is used to record level variation with time. The average water
level as recorded by the sensor in this duration is taken as the top surface. Level
fluctuations were about 3mm.
Numerical Model
Figure 1 (b) is a plot of the domain used in the simulation. As a first step the flow in the
water model is assumed to be symmetric in the large scales; hence only half of it is
simulated to reduce computational resources and time. Figure 1 (b) shows the directions
of the X, Y and Z axes used. The horizontal velocity component U, is positive towards
the narrow face, the vertical velocity component V, is positive in the downward direction
and the component in through thickness direction W, is positive into the plane of paper.
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The domain is discretized with 128, 184, and 64 points along the X, Y and Z axes
respectively meaning a 1.5 million node computational grid. The nozzle inlet consists of
32 and 24 points along the Y and Z axes. The mesh is uniform in the X and Z directions.
Along the Y direction, the mesh is uniform at the inlet and is stretched geometrically
using a ratio 1.03 in the upward and downward directions. The conservative form of the
Navier Stokes equations below is solved to obtain the fluid flow in the domain.

∂u
∂x

j
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No subgrid scale or other turbulence model is used. The equations are discretized using a
fractional step procedure [5] on a staggered grid. Second order central differencing is
used for the convection terms and Crank Nicolson scheme [5] is used for the diffusion
terms. The Adams-Bashforth fractional step scheme [5] 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.
Figure 1 (b) also shows the boundary conditions used in the simulation. The inlet for the
simulation is obtained by simulating the fully-developed turbulent flow in a square duct
[6]. The flow from the exit of the duct is then directed at an angle of 30o into the
simulation inlet.
For parallelization 1-D domain decomposition with MPI (Message Passing Interface) is
used. The time step used is 0.001s. The simulations are performed on an Origin 2000
taking 18 CPU s per time step or 13 days (total CPU time) for 60s of flow simulation.
Results and Discussion
Figure 2 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 simulation
(a) and PIV measurements (b). Figure 3 compares the corresponding time averaged
vector plots. Each side of Figure 3 is made with an equal number of vectors in the X and
Y directions. The simulation vector plot is time averaged over 60s.
The PIV vector plot is a composite containing three time-averaged parts. The three parts
are the top region containing the upper roll and the jet which has been averaged over 10s
(50 snapshots), the middle region containing lower roll (0.25-0.65m below water surface)
averaged over 200s (200 snapshots), and the bottom region extending from 0.65m 0.77m averaged over 40s (200 snapshots). The middle region is also a spatial average of
the right and left half regions of the water model, in order to average the considerable
differences which arose due to asymmetry between sides. The maximum number of
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vectors in a region was reduced 8-fold to 568 in order to maintain good resolution, with
31 along the horizontal and 19 along the vertical in accordance with the camera aperture.
In both the simulation and the experiment, the jet emerges at an angle of approximately
30o downward. It bends slightly as it traverses the mold to impinge on the narrow face.
The flow then splits upward and downward. Due to the high velocity of the jet, a lowpressure region is created in and around the jet resulting in the entrainment of fluid from
both above and below. This helps to form the "upper" and "lower" recirculation regions
above and below the jet.
The simulation and PIV measurements generally compare very well, both qualitatively
and quantitatively. This includes the angle and shape of the jet, upper and lower rolls.
Both the measured and simulated velocities in the region near a diagonal from the top-left
corner to the center of the upper roll are lower than the velocities up the narrow face and
across the water surface. Figure 3 (c) shows velocity vectors in a plane 20 mm from the
narrow face which explains the reason for these low velocities in the corner. As seen in
the figure, the jet impinges on the narrow face and spreads in all directions. Flow is then
stronger up the corners than in the center plane parallel to the wide face. This split flow
rejoins close to the top surface, some distance from the narrow face. This leaves an
apparent low flow in the region mentioned above.
The PIV jet appears to bend
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Figure 4 is a sample plot of
time variation of velocity at a
point close to the top surface,
halfway between the SEN and
the narrow face. The PIV
points are spaced 0.2s apart as
compared to 0.001s increments
in the simulation.
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The PIV velocity variation
shows the existence of two
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b) time scales. The lower one is
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about 0.7s and is predicted well
by the simulation.
Figure 2: Instantaneous velocity vector plot of (a)
simulation and (b) PIV measurement
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Figure 3: Time averaged velocity vector plot of (a) simulation and (b) PIV; (c) Time
averaged velocity vector plot of the simulation parallel to and 20mm from the narrow
face.
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Figure 4: Typical history of U velocity component below the water surface in simulation
and PIV.
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The higher one is at least 45s and is not seen in the simulation. This results in periods of
5s or more when the velocity close to the top surface is three to four times the mean. This
period of high velocity could shear the molten flux layer and cause shear entraiment deep
into the caster. These low frequency variations caused by the wide variations in the depth
of penetration of the experimental jet are not seen in the simulation.
Figure 5 (a) shows a schematic of the flow from the port that illustrates the swirl. The
perpendicular movement of the slide gate flow control positioned high in the nozzle tube,
(relative to the wide face) allows flow through only 41% of the nozzle bore area. This
causes stronger flow down the inner radius wide face side of the nozzle. This bias in
flow over the cross section continues to the nozzle ports. It causes a swirl in the
experimental jet [6,7]. The overall jet moves downward at an angle of 30o and the swirl
gradually diffuses. With respect to the jet centerline, the jet moves along a helix, as
depicted in the figure.
The swirling experimental jet moves both up and down and in and out of the center plane.
As a result of the helical motion, the flow has either an upward or downward component
the magnitude depending on the radial location. The in-out motion of the jet results in this
vertical component of flow to often occur in the center plane in the PIV measurements.
This results in a net instantaneous jet of angle significantly greater than 30o. Also
because of the helix there will be alternate regions where the flow has an angle less than
30o. This results in a staircase type of pattern as seen in Figure 5 (b).
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Figure 5: (a) Schematic of swirling flow in the PIV jet; (b) The in-out of plane motion of
this swirl results in distinct staircase pattern in a instantaneous PIV vector plot of the
center plane.
As the jet moves in and out of the center plane at a given point, either the upward or
downward moving portion of the spiral flow will be present. This causes the staircase
shape to alternate. The time scale of this alternation, and corresponding in-out of plane
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motion is of the order of 0.2s. In addition the entire jet chaotically alternates between
shallow and deep penetration. The jet also has an in-out motion on a large time scale,
resulting in the frequent intermittent disappearance of vectors close to the narrow face,
for periods of about 7s. The simulation jet also has miniature staircase patterns which
result from jet wobble due solely to turbulence, which is consistent with previous work
[8]. However the deviation from 30o is much smaller than the PIV measurement and the
different staircases are out of phase.
This finding implies that the inlet swirl persists more than halfway across the mold. This
may significantly affect the flow features in other regions of the mold and explain some
of the discrepancies in the results. Thus it is necessary to incorporate the swirling inlet
condition along with the in-out of plane motion in future simulations.
Figure 6 is an instantaneous vector plot of the velocities in the top region of the
simulation. The upper roll at this instant is seen as a set of distinct vortex structures as
opposed to the single large recirculation structure seen in the time average vector plot
(Figure 3(a)). The top region alternates chaotically between these two extremes.
Figure 7 is a 30-min time averaged vector plot of the velocities measured in the lower
rolls of the water model. Considerable asymmetry can be seen between the left and right
rolls, which persist even over this large time period.
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Figure 7: 30 min (2000 snapshots) time
Figure 6: Instantaneous vector plot of the
averaged vector plot of the velocities in
velocities in the top region of the
both the lower rolls.
simulation.
There are two main features of this asymmetry that are especially significant. One is the
region of very low velocity below the impingement point on the right, which contrasts
with the higher downward flow on the left. This asymmetry was likely caused by an
angular misalignment of the nozzle of the order of 1o in the X-Z plane resulting in the jet
on the right moving out of the center plane. Dye injection study for the same
configuration, without change in the flow settings is consistent with this angular
misalignment. The second is the upward moving flow below the SEN being directed
towards the left. This suggests a period of time when the right roll is larger than the left.
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Study of the transient flow features over this 30-min. period reveals a repeating sequence
of three features when
1) Both rolls are about the same size for about 17s.
2) Right roll is larger than the left for about 30s.
3) A short-circuited structure forms and merges into lower roll over about 14s, while
both rolls are about the same size.
The simulation enforces symmetry by simulating only half of the domain with a
symmetry boundary condition. The presence of this significant asymmetry necessitates
the simulation of both halves of the water model/caster in future work. Figures 2 (a) and
(b) show an instant when the short circuit between the upward and downward flows of
the lower roll has taken place and the downward motion of the location of the short
circuit has begun. The short-circuit of the downward moving flow of the lower roll with
the upward moving portion is seen in both experiment and simulation suggesting that it is
not caused solely by the input condition but might be caused by intrinsic pressure
instabilities or other small disturbances in the turbulent flow field. This phenomenon is
important for particle or bubble entrapment and needs to be investigated further.
Conclusions
Both the PIV measurements and simulation together help to get a better understanding of
the flow phenomena in the continuous casting process. In particular many transient
phenomena have been observed which cannot be simulated using traditional RANS
models of turbulent flow.
The inlet condition is of considerable significance to the flow in the mold. The swirl at
the port outlet persists until halfway across the mold. The experimental jet has
considerable in and out of plane motion, as compared to the simulation, which has an
inclined fully-developed turbulent square duct flow as the inlet condition. These two
differences together cause the experimental jet to bend so that it impinges nearly
horizontally on the narrow face. If the inlet swirl had diffused a short distance from the
inlet it would have resulted in closer agreement between simulation and experiment.
The flow near the top surface in the experiment varies by more than 100% of its mean
value. This variation consists of a high frequency variation (~1.5 Hz) which is also seen
in the simulation. It also consists of a low frequency component (time period of the order
of 45s) which results in durations of 5s or more when the horizontal velocities are much
larger than the mean values. This component is not seen in the simulation and is
speculated to be due to the wide variations in the depth of penetration of the experimental
jet not seen in the simulation. This feature is of considerable significance to shear
entrainment of the liquid flux.
Although the entire geometry including the inlet nozzle and its port were symmetric,
there was considerable, persistent, asymmetry between the two lower rolls. The flow in
the lower rolls is not stationary but consists of a sequence of flow phenomena, which
repeats chaotically. One of the flow features involving a short-circuit of the downward
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moving flow with the upward moving one is seen in both experiment and simulation
suggesting that it is not input condition dependent but might be caused by pressure
instabilities or other small disturbances in the flow field which are inevitable. This feature
is important for particle motion and bubble entrapment, which are responsible for defects
in the final product.
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