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INTRODUCTION

Continuous slab casting has emerged 'as- the premier process for
economic large scale production of quality steel in the world. As shown in
Figure 1, the fraction of steel produced in the United States via continuous
casting has increased from 12.5 percent in ‘197‘7 to over 55 percent in 1986. [1]
To save energy and increase productivity, many companies are implementing
or considering the further process of "hot charging." Thus, there is a
growing need to find optimum operating conditions for the hot charging

process and to understand their relationship to steel quality.

The process of continuous casting of steel slabs using hot charging
involves several steps, illusirated in Figure 2. The liquid steel is poured from
the ladle (50-200 tons) into a small reservoir (10 - 25 tons), called a tundish.
The steel then passes through ceramic shrouds attached to the tundish bottom
and out a bifurcated, submerged nozzle into the mold. The water-cooled,
copper walls of the mold extract heat from the molten steel, forming a thin
shell around the liquid core. This shell is slowly extracted from the mold and
cools in the spray zones as it is guided and supported by rollers. Both the water
flux (or recently "air-water mist") and the rolls extract heat from the steel
surface. Because the steel solidifies in an arc, initiating in the generally
curved walls of the mold, some of the later rolls in the casfing machine must

unbend the metal strand to straighten it.

After the steel has completely solidified, the strand is then cut
into individual slabs of roughly 15 meters in length. With conventional
continuous casting, the slabs are then allowed to cool in an open area of the

steelmaking shop. = When enough slabs have accumulated, they are usually
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transferred by rail car to the rolling mill. Along the way, the slabs may wait
in a switching yard, and may end up quite cold. Prior to rolling, the slabs are

reheated in a furnace to the uniform high temperatures required for rolling.

However, the process of hot charging attempts to keep the slab as
hot as possible. After exiting the casting machine and the torch cut-off, the
slab is transported to the reheating furnace as fast as possible, usually using
an insulated transfer car. This process should be distinguished from direct
rolling, iﬁ which only the edges of the slab are reheated pri'or to rolling, and

the reheat furnace is eliminated from the process.

Through hot charging, the slab retains much of its thermal energy, and
the furnace uses less energy. Energy savings in excess of 300% have been
reported [2]. Also, the process reduces handling costs and increases
productivity.  For example, approximately 100 hours are needed to process a
cold charged slab from tapping of the ladle to coiling of the final product,
whereas a hot charged slab requires only 6 hours [3]. However, these benefits

can only be achieved if product quality is maintained.

Unfortunately, the continuously-cast strand is subject to a variety of
defects, ranging from cracks and depressions that arise in the mold region to
defects that initiate much later in the process. Transverse facial cracks or
longitudinal cracks may not be detected prior to rolling, due in part to the
limited time available for inspection during the hot charging process. The
steel must be reconditioned, and may be scrapped if the defects are too serious.
These defects arise through a combination of tensile strlcsses and reduced hot
ductility in the solidifying shell. The tensile stresses may arise from initial

solidification in the mold, bulging of the shell between support rollers, from



the unbending of the slab, and from the high and rapidly changing
temperature gradients ' arising within the slab during cooling. The
metallurgical aspects of reduced high temperature ductility have been the
subject of several recent studies, reviewd in [4]. However the generation of
stresses in the steel shell has received relatively less attention. This lack of
attention is not due to a failure to recognize the importance of the stresses but
is an indication of the complexity of the problem. Only with the advent of
recent sophistication of finite element methods and the existence of large

computational facilities is the problem now feasible to tackle.

In an attempt to address this problem, the present research develops
and utilizes a finite element model which can predict temperature, strain, and
stress development within the steel strand from the onset of solidification in
the mold, through all processing stages until the start of hot rolling.  The
model simulates a two-dimensional, transverse slice of the strand, allowing the
effects of the narrow face to be examined more closely. The simulation
includes solidification in the mold, cooling of the strand by the water sprays
and rollers in the casting machine, cooling of the slab during transfer, and
reheating of the slab in the furnace prior to rolling. This simulation does not
directly include the strain caused by the unbendi‘ng of the strand, or by the
bulging of the strand between the rollers. By examining different cooling
practices and handling sequences, this project aims to elucidate the potential
role of thermal stresses in defect formation during the hot charging process.
As a side benefit, the model allows improved understanding and prediction of
other casting parameters of interest, such as ideal machine taper. The goal is
to find processing parameters for continuous slab casting and hot charging

that save energy while avoiding potential problems.




1. PREVIOUS WORK
1.1 CONTINUOUS CASTING HEAT FLOW SIMULATION

Several models have been developed to simulate the continuous casting
process. These efforts have focussed mainly on predicting heat transfer within
the slab in the mold region and secondary cooling zones. They are briefly

summarized below.

The mold region of the continuous caster clearly has a great influence
on steel quality. Accordingly, very extensive research has been conducted in this
area [5-10]. These analyses have included effects such as gap formation, mold
distortion, mold powder influences, liquid‘ pool convection, and ferrostatic
pressure. Because of the scope and complexity of these effects, they will not be
discussed in detail here. @ The present work uses the results from concurrent

research which investigates the mold in much greater detail.

Substantial research has also gone into modelling heat transfer in the
secondary cooling spray zomess. To characterize heat transferred by water jets
impinging on the hot steel surface, several studies involved monitoring a heated
plate being sprayed with various nozzle configurations [11-13]. A correlation was
then found for the heat transfer coefficient of the water spray. These findings
have been tabulated elsewhere [14]. Some important conclusions can be made
from these investigations. The spray water flux (I/m2s) has the largest effect on
the heat transfer coefficient, whereas the spray water temperature has littie
effect [11]. The highest heat transfer occurs when the surface becomes "wetted".
Above a critical temperature, known as the Leidenfrost temperature, a stable

water vapor layer forms, which shields the slab surface from direct impingement



of the water sprays. This transition from the stable layer to the wetted surface is
quite unstable and can produce sharp cooling in certain areas where the vapor
layer has been penetrated. This penetration is readily visible as dark spots form
on the surface where wetting has occurred, and are unstable in time and location
[11]. Jacobi et al reports that the Leidenfrost transition occurs over a wider
temperature range than was reported by Mizikar [12]. In any case, this condition
should be avoided to eliminate the high localized stresses associated with the

sudden heat transfer change due to wetting.

"Air mist" cooling is also being examined as an efficient, more uniform
means of cooling the strand surface [3,11,13]. This method of Spraying an air-
water mixture, combined with smaller spraying angles, helps avoid the cracking
problems associated with uneven cooling, while not appreciably affecting the
amount of heat removed from the surface. This also has the side benefit of
helping to reduce effluent and backwater buildup in the roller gap [11], and
prevents overcooling of edges since little water flows down the slab edge as in
conventional water sprays.  Surface temperature fluctuations have been shown to
decrease by one-fourth using "air-mist" cooling [15]. Lastly, the air-water mixing
‘arrangement within the nozzle allows larger nozzle openings, reducing the

chance of clogging [16], requiring fewer nozzles and thus reduced maintenance.

The interaction of cooling sprays and support rollers on heat transfer
from the slab has also been examined. Wiesinger et al [17] used a finite
difference heat transfer model to determine the different percentages of heat
extracted by each heat transfer mechanism (i.e. direct spraying, radiation, roll
contact, etc.). These percentages were back-calculated from thermocouple
measurements from an operating caster. These measurements showed a double

peak in the surface temperature between the rollers. This 1is illustrated
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schematically in Figure 3. The middle valley is caused by the direct spray
.impingement. The second peak is lower than the first; this is likely caused by the
accumulation of water ahead of the roller. These large temperature swings are
confined to a thin surface layer, and thus are important when analyzing surface
cracking. ~ Wiesinger also emphasized the importance of the two-dimensional (i.e.
transverse slice) modeling of the heat flow and its corresponding acceleration of
solidification in the last stages.  This leads to increased shrinkage and thus
increased strain and stress near the crater end (metallurgical length of the

caster).

Etienne et al [18], using a laboratory model, calculated the different heat
extraction percentages of the various mechanisms. These data were then used in
a two-dimensional, explicit finite difference model. The resulting shell thickness

and surface temperatures were found to agree well with industrial measurements.

Other research into the interaction of the rollers and sprays have
shown reversed trends from Wiesinger above. Kriiger et al [15] also measured the
strand surface temperature, but found the strand to be coldest under the water
sprays. The strand was hottest in the roller "shadow" zone area where the roller
shades the strand from the water spray, with roller cooling accounting for 20-

60% of the heat removal.

Kojima et al [19] also reported the trends observed by Kriiger above.
Heat loss to the roll was cited at 30-60% of all heat loss between rolls.

Thermocouple measurements from the slab surface were used in a two-
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Figure 3. Illustration of typical surface temperature as strand
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dimensional, explicit finite difference model to obtain the heat flux out of the
surface.  The strand was coldest under the water sprays, with the roll contact

region composed of three zones: residual water, roll contact, and leaking water.

Hibbins et al [20] examined the heat transfer in the Spray zones. A one-
dimensional mathematical model analyzed actual surface temperatures to get
average heat transfer coefficients. These were then correlated to an average
spray water flux for each of the five zones of the caster examined. The
percentages of heat extracted by each of the heat transfer mechanisms (roll
contact, direct spray, radiation, convection) were also calculated. As expected,
direct spraying accounted for virtually all of the heat removal high in the caster,
but contributes moderately in the later zones. Radiation and roll contact increase
their heat removal as the strand progresses through the caster. These trends
match those reported by Wiesinger above, but differ in magnitude, exemplifying
the uniqueness of the heat transfer in the secondary cooling zone between

continuous casting machines.

A solidification model was developed by Davies et al [21] which analyzes
the mold and spray zones of the caster and their roles in shell growth, The one-
dimensional heat transfer model included the latent heat due to solidification,
temperature-dependent material properties, convection heat  transfer in the
liquid, and solute redistribution. The mold region used a mold heat flux equation
based on a finite element analysis of thermocouple measurements from an
operating mold. The spray zone heat transfer was based on an average heat
transfer coefficient. Actual surface temperatures were inputted to an iterative-
type program to find a heat transfer coefficient which produced matching

temperatures. It was emphasized that this coefficient is very caster-dependent.
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Finally, a mold and caster thermal simulation was performed by Upton
et al [22]. This model used a mold heat flux equation very similar to the classic
Savage and Pritchard relationship [23]. A correlation fqr the water spray heat
transfer coefficient was used, similar to those discussed previously. The
coefficients for the roll contact region were calculated separately from Etienne
above.  These were used in a one-dimensional, finite difference model which
evaluated the surface temperature and shell growth of a strand. The model
included the liquid pool convection, as well as the roll/spray interaction. The
model accurately predicted the large temperature swings that occur on the strand
surface. Narrow face effects on the temperature distribution and the

metallurgical length were not available due to the one-dimensional assumption.
1.2 CONTINUOUS CASTING STRESS MODELS

All of the previous research has been concermned with the heat flow
during the casting process. However, demand for higher productivity and higher
casting speeds have made it necessary to bend the strand before it is completely
solidified.  Recent research into the strain distribution and deformation of the
cast shell during unbending has shown how important this area is to the
development of internal cracks. These cracks are caused by straining the steel
liquid/solid interface while it has reduced ductility, commonly referred to as "hot
tearing”.  The crack opens up and is penetrated by solute-rich liquid steel, thus

causing an internal defect described as "radial streaks".

Uehara et al [24] modeled a two-dimensional slice through the center of
the wide face with an elasto-plastic finite element model to predict the strain
distribution during both bending and bulging of the strand. Results from the

slice model were compared to an elastic three-dimensional simulation to verify its
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validity. The residual stresses in the strand prior to straightening were
considered negligible. ~The analysis showed that the bulging strain and bending
strain during straightening can combine to produce tensile stresses that cause
cracking, ‘particularly in the weak newly-solidified steel at the inside of the shell.
To avoid this problem, some Japanese steel plants have adopted "compression
casting”, whereby the drive rolls pufposely attempt to produce compressive
stresses at the crack-sensitive solidifying interior. [2] Several researchers have
used the finite element method to model the cast strand, focussing on bulging
between two sets of rollers. For example, Barber et al [25] developed a three-
dimensional model and found that the bulge was non-symmetric, with the
maximum bulge arising closer to the trailing (lower) roller. Both analyses
showed that predicting the strain distribution during straightening is quite

complicated due-to the three-diménsional nature of this problem.
1.3 METALLURGICAL DEFECTS

Before examining the various defect problems found in continuously
cast steel slabs, it is helpful to summarize the diffetent ductility problems in steels
at high temperature. This loss of ductility combined with tensile stress can lead to
crack formation. The temperature zones of reduced ductility and the associated
embrittling mechanisms are illustrated schematically in Figure 4, and will be

briefly discussed. [4]

At high temperatures, (Zone A) just below the solidus, a severe loss in
ductility arises, resulting in "hot tearing” if only a few percent tensile strain is
imposed. This embrittlement zone is due to segregation of phosphorus and sulfur

to the inter-dendritic regions during solidification and results in

12
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severely weakened grain boundaries. Cracks at the solidification front can occur,
particularly high in the caster where the newly formed shell is weak and easily

bent, or lower in the caster as the strand passes through the unbending rollers.

At temperatures between roughly 900 and 1200 ©C, (Zone B) sulfur
segregates to the austenite grain boundaries, where it combines with iron and
manganese to form sulfide and oxide precipitates. These precipitates, particularly
FeS, weaken the grain boundaries and can lead to intergranular cracks.
Embrittlement is most severe when large numbers of very fine precipitates pin
the grain boundaries and enhance strain concentration there. Thus, the
phenomenon is most severe at higher sulfur contents and higher strain rates
(above 10-3/sec). At lower strain rates, the precipitates coarsen and are less able
to pin the grain boundaries. Both of these first two embrittlement zones can be
reduced by reducing thc‘ sulfur content or increasing the manganese content,
since the latter forms less harmful MnS precipitates. Decreasing the sulfur
content is the best solution, and this is being achieved as more mills become
cleaner. It is obviously not possible for resulfurized, free-machining steels,

where the control of stress and strain becomes crucial.

At lower temperatures, a large ductility trough exists in the 700-900°C
range, (Zone D). The embrittling mechanism is similar to that in Zone B, but
nitride precipitates (particularly AIN) are formed at the austenite boundaries in
place of sulfides. Since the AIN precipitates take longer to nucleate and grow,
embrittlement is worst at lower strain rates, and is most severe in microalloyed
steels containing other nitride formers: niobium, vanadium, and‘ boron. Removal
of aluminum alleviates the problem but AIN precipitates are beneficial, since they
refine the austenite grain size, and retard recrystallization, resulting in improved

low temperature toughness. Addition of titanium can aid hot ductility by forming

14



coarse TiN precipitates and preventing AIN formation, but at the expense of

reduced low temperature toughness.

The practice of soft "air-mist" cooling attempts to allow time for the AIN
precipitates to coarsen, but the kinetics of coarsening are not rapid enough to

cause significant improvement in ductility [26].

At still lower temperatures, (Zone E), the presence of ferrite (o) at the

grain boundaries adds to the precipitation mechanism. The resulting strain
concentration at the prior pro-eutectoid ferrite grain boundaries can lead to

crack formation.

Various defects have been found in hot charged steel products.
Longitudinal facial cracks are generally triggered by high heat transfer in the
mold. This uneven cooling in the mold may be caused by nonuniform mold flux
viscosity resulting in uneven powder distribution in the gap between the shell
and the mold wall. However, if the mold powder is too viscous, it cannot fill the
gap evenly, also resulting in cracking. After formation, these cracks may be
enlarged by nonuniform cooling of the surface as it passes through the
secondary cooling zone. Careful control of mold powder viscosity and
contamination by oxidation products are possible solutions to the longitudinal

cracking problem [26].

Star cracks are another problem arising in the mold. They are due to
embrittlement caused by copper pick-up by the slab surface in the mold region
and are eliminated by chrome plating of the copper mold. Copper has also been

found to exacerbate the important defect of transverse cracks [26].
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Transverse surface cracks are thought to form while the surface is in
the temperature range of the 700-900 °C ductility trough mentioned above. They
are usually found at the base of the oscillation marks, which act like a notch, or
stress riser, when strained [27]. In addition, lower heat transfer in the mold due
to the added gap of the mark results in a coarser austenitic structure, increasing
the susceptibility of the slab to surface cracking due to strain concentration at
the grain boundaries. Thus, decreasing the depth of the oscillation marks
through careful control of the mold oscillator has been shown to decrease the
incidence of transverse cracks. For example, a high speed, short stroke

oscillation practice reduces the oscillation mark depth and pitch.

The 700-900 ©°C ductility trough corresponds to the temperature range
when the strand is in the lower part of the casting machine. Any tensile strain,
such as that from unbending, could combine with the notch effect and the loss of
ductility and form a crack.  Thus, transverse cracking has also shown a strong
correlation to roll gap, roll alignment, and roll surface condition in the
straightening section [26]. To avoid cracking problems due straightening strains,
it is recommended that the unbending occur with the slab above the ductility
trough temperature range [28]. This is also consistent with the goals of hot
charging. However, it may leave the strand more susceptible to internal cracking
from hot tearing, since the thinner shell has less strength to withstand strains

from slight roll misalignment and bulging due to ferrostatic pressure,

This temperature range of 700 - 900 ©°C also corresponds to the
approximate temperature of the slab during the transfer and early reheating
stages. It is therefore possible that thermal stresses associated with reversals in
temperature gradients and phase transformation volume changes may present

additional cracking problems for hot charged slabs. The problem of panel crack
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formation in static cast steel ingots has been found to be due to this mechanism
and is controlled by the "track" times elapsed prior to rolling. [32] Few problems
are experienced in slabs that are cooled to ambient temperature prior to
reheating. The worst thermal sequence is to relieat the ingot from an
intermediate stage of air cooling when an austenitic interior is surrounded by a
surface that is transforming to ferrite and pearlite and expanding. This can give
rise to a sub-surface zone of tensile stress during reheating that produces cracks
in the nitride-embrittled austenite just beneath the surface. These cracks can
then propagate to the surface later during reheating or air cooling prior to hot

rolling.

It is suspected that a similar mechanism might produce cracks in
continuously-cast slabs that are hot-charged. Indeed, track time, or the transfer
time between the caster and the furnace, has been linked to surface defect
formation in blooms [29]. As track times increased, the defect incidence
decreased. Also noted was the "safe" extension of track times if the blooms were
transported under insulated hoods. Clearly, the defect formation was related to
the slab temperature, and it should be noted that the reported defects dropped off
substantially as the hot charge temperature dropped below the ductility trough
temperature range. To combat this, in-line quenching after torch cut-off has
been implemented at some plants, but while it has been reported to decrease the
defect rates, it also defeats the purpose of hot charging. These experiences

prompted the present research.
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1.4 HOT CHARGING -

Hot charging is being implemented currently at several steel mills. To
facilitate hot charging, several prerequisites must be met [3]. First, the
continuous caster must produce high tempefature slabs, so that the maximum
amount of heat may be retained and the slabs do not have to be reheated as much
prior to rolling. This involves softer cooling practices in the secondary cooling
zones, and higher constant casting speeds utilizing the full caster length.  Also,
radiation shielding on the narrow face lowers the cooling of this face. After
casting, the slabs must be kept insulated during transfer to avoid heat losses due to

radiation.

The next prerequisite is the production of defect-free slabs, since the
hot charging process does not allow time for conditioning, and inspection is very
difficult at the high temperatures invoived. One solution to this problem is
currently being used at Stelco [26]. A slab quench tank was installed close to the
caster run-out table. A representative slab is selected and quenched. The slab is
then removed and carefully inspected. Based on the number of defects found, the
slabs may be approved or rejected for hot rolling. This ‘process takes
approximately one hour to perform, and can also indicate what is causing the
defects. If the problem is mechanical in nature, suéh aé incorrect roll gap, then
adjustments may be madé and the quench tank can rapidly assess their success

while the caster is still on-line.

As discussed earlier, mist cooling allows softer, but more uniform
cooling which avoids cracking problems due to large temperature changes on the
surface. However, higher slab temperatures reduce the rigidity of the solidifying

shell, and make it more susceptible to internal cracks due to bulging. More
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precise roll alignment and smaller, closer rolls are one solution to this problem.
However, roll bending must also be considered with smaller rolls. Compression
casting, introduced earlier, has also been suggested as a way to reduce the overall
strains in the slab [2]. Compression casting aims to keep the entire strand in
slight compression, especially at the unbending points. When the strand is being
bent, the tensile strains due to .unbending and the compressive strains
superimpose on each other, dropping the tensile load below a critical level to
prevent cracking. Compression casting should not be confused with the process
of "soft reduction" or "squeeze casting" where the strand is actually compressed
by the guide rollers near the end point of solidification. Finally, quenching of
the strand prior to unbending has i)een' suggested as an alternative way to avoid
the internal cracking problems associated with unbending while the strand is in
the critical temperature zone of embrittlement. This has not received wide
practice, though, since it wastes thermal energy and actually increases thermal

stresses.

To the authors' knowledge, no investigation has tried ‘to predict the
strain and stress distribution, as well as heat transfer in a continuous casting -~
hot charging process. Recent work involving static-cast ingots has demonstrated
the applicability of mathematical models to the prediction of heat flow and stress
generation in a solidifying steel ingot during thermal processing [30,31].
Knowledge of the thermally induced stress and strain aids understanding of
defects and their relation to process parameters. It is with this goal that the

current research has been conducted.
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2. MODEL DEVELOPMENT

The finite element method was used to model the heat flow and stress
distribution in the continuously cast strand. An existing program [32] was
modified to simulate the different stages of the slab casting process. This code
was originally used to model the thermal processing of a static cast ingot
[30,31]. The modified program is called CONCAST and has several features
which allow it to simulate the continuous casting process. Although the
fortran code is still under development, features used in the present work will
be discussed in detail below. Details concerning the finite element method and
the resulting equations can be found in any finite element text [35-38] and will

be discussed only briefly.
2.1 HEAT TRANSFER FORMULATION

A two dimensional, transverse slice through the strand is simulated
in the present work, with the third dimension (casting direction) being
simulated by moving the slice through time in this dimension. This
necessitates the assumption that no heat flows in the third direction which has
been shown to be reasonable [33]. The heat transfer model is based on the two-

dimensional, transient heat conduction equation:

9,90 9 9T T 1
where: kx Ky = Thermal conductivity of material in x and y directions
T = Temperature

20



t = time
p = mass density

Cp = specific heat at constant pressure

The finite element method discretizes the domain into small, finite
elements. In each element, a function approximates the differential equation.
The solution is compatible at the element boundaries. In this model, constant
gradient triangles are used and their approximating function is linear in

temperature:
T=Ax+By+C ' (2)

Although higher order elements allow more flexibility in approximating
functions, they are also harder to work with and are more computationally

expensive.

Because the approximating function is not exact, an error, or
residual will exist at each nodal point in the region. Galerkin's method is a
numerical technique which forces these residuals to zero. Applying this

method to Eq. (1) yields the following matrix equations:

[KI(T} +[C{T} = {Q) 3)
where: [K] = conductance matrix

[C] = capacitance matrix

{Q} = external heat flux vector

{T} = nodal temperatures

{’i‘} = time derivati\)es of the temperature field
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Because a time derivative appears in Eq. (3), some sort of time-
stepping technique must be used to approximate this derivative. For éxamplc,
{T} could be approximated by:

(i) =3 = 5T = Tnew=Tag (4)

Tot T At T At
This relationship could then be used in Eq. (3). Tpew could be explicitly solved
for and would become Ty1q for the next time step. This method is common and
rather effective, but three level timc-stepping techniques provide better

accuracy and stability. Two such methods are implemented in CONCAST: Lees

and DuPonts.

In the Lees formulation, the time derivative of the temperature

vector are:

W I3-T)

= {—5 "} (5)
1

{T} =3 {T1+ T2+ T3} (6)

where T3 is the temperature for which the current equations are being solved,
T2 is the temperature at the last time step, and T; is the temperature at the time

step before Tj.

In the DuPont formulation, the corresponding equations to Eqs. (5)

and (6) above are:

(0 = (5) )
(T} =3 (3734 Ty} (8)
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with Tj, T2, T3 as defined above. Both of these techniques are discussed in
more detail elsewhere [34]. A complete flowchart of the heat flow niodcl is

shown in Figure 5.

CONCAST allows three formulations of the capacitance matrix [C] in
Eq. (3). The cdnsistent capacitance formulation, lumped formulation, and
"Ohnaka lumped" formulation may be requested. "Ohnaka" differs from the
normal lumping in that the lumping is based on the amount of area that is
closest to each node. Thus, an equilateral triangle would have the same

"Ohnaka" and standard lumped capacitance matrix.

In this model, the latent heat of solidification is handled by
calculating an effective specific heat through the use of the enthalpy
function, H. The two methods available for calculating Cp are the Lemmon
method and Del-Giudice method. Both methods involve differentiation of the
enthalpy function and temperature field across the element, and are described

in detail elsewhere [34].

Substituting the capacitance matrix [C] and the Lees time derivative

vector {'I"} into Eq. 3 and reducing Yields:

T T -
[K]{ 1 + 32 + T3J1 + [C] {13_71} = {Q} | (9)

2At

The corresponding equation using the DuPont formulation is:

3T3+T1} T3 -Ty
K] y——" = ‘ 1
[]{ 4 +[C]{ DAL } {Q} | (10)

The Choleski method is used in CONCAST to solve this system of simultaneous

equations,
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INPUT: Simulation type, Initial Temperatures, Time data,
Form for [C], Form of time-stepping, Form for C P
Printing and Plotting information

v
INITIALIZE: Read mesh, Material Properties
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Change time
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file

Does time step
file exist?

Use fixed time step

FORMULATE: Evaluate element [C], {K] and
form global [K], [C], (Q}

APPLY: Boundary. conditions: heat flux, convection,
radiation, fixed temperatures

Figure 5. Flowchart of the heat flow model.
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SOLVE:

Use Choleski decomposition to
solve for {T)

Print interval
satisfied?

Print
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binary
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Write ascii files of

important
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UPDATE:  Save temperatures for

use in next time step

yes

Figure 5. Flowchart for the heat flow model (continued).
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This model has many features which allow flexibility in modeling
thermal problems. For material properties, such as enthalpy, density, and
conductivity, any user-defined equation or value may be used. Several types
of boundary conditions may be applied. Along an element face, heat transfer
by convection, by a heat flux, or by radiation may be simulated. Also, heat
generation within an element and specified nodal temperatures may be.
imposed. Lastly, a gap boundary condition may be simulated, as might occur in
the mo_ld region. Combinations of these six boundary conditions are usually

sufficient to model all thermal situations.

Finally, the model allows the user to control the time step size at any
time in the simulation. Based on a coded numbe; read from a time steﬁ size file,
the model may cut the step size in half, double the size, halt execution, or
continue at the previous step size. In this way, the step size may be tailored to

each particular run, saving unnecessary calculations.
2.2 STRESS FORMULATION

The stress distribution within the two-dimensional region is

governed by the differential equation of equilibrium for plane elasticity:

dox 0T ,
=X XXy ,

+ = -F
ox dy X (an
dlxy OJo

Y

+ = -F

ox dy y (12)

The strain-displacement relations can be stated in matrix form [36]:
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— B 0 0 -
dx
(e ) 0 i
8)( ay
8y 0 _Q.
e, oz u
O S v (13)
ny ay ax - )
wl |, 2 2
\Yyx - oz dy
9 , 9
L 0z ox

‘The incremental, elastic form of Hooke's law is
{Ac} = [E]{Aee} ‘ (14)

where [E] is a matrix of the material stiffnésses, {AC} is the stress vector, and

{A€e} is the elastic strain vector. .

To reduce Eqs. (13) and (14) to a two-dimensional case, the third
dimension, z, must be related to the other two coordinate directions. The four
ways of handling this are plane stress, plane strain, generalized plane_ strain,
and axisymmetric conditions. Plane stress assumes that the stress in the z-
direction is zero, whereas plane strain assumes the strain is zero in the z-
direction.  Generalized plane strain is similar to plane stress, however the
strain in the z-direction is a constant value determined by averaging the z-
strains over thé region. Thus, neither the stress nor the strain is zero in the z-
direction. The last condition, axisymmetric, is used for cylindrical-type

regions where a condition of axial symmetry exists. All derivatives in the

27




angular direction (around the axis of symmetry) are assumed zero. All four
cases are implemented in CONCAST, however axisymmetric has not been fully
vcrificd. Also, generalized plane strain has been found too computationally
intensive to be used in large simulations, since iteration presently must be

performed to determine the =z-strain value. Full derivations of these strain

states and the resulting equations for [E], {AcG}, and {A€} can be found

elsewhere [39].

The total incremental strain vector in Eq. 14 was divided into three

parts:
(A€} = {Age} + {Aer) + (Agp} | (15)

where ({A€e} is the elastic strain increment, {Ag€T} is the thermal strain

increment, and {Aep} is the plastic creep strain increment.
The incremental thermal strain AeT is formulated as:

AeT = TLE(Ty4ar) - TLE(TY (16)

where thermal linear expansion (TLE) is described by the state function:
T

TLE(T) = J- O(T)dT 17
To

where QT is the thermal linear expansion coefficient, and T is an arbitrary

base temperature, assumed to be 0°C. In this way the temperature dependence

of Ut may be modeled. Also, the model takes into account the volume change

due to the phase transformation of steel. This is ‘accomplished by taking a
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weighted average of TLE based on the fraction of ferrite (ot) and austenite

(Y)present:

TLE = (%) TLEq + (%Y) TLE, (18)

In this model, the incremental plastic strain- is characterized by:
Agp = At €p(Cesf, T, Ep) ‘ (19)

where ép is a scalar function dependent on the current effective stress, Oefr,

the current temperature, T, and the accumulated plastic strain, €p. This unified

constitutive equation takes into account the various strain rate and
temperature effects, and the combination of elastic-plastic strain and - creep

strain. A complete flowchart is shown in Figure 6.

The thermal and plastic creep strain vectors described above
introduce nonlinearities into the problem. If these nonlinearities become too
large, the explicit time-integration procedure is prone to instability.  Thus,
this model has several convergence schemés with parameters which enable

the user to control these stability problems that are occasionally encountered.

Two routines in CONCAST can cause the model to reduce the time step
and sub-iterate. The first checks the entire domain for the smallest ratio of
incremental plastic strain to total effective elastic strain. If this ratio exceeds
a user-defined value, the model cut the time step in half and solves this new
time step. The second routine checks if the percent difference between the
current plastic strain rate and the previous plastic strain rate is too large, and

if so, cuts the time step in half and continues.
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INPUT:  Simulation type, Time data, Stress state,
Convergence parameters, Surface loading,
Printing and Plotting information

INITIALIZE: Read mesh, Material Properties,
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stress and strain
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step from input file

FORMULATE: Evaluate [E], and
form global [K]

Find €, and§,

Figure 6. Flowchart of the stress model.
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Figure 6. Flowchart for the stress model (continued).
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Flowchart for the stress model (continued).
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The program also will resolve a time step to allow for convergence.
This is based on the same percent difference as the last check described above.
If the percent difference in plastic strain rate is greater than a user-defined
value, but is not large enough to cause a sub-iteration, then a convergence
iteration is performed. The time step is resolved using properties evaluated at

the new stress/strain state.

Finally, a truncation routine in the program limits the maximum size
of the plastic creep strain increment to a user-defined value. If the actual
plastic strain rate is greater than the prescribed value, the plastic strain rate
and incremental plastic creep strain is truncated to the limit values, and the
simulation continues. If many truncations occur, accuracy of the solution
may be questionable. Obviously, this method is highly dependent on time step
size, and the output must be checked for extensive truncation, which indicates
that the model has underpredicted strain and overpredicted stress. However,
this method has the distinct advantage of being able to éasily handle a
situation where only a few nodes in the domain are highly strained. Without
truncation, the model would sub-iterate extensively, trying to relieve the
excess strain. The truncation routine limits strain at' these nodes extensively,
but would allow the simulation to continue on to the next time step. This
eliminates problems caused by coarse meshes, for example, or when a region
of little interest to the stress solution, perhaps the liquid steel, is ‘trying to

strain, thereby holding up the simulation needlessly.
2.3 OVERALL SIMULATION PROCEDURE

The heat transfer and stress models may be executed separately, or a

coupled heat flow/stress run is possible. In the mold region, coupling allows
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the heat flow model to determine tﬁc heat flux across the mold/shell interface
based on the air gap thickness calculated by the stress model. Coupling also
allows recalculation of the temperature distribution if the stress model sub-
iterates, as described before. Usually, a thermal run is executed first, and after
having verified that the resulting temperatures are reasonable, a str‘ess run
could be performed. In practice, however, a coupled heat flow/stress run is
usually executed aft¢r the initial heat transfer run. The thermal calculations
were found to be only a small part of the computing time with a coupled run,
and in some cases, the coupled run was quicker than a stress run alonc.- For
example, a simulation of the mold run involving plasticity used 7.7 CPU seconds
for the thermal portion and 6814 CPU seconds for the corresponding stress
part. = However, the coupled heat/stress run using the same parameters fook-
only 4378 CPU seconds. The time-savings resulted from fewer convergence
iterations being performed since the thermal solution was recalculated for the

stress model when it sub-iterated.

CONCAST is.completely interactive and user-friendly. In addition, it
provides the option of using an input file to eliminate repetitive typing of
answers to the questions. An echo file is created each time the code is runm, so
this file may be edited and resubmitted. The program is divided into four
simulation regions of the caster: mold, spray chamber,  transfer, and reheat
furnace. By selecting a certain simulation type, the user is branched to- that
section and answers questions pertaining to‘ that particular part of the casting

process.

The mold region has many options, due in part to the complex nature
of the heat transfer in the mold. Ferrostatic pressure may be applied to the

solidifying shell due to the head of steel inside. A COrrésponding mold
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stiffness must then be supplied to simulate the mold pushing back the shell.
The mold taper may also be included so that the appropriate gaps or
interferences may be determined. This allows realistic modeling of the sharp
heat transfer drop as the gap between the shell and mold appears, and the
strain caused by the mold pushing back on the shell when they meet. Also

included are the important effects of the mold powder.

The spray region is divided into five zones. Several parametefs must
be provided to describe each zone. The distance to the start of each zone and
the number of rolls in each zone are used to calculate the roll centerlines. The
model assumes that the rolls are evenly spaced in each zone. The roller
diameters, the spray water temperature, and the spray water flux are used to
calculate the appropriate boundary conditions for the strand as it passes
through the rollers. Determination of these boundary conditions will be

discussed later.

The transfer and reheat regions are quite similar. Both require the
user to supply a radiation emissivity for the strand and a temperature of the
surface with which the strand radiates. The length of transfer and of reheat

are also needed.
2.4 POSTPROCESSING

CONCAST output is in binary form to save computing time and lower
file size. To manipulate this output, a postprocessor was developed. This
program is also interactive, and has the echo file feature described previously.

A complete copy of the postprocessing program is included in Appendix B.
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The postprocessor has three main types of output. First, the
postprocessor can take a binary output file and create a startup file for a new
run. Using this feature, CONCAST can be easily restarted at any point in a
previous run. This is very advantageous if a run was somehow accidentally
stopped during execution. Instead of having to start the run over from the
beginning, the postprocessor can create a startup file using the latest data

written to the binary output file, and restart the run.

The second type of output is contour plots of any variable, at any
iteration, time, or position along the caster. These plots include contour
labelling, and maximum and minimum markings. Contour values may be
automatically defined, or may be specified by the user. Meshes may also be
plotted to check their integrity before they are used in CONCAST. Some
variables that may be plotted are temperature, displacement, elastic stresses
and strains, plastic stresses and strains, principal stresses and strains,
effective stress, and strain rates. In all, 37 different variables are available

for plotting.

Finally, the postprocessor can create printéuts of the wvariables
described above. The data can be printed out at various time steps or can be
printed in a time &cpendcnt form. In the latter case, the file can be
transferred to other plotting packages and x-y type plots may be made. Shell
thickness may also be tracked over time, and plotted in this manner. The
postprocessor is a very versatile package which allows the wuser great

flexibility in what can be analyzed, and how it can be presented.

Because this code was eventually run on various types of computers,

the binary output files from the various machines were not compatible. To
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overcome this problem, a binary-to-ascii file translator was developed, as was
a corresponding ascii-to-binary translator. The binary file is translated to an
ascii file on the first computer, and is transferred to the second machine. The
file is then converted back into a binary file on the second machine for use
with the postprocessor. A. complete listing of these translators ‘is included in

Appendix C.

Finally‘ a mesh generator was developed to facilitate creating meshes
in the format which can be read by the CONCAST program. This will not be

discussed in any detail here, but is included in Appendix D for completeness.
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3. MODEL VERIFICATION

To verify the computer program, a problem involving both thermal
strain and plastic creep was obtained for which the analytical solution is
known. The solution was derived from Boley and Weiner [40], and a complete

derivation of the governing equations appears in Appendix E.

A long, thin beam, 20mm x 0.8mm, was subjected to an instantaneous

cubic temperature distribution:
T=100 + 3000y + (-03¢7)y?2 + (-0.5¢e8)y3 (20)

with the y=0 at the midpoint of the beam. The. initial terﬁperature of the beam
was 0°C. The beam was unconstrained in the y-direction, except for one node
in the center of the left side to prevent rigid body motion. The beam is totally
constrained in the x-direction. The applied constraints and the thermal load
are shown in Figure 7. The material used had an elastic modulus of 200 GPa, a
thermal linear expansion coefficient of 12e-6 °C-l, and a Poisson's ratio 6f 0.25,

and the coefficient A was le-13 Pa-lsg-1,

The solution for this problem is as follows: (see details in Appendix E)

Oy =0p="Tyy=0 . | 21)

Ox = Oyo €Xp[ -EA(t - t,)] . : (22)

e = 32 (1- exp[ -EAG - t)]) 23
1

&= - 78 = F(expl EAC-1)]- D) (24)

Note that plastic strain is directly proportional to stress, which decreases

asymptotically to zero.
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The stress model was programmed to solve this transient, plastic
creep problem. A 505 node by 800 mesh of triangular elements was created
using a "British jack" arrangement similar to that used in the simulations. A
constant time step of 1 second was used, with a maximum time of 20 seconds.
The model predictions of both stress and plastic strain were compared at the
bottom (y = -0.01), center (y = 0.0), and top (y = 0.01) of the long beam. The
calculated and predicted x-stréss is plotted in Figure 8. Excellent agreement
was found between the analytical and model solutions, with a maximum
difference in x-stress of just- over 12% in the center of the beam. X-plastic
strain is compared in Figure 9, and y-plastic strain is compared in Figure 10.
Maximum difference between the model predictions and the analytical
solution was just under 2% at the top node for the x-plastic strain. The
maximum difference for the y-plastic strain was also just under 2% at the top

node. Tabulated values for Figures 8, 9, and 10 are included in Appendix E.

Clearly, the model accurately predicts displacements, strains and
stresses including plastic creep.  Further verification of the program was not
pursued since the original code had been adequately verified. This problem
verifies the integrity of the code after modifications to allow modeling. the

continuous casting process.
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4. APPLICATION TO HOT CHARGING

The "No. 1 slab caster of Inland Steel Indiana Harbor Works was
modeled to provide realistic physical dimensions. The caster is a two-strand,
curved mold machine of DEMAG design, and has a radius of curvature of 12.2
meters. A schematic diagram of the secondary cooling system is shown in
Figure 11. It has five main water spray zones, and has a single unbending
point.  Information concerning these zones and the dimensions of the rollers
in each zone were taken from blueprints of the caster [41], and are listed in
Table 1. Location of the individual rollers are included in Appendix F. Some
rollers in each zone are larger than the rest of the rollers in that zone. This
was ignored to simplify the modeling of the secondary cooling region. The

machine casts slabs that are 9 1/4" thick and vary from 30" to 72" wide.

Utilizing two-fold symmetry, a mesh was generated for one quarter
of a 9 1/4" thick by 36" wide slab, and is shown in Figure 12. The mesh uses a
"British jack" arrangement of triangular elements, and is comprised of 392

nodes and 702 elements. The semi-bandwidth of this mesh is 186.

A thin mesh was also generated to examine a one-dimensional slice
at the centerline of the wide face of the slab, and is shown in Figure 13. The
mesh is the same thickness as the large mesh, but is only 5/8" wide. The
elements are similar in arrangement to the previous mesh, but the thin mesh
has only 45 nodes and 56 elements, with a semi-bandwidth of 5. Due to the
reduced size, this mesh allowed quick simulations to be run to check out the
various simulation parameters prior to using the large mesh. For example, a

mold run involving plasticity using the large mesh took 10396 CPU seconds,
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Table 1. Specifications of secondary cooling system

of the Inland Steel No. 1 Slab Caster.

Zone # Distance to # of rollers Roller radius
start of zone (m) (m)
1 0.60 1 0.064
2 0.94 9 0.086
3 2.71 20 0.127
4 8.70 13 0.162
5 13.64 30 0.222
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Figure 13. Finite Element mesh for a thin slice at the center of the slab
for use in one-dimensional simulations.
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while the same run using the thin mesh took 3051 CPU seconds, or just under

3.5 times as fast.
4.1 MATERIAL PROPERTIES

. The enthalpy function used in the simulations was taken from
previous work with static cast ingots [32]. The function is shown in Figure 14.
The latent heat of solidification was assumed to vary linearly across the
liquidus, T)jq, and solidus, Tso], temperature range. The curve is composed of

eight separate functions:

T < 500 Hy= -233 + 0456 T + 1.88e4 T2 (25)
500 < T < 800 Hi= 134 + 0268 T + 4.18¢e4 T2 (26)
700 < T <750 Hi= -595.0 + 1431 T Q7)
750 < T < 850 Hr= -13489 + 3.849T - 1,883¢-3 T2 (28)
850 < T < 1150 Hy= 11.7 + 0.648T (29)
1150 < T < Tgo) Hr= 2283 + 0268 T + 1.67e-4 T2 (30)
Tso1 < T < Tiig Hr= Hp + 272.0(T - Tso1)/(Tliq - Tsol) (31)
Tig< T Hy= 975 + 0.787 T (32)

where H is in klJ/kg, and T is the temperature °C).

The steel modeled had a 0.15% carbon content. Density was assumed

to be a constant value, 8000 kg/m3. The liquidus and solidus temperatures were

1513 °C and 1487 °C, respectively. Poisson's ratio, Vv, was 0.30.

Figure 15 shows the thermal conductivity used in the simulations.
The convection in the liquid pool was modeled by artificially raising the
thermal conductivity of the liquid steel by a factor of 1.5. The equations used

to form this function are as follows:

T < 800 k =594 - 00418 T (33)
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Figure 14. Enthalpy function for steel used in the heat transfer model.
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800 < T < Tgol k = 184 + 0.0094 T (34)
Tso1 < T £ Tiig k = 325 + 10.0(T - Tso1)/(Tlig - Tsol) (35)
Tiig< T k = 325 + 10.0(T - Tso1)/(Tliq - TsoD*1.5 (36)

where k is in W/mK, and T is the temperature (°C).

As discussed earlier, the thermal linear expansion (TLE) is

formulated to allow the temperature dependence of OlT as well as the volume

change of the steel due to the oa¢»y transformation. The phase transformation
kinetics, or time-dependency of the transformation, is included in the model

through the following equations:

Ari < T < Ar3, cooling

B (Ar3 --T) ]
%y = 50 cos [n ___(Arg TArL) + 50 37
Aci < T < Acj, heating
_ (Ac3 - T) ]
%Dy = SQ cos [n —_(AC3 T Acl) + 50 (38)

where (Ary,Ar3) are the transformation finish a.nd start temperatures for
cooling, and (Ac),Ac3) are the corresponding transformation temperatures for
heating.  This simple approach is effective in calculating TLE in the phase
change region. Figure 16 shows the resulting TLE curves for the low carbon
steel used in this model. Also included on the graph are the four

transformation temperatures for cooling and reheating.

The incremental plastic strain rate function used in this model was

taken from concurrent research t42]. The general form of the equation is:

€= A exp(-QRT)lo - meyclnt (6 - mey©) (39)

52



Thermal linear expansion, TLE (%)

1.2 F

1.0 Heating

Cooling

06 1 1 — 1 1 | X 1 "
500 600 700 800 900 1000

Temperature (°C)

Figure 16. Thermal linear expansion function for steel
used in the stress model.
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where A, Q, R, m, ¢, and n are specified in Table 2, o is the effective stress in

MPa, €pis the accumulated plastic strain, and T is the temperature in degrees

Celsius.

The function used for Young's Modulus, E, is shown in Figure 17. The

equations used to form the curve are as follows:

T < 800 E = 211.0e3 - 1125T (40)
800 < T < Tjess E = 172.696€3 - 64.62 T (41)
Tiess< T < Tgo] E = 2.6297¢6 - 1762.65 T (42)
Tsol < T < Tl E = 1.5409¢6 - 1030.436 T (43)
Tisol < T < Tiig E = 53.9247¢3 - 35.64 T (44)
Tiig< T E =10 (45)

where E is in MPa, T is the temperature (°C), Tiess = Tsol - 40.0 °C, and Tggo1 = Tsol
+ 0.3%(Tliq - Tso1). Above the solidus temperature, the elastic modulus quickly

drops off to only 1.0 MPa. This virtually eliminates any formation of stress in

the liquid.
4.2 BOUNDARY CONDITIONS

As discussed earlier, the simulation is divided into four regions:

* mold, sprays, transfer, and rcheat. Each zone has unique heat flow and stress

boundary conditions and will be discussed separately.

In the mold, a heat flux was applied to the narrow and wide face

using the classic equation of Savage and Pritchard [23]:

s = 2680.0 - 335.0 \/_ 2 kW/m?) (46)
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Table 2. Parameters used for the plastic strain rate [42].

A : | 8.0e+5

Q/R 40.0e+3

m 340.0 - 0.146 T (K)
c 0.675

n 4.54
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Figure 17. Elastic modulus function used in the stress model.
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where z is the distance down the caster (cm), and u is the casting speed (cm/s).
This curve was developed for billet molds. A detailed mold analysis including
the heat transfer changes due to gap formation and the presence of mold
powder in the gap was performed using a finer finite element mesh, and
smaller time steps [4]. Figure 18 compares the heat flux out of the mold for this
simulation with that of Eq. (46) above and with industrial data based on mold
water heat balances [6]. Because 'of the close agreement between the curves,
and due to the intricacies of translating the output from the detailed mold run
into a form usable by the coarser mesh, it was decided to use Eq. (46) for the
heat fluX boundary condition in the mold. The difference in the resulting
thermal and stress state in the locations of interest lower in the caster is
negligible. To simulate the reduced heat transfcf along the narrow face and
the corner due to gap formation, the heat flux calculated using Eq. (46) was
multiplied by 5/6 for the narrow face. The first five nodes from the corner
along the narrow face, and the first six nodes from the corner along the wide

face were also reduced, with the heat flux in Eq. (46) multiplied by 1/3.

Because the emphasis of the research was not the mold/shell
interaction, ferrostatic pressure was not included in the analyses. Thus, the
stress boundary conditions were that the left (narrow face) and lower (wide
face) sides of the mesh in Figure 12 were left free. The right symmetry plane
was ‘constrained in the x-direction, and was unconstrained in the y-direction.
The top face (symmetry plane) was constrained in the y-direction and was
unconstrained in the x-direction. Thué, the upper right-hand node was fixed
in both directions. A state of plane stress was assumed for the z-direction

throughout the simulation.
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[N

Boundary conditions for the thin, one-dimensional mesh in Figure
13 were chosen to simulate plane strain in the y-direction. This assumes that
the roll friction along the wide face prevents transverse movement. The thin
mesh was - unconstrained in the x-direction on the left and right faces, and
unconstrained in the y-direction on those faces. The top symmetry plane was
constrained in the y-direction and free in the x-direction. The bottom face
was unconstrained in both directions. Plane stress was assumed for the z-

direction. The two meshes and their constraints are shown in Figure 19.

The spray zone has the most complex heat transfer mechanisms. The
strand is alternateiy exposed to direct water spray, indirect water spray,
radiation, and roll contact. This cyclic exposure causes large temperature
swings in the surface and thus should be modeled properly to get an accurate
picture of the stress and strain> on the surface. To accomplish this, the hcat
transfer boundary condition was divided into two regions: spray impingement

and roll contact.

The spray impingement portion was modeled using a thermal
convection coefficient, h. Figure 20 shows the wide variability of correlations

for h [14]. The correlation of Nozaki et al was chosen for this simulation:

1.57W0-55(1-0.0075T )

p (kW/m?2) a=4 47)

where W is the water flux (I/m2s), Tw is the temperature of the water,. 35°C, and
is an empirical adjustment based on temperature measurements at the
straightener. ~ As described earlier, "wetting" of the strand surface causes high

localized heat transfer. Below a critical Leidenfrost temperature, in this case
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Figure 19. Displacement boundary conditions for the two
meshes used in the simulations.
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\
550°C, the heat transfer coefficient was rapidly increased in a linear fashion.

This is shown in Figure 21. The linear equation used below 550°C is:
2o F L 6A8s Nl S50 -T) (g T L3550
h = hy - 0.04815hg(T - 550°C) (kW/m2K) (48)

where hy is the heat transfer coefficient calculated by Eq. (47) above, and T is

the surface temperature (°C).' This corresponds closely to results reported by

Mizikar [12].

The heat transfer due to roll contact was treated as a heat transfer
coefficient as well, with its value being determined by the percentage of heat
that the rolls are known to extract. The percentages used were taken from
Hibbins et al [20], and are presented in Table 3. These data were back-
calculated from temperature measurements taken from the No. 1 Inland Steel
Slab Caster, Indiana Harbor Works. By knowing the percentage that was
removed by the rolls, the heat transfer coefficient for the roll contact region
was scaled from the spray impingement heat transfer coefficient. This is
explained in more detail in Appendix G. Radiation was also scaled along with

the roll/spray water coefficients. Radiation was calculated using:
hrag = EO(T + T)NT? +T2)  (kW/m2K) (49)

where € is the radiative emissivity, ¢ is the Stefan-Boltzmann constant,
(5.67e-11 kW/m2K4), and T, is the tcmperatufc with which the strand
radiates, 35°C. The emissivity used was .80, which is typical of those found in
experimental spray cooling tests [11]. Calculation of the heat transfer due to
the roll and sprays in this manner allows the simulation to reproduce the
large surface temperature swings without affecting .the total amount of heat

extracted. Thus, the metallurgical lengths of the simulations remain the same,
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Table 3.

Percentages of heat removed by rollers

in each spray zome.

Zone #

% Contribution to heat extracted
by rollers

~

Vi BN =

1
8
22
20
36
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and -are not affected by changing the percent of heat extracted by each
mechanisms. The main parameter affecting the temperature swings on the
strand surface is the length of contact with the roll. This is easily modified in
the program, but is highly dependent on the amount of bulging between
rollers. Higher in the casting machine, the shell will bulge more because the
shell is less rigid, however the rollers are closer together. Lower in the
machine, the shell is more rigid and bulges less, however the rolls are larger
and are spaced farther apart. Because of the lack of information on how long
the strand is in contact with the roll, it was assumed that the roll contact
length was 10° of the roll. In this way, the contact length varied with roller
_ diameter. The model calculates all of the roller centerlines and their contact
lengths. Then, when the model finds that the strand is within the roll contact

zone, the heat transfer coefficient is scaled appropriately,

Cooling water on the narrow face is removed after the second spray

zone. At that time, only radiation is applied, using Eq. (49) above.

The stress boundary conditions are the same as for the mold regions.
Ferrostatic pressure and the resulting bulging of the strand were not analyzed
due to the complexities of implementing this condition with the transverse

slice.  Unbending was also ignored.

In the transfer stage of the process, mnatural convection and
radiation are applied to both faces of the strand. This simulates the most rapid
slab cooling process possible, such as might be encountered in a direct rolling
line With_no ‘insulation of the slab during transfer. The stress boundary

constraints are the same as described above for the mold region. Radiation was
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calculated using Eq. (49). Radiative emissivity remained at .80, while T. was

25°C.

Natural convection was calculated separately for the vertical narrow
face and the horizon_tal wide face. This correlation by Churchill and Chu [43]

was used for the vertical face:

.387Ray 1/6 }2

[1 + (0.492/PR)9/16]8/27 (50)

On the horizontal face, a correlation by Incropera and DeWitt [43] was used:

Nup = % = 0.15 Rag 173 107 S Rap, £ 1010 (51)

Comparisons with radiation calculations in Appendix H verify the need for
natural convection in the analysis. Based on these calculations, an average

heat transfer coefficient for natural convection from 500°C to 900°C was used:

hnat = 870 W/m2K  (vertical face) | (52)

hpat = 9.50 W/m2K (horizontal face) (53)

The reheat region utilizes only radiation on the wide and narrow

faces. A T, of 1200°C was assumed. The stress boundary constraints were

unchanged from the other zones.
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S. SIMULATION RESULTS

The results will be presented in separate séct‘ions for each region of
the simulation: mold, sprays, transfer, and reheat. The casting speed was held
constant throughout at 16mm/sec (=1 m/min), with the steel initially at a
temperature of 1513°C (10°C superheat). The modéls were run on three
different computers: a Ridge32/130 super-minicomputer, an Alliant mini-

supercomputer, and a Cray X-MP/48 supercomputer.
5.1 MOLD

The mold was simulated using both the thin. slice mesh (Fig. 12) and the
full mesh (Fig. 13). The temperature histories of the corner node {1}, mid-
narrow face node {14}, mid-wide face node {379}, and center node {392} is
shown in Figure 22. It is interesting to note that both of the mid-face nodes
show rapid cooling in the first 10 seconds. However, the two nodes begin to
increase in temperature as the interior starts to conduct heat out. Also plotted
in Figure 22 is the shell thickness of the wide face centerline as a function of -
time.  The shell thickness at mold exit is 14.2mm. By comparison, the shell
thickness using the thin slice mesh with identical boundary conditions is only
13.8nim. Although not extensive, narrow - face cooling does effect the shell

growth in the mold.

A corresponding stress/strain  simulation involving plasticity was also
performed. The stress along the centerline of the wide face at mold exit is
plotted in Figure 23. As expected, there is little stress in the y-direction, and
no stress in the liquid steel. The x-direction stress is tensile, with a maximum

at the surface of 9.1 MPa. Comparison to an elastic run with the same
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boundary conditions is shown in Figure 24. The high surface tension of over
900 MPa clearly shows the need to include plasticity in the mold ‘analysis. The
corresponding plastic strain along the wide face centerline at mold exit is
plotted in Figure 25. Creep relaxes the high tenmsile stress in the x-direction by
generating plastic strain. To conserve volume, this produces plastic strain in
the y-direction as well, resulting in a slight y-direction tensile stress in
exchange for vastly reduced X-SIesses. - As expected, there is no strain' in the

liquid steel.
5.2 SPRAYS

The spray region of the caster was modeled using both the full mesh and
the thin slice mesh, which allowed examination of the two-dimensional heat
flow effect on the solidification point. As noted earlier, the narrow face was
cooled by water sprays only to the end of the second spray zone, after which
only radiation was applied on this face. The temperature history of the sprays
is shown in Figure 26. The lack of narrow face cooling is evident as the comer
node reheats after exiting the second zone. The surface tempcratures oscillate
as the slab passes beneath each roll in the caster. This is seen experimentally
where the difference in temperature ranges ‘from 6ver 200°C high in the
caster to a minimum of 50°C in the lower zonés [20]. The comer temperature
still oscillates due to the wide face cooling by the sprays. Because of the many
time steps involved, not all data points are plotted in Figure 26, giving it a
choppy appearance. Figure 27 provides a closer examination of the surface
temperature in the first and _second zone, and Figure 28 shows the same
magnified graph for a portion of the fifth zone. More data points were plotted

in each of these graphs to provide a smoother curve. The maximum
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temperature fluctuation is almost 200°C. Also included on the graph are the
positions of the roll centerlines. The rollers remove less heat higher in the
caster, and extract more heat lower in the caster, which is reflected in Figures
27 and 28. In Figure 27, the regular peaks in temperature correspond to the
bosition of the roll centerline. In Figure 28, ‘this trend is reversed, with the
temperature being lower directly under the roller. The magnitude of the
change of the surface temperature from roller centerline to the middle of the
spray impingement agrees well with the estimates of Hibbins et al [20], as
shown in Figure 29. The corresponding plot from the current research is
shown in Figure 30. This tends to validate the assumptions made regarding roll
heat extraction and on the length of roll contact. Interestingly, the shape of
the peaks in the present work is much sharper. Experience showed that
varying the roll contact time greatly influenced the surface temperature
swings.  The estimates of surface temperature in Figure 30 were performed
using a casting speed of 26.3mm/s, compared to 16émm/s for the current work.
Also, the water flow rate for the current work is 1.75 /m2s in zone 3. Figure
29 shows the resulting .surface témperature estimates for two different flow
rates. The temperatures predicted by the present model decrease slightly
faster than those predicted by Hibbins. This is attributed to the different

casting speed and flow rates.

The temperature of the strand at the 10mm depth in the third spray zone
is also plotted in Figure 30. As shown, the large temperature swings are
restricted to a thin shell near the‘ surface, and interior portic_)ns only see small
variations in temperature as the kinetics of the heat conduction tends to
cushion the temperature peaks. Even nodes as close as Smm to the surface

only see a modest fluctuation of 25°C. This compares with work by Wiesinger
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et al who found the surface variations to affect only a layer 3mm deep [17].
The discrepancy between the model predictions and Wiesinger's findings

cannot be explained since details of the operating conditions were not given.

The calculated metallurgical length for the full mesh was 18.33m and
was 18.81m for the thin mesh. Although these two values are very close, as
expected, the thin mesh does predict a longer metallurgical length due to the
absence of narrow face cooling. This simulation maximized the narrow face
temperature, similar to the practice of imsulating the narrow face in the caster
to retain heat [2]. In normal operation, higher cooling of the narrow face may
occur due to water run-off or overspray from the wide face. Figure 31 shows
the predicted shell growth. The predicted metallurgical length agrees well

with data from actual operation: roughly 19m [41].

The stress runs in the spray zones did not involve plasticity. It ‘was
found that the high temperature change required very small time steps to
converge, and thus it became infeasible to simulate the region due to the
excessive runtimes involved. However, an elastic stress run was performed for
the entire spray region. This allows investigation of the resulting trends of
stress/strain formation, but is clearly inaccurate quantitatively, as shown by

the mold runs.

Figure 32 shows the predicted strand taper or y-displacement at the
center of the wide face. The rate of taper is quite steady initially, but begins to
increase after solidification. Total shrinkage of the slab at the end of the
caster is seen from this figure to be 2 x 1.2 = 2.4mm. This compares with 3.3mm
based on calculations using the average temperature in the mold and at the

caster exit and their corresponding thermal expansion coefficients.
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Figures 33 and 34 show the stress along the wide face -and narrow face
centerlines, respectively, at the unbending point, 19.15m. Although the stress
magnitudes are well beyond - the yield range, this figure does show the
majority of the strand exterior to be in temsion. The surface stress also
oscillates as the slab passes beneath each roll in the caster, with fluctuations
between 1150 and 1250 MPa near the unbending point, with the stress less

tensile under the roller.

The unreasonable elastic stress and thermal state at the exit of the caster
in shown in Figure 35. The temperature contours reflect the removal of
cooling on the narrow face. The contours have started to flatten out and the
heat flow is approaching a one-dimensional flow case. The slab is almost fully
tensile, with only the corner experiencing some slight compression. Finally,

just the corner region is starting to transform to a (ferrite and pearlite).
5.3 TRANSFER

The transfer region was simulated until the steel slab was near room
temperature which was reached at approximately 13 hours from the time of
caster exit. Due to the previously discussed limitations in modeling plasticity
in the spray zones, the transfer region was modeled from an initial stress-free
state.  This assumption ignores the stresses and strains created in the spray
zones, but the inability of the transverse slice to model bulging and

unbending would limit its usefulness anyway.

Figure 36 shows the temperature histories for the center, mid-wide face,
and mid-narrow face during the transfer region.  Further cooling to room

temperature was not performed since the slab was almost isothermal at 90°C.
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contours at caster exit.
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Reheating of the wide face is evident after caster exit, with a temperature
recovery of almost 130°C after only 4 minutes. Although the narrow face was
too hot at the exit of the caster, the mid-narrow face temperature drops below
the mid-wide face temperature after only 6 minutes of tran‘sfer. Thus, the
artificial insulation of the narrow face should have a minimal effect on the
stress state later in the transfer region. This. result also demonstrates the need
for special narrow face heatiﬂg, to prevent its natural tendency to cool

excessively.

Two times in the transfer region are examined in detail: 54.2 minutes
and 13.3 hours after caster exit. The first time (54.2 min.) was selected because
reheating is a maximum and the transformation from austenite(y) to
ferrite/pearlite (a) is prevalent. The fraction of « transformed is shown in
Figure 37, and the corresponding temperature contours are shown in Figure

38. The contour values correspond to the transformation temperatures of Ac3 =
840°C, Arz = 780°C, Aci = 725°C, and Arp = 650°C. Figure 39 clearly shows the
compressive band which coincides with the two-phase region. The model
takes into account the sign of the effective stress by making it positive if the
largest coordinate stress is temsile and negative for compressive. Tension
caused by the volume expansion appears at the narrow face and a portion of
the wide face near the corner. The center of the slab is also tensile, though
not as high as the center of the narfow face. This pattern is clearly shown in
Figures 40 and 41. Figure 40(a) and 40(b) show the stress and plastic strain,
respectively, along the centerline of the wide face. The surface is in
compression, while the core of the slab is tensile. The corresponding stress
and plastic strain plots for the centerline of the narrow face are shown in

Figure 41(a) and Figure 41(b), respectively. The compressive band is clearly
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Figure 40. Stress (a) and plastic strain (b) along the centerline of the wide
face at 54.2 minutes after caster exit.
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Figure 41. Stress (a) and plastic strain (b) along the centerline of the
narrow face at 54.2 minutes after caster exit.
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shown, while the ténsion on the surfacc is quite high. If the steel ductility
were poor, this would predict a high susceptibility of the narrow face to
longitudinal cracking, a problem not reflected in the literature. The lack of
such an occurrence indicates the excellent ductility of steel which has

completely transformed to a.

The second time (13.3 hrs.) shows the residual stress state of the steel
slab after it has cooled almost to ambient temperature. Figure 42 shdws the
residual effective stress contours. The surface is completely compressive, with
a tensile core. The stress and plastic strain along the centerline of the wide
face is shown in Figure 43(a) and 43(b), respectively. The same data for the
narrow face centerline is shown in Figure 44(a) and 44(b). Thesc‘ figures
indicate that at least a 4cm thick layer of compression protects the surface
from cracking. Thus, reheating from a completely cold slab is less likely to

form cracks.

The stress pattern along the wide face centerline compares favorably
with trends found for stresses generated during a simulation of solidification
of a circular cylinder [44]. The interiors of both castings are in tension and
the outside is in compression, and the magnitude increases with decreasing
temperatures when the calculation is elastic. Both curves have a rounded "s"
shape caused by plastic creep which occurred earlier, when the casting was

hotter.’

Negligible plastic strain is generated at the low temperatures toward the
end of reheat and elastic behavior is prominent at the 40-80 MPa stress levels
encountered.  This is expected since these stresses are far below the yield

stress of plain carbon steel of approximately 200 MPa. The effective plastic
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Figure 43. Stress (a) and plastic strain (b) along the centerline of the wide
face at 13.3 hours after caster exit.
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Figure‘ 44. Stress (a) and plastic strain (b) along the centerline of the
narrow face at 13.3 hours after caster exit.
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strain remains constant at roughly 2% from two hours after caster exit until

the end of transfer.
5.4 REHEAT

A reheat simulation was started at 10 minutes after exit from the caster.
This represents a "hot" simulation out of the caster at the minimum transfer
logistically feasible. @ Narrow face heating only is required to extend transfer
time since the internal heat in the slab is sufficient to keep the surface above
the exit temperature from the caster for at least 35 minutes. With insulated
transfer cars and hoods, the track time could be extended even longer while

maintaining the same thermal state.

The slab was reheated until the temperature range in the slab was
within 20°C of the furnace temperature of 1200°C. The temperature histories

for the center, mid-narrow face, and the mid-wide face are shown in Figure

45.

To understand the heat flow into the slab during reheat, temperature
contours have been plotted at various times in the reheat process. These
appear in Figures 46-52. The heat flow into the slab by radiation and
continued cooling of the center causes a small cooler region near the corner
to be trapped within hotter, expanding steel. This trapped region grows and
gradually reaches the centerline of the narrow face before smoothing out.
These results show excellent agreement with similar work involving static-

cast ingots [32].

Stress and plastic strain along the centerline of the wide face at the

start of reheat are shown in Figure 53(a) and 53(b), respectively. The
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Figure 53. Stress (a) and plastic strain (b) along the centerline of the
wide face at the start of rcheat.
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Figure 54. Stress (a) and plastic strain (b) along the centerline of the
narrow face at the start of reheat.
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~corresponding plots for the narrow face centerline appear in Figure 54(a) and
54(b). The stress is mildly compressive on the surface, and tensile in the

interior. The plastic strain is more pronounced on the narrow face.

The stress and plastic strain along the centerline of the wide face after
300 seconds of reheating is shown in Figure 55(a) and 55(b), respectively. The
corresponding plots for the narrow face centerline -appear in Figure 56(a) and
56(b). The compressive band has widened and extends deeper into the slab,
while the tensile interior stress increases, as shown in Figure 57. The plastic
strain along both centerlines has increased considerably, however the

distribution of the plastic strain is unchanged.

Finally, the stress and plastic strain along the wide face and narrow
face centerlines at 2000 seconds is shown in Figures 58(a), 58(b), 59(a), and
59(b), respectively. Also, Figure 60 shows the effective stress contours for this
time. The stress has dissipated somewhat, and the plastic strain has also
rcduce(i to a point quite similar to the start of reheat. Further heating of the
slab and holding the slab at these high temperatures will allow these stresses

to relax even more.
5.5 DISCUSSION

Any crack formed in the steel strand will not propagate unless it is put
under tension. If a crack forms and then experiences compressive stress, then
the crack may close, unless it has reached the surface and been exposed to the
environment. It follows, then, that tension should be avoided where possible,
and is permissible only at times when the steel is highly ductility and not

susceptible to cracks.
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Figure 55. Stress (a) and plastic strain (b) along the centerline of the
wide face at 300 seconds from the start of reheat.
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Figure 56. Stress (a) and plastic strain (b) along the centerline of the
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Figure 58. Stress (a) and plastic strain (b) along the centerline of the
wide face at 2000 seconds from the start of reheat.
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‘The rebound of surface temperature at caster exit is caused by the
sensible heat stored in the much hotter interior of the slab. This reheating is
very beneficial to the slab since the expanding surface "layer" is forced into
compression. The center of the wide face shows a band of surface compression
that extends Scm into the strand. In fact, the simulation shows the wide face

surface to be in compression almost all of the transfer time.

When reheating from an intermediate stage of transfer, the
combination of loss of ductility and tensile stress caused by the heat flow
reversal may increase the likelihood of cracking. The iﬁverse relationship of
track time versus - susceptibility to cracking is well documented, and this may
be attributed to the avoidance of reheating when the strand is undergoing a
phase transformation. The volume change during the phase change from
austenite to o can cause tension in the surrounding regions; possibly resulting
in cracks or other defects if the steel in tension is also within the critical
700°C - 900°C ductility trough. Since some periods of surface tensile stresées

are unavoidable if the temperature falls below the Ar3 temperature, the stress

model results imply that the slab should be prevented from becoming this cold.

The actual times for processing of the slab between the caster ‘and the
furnace are highly dependent on the set-up of the individual steel mill. If the
reheat furnace is close to the caster, then only edge heaters may be needed to
keep the slab from dropping below 900°C. Edge heating is always required to
prevent the narrow face from cooling into Ithe two phase zone, since even the
model run that maximized the narrow face temperature leaving the caster
found the narrow face to fall below 800°C within 12 minutes with no special

reheating present.
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As mentioned earlier, 35 minutes appears is available for transfer
without losing surface temperature or using hoods for the casting conditions
simulated. However, this short transfer time is logistically difficult unless
some provision is made for continual transfer of slabs to the reheat furnace.
Current slab transfer practice involves stacking the slabs on rail cars until
enough have accumulated to warrant shipping to the furnace.  With hotter_
temperatures at the caster exit, the safe uninsulated transfer time could be
extended, using only nafrow face heating. With hoods and insulated transfer
cars, the safe transfer time may be lehgthencd to allow transfer to reasomably

distant rolling mills.

The worst thermal processing sequence indicated from the current
work would be to charge the slab after approximately one hour of open aivr‘
transfer. Heating of the surface would cause. the surface to expand.
Depending on the size of the internal compressive band formed by the phase
change, the tensile stress on the surface in combination with the ductility loss
would likely initiate surface or subsurface cracking. Thus, this situation
should be avoided through the control of heat loss and proper timing for hot

charging.
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6. CONCLUSIONS AND RECOMMENDATIONS

Finite element model simulations were performed to examine thermally-
induced stress and strain during the continuous casting and hot charging of
steel slabs and interpreted to predict processing practices with a potential for
defect formation. Based on the model results and previous literature, several

conclusions can be drawn:

. The mold region of the caster is very important to defect formation, since
defects such as transverse cracks, longitudinal cracks, and star cracks are
believed to start in the mold and develop later in the process. Clearly, the
mold region is a highly critical area which requires a more detailed analysis

than was achieved here.

+ The spray zone of the caster is also a complex portion of the continuous
casting process. Great temperature fluctuations (and thus surface stresses)
are found which are highly dependent on the contact time. of the roller on
slab surface. Only qualitative elastic stress results could be obtained by the
model in this region of the caster, due to the highly transient nature of these
stresses. The addition of unbending and bulging to the caster analysis
through a longitudinal slice model would be required before reasonable
prediction of the true stress state at the exit of the caster\could be made.
However, the model used in this simulation was developed in such a way that

any caster configuration can be modeled, and these future modifications

could be incorporated.

* Results from the transfer / reheat portion of the current work show that

stresses arising during these stages are generally quite low and are far less
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than would be encountered during unbending. Thus, special precautions for
hot charging need be taken only for the most crack prone steel grades

containing nitride precipitates.

« For crack sensitive steel slabs, the model results show a need to avoid
straining the slab while the phase transformation from austenite to
ferrite/pearlite occurs, since both the highest stresses and lowest ductilities
are found at this time. Reheating of the slab while the surface region is
undergoing this transformatioﬁ likely increases the susceptibility of the
slab to cracking. Thermal sequences which avoid cooling the slab into the
700-900 ©C temperature zone of embrittlement also show beneficial surface
compression across the whole face and to a sufficient depth to prevent crack

formation and/or propagation.

* The simulations predict substantial reheating of the slab after caster exit.
This produces beneficial compressive stress at the surface and extends the
"safe” transfer time by approximately 30 minutes even for uninsulated slab

transfer.

* Reheating the slab quickly while the surface is completely above the
transformation temperature maintains the surface in compression, thus
preventing crack formation and also saving thermal energy. To produce hot
slabs from the caster also requires high speed, low water flux casting
practises which produce thinner and weaker shells, thereby demanding

carefully aligned, closely spaced rollers.

. Alternativcly, reheating a slab that has cooled completely below the
transformation temperature again maintains the surface in compression, so

should also be safe, although not as energy -efficient. This finding
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corresponds with industrial data which show decreased defect incidence as
the hot charging temperature drops below the temperature range associated

with ductility loss.

* To achieve these solutions also requires careful monitoring and knowledge
of the temperature history of every slab. If a crack prone slab will be in the
critical temperature range upon arrival at the reheat furnace, it should
either be diverted from hot charging, or held until it cools out of that range.
The presence of an insulated holding area would achieve this goal and also

act as a buffer to allow some flexibility in processing and schedule matching.

« To éfficiently implement hot charging, the caster must produce high
temperature, defect free slabs. This involves higher casting speeds, softer
cooling practices, and metallurgically clean steel frdm the tundish.
Placement of the rolling mill in close proximity is ideal but this may only be
feasible for new mills. Insulation of the narrow faces of the slab is required
for almost any mill arrangement, since the model results found rapid cooling
of the uninsulated narrow face to low temperatures even after the minimum
possible narrow face cooling practice in the caster. For rolling mills located
far away from the caster, more complete thermal insulation is required. The
use of hoods, insulated transfer cars or even fueled. heating lines may be
required, depending on how hot the slab is at caster exit and how far the slab

has to travel before hot charging.

» Although many aspects of the hot charging process are beyond the scope
of the present work, it is clear that synchronization of the continuous caster
with the hot rolling mill and indeed, with the whole plant, is also critical to

the effective implementation of hot charging. If the defect-free, high
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temperature slabs arrive at the reheat furnace, but are stored outside until
the rolling mill is ready, then the advantages of hot charging are lost. Thus,
the logistics of caster output, slab movement, and reheat furnace usage must
be worked out such that bottlenecks or gaps in production do not occur. In
addition,‘efficient methods of slab inspection, such as a quench tank for
sample inspections, are needed to maintain slab quality without interrupting
the casting process. Casting lines that are totally dedicated to hot charging
may be needed, which requires increased efficiency in scheduling and in all

aspects of the plant operation.
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Analytical Solution to the Thermally Loaded Beam Problem [4]

) Material Properties | Geometry
E =200 GPa h =0.01m
= L = 0.0008m
| | v.=0.25 b<<h
y = 12 e-6/°C

A=1¢e-13 Pas
X 2h

Stress State

Plane Stress

The temperature history is as follows:

t>0 T=ag + ajy + apy2 + a3y3 ‘ (ED)
Initial Elastic Solution

From Boley and Weiner [40], pp. 279-281:

0,=0 (E2)

Oy=0 | (E3)

Try =0 (E4)
o B E D

Ox= - GET + 'Z—I-I'_I{Tdy + ﬁ--S—y_Ij1 Tydy (E5)
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Using the standard strain-stress relationships:

EX = '11-5'[ Gx - V(Gy + Gz)] + T (E6)
ey=£[Oy-V(G; + O] + aT (E7)
€,=5[ 0z - V(Ox + Oyp)] + OT (E8)

these can be simplified to the following equations by substituting Eqs. E2- ES5:

h h

.g_ J' __3(1 J’
& =5p -thy + 7h3 y-h Tydy (E9)
o }‘ 30V }‘
&y=8=(1+Vv)aT- h -thy + 7h3 y_h Tydy (E10)

The displacements u and v may be derived from €x and €y by the following

substitutions;
du
€x = — => du=Ex0x (E1D)
ox
ov
€y = — => Jv=¢ E12
Y = 5y yoy (E12)

Finally, the following equations are formed:

el | LI
u =X 2h'_thy + 213 y_hTydy (E13)
y av B 3av h
v=_0+wa [Tdy - TR {Tdy - —5 2 +vy?) [ Tydy (E14)
0 -h 4h -h
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Now, using the temperature distribution in Eq. E1 above, Eqs. E9,E10,E13,E14

reduce to the following after integration:

8x=0L|:a0 + 13—azh2 + a1y + %ag,hzy] (E15)

£y=ez=av[a2(y2 - 13—h2) + algy(y2 - 35-112)] + oT (E16)

ox=0aE [az(;—h2 -y2) + aay(%h2 - yz)] (E17)

u=xa[ao + '1:,:'a2h2 + a1y + 3§a3h2y:| A | (E18)

v=a[(aoy + 52+ Sy By +V(;*a1y2 +;,-a12y(y2 -h2) + }{a:sy“)
- V(x2+Vy2)(;-a1 + 13—0a3h2)] (E19)

By choosing a problem where u = € = 0, then the coefficients ag, aj, a2, and as
can be related. By arbitrarily choosing ag = 100.0, and a; = 3000.0, then we have
az = -3 e6, and a3 = -50 e6. These coefficients were used in the analytical solution

to the - verification problem.

Plastic lution

The following are the stress-strain relations for plane stress:

G;
Ex= g +OT +€§ | (E20)
A%
gy=€,=~Cx § + 0T +¢&, (E21)

Differentiation of Eqs. E20 and E21 yields: -

d. _14d P
A= E q Ox T & (E22)
4. _Vd p
ey ="F 3Ok + & (E23)
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However, by using the Prandtl-Reuss Flow relations, the following substitutions

can be made:

& = Ao, | (E24)

ely’ = - 0.5 oy (E25)

By inserting the boundary condition a('it-ex = 0, the equations can be reduced to:

Ox = Oxo exp[ -EA(t - to)] (E26)
Ex=Exo (E27)
. 1 Oxo .

Ey=€,=Eyo+ ET (1 -2v)(exp[ -EA(t - tg)] - 1) (E28)

Now, the governing equations for the plastic strain must be formulated:

t
t
&= J.El}’,dt = fAcxdt = G"T°(1- exp[ -EA(t - t3)] ) ‘. (E29)
to o

G
0= el = - 2el= 222 (oxpl -EAG - to)] - 1) (E30)

Thus, all of the necessary equations have been formulated for the thermally

loaded beam problem.

The following pages contain the results from the analytical solution and
the model predictions for the problem discussed in the text. The first page is the
X-stress for the bottom, center and top node of the beam. The second and third

page are for the x-plastic strain and y-plastic strain, respectively.
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APPENDIX B: 'Location of rollers
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Roller No.

[y

(=R el -RE N e WV I N FLR N )

Distance of centerline
from meniscus

134

0.770

1.038
1.235
1.432
1.628
1.825
2.022
2.218
2.415
2.612

12.860
3.159
3.459
3.758
4.058
4.357
4.657
4.956
5.226
5.555
5.855
6.154
6.454
6.753
7.053
7.352
7.652
7.951
8.251
8.550

8.890

9.270

9.650
10.030
10.410
10.790
11.170
11.550
11.930
12.310
12.690
13.070
13.450

(m)

Zone 1

Zone 2

Zone 3

Zone 4




Roller No.

44
45
46
47
48
49
50
51
52.
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

Distance of centerline
from meniscus

1 35

13.881
14.361
14.843
15.324
15.805
16.286
16.767
17.248

17.729

18.210
18.691
19.172
19.653
20.134
20.615
21.096
21.577
22.058
22.539
23.020
23.501
23.982
24.463
24.944
25.425
25.906
26.387
26.868
27.349
27.830

(m)

Zone 5



|
1
|

APPENDIX C‘ Determination of roll contact




Explanation of roller boundary condition

Objective: Determine the heat transfer coefficient due to the roller, knowing the

fraction of total heat extracted by the roller and the water spray.

rolldist

dist

N
hpoy|=="===-- 7
Convection /
coefficient
Y N\
W AN\,
—>{ rolldist [&—
where: dist = Total length of zone

Number of rollers in zone

rolldist = (2)(TT)(Roller radius)(DSErees of contact,

360°
hroll =  Theat transfer convection coefficient for rollers
hspray = heat transfer convection coefficient for sprays
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Performing a heat balance in one roll "cycle",

hgpray (dist - rolldist) + heop (rolldist) = hgye (dist)

i

A (spray part) B (roll part) C (total)

But we know from the percentages of heat removed by the rollers and by the

sprays from the literature [19]:

B = (fracroll) C
A = (1 - fracroll) C

C=A+B
where fracroll is the fraction of heat removed by the roller.
manipulating these equations, this yields:
A = (1 - fracrol)(A + B)
A - A(1 - fracroll) = B(1 - fracroll)
A(fracroll) = B(1 - fracroll)
fracroll
B = A(l - fracroll)
Plugging in:
(hron)(rolldist) = (hgpray)(dist dist)(—L2croll
rolD(rolldis = spray)(dist - rolldist) 1 - fracroll

By

)

dist - rolldist)( fracroll
rolldist

hron1 = (hspray)(

1 - fracroll

)
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APPENDIX D: Natural convection calculations
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Natural convection calculations

Vertical wall

Churchill and Chu [35] recommend the following correlation for all ranges

of the Rayleigh number, Ra:

Nujp, = hL = {0.825 +

.387Ray /6 2
K

[1+ (0.492/PR)9/1618/27

Incropera and DeWitt [35] recommend the following for a surface facing up that is

hotter than Te:

Nug, =

~|e

= 0.15 Rap 173 107 S Rap, S 1010

Note: All properties are evaluated at Tfijim = ( Ts + Tw)/2

Tsurface Tfilm ’ B A% o K Pr
(°C) (°C) (K-1) (m?2/s) (m2/s) (W/mK)
500 262.5 1.8674¢-3 43.604e-6 63.800e-6 42.972e-3 .68345
700 362.5 1.5736¢-3 54 .871e-6 79.916e-6 48.888¢e-3 68661
900 462.5 1.3596e-3 73.972e-6 105.810e-6 54.175e-3 .69910

Also, characteristic lengths are needed:

For vertical plate: L = 9.25" = 0.235m
'For horizontal plate: L. = 36.0" = 0..9144m
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1 h_for h

1. Tg = 500°C, T = 25°C
Vertical wall : Rar, = 4.05935e7

Nur =2 = 1o gos o .387Rar /6 2
TEE [1 + (0.492/PR)9/1618/27
= 46.5406
L B= Nu & = 46540632223y | 8510 W2k
L 235
Vertical wall : Ray, = 4.05935¢7

Nup = 0.15Ra 3 = 200.591

L= k 42.972e-3\ 5

w h= NuLp = (200.591)(——_91 vl ) = 9.427 W/mZK

For radiation:

hrad = €0(T + T.)T2 +T2) T in Kelvin

= (0.8)(5.67e-8)(773 + 298)(7732 + 2982) = 33.342 W/m2K

Since heonv = 21% of total, it is not negligible!

2. Tg = 700°C, T, = 25°C

From similar calculations as above:

Vertical wall;

9403 W/m2K

h=8.
Horizontal wall: h =9.7856 W/m2K

For radiation:

h = 59.701 W/m2K

Now, h¢onv = 13% of total
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3. T = 900°C, T,, = 25°C

From similar calculations as above:

Vertical wall: 6755 W/m2K

h=8.
Horizontal wall: h =92838 W/m2K

For radiation:
h = 97.734 W/m2K

NOW, hc'onv = 8% of total

Because the results don't vary considerably from 500°C to 900°C, an average

over the temperature range was assumed adequate.

70  W/m2K

Vertical wall: h =287
h=950 W/m2K

Horizontal wall:
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