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ABSTRACT

Finite-element models have been developed to simu-
late fluid flow, heat transfer and stress generation in
the mold region of a continuous steel slab casting
machine. Using the separate models, it is now possi-
ble to calculate the turbulent fluid flow distribution
and accompanying heat transfer resulting in the lig-
uid steel delivered through a submerged, bifurcated
nozzle; thermal distortion of the copper mold; and
coupled heat flow, shrinkage and stress development
in the solidifying steel shell. The model calculations
have been compared with observations of physical
water models and experimental measurements, and
have successfully reproduced many known phenom-
ena, in addition to making other new and interesting
predictions. They are currently being applied to inves-
tigate problems such as narrow face shell erosion and
slab surface depressions. Taken together, these
models represent a powerful tool for gaining insight
into the continuous casting process and the defects
that can arise.

INTRODUCTION

Despite intensive study and several decades of com-
mercial production, the continuous casting of steel is
still plagued by many problems that are not fully
understood. This is due, in part, to the complexity of
the continuous casting process, which involves inti-
mate interaction between such diverse phenomena as
turbulent fluid flow, thermal convection, conduction,
solidification, thermal contraction, phase transforma-
tions, plastic flow and creep, stress generation and
microstructural changes including changing thermo-
physical and thermomechanical properties.

To assist in the understanding of this process, both
physical and mathematical models have been devel-
oped and used extensively. However, the mathemati-
cal models that have been employed to date all have
been limited by the need to make imperfect, simplify-
ing assumptions. Even now, the computational com-
plexity of the problem still prohibits the desirable,
fully three-dimensional model that would couple to-
gether fluid flow, heat transfer and stress generation.
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Figure 1 draws attention to just some of the impor-
tant aspects of this process that make it difficult
to model:

(1) The four separate pieces of the mold that are
clamped together and distort at elevated
operating temperatures

(2) Turbulent fluid flow delivering heat to the grow-
ing shell

(3) Melting mold powder that mostly fills the inter-
facial gap, caused by

(4) Shrinkage of the shell away from the mold,
especially near the corners

(5) Deformation of the weak shell under thermal and
ferrostatic loading, both within the mold and
between guide rolls after exiting

The recent increase in the power of modern com-
puters is making it possible to extend the capabilities
of mathematical models and to incorporate and inves-
tigate effects, such as those mentioned above, that
were not possible previously. With a corresponding
improvement in the control of the continuous cast-
ing process, the new insights gained through mod-
eling could pay off in quality and productivity im-
provements. In addition, these models can readily
be applied to the many novel casting processes that
hold great promise for the future production of near
net shapes.

This paper will summarize some recent work to
develop advanced mathematical models of the con-
tinuous steel slab casting process, and apply them to
gain insight into the complex phenomena that occur
in the mold region and initiate surface defects. A brief
discussion will be given of three separate models: tur-
bulent fluid flow and heat transfer inside the con-
tinuous casting mold, thermal distortion of the mold
itself and coupled heat transfer and stress generation
in the solidifying shell.

MODEL OF FLUID FLOW AND HEAT
FLOW WITHIN THE LIQUID POOL
The velocity distribution of the molten steel contained
within the solidifying shell of a continuous casting
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Fig. 1 — Schematic of continuous steel slab caster showing mold, fluid flow and shell

growth.

machine is very influential on the distribution of in-
clusion 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 solidifica-
tion. To further understand this behavior, a finite-
element model has been developed to calculate both
fluid flow and heat transfer of molten steel within the
liquid pool inside the shell in the mold region of a con-
tinuous slab casting machine, fed by a bifurcated,
submerged entry nozzle.

Model Formulation

Figure 2 illustrates the two-dimensional vertical sec-
tion (parallel to the wide face through the center of
the caster) and example mesh used by the model. This
domain was chosen because the bifurcated nozzles
used in slab casters combined with the high aspect
ratio of the slab mold, produce flow patterns whose
predominant characteristics are exhibited in these two
dimensions. A fully three-dimensional model is cur-
rently under development, but requires more than an
order of magnitude increase in computer time. Vari-
ous slab caster lengths and widths have been simu-
lated, exploiting symmetry about the center line of
the caster, which is the left side of the model domain.
The right side is the inside of the ‘‘narrow face” of
the solidifying steel shell, which is adjacent to the
mold at the top. Liquid steel enters the model domain
through an inlet surface which represents a nozzle
port. To determine the proper boundary conditions
through this inlet surface from the nozzle port, a sep-
arate calculation is performed using a finite-element
model of the nozzle itself.

This steady-state, turbulent fluid flow and heat
transfer problem is described mathematically by the
differential equations for continuity, momentum and
energy conservation. In addition to solving these
equations, the model also incorporates the popular
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two-equation “K-epsilon” turbulence model' to handle
the fully turbulent, recirculating flow involved in this
problem and wall equations to account for the laminar
boundary layer. These equations have been used pre-
viously to simulate a variety of turbulent flows.?”
They handle the prohibitively small time and length
scales of true turbulence by instead defining turbu-
lence in terms of the averaged quantities of turbulent
kinetic energy, K, and the turbulent dissipation, ¢,
which are then solved for as unknowns simultaneous-
ly with the velocity components. Since bouyancy ef-
fects due to the influence of temperature on the veloci-
ty fields are generally small, the energy equation can
be uncoupled from the other equations. Temperatures
are then calculated from the previous velocity solu-
tion. Only single-phase flow can currently be assumed,
so effects such as those from argon gas bubble injec-
tion must await future model enhancements.

The present problem has been solved iteratively
using the commercial code, FIDAP? with relaxed, suc-
cessive substitution, and requires about 8 h of execu-
tion time on a Ridge 32S computer, or 7 CPU min on
a Cray X/MP. This finite-element program is capable
of simulating three-dimensional turbulent fluid flow
coupled with heat transfer and has advantages over
other finite-difference-based programs in handling
arbitrary, complex geometries, such as found in the
nozzle. Further details regarding the solution pro-
cedure can be found elsewhere.®*°

Physical modelers have long known that the noz-
zle delivering fluid to the domain of interest imparts
important effects on the flow, so it must be modeled
as well. Figure 3 shows how it is vital to include the
nozzle in the mathematical simulation also. The four
quite different flow patterns in this figure were all
calculated assuming that the fluid entered the mold
at an angle of 15 deg downward from horizontal at
a casting speed of 1 m/min. The only difference be-
tween the simulations was the K and ¢ boundary
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conditions for the turbulence model. Increasing
kinetic energy, K, apparently steepens the downward
flow of the fluid, while increasing dissipation, ¢, has
the opposite effect. The last frame (Figure 3D)
employed the average K and ¢ values actually
calculated across the exit port by the nozzle model.
These values were employed as boundary conditions
for the turbulence parameters in the ‘‘true’” simula-
tion of flow in the mold for this set of casting
conditions.

In addition, the fluid velocities leaving the port,
that are calculated by the nozzle mode and pictured
in Figure 4, are used as the velocity boundary condi-
tions across the inlet plane to the mold region. These
are equally important, since the average fluid angle
leaving the nozzle ports is rarely the same as the
nominal angle of the edges of the nozzle ports. The
findings shown in Figure 3, and past experience, show
that careful attention to all modeling details, especial-
ly the boundary conditions, is essential to obtaining
reliable simulation results.

Model Verification

An example of the flow distribution calculated by the
nozzle model for a nominal 15 deg downward nozzle
is shown in Figure 4. This figure shows that the veloci-
ty distribution over the nozzle outlet is skewed, with
most of the fluid leaving the lower half of the nozzle
port openings. The upper part is relatively stagnant,
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Fig. 3 — Effect of K and ¢ inlet values on calculated velocities
in the water model:

(A)K =0.15¢ = 2.12

(B) K = 0.09 ¢ = 0.77
(C) K = 0.09 ¢ = 1.77
(D) K = 0.06 ¢ = 0.44

with some recirculating fluid actually entering the
nozzle. Observations of the physical water model at
Inland Steel confirm this finding. Because 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 up-
per and lower nominal angles independently, has con-
firmed that the nominal angle of the upper edge of
the outlet port has no effect on the average angle of
the jet leaving the nozzle."

To further verify acceptable accuracy of the model,
predicted flow patterns within the mold region of the
continuous caster were compared with experiments
conducted using a Plexiglas water model of the proc-
ess. By superimposing the calculated velocities on
one-half of a photograph of the water flow pattern,
Figure 5 illustrates a typical comparison, using cast-
ing conditions of 1.0 m/min, and nozzle angles of 15
deg up. The horizontal beam running across the pho-
tograph supports the Plexiglas faces of the water
model and has no effect on the flow.
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Fig. 4 — Flow within the bifurcated nozzle, using a nominal
outlet angle of 15 deg down.

The shape of the inlet jet plume, impingement point
and overall flow characteristics observed in Figure 5
all show a general similarity. Both the observed flow
pattern and the simulation show how the jet spreads
outward until it impinges against the narrow face. It
then spreads in all directions, with the bulk of the flow
splitting 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

Fig. 5 — Comparison of calculated and measured flow patterns
in the water model using 15 deg upward angled nozzles.
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eventually bring fluid back to the nozzle. Both models
exhibit a jet in the mold angled at approximately 20
deg downward.

Figure 5 also shows how flow from a nominally 15
deg upward facing nozzle still produces a downward
jet in the mold region of the caster. In fact, both math-
ematical model simulations and observations of the
physical model consistently showed that, for the noz-
zle configurations studied, the flow always leaves the
nozzle at a downward angle, regardless of port orien-
tation. The flow angle is larger than the port angle.
This effect is attributed to the downward momentum
of the fluid. It has also been noted by other investi-
gators, using both physical’? and mathematical'®
models. Table I summarizes the effect of varying noz-
zle angles, while at the same time comparing the
observed and calculated jet angles. The general agree-
ment between the results generates confidence that
the two-dimensional model is capable of making reas-
onable flow predictions in an actual continuous caster.

Figure 6 shows a comparison between the flow pat-
terns predicted in the physical water model, with flow
from its bottom restricted at 1.12 m deep, and the top
portion of an actual caster (using steel properties and
an unconstrained outlet condition on a 3 m long model
domain). The velocity solution for steel generally
resembles the flow patterns obtained in water model
simulations. This was expected, owing to the large

Table | — Comparison of Estimated Jet Angles
Observed in the Mold Interior
Nominal Inlet Angle | Physical Model | Mathematical Model
30 deg up — 15 deg down
15 deg up 20 deg down 20 deg down
0 deg (horizontal) — 25 deg down
15 deg down 35 deg down 30 deg down
25 deg down 40 deg down —
30 deg down — 35 deg down
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Fig. 6 — Comparison of calculated velocities in the 1.12 m water
model with a fixed Plexiglas bottom and the 3 m model
with an open bottom (15 deg downward nozzles).



amount of successful experience using physical water
models to predict flow in turbulent systems involv-
ing molten steel.

In a full-scale model, where the mold geometry
(characterized by length D) and inlet velocities, V, are
made the same as those in the actual caster, the kine-
matic viscosity, v, controls the similarity parameter,
Reynolds number, (VD/v). This fluid property is 0.95
for water and 0.78 for steel. The 18 percent difference
was found to have very little effect on the flow pat-
tern. This was expected, since changes in the Rey-
nolds number do not greatly affect the flow if it is fully
turbulent.

Of much greater importance is the Plexiglas bottom
required in the physical model. The bottom of the
physical water model significantly affects the fluid
flow patterns in the lower recirculation zone of the
physical model. The shorter model prematurely forces
fluid moving vertically down the narrow face walls to
flow back toward the center, where it recirculates up
toward the nozzle. Although this does not significant-
ly affect the jet angle, it might affect the distribution
of entrained particles in inclusion particle distribution
studies. Simulations were performed using model
domain lengths varying from 1.1 to 6.0 m with the
outlet normal (vertical) velocity unconstrained. These
results (see Figure 7 for an example using a 3 m long
model) determined that recirculation extends to sub-
stantial depths below the mold in the caster and the
flow does not become uniformly downward until
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Fig. 7 — Calculated velocity, temperature and narrow face heat
flux (for a 1.0 m/min and 15 deg downward nozzle).

almost 6 m deep in the strand. The minimum length
required for accurate flow simulation using a physical
model actually depends on the casting conditions.
Greater widths, higher casting speeds and steeper
downward pointing nozzle angles would all require a
longer physical model.

Example Application to Shell Thinning

The superheat in the fluid steel can be convected to
the shell, and conducted through the shell to the cop-
per mold walls, or it can be swept out of the mold
region, to be dissipated much lower in the caster. In
addition, the delivery of superheat to the shell is
uneven, and 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 delivered to the men-
iscus. If the steel temperature is too low during the
critical solidification stage, it is believed to exacerbate
defect formation.!?

To investigate this behavior, the mathematical
model was extended to calculate the temperature dis-
tribution resulting from the previously calculated
velocity flow distributions. Figure 7 presents an ex-
ample of the temperature contours in the liquid pool,
adjacent to the corresponding velocity distribution
from which it was calculated, for a 1.0 m/min casting
speed and 15 deg downward nozzle. The isotherms
clearly outline the path of the hot steelmaking up the
jet and show how the fluid carries heat to the narrow
face wall, and then moves both upward and down-
ward, cooling as it travels. By the time it reaches the
meniscus, the fluid steel has cooled considerably,
which makes freezing over of the meniscus more like-
ly. This, in turn, may produce deeper meniscus marks
which could have important implications on steel
quality and subsequent crack formation.

Figure 7 also presents the corresponding relative
heat flux across the liquid/solid shell boundary cal-
culated as a function of distance down the narrow face
wall. It shows that heat input to the shell is at max-
imum near the bottom of the mold at the region where
the jet impinges upon the wall. This behavior is logical
and has been found to coincide with a reduction in the
shell growth rate.

This finding has important implications. If the max-
imum in heat flux were allowed to move beneath the
level of mold exit, then the peak heat flux to the inside
surface of the shell could occur opposite the minimum
in heat extraction from the outer shell surface, since
the water sprays just below the mold are less efficient.
The result would be surface reheating, accompanied
by shell thinning due to erosion. The combination
would increase the likelihood of a breakout through
the less well-supported, narrow face shell just below
mold exit, where the shell is its thinnest, hottest and
weakest. This problem is most likely at higher casting
speeds, and with steeper downward pointing nozzles.
It should be noted that casting speed is effectively
doubled if one of the ports becomes blocked from
alumina buildup, so potential problems exist even at
“safe” casting speeds.
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Summary

A mathematical model of fluid flow and heat transfer
inside the shell of a continuous casting mold has been
developed and verified with experimental observa-
tions and physical models. Even a two-dimensional
model is able to simulate the process, if care is taken
to incorporate the essential phenomena into the mod-
el. In this case, it was found to be extremely impor-
tant to extend the simulation back upstream to in-
clude flow from the nozzle. The model was found to
predict and explain many experimentally observed
phenomena, in addition to providing new insights
into, for example, the differences between physical
water models and steel casters. The model has then
been applied to briefly explore the potential defect of
narrow face shell erosion by impingement of the steel
jet. This application and many others deserve future
work with this model. These include the behavior of
inclusions, the details of heat delivery to the meniscus
area and the effect of electromagnetic braking. Com-
bined with other models, to be discussed in the next
sections, the results of this work should increase our
understanding of the early stages of shell solidifica-
tion in the mold and eventually provide insights that
will aid in the prevention of breakouts and other qual-
ity problems.

THERMAL DISTORTION OF THE MOLD
Thermal distortion of the mold tube has been found
to be extremely important to quality in the continu-
ous casting of steel billets, which has been the sub-
ject of extensive investigation.'*'" In contrast, very
little effort has been expended to understand the dis-
tortion of continuous slab casting molds. Perhaps this
is because little residual distortion has been observed
in slab molds. However, significant distortion of the
mold is possible during operation at elevated tempera-
tures without measurable residual distortion of the
mold when it returns to ambient temperature. Resid-
ual distortion is found only when significant plastic
deformation at operating temperature is allowed by
the constraint system. Since the size of the air gaps
that form in the corner regions of the slab are very
small (on the order of only a few tenths of a milli-
meter), even a small mold distortion can have a signifi-
cant impact on heat transfer from the shell to the
mold. To investigate the mechanical behavior of the
continuous slab casting mold during operation, a
three-dimensional finite-element, thermal stress model
of a typical slab mold has been developed.'®

Model Formulation

The model calculates the temperature, displacement
and stress distributions in one-quarter of a typical
slab casting mold (assuming two-fold symmetry),
under steady-state operating conditions. Figure 8
shows the three-dimensional finite-element mesh used
in the simulation and Figure 9 shows the boundary
conditions for a transverse section. The cooling water
chamber has been modeled as a simple 3 cm thick steel
backing plate, so it neglects some of the stiffening
effect of the box actually used. The configuration
shown here has the end plates positioned for casting
36 in wide slabs. Heat is input to the exposed surfaces
of interior mold elements as a function of distance
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Fig. 8 — Finite-element mesh used in three-dimensional thermal
stress analysis of the slab mold.

down the mold by applying heat flux values derived
from previous measurements (shown in Figure 15).*°
Cooling water channels, represented by convective
heat transfer surfaces, extract heat from appropriate
element boundaries within the mold. The finite-ele-
ment form of the steady-state heat conduction equa-
tion is then solved throughout the domain to calculate
the temperature distribution throughout the mold
under operating conditions.

To perform the stress calculations, the mesh in Fig-
ure 8 is divided into four separate meshes, for the
narrow face copper end plate, the wide face copper and
the two steel backing plates, which are coupled math-
ematically only at those points where they connect
mechanically in the genuine caster during operation.
Mathematically, the end plate is made to ‘““‘touch” the
wide face at only two points on the inside corner and
the copper wide face is “‘bolted”’ at several locations
to the backing plate. Thermal expansion loads are
then applied to each node in the domain, based on the
previously calculated temperature increases from the
ambient temperature of 35 °C. Loads representing one
side of the mold clamping forces are applied at the
two appropriate locations on the exterior of the back-
ing plate, as shown in Figure 9, and ferrostatic pres-
sure loads are applied over the inside surfaces. As in
all finite-element stress models, displacements are
calculated by solving the equilibrium differential
equations, and strains and stresses are derived subse-
quently, if desired. The equations for steady-state
heat conduction and elastic thermal stress analysis
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are both solved using the ANSYS finite-element
code” and typical simulations require about 30 min
to run on a Ridge 32 workstation.

Sample Results
Figure 9 shows the distorted shape of the mold, cal-
culated by the model and exaggerated 10X, compared
with the original outline. Figure 10 shows the corre-
sponding temperature profile calculated through the
mold thickness just below the meniscus. Both the
temperature and displacement calculated along the
mold surface are plotted in Figure 11 as a function
of distance down the mold. Insight can be gained into
the behavior of the mold during operation by under-
standing these results together with consideration of
the mold construction and the constraint system.
A linear temperature gradient (characteristic of
steady-state one-dimensional heat flow) is established
within the solid portion of the copper plates, as shown
in Figure 10. The kot face against the solidifying shell
heats to over 300 °C, while the cooling water channels
keep the cold face and the entire steel backing plate
at or below roughly 100°C. This is typical of the
values measured in practice and agrees with previous
model predictions.™®
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Fig. 10 — Temperature distribution through mold thickness (at
the center of the wide face).

surface (mm)

The hot face region of each copper plate attempts
to expand more than its water-cooled outer region. In
addition, the copper plate is constrained by the cold,
stiff steel backing plate to which it is bolted. These
effects force the entire wide face to bend inward, act-
ing like a bimetallic strip in both the vertical and
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horizontal directions. The maximum distortion then
occurs at the very center of the wide face, as indicated
by Figures 9 and 11. In addition, stresses are pro-
duced with compression in the copper hot face offset
by tension in the steel.

Since the narrow face is connected to the wide face
only through pressure, the wide face is free to rotate
around the inner corner of the end plate, which acts
as a hinge. As shown in Figure 9, this opens up a gap
between the back of the end plate and the wide face
which is crucial to producing the large distortions seen
on the wide face. Calculations performed with the
narrow face end plate rigidly attached to the wide face
produced orders of magnitude less mold distortion.'®
This was because the dominant contribution to ther-
mal distortion from bending due to the through-thick-
ness temperature gradient was severely restricted.

It is interesting to note that the maximum distor-
tion, which occurs halfway down the mold, does not
correspond with the maximum temperature, which
appears near the top of the mold, just below the
meniscus. Since the separate plates of the slab mold
distort due to bending, the maximum deflection is
always found at the center of the plate. This is con-
trary to experience with the smaller, thinner billet
molds, where the maximum distortion always coin-
cides with the peak temperature.’* The difference
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arises because the copper billet mold is a single unit
and is not constrained by backing plates. When
heated, it expands as a tube outward in all directions
in proportion to its temperature, so the peak distor-
tion is found near the meniscus. This illustrates the
importance of mold construction and constraint sys-
tem design to mold distortion behavior.

Figure 11 shows that the application of both mold
constraining forces and ferrostatic pressure partially
offsets the substantial thermal distortions predicted
during operation. However, the restraining effect of
the clamping forces, which were chosen to be the max-
imum likely ever used in practice, is still very small
and the effect of ferrostatic pressure is negligible com-
pared with the powerful forces of thermal expansion.
Figure 11 also shows that there is more expansion at
the bottom of the mold than at the top. This is be-
cause the higher heat input to the top of the narrow
face copper makes it expand slightly more at the top
than at the bottom. By pushing away the inner corner
of contact with the wide face, bulging of the wide face
is then offset slightly.

Because the copper mold is rigidly held against the
backing plate, it is unlikely to exhibit much residual
distortion after it cools to ambient temperature. How-
ever, there may be significant residual stress if the
operating temperature is high enough to produce
plastic flow due to creep in the copper.

Implications
The three-dimensional thermal stress model of the
slab casting mold has predicted distortions during
operation on the order of a few millimeters. The ac-
tual magnitude of mold distortions encountered in a
given caster will depend critically on the stiffness of
the cooling water chamber attached to the copper.
Since the present calculations used a relatively flexi-
ble steel backing plate, compared to the thick, con-
straining cooling chambers found in most casters,
actual mold distortions are likely to be less than those
presented here. Even so, the relative trends predicted
by the model should remain valid, and provide valu-
able insight into mold behavior during operation.
Even a small mold distortion could have a signifi-
cant effect on heat transfer from the growing shell.
Combined with the mold taper and shrinkage of the
solidifying steel shell, this distortion affects forma-
tion of the air gap. The most important measurement
in this regard is not the total distortion of the mold
faces, but rather the difference between the distorted
mold position at the meniscus, where the shell first
forms, and the distorted positions down the rest of
the mold. Figure 11 shows that this difference in-
creases from zero at the meniscus to a maximum of
0.5 mm halfway down, to roughly zero again at mold
exit. This creates a slight negative taper over the bot-
tom half of the mold, which may contribute to the
reduced heat transfer always observed in the lower
portion of the mold. This distortion may also con-
tribute to generating tensile stresses, important to
crack sensitive grades. In the center regions of the
mold, the thin shell must bend first inward, and then
outward, to navigate around the bulge in the center
of the mold. Increasing problems due to mold distor-
tion via this mechanism would be expected with wider



slabs, since the larger distance between the end plates
would allow more wide face bending distortion.

In the casting of thin sections, which has been the
focus of much recent research on net shape casting
processes, mold distortion will have an additional
important effect on the final dimensions of the cast
product itself. Without a-great deal of rolling to con-
trol the final product gauge, these processes must rely
on the accurate prediction and control of the tempera-
ture and shape of the casting and mold surfaces. If
these processes are ultimately to succeed, mathemati-
cal models, such as the ones discussed here, will likely
play an important role in their development.

HEAT FLOW AND STRESS MODEL

OF THE SOLIDIFYING SHELL
Although the continuous casting process has been
modeled extensively, only a few previous models have
considered stress generation in slab casting ma-
chines.??* Due to the complexity of the problem, it
is only now becoming possible to incorporate into a
mathematical model the known physical and mechan-
ical phenomena that govern this coupled thermal/
deformation process.

The formation of defects in continuously cast steel
slabs is determined greatly by the behavior of the
thin, growing shell during the early stages of solidifi-
cation in the mold. During this time, the shell shrinks
away from the mold near the corners due to thermal
contraction. This forms a gap between the mold and
strand, which causes the local rate of heat flow to
diminish dramatically. The extent of this gap depends
on the shrinkage of the thin shell, its strength to
withstand the ferrostatic pressure pushing it out-
ward, the casting speed, the mold flux heat transfer
characteristics, mold distortion and the amount of
mold taper present to offset the shrinkage. Of these
variables, the mold taper is perhaps the most easily
altered and directly controllable. With improper taper,

the combination of bulging (where there is too little
taper) and compression (where there is too much
taper) may distort the shell and even form cracks or
breakouts while it is weak and possibly fragile.

Model Description

To simulate the complex phenomena during solidi-
fication of the shell in the mold region, a two-dimen-
sional, transient, heat transfer and stress model,
called CONCAST, has been developed recently at the
University of Illinois. This computer program tracks
the behavior of a transverse slice through a continu-
ously cast section as it moves down through the slab
casting machine. It attempts to incorporate most of
those phenomena important to the formation of de-
fects of a longitudinal nature. The model is being used
to study quantitatively, effects such as varying mold
taper, and to help understand how the various defects
are formed. It consists of separate finite-element
models for heat flow and stress generation that are
coupled through the size of the interfacial gap. Details
regarding the formulation of the model and solution
procedure are described elsewhere,*?® so only a brief
discussion will be given here.

Heat flow model — The heat flow model solves the
transient, two-dimensional heat-conduction equation
over the domain shown in Figure 12, using a finite-
element formulation.?® Because heat flow in the axial
direction is negligible, and the defects of interest are
primarily longitudinal and exhibit two-fold symmetry,
only one-quarter of a transverse section through the
slab is considered.

Like most other heat flow models, this model pres-
ently accounts for convection in the liquid pool by
simply increasing the effective thermal conductivity
for molten steel. This ignores the significant variation
in heat flux down the mold wall with a maximum near
mold exit that arises from the nozzle jet. Eventually,
it is planned to incorporate results from the fluid

Mold

2D slice section
modelled

Strand

Finite Element
Simulation Domain

Fig. 12 — Schematic of a slab caster showing the transverse section simulation domain and mesh.
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flow/heat flow model in the liquid pool previously dis-
cussed to provide better boundary conditions for heat
flux to the solid/liquid interface of the present model,
to take this effect into account.

Interfacial gap heat conduction model — The model
results have been found to be quite sensitive to the
heat transfer function employed across the interfacial
gap between the shell and mold. The model currently
uses a resistance to radiation in parallel with a series
of four resistances to heat conduction, representing:

(1) Contact resistance between the mold and flux film

(2) Conduction through the flux film (assumed to
increase in thickness from a minimum at the
meniscus to a maximum as the flux cools and
is based on the flux viscosity, melting rate and
casting speed)

(3) Conduction through the air (or gas vapor) gap
(where and when there is one)

(4) Contact resistance between the flux and the steel
shell (if there is no air gap)

This heat transfer function is particularly sensitive
to the thickness of the air gap that forms as the shell
solidifies and shrinks away from the mold wall. The
thickness of the gap is calculated at each location and
time, knowing the position of the strand surface, cal-
culated by the stress model at the previous time step
and the position of the mold wall at that location and
time. The latter can be found from previous mold
distortion calculations and the original mold taper.

Stress model — The temperatures calculated by the
heat flow model are then input to an incremental, two-
dimensional, transient, elasto-visco-plastic, finite-ele-
ment thermal stress model. The stress model is step-
wise coupled with the heat flow model, as the solution
alternates between the thermal and stress calcula-
tions as the slice moves down through the mold in
successive time steps. At each time step, the load
increments from the thermal strain are calculated
from the temperatures generated by the heat flow
model, using an input function for the thermal linear
expansion. This is facilitated by use of the same do-
main and finite-element mesh (shown in Figure 12) for
both the temperature and stress calculations.

The stress model includes a temperature-dependent
elastic modulus, volume changes due to phase trans-
formations, ferrostatic pressure and the resisting
force of the mold walls. Plastic strain increments can
be calculated from a plastic strain rate function that
incorporates temperature-, stress-, strain- and time-
dependent plastic behavior over the entire wide range
of strain rate, temperature, strains and stresses en-
countered by the steel shell.®® Mold oscillation and
friction between the shell and mold are neglected.

One of the more difficult aspects of the modeling
is to properly account for the restraining effect of the
mold on the thin shell, deforming in the presence of
internal ferrostatic pressure. To do this, gap elements
are created between nodes on the surface of the solidi-
fying shell and the mold wall. Iterative checks are
required at each time step to ensure that only nodes
that attempt to move through the mold wall are re-
strained, and that nodes that ‘“wish” to shrink away
from the mold wall are unrestrained. Iteration is also
required to ensure that the size of the gaps calculated
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by the stress model are consistent with those assumed
by the heat flow model. Convergence difficulties can
make the computational costs very large, and runs
of 30 min on the Cray X/MP are required even for an
elastic solution.

Example Application to Longitudinal

Surface Depressions

Stainless steel slabs are plagued by 2 to 5 mm deep
surface depressions or gutters that form just off the
corner along the wide face of the slab (pictured in Fig-
ure 13) These are accompanied by bulging along the
narrow face. This is an expensive problem because
subsequent reheating operations require the surface
to be ground completely flat. In plain carbon steel
castings, this location often exhibits subsurface
cracks as well. A research project is currently under-
way to use the mathmatical model to simulate temper-
ature and stress development in the solidifying shell,
and focus on the influence of mold taper on heat trans-
fer and deformation of the shell in the critical corner
region. The ultimate goal of the project is to increase
the understanding of the mechanism of formation of
these defects, and hopefully to find a taper design for
the narrow face of the mold that more closely matches
the natural shrinkage of the shell, in order to reduce
stress and distortion and their related problems.

Results and Discussion
Typical results from the model are presented in Fig-
ures 14 through 16. This particular simulation was
for a 203 X 914 mm 304 stainless steel slab cast with
a superheat of 30 °C at 0.9 m/min on the Armco Butler
caster.? It was performed using an ‘‘ideal” taper
along the narrow face, after 5 s of cooling. The narrow
face was allowed to shrink as it chose (after first solidi-
fying against a rigid resisting wall) with heat transfer
behaving as if a fortuitous continuous taper had been
employed along the narrow face. This was done both
to predict quantitatively, what such an ‘““ideal” taper
would be, in addition to providing insight into how
the narrow face would behave, if such a taper were
employed. It also demonstrates a capability of the
mathematical model that would be very difficult to
duplicate experimentally.

Due to computational difficulties, this particular
run did not include either plastic behavior or the

Fig. 13 — Photograph of the corner region of a 304 stainless
steel slab showing off-corner surface depression or
gutter along the wide face.



important results from the previous models:

(1) The effect of fluid flow causing uneven dissipa-
tion of superheat down the shell/liquid interface

(2) The influence of mold distortion on the position
of the mold wall

Future runs plan to incorporate these effects.

Figure 14 shows the calculated temperature dis-
tribution in the shell at various times during cooling
in the mold, along with the corresonding distorted
shape, which is shown magnified 30X. An expected
feature in this figure is that shrinkage of the corner
region forms a gap that is accompanied by ‘“hot
spots’’ on the off-corner regions of both the narrow
and wide face surfaces. These are the result of reduced
heat flow across the large corner gap without the
benefit of two-dimensional heat flow found at the
corner itself. They correspond with a thinner shell in
these regions and have been observed by previous
researchers.?” 2* 3¢ The effect is most pronounced
along the narrow face where, at mold exit, the
temperature increases from 1,040 °C at the middle of
the narrow face to a maximum of 1,160 °C to less than
1,000°C at the corner.

A second interesting feature in Figure 14 is the
slight depression found just off the corner of the slab
at 5 and 10 s. This phenomenon is due to rotation of
the corner as the ferrostatic pressure pushes against
the mid-narrow face and corresponds with a hot spot
at the same location. The thinning of the shell that
accompanies the hot spot on the wide face may be an
important factor in the formation of defects, including
off-corner gutters and breakouts. The depression
disappears by the time the slab exits the mold.

As shown in Figure 15, the model used for cal-
culating heat flow across the gap, combined with
the gap calculations from the stress model, predicts
heat fluxes that agree with experimental measure-
ments previously performed on this slab caster by
Samarasekera and Brimacombe.!® It was interesting
to find that the interfacial gaps predicted along the
wide face are very thin. Ferrostatic pressure apparent-
ly maintains very close contact between the long, thin
shell and the mold wall over most of the wide face.
Since movement of the wide face shell also affects
the narrow face, this finding implies that wide face
taper is also important in determining how the narrow
face shrinks.

Tliquidus
Tsolidus
NS —
—1 Tliquidus
Tsolidus
Tliquidus
] Tsolidus
N 7
Tliquidus

 14540C
/<:::13990c
/

——1200°C

L Tsolidus
S

5s (75 mm )

! original slab boundary
)

E narrow face mold wall
“:i- k- 0.5mm

10s (150mm)

20s (300mm)
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1465 °C

1300 °C

~—11000C T=Tmhemmeerem e _

Fig. 14 — Calculated temperature contours (°C) and corresponding distorted slab shape (magnified 30X) at various
times in the mold (using ideal taper along the narrow face).
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Fig. 15 — Comparison of calculated and measured' heat flux
down the mold.

Figure 16 presents a plot of shrinkage at the center
and corner of the narrow face for this ideal taper run.
The 1.15 percent/m linear taper of the end plates
currently employed, is included for comparison. This
figure shows that the linear taper is a fairly close
approximation of how the narrow face desires to
shrink. However, it allows the formation of a large gap
at the top of the mold, while at the bottom the mold
wall pushes against the shell. A final note is that the
extent of this non-linearity in narrow face shrinkage,
predicted using the two-dimensional coupled model,
is much less than that found with a simpler one-
dimensional shrinkage calculation.®

Mechanism of Surface Depression Formation
Figure 17 postulates a mechanism contributing to the
formation of off-corner surface depressions. The model

s
o

A Mid Narrowface

Corner

Shrinkage of Narrowface (mm)
N

—a—  Mold wall position

A L L L . 1. 1
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance below meniscus (m)

Fig. 16 — Calculated position of the narrow face (middle and
corner) using ideal taper, compared with actual wall
position (assuming a 1.15 percent/m taper).
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thin steel shell

Schematic Close-up of mold corner
nasrow face of mold Thick square corner first solidifies
in upper mold, then shrinks,
producing weak hot spots on
adjacent narrow and wide faces

air gap between shell and mold

thick corner

hot spots

Stage [

Formation of slight off-corner
depression due to insufficient
taper in upper mold and
rotation of rigid comer

<€— ferrostatic pressure keeps
~=— shell against mold

corner rotation

wide face shrinkage

Stage II

Enhancement of depression
from compression of shell by
mold caused by too much
taper in lower mold

taper
pushes
—_—
narrow
face
against
shell

Off-comner surface
depression

Final slab

showing off-comer surface
depression on wide face and
bulging on narrow face

Fig. 17 — Suggested mechanism of the formation of the off-
corner surface depressions.

results indicate that near the top of the mold, a simple
linear taper cannot compensate for the rapid shrink-
age of the wide face. While the wide face shrinks, the
narrow face shell is held against the mold by ferro-
static pressure, so the shell opens up a relatively large
air gap near the corner along the narrow face. This
forces the narrow face shell to reheat near the corner.
It also causes the shell to rotate slightly about the
rigid solidified corner. This produces a slight depres-
sion close to the corner which results in reheating
of the region adjacent to the corner region along the
wide face as well. A mechanism similar to this is
believed to be responsible for off-corner internal
cracks in billets.*

Further down the mold, wide face shrinkage is less
and the linear taper forces the narrow face wall to
impinge on the shell, producing a compressive stress
in the shell along the wide face. If this compressive
stress is high enough, the shell will buckle slightly
at its weakest point, which is the thinned region
off the corner of the wide face where the small depres-
sion is already present. This will enlarge the sur-
face depression.

This mechanism has not, as yet, been verified fully
by the model predictions. The relative importance of
the above two steps and other factors, such as further
bulging below the mold, is not known. Further en-
hancement and validation of the mathematical model
and additional runs are required to refine this mecha-
nism and improve the model predictions in prepara-
tion for industrial trials using end plates designed
with an optimized mold taper.

Other Applications

With only slight modification, these models can be
applied to many other problems. In the mold, menis-
cus marks and transverse crack formation could be



studied by considering a longitudinal plane section,
and incorporating solidification of the flux rim, mold
oscillation and mold friction into the model. The model
could also be extended down the caster to gain insight
into other areas. These include the prediction of op-
timum machine taper as a function of operating prac-
tice, and determination of the relative importance of
thermal and mechanical stresses in the spray and
unbending regions. The latter is of great importance
to the formation of transverse cracks, when tensile
stresses at the surface are accompanied by low ductil-
ity in the critical 700 to 900 °C temperature range. The
stress calculation is complicated by rapidly changing
temperatures between roll segments, volume expan-
sion due to the phase transformations that are de-
layed by precipitation kinetics and creep bulging
under ferrostatic pressure.

Even beyond the caster, the models can be impor-
tant in predicting temperatures and stresses during
the slab transfer and reheating stages. As more prod-
ucts are pushed through the hot charging route, the
potential exists for defects similar to those encoun-
tered during ingot casting. For example, panel cracks
in microalloyed 0.1 to 0.2 percent C, high Mn grades
containing aluminum are opened up by tensile stress-
es caused by the reversing temperature gradients
arising during reheating after an intermediate amount
of air cooling.*® Some recent work has been done to
investigate how and if they might also start to ap-
pear during the hot charging of continuously cast
slabs of these grades.*

CONCLUSIONS AND FUTURE DIRECTIONS
Separate finite-element models have been developed
to simulate fluid flow, heat flow within the mold cav-
ity, mold distortion and shrinkage of the solidifying
steel shell of a continuously cast slab. These advanced
mathematical models provide a tool which can be used
to gain insight into phenomena important to the proc-
ess, to understand various problems that affect slab
quality and to evaluate suggested improvements. The
models demonstrate an increasing ability to correctly
predict known behavior and to provide new insights.

This work emphasizes that important interrelations
exist between the variables that control this complex
casting process. Such diverse factors as nozzle design
(which affects heat convected by fluid flow) and mold
support and taper (which affects mold distortion and
air gap formation) have important effects on solidi-
fication of the thin steel shell that are crucial to the
quality of the final slab. These could be overlooked
when focusing on specific aspects of the process iso-
lation. Thus, it is desirable to link these models to-
gether, integrating the fluid flow, heat transfer and
stress calculations. This work has already begun, with
the coupling together of fluid flow, heat flow and
stress models of the mold and shell of a continuous
round caster.®

In the future, the fluid flow, heat transfer and stress
models should be combined with microstructural mod-
els to predict metallurgical phenomena such as precip-
itation, recrystallization and segregation. In princi-
ple, this is straightforward, since these phenomena
are determined by the temperature, stress and strain

histories of the metal, which are already being pre-
dicted. In fact, these phenomena are not well quanti-
fied and themselves affect the stress history, so they
will create further computational difficulties. Achiev-
ing these goals, and extending the range and accuracy
of their predictions, will make mathematical models
increasingly useful in understanding the continuous
casting process.

Despite the many phenomena that are still not fully
understood, continuous slab casting is a relatively
mature process, which makes it the ideal proving
ground for advanced mathematical models. These
models will likely become even more important in the
development and refinement of new casting processes,
such as near-net-shape, thin slab and strip casting.
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