Simulation of Fluid Flow inside a
Continuous Slab-Casting Machine

B.G. THOMAS, L.J. MIKA, and F.M. NAJJAR

A finite element model has been developed and applied to compute the fluid flow distribution
inside the shell in the mold region of a continuous, steel slab-casting machine. The model was
produced with the commercial program FIDAP, which allows this nonlinear, highly turbulent
problem to be simulated using the K-¢ turbulence model. It consists of separate two-dimensional
(2-D) models of the nozzle and a section through the mold, facing the broad face. The predicted
flow patterns and velocity fields show reasonable agreement with experimental observations and
measurements conducted using a transparent plastic water model. The effects of nozzle angle,
casting speed, mold width, and turbulence simulation parameters on the flow pattern have been
investigated. The overall flow field is relatively insensitive to process parameters.

I. INTRODUCTION

THE velocity distribution of molten steel contained within
the solidifying shell of a continuous casting machine is
very influential on the distribution of inclusion particles,
which is important to the internal cleanliness and quality
of the steel. In addition, the flow pattern has a great
influence on heat transfer to the shell during the critical
initial stages of solidification. To further understand this
behavior, a 2-D finite element model has been developed
to calculate the flow of molten steel within the liquid
pool inside the shell in the mold region of a continuous
slab-casting machine, fed by a bifurcated, submerged entry
nozzle.

The first objective of this project was to develop a
mathematical model of the flow pattern in the liquid pool
which determines how both molten steel and inclusion
particles carried in by the nozzle are distributed. To
verify acceptable accuracy of the model, its predictions
were compared with experiments conducted using a
transparent plastic water model of the system.

The second objective was to investigate the effects of
important casting operation and design variables on the
fluid flow pattern. Of particular interest was the angle
of the jet streaming in from the submerged nozzle, its
approximate impingement point on the solidifying shell
along the narrow face wall, and velocities down the wall.
These parameters are important because of their influ-
ence on heat transfer and the growth of the solidifying
shell.

This work represents the first step in the development
of a comprehensive system of mathematical models of
fluid flow, heat transfer, shrinkage, and stress genera-
tion within the continuous slab-casting mold, which will
ultimately be applied to predict and understand the ef-
fects of such diverse variables as nozzle design and mold
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taper on defect generation in the solidifying shell. The
results of the flow calculations described here are input
to a separate heat flow model to calculate the tempera-
ture field within the molten steel and the resulting heat
flux to the solidifying shell on the narrow face mold wall.

The superheat in the fluid steel can be convected to
the shell and conducted through the shell to the copper
mold walls, or it can be swept out of the mold region
to be dissipated much lower in the caster. In addition,
uneven dissipation of superheat to the shell will produce
a maximum heat input near the point of jet impingement.
This can produce local “hot spot(s)” on the shell, where
growth is slow, and may cause shell thinning, erosion,
and even lead to breakouts, particularly at higher casting
speeds.!!!

Equally important is the influence of the flow pattern
on the temperature of the steel at the narrow face near
the meniscus. If the steel temperature is too low during
the critical solidification stage, it is believed to exacer-
bate defect formation.?! The results of this work should
increase our understanding of the early stages of shell
solidification in the mold and eventually provide insights
that will aid in the prevention of breakouts and other
quality problems, such as longitudinal cracks.

II. PREVIOUS WORK

Previous studies of the continuous slab-casting mold
have mainly involved the use of full-scale water
models.?*! These studies have revealed a great deal about
the flow pattern, which has been confirmed with expe-
rience with operating steel casters. However, it is dif-
ficult to use the physical models to study the
accompanying heat flow, which is more easily done using
a mathematical model.

Although several mathematical models of fluid flow
have recently been applied to many different steel pro-
cessing operations (including ladles,™ tundishes,”-*! and
nozzles™), only a few recent studies have been con-
ducted to model fluid flow within a continuous-casting
mold.!">!" None of these studies have explored in much
depth the effects of caster process variables on the flow
pattern.
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III. MODEL DESCRIPTION

A finite element model has been developed to simulate
fluid flow in the mold region of a continuous slab caster,
illustrated schematically in Figure 1. A 2-D vertical sec-
tion parallel to the wide face through the center of the
caster was chosen because the bifurcated nozzles used
in slab casters, combined with the high aspect ratio of
the slab mold, produce flow patterns whose major char-
acteristics are exhibited in these two dimensions. Var-
ious lengths of a 1.32-m (52-inch)-wide slab caster were
simulated, exploiting symmetry about the center line. The
left side of the model domain is the center line of the
caster. The right side is the inside of the “narrow face”
of the solidifying steel shell, which is adjacent to the
mold for the top 0.600 m. Fluid enters the model domain
through an inlet surface which represents a nozzle port
whose center is submerged 0.265 m below the meniscus
and 0.365 m below the top of the 0.700-m-long mold.

The flow is highly turbulent, even far away from the
nozzle, as indicated by the calculated Reynolds number
of 12,000 at the mold exit (which is based on the data
in Table I and treating the rectangular mold as an equiv-
alent diameter pipe). Therefore, turbulence was incor-
porated into the present model. Due to the small time
and length scales of the turbulence, it is only practical
to solve for the time-averaged values of velocity. Thus,
the two-equation K-& model, which has been used pre-
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Fig. 1—Schematic of fluid flow and shell growth in a continuous
slab caster showing simulation domain and mesh relative to the 700-
mm-long mold.
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viously to simulate a variety of turbulent flows,®-1213]

was chosen to simulate the turbulent, recirculating flow
involved in the present problem. The continuity, mo-
mentum, and turbulence equations which describe this
problem are given in Appendix I. Further details can be
found in the FIDAP manual¥ and elsewhere.!% Single-
phase flow was also assumed, so effects such as buoy-
ancy from argon gas bubble injection were not
considered in this study.

A. Boundary Conditions

1. Narrow face wall

The flow was modeled up to, but not including, the
mushy zone forming the inside of the steel shell solidi-
fying against the narrow face mold wall. To account for
buildup of the solid shell against the mold wall, the nar-
row face computational boundary can be tapered inward
with distance down the mold wall. As expected, the model
results were insensitive to the exact value of this small
change in the size of the domain.

Most model runs employed a set of velocity boundary
conditions at the wall known as “wall functions.” These
equations take into account that property variations are
very large near the wall that forms the inside of the so-
lidifying shell, and that the K-& model turbulence equa-
tions are no longer valid in this region. Thus, the
computational domain is ended at the edge of the laminar
boundary layer found near the narrow face wall. Along
this boundary, the velocity normal to the wall, v,, is set
to zero. In addition, boundary condition values are im-
posed on the tangential velocity gradient (dv,/ox), K,
and ¢ parameters, which are calculated using empirical
equations or “wall functions.” Further details regarding
the wall functions can be found in Appendix I and
elsewhere.[1416]

2. Inlet

To derive the inlet velocity boundary conditions to the
mold at the nozzle ports, a mass balance was performed
in two dimensions, setting (nozzle port length * nozzle
outlet velocity) equal to (mold domain outlet width *
casting speed). An eight-node, parabolic input velocity
profile was employed both to satisfy this constraint and
to achieve the same average and peak velocities into the
mold as found through the actual casting nozzle port. In
order to achieve this, the nozzle port length had to be
adjusted using the above mass balance equation.

Components of the nozzle port velocity and values for
K and & were fixed across the inlet boundary surface of
the model. The accuracy of this method hinges on find-
ing reasonable values for the velocities, K, and ¢ at the
inlet. These values were therefore calculated using a sep-
arate fluid flow model of the nozzle itself, which is dis-
cussed later.

3. Bottom outlet

Except when simulating the plastic bottom of the
physical model, normal gradients of all variables (in-
cluding velocity, K, and &) were left at zero along the
bottom outlet surface of the computational model do-
main. Constraining the outlet flow in any other way, such
as fixing the outlet vertical velocity to the casting speed,
was found to produce unrealistic results.
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Table I. Standard Input Conditions for Model Runs
Material Steel Water
Viscosity, u 0.0055 Ns/m’ 0.000959 Ns/m*
Density, p 7015 kg/m’ 1000 kg/m®
Nominal nozzle angle 15 deg downward 15 deg downward
Number of nodes across inlet 8 4
Inlet jet width 0.0148 m 0.0432 m

Inlet and initial K (kinetic energy)
Inlet and initial ¢ (dissipation)
Boundary conditions at wall
Thickness of laminar boundary, y,
Outlet boundary condition

Mesh size

Casting speed

Half caster width simulated
Caster length simulated

Nozzle submergence depth

0.01 m

3.00 m
0.265 m

0.0502 m?/s?
0.3935 m?/s’
wall functions

zero gradients

32 X 73 elements
0.0167 m/s

0.660 m (52 in. mold)

0.0574 m*/s*

0.4414 m?/s’

wall functions

0.01 m

zero normal velocity every 2nd node
30 X 54 elements

0.0167 m/s (1 m/min)

0.6856 m (54 in. mold)

1.118 m

0.265 m

4. Top surface and center line

Along the center line symmetry plane (the left side)
and the top face of the model (the steel-casting powder
interface), the normal velocities were constrained to zero.
Observations of casters and water models indicate that
the surface is relatively quiescent, so no free surface rep-
resentation was required or attempted.

B. Solution Methodology

The commercial finite element program FIDAP
was chosen to model this complex problem, because it
is capable of simulating three dimensional (3-D) turbu-
lent fluid flow coupled with heat transfer. The standard
mesh, shown in Figure 1, consists of a 32 by 73 grid of
four-node, linear, quadrilateral elements and 73 two-node
linear wall elements along the right side boundary. A
refined 40 by 75 mesh was used for later runs. Both
meshes are graded with smaller elements found near the
walls and inlet area. The current solution strategy con-
sists of four successive substitutions (using proper fluid
properties), followed by reforming the stiffness matrix,
then performing further successive substitutions using an
under-relaxation factor of 0.5 or 0.6, until the relative
error in the residual force vector is stably reduced to less
than 1 pct. This method usually produces convergence
in about 20 iterations total and requires about 8 hours of
execution time on a Ridge 32S computer or 7 CPU min-
utes on a CRAY X/MP.* Experience is required to con-

*CRAY X/MP is a trademark of Cray Research Inc., Minneapolis,
MN.

trol the solution procedure to achieve convergence for
each given simulation, and further details regarding the

strategies are given elsewhere.!'*'®!

IV. NOZZLE MODEL

The angle of the fluid leaving the submerged inlet nozzle
is known to have a great influence on both fluid flow in_
the mold and heat transfer to the growing shell.!) Ob-
servations of the physical water model at Inland Steel,
East Chicago, IN, revealed that the flow leaves the noz-
zle at a steeper downward angle than the nominal angle
built into the nozzle exit ports. In addition, the velocity
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distribution over the nozzle outlet is skewed, with most
of the fluid leaving the lower half of the nozzle port
openings and some recirculating fluid actually entering
the upper part. To determine the proper boundary con-
ditions for the inlet of the caster model (inlet angle, K,
and ¢), a separate model for fluid flow within this nozzle
was developed.

A. Nozzle Model Formulation

The model currently is based on a bifurcated nozzle
used by Inland Steel with outlet ports angled 15 deg down
from the horizontal. The domain employed for simula-
tion of the nozzle flow exploits symmetry by modeling
half of a vertical cross section through the nozzle. Since
the width of the square 65 by 90-mm outlet ports is al-
most equal to the bore of the nozzle (76 mm), the 2-D
approximation seems reasonable. The normal (vertical)
velocity into the nozzle inlet plane was set to a constant,
calculated through a 2-D mass balance as described ear-
lier. The 200-mm-long inlet pipe was assumed to be suf-
ficiently long to develop a standard seventh root velocity
profile typical of turbulent pipe flow."”) The constant
values of K and ¢ set across the inlet plane according to
this assumption were similar to those found at the outlet
plane (Table II). Wall functions were used as boundary
conditions on all solid surfaces, and the symmetry plane
and outlet boundaries were the same as discussed pre-
viously for the full caster model. The solution strategy
was also the same as for the mold simulation, and con-
vergence was usually reached in only 8 to 10 iterations.
A typical run required 90 minutes CPU time on the Ridge
32 or less than one minute on the CRAY X/MP.

B. Nozzle Model Results

Tables II and III show the calculated results for the
range of nozzle angles and casting speeds considered in
this study, using the properties and standard conditions
given in Table I. Figure 2 shows the flow patterns cal-
culated at various nominal nozzle angles, using water
properties and a 1 m/min casting speed. Notice that the
fluid always flows out through the bottom half of the
nozzle outlet port. Every plot shows some recirculating
flow near the top half, where steel actually flows into
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Table II. Nozzle Model Outlet Results for Different Nominal Nozzle Angles
Nominal Angle Water Steel
30 deg up angle 9.8 deg 10.5 deg
average K (m”/s”) 0.0807 0.0685
average & (m?/s’) 0.8971 0.7951
average normal inlet velocity (m/s) 0.8574 0.8544
15 deg up angle 14.8 deg 15.4 deg
average K 0.0694 0.0605
average € 0.6646 0.6023
average normal inlet velocity 0.8599 0.8035
0 deg angle 21.0 deg 21.5 deg
average K 0.0571 0.0514
average € 0.4525 0.4414
average normal inlet velocity 0.7939 0.7934
15 deg down angle 27.7 deg 28.3 deg
average K 0.0574 0.0502
average € 0.4414 0.3935
average normal inlet velocity 0.7417 0.7434
30 deg down angle 33.9 deg 34.0 deg
average K 0.0522 0.0446
average € 0.3766 0.3394
average normal inlet velocity 0.6837 0.7281

the nozzle. This behavior was also observed consistently
in the Inland water model, even though it is difficult to
discern in the photographs. Because of the flow across
the top of the nozzle exit ports is very slow and into the
nozzle, the nominal angle of the top edge of the exit port
would not be expected to affect the flow. In fact, a water
modeling study that varied the upper and lower nominal
angles independently has confirmed that the nominal angle
of the upper edge of the outlet port has no effect on the
angle of the jet.™

Weighted average values for the effective outlet angle,
K, €, and average outlet velocity were calculated over
the nozzle exit based on the magnitude of the positive
outwardly flowing velocities. These values were then used
as inlet conditions for the model simulations using the
full mold.

V. PHYSICAL WATER
MODELING EXPERIMENTS

Flow visualization experiments were performed on a
full-scale, 0.686-m (54-in.)-wide by 0.229-m (9-in.)-thick
physical water model under a variety of casting condi-
tions. This “water caster” is a transparent plastic rep-
resentation of an actual slab caster used at Inland Steel,
except that its length is only 1.118 m (44 inches). The
outlet of the model has 3 rows of small holes spaced
2 inches apart along the bottom piece of plastic, to allow
removal of water at a rate equal to the casting speed.

Figure 3 presents a photograph of the overall flow pat-
tern developed inside the physical water model, using a
real steel slab-casting nozzle angled 25 deg downward,
cast at 1 m/min, and visualized with 5 pct air bubble
injection. Figure 4 illustrates the typical features of the
flow pattern in a symmetric half of the physical water
model, developed after viewing video tapes of the flow,
visualized in three different ways: (1) dye injection into
the flow in several locations, (2) the addition of small,
plastic particles with a density close to that of water, and
(3) air bubble injection through the nozzle. This sche-
matic and photograph both show how the jet spreads out-
ward until it impinges against the narrow face. It then
spreads in all directions, resulting in a 3-D flow pattern
locally. However, the bulk of the flow splits either
downward or upward to the meniscus to flow back along
the free surface to the nozzle. The result is four slowly
recirculating zones, all of which eventually bring fluid
back to the nozzle.

Figure 5 shows dye injection near the nozzle jet, its
diffusion into the turbulent eddies, and formation of a
plume. The plume drifts downward until it intersects the
nozzle jet, then bends sharply with the jet toward the
narrow face wall. The low bending point of the plume
indicates that little flow exits the top half of the nozzle,
as predicted by the nozzle model. This figure also shows
the intense turbulence and swirling of the jet.

The dye plume suggests that, for a nominal 15 deg
downward angled nozzle, the angle of the nozzle jet is

Table III. Nozzle Model Outlet Results for Different Casting Speeds (Steel)
Casting Speed 0.5 m/min 0.75 m/min 1.0 m/min 1.5 m/min 2.0 m/min
Inlet angle 27.5 deg 27.9 deg 28.3 deg 28.5 deg 28.6 deg
Average K (m?/s%) 0.0212 0.0355 0.0502 0.0850 0.1282
Average ¢ (m’/s’) 0.0839 0.2170 0.3935 1.0920 2.2932
Average normal inlet velocity (m/s) 0.3732 0.5600 0.7434 1.1092 1.4719
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Fig. 2— Nozzle model results for five different nominal outlet angles of the nozzle ports.

about 30 deg downward, which agrees with the angle
extracted from plastic particle injection. The angle ob-
tained from air bubble injection, shown in Figure 6, was
slightly larger (about 35 deg). The center of the im-

Fig. 3—Photograph of physical water model with 25 deg downward
nozzle, visualized with air bubble injection.
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pingement zone of the inlet jet on the narrow face wall
of the physical water model was determined from ob-
servation to be about 100 mm above the bottom of the
mold.

It should also be noted from these photographs that a
great deal of variability exists in flow in the physical
model. Slight misalignment causes asymmetrical flow
from opposite sides of the nozzle. This results in greatly
varying turbulence and jet angles that can differ by as
much as 5 deg. The flow was also seen to vary over time
and depends on many other variables than the ones fo-
cused upon in this study. These include the amount and
location of gas entrainment in the stream, the submer-
gence depth, the mold width, and even the tundish level.

VI. MATHEMATICAL MODEL
VERIFICATION AND RESULTS

To test the accuracy of model predictions of fluid ve-
locity, fluid flow simulations of the physical water model
at Inland Steel were performed. The results were then
compared with the experimental findings using the water
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Fig. 4— Schematic of 3-D flow pattern observed in symmetric half
of physical water model.

model. Standard conditions (Table I) and a refined mesh
consisting of a 40 X 75 grid of four-node elements and
75 two-node “wall function” elements were used. The
velocity boundary conditions had to be modified at the
outlet to account for the bottom of the physical model.
This was accomplished by constraining the normal (ver-
tical) velocity to zero at every second node along the
bottom outlet boundary, which coincided conveniently
with holes in the physical model.

A. Effect of Outlet Boundary Condition and Model
Domain Length

Figure 7 shows that the velocity field inside the phys-
ical water model at Inland Steel is affected by its bottom.
In an effort to determine how long a physical water model
must be to prevent forced recirculation from hampering
the accurate prediction of the fluid flow in the mold re-
gion, the effect of model domain length was investigated.

Simulations were performed using model domain
lengths varying from 1.12 to 6.0 m, and the outlet nor-
mal (vertical) velocity was left unconstrained. These re-
sults showed that recirculation extends to substantial depths
below the mold in the caster, and the flow does not be-
come quiescent until almost 6 m deep in the strand. Flow
leaving the 6-m model was almost uniform at the casting
speed. Although flow through the outlet of the 3-m model
was not uniform, it was almost identical to the velocity
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Fig. 5— Photograph showing dye injection just above the nozzle outlet.

profile at 3 m deep in the 6-m model. In addition, the
overall flow pattern in the upper 3 m of both simulations
was very similar. Thus, a 3-m model domain length and
unconstrained outlet velocity seemed the most appropri-
ate choice for the remaining simulations.

Figure 7 compares the calculated flow patterns in the
1.12-m fixed bottom water model with the upper part of
an unconstrained 3-m model of a steel caster. Generally,
the velocity fields produced by the two models are very
similar, particularly in the upper regions near the jet.
However, the bottom of the short water model forces the
flow to recirculate prematurely. This produces higher
velocities in the lower recirculation zone and bends the
water jet angle upward a few degrees relative to that in
the bottomless steel caster. The impingement point is un-
affected. Although the bottom does not appear to sig-
nificantly affect flow in the upper zone, which is generally
of greatest importance, the differences in the lower zone
might affect the distribution of entrained particles in in-
clusion particle distribution studies.

A physical model of 2 m in depth appears to be suf-
ficiently long to prevent interference of the bottom on
the flow for the standard conditions in Table 1. The min-
imum length required for accurate flow simulation using
a physical model actually depends on the casting con-
ditions and mold geometry. Greater widths, higher cast-
ing speeds, and steeper downward pointing nozzle angles
would all require a longer physical model.
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Fig. 6— Photograph of a 15 deg downward inlet nozzle in use in the
water model.

B. Effect of Inlet Boundary Conditions

The boundary conditions for K and & at the inlet to
the caster and the inlet velocity have been found to be
very influential on both the results and numerical con-
vergence.!'" Thus, the effect of different boundary con-
ditions was explored by varying the values of K and &
used across the inlet plane of the caster model. The re-
sults are shown in Figure 8. Significant differences in
jet angle can be seen with different boundary conditions.
Increasing K appears to steepen jet angle, while increas-
ing & decreases angle. Recent experience has shown that
these turbulence parameters also have an even greater
influence on the temperature fields. Thus, it is crucial to
find acceptable values for these parameters at the inlet.

An earlier method was employed to avoid this prob-
lem by setting the gradients of all variables, including K
and &, to zero across the inlet. Unfortunately, this proved
to be very computationally expensive since the solution
had poor stability and required incremental adjustment
of material properties such as density and over 100 it-
erations before convergence was reached. This required
roughly six times the execution time of the method pres-
ently used, although it produced similar flow results.

The present procedure fixes values across the inlet,
which lets the model propagate the solution downstream.

METALLURGICAL TRANSACTIONS B
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Fig. 7— Comparison of calculated velocities in the 1.12-m water model
with fixed plastic bottom and the 3-m model with open bottom.

Flow in the caster interior is much less sensitive to val-
ues at the inlet of the nozzle pipe, since they are further
removed upstream in the flow. To get these values, the
nozzle model is run iteratively until K and & values pro-
duced at the nozzle outlet plane (which is also the caster
inlet plane) are similar to the nozzle inlet condition. Nozzle
model runs using a variety of inlet boundary conditions,
including profiles that varied across the diameter of the
pipe, determined that the velocities, K, and ¢ at the out-
let were quite insensitive to these inlet values, even when
K and € were varied by over an order of magnitude. This
finding was expected; since the inlet pipe was suffi-
ciently long to produce fully developed turbulent pipe
flow, it could develop the corresponding K and & values
at the same time.

C. Effect of Nozzle Port Angle

To investigate the effect of the angle of the nozzle port
edges on the overall flow pattern, the nozzle model was
first run to determine the proper inlet boundary condi-
tions, as discussed earlier and shown in Figure 2. It is
particularly striking to note that the fluid momentum al-
ways produces downward flow from the nozzle, even
when the nozzle edges are angled upward as steeply as
30 deg. Examining results from the caster simulations,
the effective angle of the inlet jet was found to be greater
(steeper downward) than the nominal angle of the nozzle
port edges for the entire range of angles investigated.
This effect is attributed to the downward momentum of
the fluid. It was also observed in the physical water model
and has been noted by other investigators, using both
physical® and mathematical” models. The effect is
quantified and presented in Table IV (using standard
conditions), where the estimated jet angles observed in
both the mathematical results and in the water model are
compared.

The effect of varying nozzle angle affords an ideal op-
portunity to compare the mathematical model predictions
with the physical water model observations. Figure 9
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shows a photograph of the flow pattern in the water model pattern, shape, and direction of the jet plume, impinge-
resulting from a nominal 15 deg downward angled noz- ment point, and fluid velocities observed in the physical
zle compared with the calculated streamlines for the same water model.

conditions (Table I) as Figure 7. The calculated results The angle of the fluid leaving the nozzle was found
show general qualitative agreement with the overall flow to control the flow in the mold interior. However, the

spreading inlet jet is bent downward slightly by the re-
circulating bulk flow shortly after leaving the nozzle. The

Table IV. Comparison of Estimated angle of the jet in the interior of the mold simulation
Jet Angles Observed in Mold Interior was always found to be a few degrees steeper than the
Nominal Mathematical calculated average angle of the flow exiting the nozzle.
Inlet Angle Physical Model Model In this example, the jet angle quickly steepened from its
30 deg up — 15 deg down given inlet_ conditioq to almost 30 deg. This calculate.d
15 deg up 20 deg down 20 deg down jet angle is only slightly shallower than the approxi-
0 deg (horizontal) _ 25 deg down mately 35 deg downward angle observed in the water
15 deg down 35 deg down 30 deg down model.
25 deg down 40 deg down — Figure 10 shows the same comparison for a 15 deg
30 deg down — 35 deg down upward angled nozzle. Both physical and mathematical

Fig. 9— Comparison of calculated and measured flow patterns in water Fig. 10— Comparison of calculated and measured flow patterns in
model using 15 deg downward angled nozzles. water model using 15 deg upward angled nozzles.
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models exhibit a jet in the mold angled at roughly 20 deg
downward. Ferretti et al.”®! observed that the jet from an
upward facing nozzle fans more quickly and is accom-
panied by more turbulence and a major change in flow
pattern, compared with the downward angled nozzle jets.
Increased turbulence can also be seen in Figure 10, but
there is no qualitative change in flow pattern.

As the nominal port angle is lowered, the effective jet
angle increases, and the impingement point migrates down
the narrow face wall. The magnitude of this expected
result is fairly small, as seen in Figure 11. At the same
time, the velocities below the impingement zone tend to
increase slightly near the wall for large effective inlet
angles. This latter effect could increase the probability
of shell erosion over a distance of approximately 100 cm
below the mold.

Table IV shows that the model calculations match the
physical model observations of jet angle very well. The
only deviation is a slight underprediction of the jet angle
at steep downward port angles, but this is more likely
due to interference from the bottom of the physical model.
The agreement obtained is significantly better near the
nozzle than that reported by Robertson et al.,”®! due to
the influence of the nozzle model in the present simu-
lation. This generates confidence that the 2-D model is
capable of making reasonable flow predictions in an ac-
tual continuous caster.

D. Effect of Casting Speed

In addition to the standard casting speed of 1 m/min,
the models were used to determine the effect of varying
casting speed from 0.5 to 2.0 m/min. Higher casting
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speeds are of particular interest as the demand for in-
creased productivity drives casters to increase their steel
throughput. First, the nozzle model was used to find the
inlet boundary conditions for runs at five casting speeds,
using a nominal inlet angle of 15 deg down. These con-
ditions produced the velocities shown in Figure 12. To
allow qualitative comparison of the flow patterns gen-
erated with different casting speeds, the lengths of the
velocity vectors in this figure have been scaled with re-
spect to the maxima of each solution. Thus, vectors of
the same length on the different plots do not correspond
to the same speed.

In general, there is very little difference between the
plots. This agrees with previous experience using phys-
ical models; that is, once a fully turbulent flow field has
been developed, the actual flow rates do not greatly af-
fect the flow pattern itself.!'®! Observations of the Inland
water model confirm this result. Jet angles were found
to remain within 2 deg with increasing casting speed from
1.0 to 1.5 m/min. This is less than the variation be-
tween the two “symmetrical” jets, which have been seen
to differ by as much as 5 deg in the water model.

Figure 13 shows that velocities through the outlet of
the computational domain, 3 m below the meniscus, differ
greatly with casting speed. Although the relative veloc-
ities remain the same, much higher velocities are pre-
dicted along the wall at higher casting speeds, which tend
to force recirculation of fluid deeper into the caster. This
will affect convective heat transfer to the solidifying shell,
both deep in the caster, where fluid flow-enhanced heat
flow will extend deeper into the caster, and near the crit-
ical meniscus-wall interface. Most importantly, the max-
imum heat flux occurring beneath the point of
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Fig. 11— Effect of nominal nozzle angle on caster velocity solution (standard conditions).
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Fig. 12 —Effect of casting speed on caster velocity solution (standard conditions).
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impingement should be greatly increased at higher cast-
ing speeds. It is important to caution, however, that the
velocity predictions deep in the caster, where the flow
is much slower, could be altered by buoyancy effects
and have not yet been verified with experiments.

E. Effect of Nozzle Well

Industrial bifurcated nozzles often have a well or re-
cess at the bottom of the nozzle below the level of the
nozzle outlet ports. This is believed by some to be ben-
eficial, possibly by trapping alumina inclusions (thereby
preventing their buildup and possible blocking of the
nozzle) or maybe by altering the flow pattern exiting the
nozzle. The latter theory was tested by comparing
the flow pattern generated using the standard nozzle de-
sign with a 20-mm recessed well. The resulting flow pat-
terns, both within and at the outlet from the two nozzles,
were almost identical. The only difference was a slightly
higher average value of &, dissipation, in the recessed
nozzle. However, it is unlikely that this increased dis-
sipation would be responsible for any significant quiet-
ing of the flow.

F. Effect of Mold Width

The effect of varying the mold width on the flow pat-
tern is shown in Figure 14, assuming standard condi-
tions (Table I) including a constant casting speed of 1 m/
min. The model predicts that the steel jet will impinge
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Fig. 14— Effect of mold width on caster velocity solution (standard
conditions).

at successively lower points on the narrow face shell wall
as the mold width increases and the jet travels further.
Specifically, the impingement point lowers from 175 mm
above the mold exit to 30 mm below the mold exit, as
the width increases from 0.91 m (36in.) to 1.83 m
(72 in.). Since heat extraction by the sprays just below
the mold on the narrow face is generally much less than
in the mold, this implies an increased danger of a break-
out for the wider slabs under these conditions.

The model also predicts, as observed in water models,
that the jet leaving the nozzle broadens more greatly in
wider molds. Although the boundary of the jet is diffi-
cult to define sharply due to the continuous nature of the
model calculations, the angle formed by the expanding
cone appears to increase from about 15 deg for the thin
0.91-m slab to 25 deg for the wide 1.83-m slab, which
is again in rough agreement with experimental obser-
vations.! For the wide mold (1.83 m), the width of the
jet exceeds the thickness of the mold (0.203 m) by the
time it reaches the narrow face, indicating that impinge-
ment on the corners of the wide faces will occur first.
This will have the important consequence of promoting
shell thinning in the critical off-corner region of the wide
faces.

It should be noted that when significant air bubble in-
jection is used (representing argon in the steel caster),
the effect of the resulting lower density of the steel jet
on the flow pattern becomes increasingly important away
from the nozzle. This effect is most pronounced for wider
slabs, where the increased distance traveled by the jet
allows more time for its increased buoyancy to lift it to-
ward the surface. Other research with water models®!
has observed that this effect can become so significant
that the entire recirculation pattern changes for wider slabs.
The jet can penetrate the top surface, resulting in flow
near the top side corner heading toward the meniscus
and down the narrow face. The model will not be able
to simulate this effect until two-phase flow is included
in the formulation.

The maximum velocities leaving the nozzle of wider
slabs are much higher (0.80 m/s for the 0.914-m slab
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compared with 1.36 m/s for the 1.828-m-wide slab), since
the casting speed was held constant at 1 m/min for all
simulations. This would tend to deliver more heat to the
narrow face and create shell-thinning problems for wide
slabs. In addition, since heat extraction by the sprays just
below the mold on the narrow face is generally much
less than in the mold, the lower impingement point pre-
dicted on wide slabs would further increase the danger
of a breakout for wider slabs under these conditions.
However, the jet also has further to travel across the wider
slab and, consequently, more time to broaden and dif-
fuse heat. It is therefore difficult to conclude what the
effect of mold width is on heat input to the narrow face
without heat transfer calculations.

G. Effect of Nozzle Submergence Depth

Figure 15 shows the effect of changing the depth of
submergence of the nozzle in the mold. The overall flow
pattern remains almost exactly the same for nozzle outlet
ports centered from 0.165 to 0.365 m below the menis-
cus. The change in impingement point of the jet on the
narrow face corresponds almost exactly to the change in
submergence.

It is interesting to note that observations of the water
model showed a significant increase in surface turbu-
lence with decreasing submergence depth. The model
calculations do not indicate much evidence for this, ex-
cept for a slight (5 pct) increase in velocities across the
top surface for the shallower nozzle. The discrepancy
might simply indicate a deficiency in the model in pre-
dicting surface turbulence, without special modeling of
the top free surface effects. Alternatively, these results
can be explained if most surface turbulence is associated
with argon bubble injection and its effect on the buoy-
ancy of the jet. Thus, the model predicts that if the jet
was able to remain entirely below the surface until im-
pingement with the narrow face (which is possible when
there is no argon injection), then a similar low amount
of surface turbulence would result.

0.365 m submergence

0.165 m submergence 1 m/s

Fig. 15— Effect of nozzle submergence depth on caster velocity so-
lution (standard conditions).
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VII. COMPARISON BETWEEN
STEEL AND WATER MODEL PREDICTIONS

Having compared the mathematical model to physical
observations with some success, it was then applied to
solve the steel continuous-casting problem. The velocity
field calculated by the model for the standard conditions
for steel from Table I generally resembles the flow pat-
terns obtained in water model simulations, as seen in
Figure 7. This was expected, owing to the large amount
of successful experience using physical water models to
predict flow in turbulent systems involving molten steel.
The kinematic viscosity, u/p, which is known to govern
Reynolds number similarity and hence the flow pattern
to a great extent, is about 0.95 for water and 0.78 for
steel. This 18 pct difference was found to have very little
effect on the flow pattern, as can be seen by comparing
the water and steel nozzle outlet results in Tables II and
III. Of much greater importance is the bottom required
in the physical model, as discussed earlier.

A powerful feature of the analysis on the steel caster
is the ability to input the velocity results into a subse-
quent uncoupled heat transfer model, which calculates
the steady-state temperature distribution and heat flux input
to steel shell solidifying against the narrow face mold,
including the important areas near the meniscus and the
jet impingement point. Eventually, these heat fluxes will
be input, in turn, to a solidification model to calculate
simultaneously, temperature, shrinkage, and stress de-
velopment within the solidifying shell. The ability to
couple together separate fluid flow and solidification
models is desirable for the accurate prediction and
understanding of shell growth and concurrent defect for-
mation in an actual caster.

VIII. SUMMARY AND CONCLUSIONS

A mathematical modeling procedure has been suc-
cessfully developed and applied to simulate turbulent fluid
flow in the mold region of a continuous slab caster. The
model is based on the K-¢ turbulence equations and in-
cludes a separate model of the submerged, bifurcated inlet
nozzle to provide inlet boundary conditions for the larger
caster model. The model has been used to simulate flow
inside a physical water model at Inland Steel. The results
compare reasonably with visual observations of the
physical model. Specific conclusions regarding the mod-
eling procedure are:

1. The model results are sensitive to values of velocity,
K, and ¢ at the inlet, so the simulation should extend
as far upstream as necessary to simulate the proper
flow conditions entering the domain of interest.

2. Better computational efficiency (by a wide margin)
is achieved by fixing K and & values at the inlet (rather
than fixing their gradients to zero), although both
methods produced similar results.

3. The Reynolds number has a profound influence on
the solution and convergence, so it is essential to in-
corporate turbulence into the model and achieve con-
vergence for the proper high Reynolds number.

4. If sufficient care is taken, mathematical models are
capable of reproducing the flow phenomena observed
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in a turbulent, metallurgical system, such as a con-
tinuous slab-casting mold. Furthermore, a 2-D model
can produce adequate results if the essential flow
characteristics of the physical system are found in the
simulated plane.

The model has correctly predicted several experimen-
tally observed phenomena:

1. The overall flow pattern is reproduced by the model,
including the angle of the fluid jet, the recirculation
zones, and the point of impingement on the narrow
face, under a variety of operating conditions.

2. A recirculation zone is found within the upper part
of the inlet nozzle, which reduces the effective nozzle
opening width by roughly half, increasing both velocity
and turbulence.

3. The effective inlet angle is greater (steeper down-
ward) than the nominal nozzle angle due to momen-
tum of the liquid. In fact, use of an upward pointing
nozzle port as steep as 30 deg still results in slightly
downward flow from the nozzle.

4. The general recirculation pattern in the upper mold
is influenced very little by increasing casting speed.

5. Flow in a full-scale physical water model is generally
similar to that in an operating caster.

The model also makes other interesting predictions re-
garding the flow behavior:

1. The bottom of the physical water model interferes with
the recirculation pattern. This problem is alleviated
if the model is at least 3-m long.

2. The presence of a recess or well in the nozzle has
little effect on the flow velocity exiting the ports.

3. The turbulence parameters, K, and € at the inlet in-
crease significantly with increasing casting speed, but
the effective inlet angle increases (steepens) almost
negligibly.

4. The velocities at the outlet of the domain vary con-
siderably with increasing casting speed. Much more
steel flows down near the narrow face at exit from
the mold at high casting speeds, while the outlet ve-
locity profile is almost flat at low speeds.

The present mathematical model is deficient for some
applications, due to its 2-D nature, neglect of buoyancy
effects, difficulties predicting surface turbulence effects,
and lack of heat transfer prediction. However, even be-
fore making these improvements, the model is a pow-
erful tool that is available for qualitative investigation of
fluid flow within continuous slab-casting molds.

APPENDIX
Model equations

This 2-D, steady-state, incompressible, fluid-flow
problem must solve for two unknown velocity distribu-
tions, v,, and v,, and the pressure distribution, p, which
are governed by the continuity equation and two mo-
mentum equations:

Continuity Equation

v, v
—+—=0 [1]
ox  dy
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Momentum Equations

v, 1 c')vx> ap T d v,
vX — v - X = €l il
P ox ox f ad o ox

’ dy X
+ i Meefr <% + %> [2]
ay dy  Ox
P(Vx% + Vy%) == (;i; +pof, t 2%/-‘%&%
+ i Mesr <% + %> [3]
ox dy  ox

The effective viscosity, m.s, needed in Egs. [2] and
[3] is defined as the sum of laminar (or molecular) and
turbulent (or eddy) viscosity components:

Meft = Miam T My [4]

The turbulent component, u,, is then found from the
K-¢ model parameters, K and &, by

KZ
e =Cup - (5]

These two parameters are, in turn, found by solving two
additional transport equations for the turbulent kinetic
energy, K, and its rate of dissipation, &, as given below:

Turbulence Equations

oK oK d [ m 0K 0 [ p, 0K
p vx_+vy— =\ +_ -
dx dy dx \og 0x dy \ox dy

+ pGy — pe [6]
de de d de 0 de
dx ay dx \o, dx dy \o, dy
€ g’
+C1EPGK_C2E [7]

where Gy, the generation of K, = (u,/p) {2(dv,/dx)* +
2(dv,/ay)* + [(8v,/dx) + (8v,/3y)]’}. These equations
involve five empirical constants, which are given stan-
dard values!'*!3! as follows:

C, = 1.44; C,=1.92; C, = 0.09;

ox = 1.0; o, =13 [8]

Wall function boundary conditions

The governing equations are subject to a boundary
condition on every edge of the computational domain for
V., vy, K, and &, or their gradients. These include wall
functions imposed on those edges adjacent to solid sur-
faces. The best results were obtained when the following
set of conditions were employed along the vertical
boundary:

v,, normal velocity = 0* 9]

*When the wall is tapered to account for the presence of the grow-
ing shell, the normal velocity must account for steel leaving the com-
putational domain by moving across the solidifying shell interface:
v, = casting speed * final shell thickness/model domain length.
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av.
—2, tangential velocity gradient

ox 5
KV, v
- f gO.ZSKO.S |v_y [10]
t ln (E pyn ® ) Yy
Miam
oK . . .
a—, kinetic energy gradient = 0 [11]
* C0.75K1A5
€, dissipation = R [12]
KYn

where the following additional constants are defined as

K, von Karman constant, = 0.41;

E, wall roughness constant, = 9.0; and

y,, distance the computational domain is offset from
the wall, = 0.01 m.
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