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A three—dimensional heat transfer model for continuous steel siab casting has been developed with realistic spray
cooling patterns and a coupled microsegregation solidification model that calculates the solidification path for multi-
component steels. Temperature and composition dependent properties are implemented in a database for 15 chemical
species. Considerable effort is made to accurately model the spray cooling heat transfer. Each spray nozzle position
and distribution is considered, including variations of the spray patterns with flow rate, and spray overfap. Nozzle
type, layout, nozzle-to-slab distance, and spray span and flux are variable. Natural convection, thermal radiation and
contact cooling of individua! rolls are computed. The present model provides more comprehensive information and
realistic slab surface temperatures than results from a model using the “averaged” treatment of boundary conditions.
Cooling operating conditions and parameters of individual spray nozzles can be analyzed to optimize nozzle spray
distribution, improve product quality, and troubleshoot issues such as nozzle clogging that.may arise duting production.
One spray cooling correlation is used for the entire machine, achieving as good ot better agreement with sutface
temperature measurements than was found previously for the model using an “averaged” treatment of boundary
conditions and using three machine-segment-dependent correlations.
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1. Introduction

The design of secondary spray cooling systems in contin-
uous casting machines is mainly based on the requirements
for maximum productivity, simplicity of operation, and ease
of maintenance. A well-designed and operated spray cool-
ing system contributes to a high guality of product without
slab surface and inner defects, Heat transfer and cooling is-
sues in continuous casting of steel slab have been investigated
in numerous studies, Mathematical modeling of countinuous
casting varies greaily in model purpose, considerations, as-
sumptions and approximations. Spray cooling and heat trans-
fer have been investigated, and correlations of heat trans-
fer coefficient with water Aux and other variables have been
repc}rted[l”'i]. In many models, the effects of spray cooling,
natural convection, roll contact and thermal radiation are as-
sumed to be constant or determined by an average heat trans-
fer coefficient over segments in the machinel®%. The bound-
ary conditions have been treated in some detail by modeling
and measuring individual roll contact cooiingm. The spray
fux distributions on the slab surface and the related heat
transfer properties have been experimentally determined(®],
Both linear latent heat reiease and prescribed non-linear solid
fraction-temperature relations have been used to model latent
heat evolution in solving the energy equationis"’?’g}. By cou-
pling the energy equation to a back-diffusion microsegregation
model™ latent heat evolution (solid fraction-temperature
relation, or solidification path) and solidus temperature are
determined in the present model according to the local cooling
history and composition™ 3,

In the past decades, many investigations have been fo-
cused on the influsnce of process parameters such as casting
shell thickness, and temperature profile using two-dimensional
rmodels? 791213 Avtention has vecently been paid onto the
effect of heat transfer through the strand surface on solidi-
fcation defects such as cracking and macrosegregation”‘W.
Thermal stress and strain caused by inhomogeneous cooling
and heat transfer induces the formation of cracks!™*. Obvi-
ously, a detailed consideration of cooling conditions based on

1 To whom correspondence should be addressed
E-mail; shen@tsinghua.edu.cn, Assoc. Prof., Ph.D.

realistic spray pattern modeling will be helpful for cur under-
standing the heat transfer in continuous casting.

This paper describes the development of a three-
dimensional heat transfer model of continuous casting using
realistic spray cooling distributions, and it includes micro-
segregation to analyze the solidification behavior. Surface
temperature predictions are shown to agree well with mea-
surements, verifying the model and demonstrating that the
model could be used for the optimization the nozzle layout
and spray configuration for securing high quality of cast steel.

2. Experimental

Slab surface temperature measurements were made on a
curved continudus slab caster with the radius of about 10 m
by IPSCO Inc. These measurements were taken during pro-
duction. Steel slabs of the same thickness but different sec-
tion widths were cast. The solidifying steel sheli was formed
initially in a water-cooled copper mold and then continued
forming in the roll segments where cooling spray was applied.
Slabs were then cut off from the strand by a torch and trans-
ported away for further processing. Nogzles were arranged
over roll gaps on the siab upward and downward facing sur-
faces. Nozzle types and placernent were determined based on
the casting conditions and slab width. Water flow rate in each
cooling loop to a bank of nozzles was prescribed according to
a casting speed dependent table that was designed to pro-
vide the required cooling for the product. Depending on slab
width, the spray might extend beyond the slab edge, and de-
pending on spray span and nozzle-to-nozzle distance, sprays
might overlap. Figure 1 presents the relationship between the
water pressure and flow rate for a certain nozzle type. Spray
gpan on the slab surface was determined based on the water

“pressure and the nozzie-to-slab distance as shown in Fig.2.

A procedure was established at [PSCO Inc.*® to measure
the water flux distribution characteristics of the nozzles used
on the machine. These characteristics were then built into the
model based on the measurements provided by IPSCO Inc. In
the nozzie flow measurementsi*®, an array of holes 25.4 mim in
diameter was drilled in a plastic sheet, 2.44 m wide by 0.3 m
high and 12.7 mm thick, The holes were arranged 5 rows high
and 61 columns wide. The holes were spaced 38.1 mun apart
in the width direction, and 59.7 mm apart in the height. A
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Fig.2 Spray width and distance from the tip of nozzle to
slab surface at different water pressures

PVC tubing with outer diameter of 25.4 mm was glued into
the holes in plastic sheet. The top row of tubing profruded
3.8 mm from the plastic sheet, and each subsequent row down
protruded 1.3 mm more than the row above it. A shutter was
installed in front of the array to precisely control the start
and end of the flow. The shutter was rapidly opened at the
start of a timed sequence so that all tubes were exposed to
the spray for the same duration. An example measurement of
the water flux determined by the aforementioned method is
shown in Fig.3, with the nozzle distance to the plastic sheet
d, the average water flow rate Q, and the responding nozszle
type given on the legend. It was found that the water flux
was unevenly distributed with a peak near the outer edge of
the spray span. Spray flux distributions were obtained for
a number of different flow rates. The measured flux distri-
butions were stored and accessed by the simulation program
pre-processor. Then depending on the water flow through
each nozzle an accurate spray flux distribution for a given
nozzle and flow rate was mapped to the surface of continuous
casting mode! for use in determining the boundary conditions.

The spray span and water flux distribution were adjusted in

the model according to the casting speed, the spray intensity
table used, and water flow characteristic of nozzles based on
the measurements made by IPSCO Inc.

3. Model Description
Features of this model of continuous casting are three-

dimensional geometry, temperature depended properties, and
non-uniform mesh generation. Steady-state operation is as-
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Fig.3 Relative nozzie spray water flux at a certain distance
and a flow rate

sumed, and energy transport in the casting direction is ad-
vected by the casting speed only and conduction in this di-
rection is neglected. The effects of convection in the liquid
and golidifying mush are approximated using a thermal con-
ductive enhancement factor #. The calculation domain is the
whole slab region having coordinate axes x in thickness, y in
width, and z in casting direction starting from the meniscus,
The energy equilibrium equation describing the continuous
cagting process is

a1 & o7 & ar
V;astpcp"é‘g = Bg(keﬂgg) + By (keff“gg) +5 (1)

where
pep = epscp, + (1 - €)prey,
ke = ke + (1= e)ka][L + B(1 = )]

Hps
81 = Vaur L 4 (o) — 0 YT — Toat)]
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and Vease Is the casting speed in m/s, p density in kg/m?®, ¢,
is specific heat in J/kg-K, T temperature in K, kog thermal

- conductivity in W/m-K, 8 the energy source term in W/m?,

£ solid fraction, L latent heat in J/kg, Trer reference value,
and subscripts s and 1 denote solid and Hquid respectively.
Temperature and composition dependent properties are
implemented in a database of 15 chemical species. The lig-
uidus slope of the i-th species element m{, and its concentra-
tion in the liguid € determine the mush temperature Trusk-

'T,mush = Tpuxe + z m; Cf (2)

Neglecting macrosegregation, the conservation of concen-
tration of the {-th element during the solidification satisfies

Co = eCs + (1 — &)} (3

The solid fraction-temperature relationship during solidifica-
tion is a function of cooling rate and composition as deter-
mined through a microsegregation mode!” that is simulta-
neously solved with the energy equation

8 i e E.BDZ
‘/;:a.sta {EC ) " ma.st"i Cl 6 B

where # is the partltioa coefficient, D) is the mass diffusion
coefficient in m* /s, antl A; is the secondary arm spacing in 1.

Coupling Egs.{1}~(4), four unknowns {T', (i, C; and &)
must be determined. The back-diffusion equation is solved
by Newton-Raphson iterations™7. Using a control volume
based finite difference approach and AD method™®, the en-
ergy equation is numerically solved with boundary conditions
as described below.

{ Oi " S.) S R
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In the primary cooling zone, mold heat flux is constant,
prescribed by a function of dwell time in the mold. In the
secondary cooling zone, the calculations account for cooling
by spray convection, natural convection, thermal radiation,
and thermal conduction to the containment rolls. Detailed
boundary conditions are considered so that the individnal roll
contact regions, spray or non-spray regions are mapped onto
the computational cells at the surface of the slab. Surface
temperature measurements are compared with results of the
heat transfer model to correlate surface boundary conditions
and heat transfer coefficients. The resulting heat transfer co-
efficients are corrélated with slab surface temperature, water
spray flux and the femperature of the spray cooling water.

After parametric studies and calibration with the surface
temperature measurements, the following correlation*® of the
heat transfer coeflicient hopray 18 used for spray cooling

1570.0 P51 — 0.0075(Thpray — 273.15)]

- )

(24

hspray -

where w is the spray cooling Bux i L/m"s, Tipray is the
temperature of the spray cooling water; and o is a machine
dependent calibration factor. For the downward facing sur-
face, the coeflicient is modified to include the effect of plate
orienfation by multiplying the expressions for the upward fac-
ing surface by {1—0.15 cos @), where @ is the slab surface angle
from horizontal. :

When the model determines that no spray is mapped to
the surface of a computational volume, a standard correlation
for natural convection is used. Thermal radiation is computed
over the entire casting surface after the mold exits except at
roll contact points. At the roll contacts, heat transfer coeffi-
cients are from measurements in the literatures [7,19]). An ef-
fective roll contact length of 10% of the roll diameter has been
found to give good agreement with-surface temperature oscil-
lations previously observed due to roil contact cooling'”™*%.

4. Calibration and Application

The equations described above are solved using a worksta-
tion running a 500 MHz 21264 Alpha processor. The model
‘has a typical run-time of about 7 min for a 22x302x 2002 grid
{over 13 million control-volumes). The user can perform sim-
ulations for a whole slab, or a half or quarter slab by applying
symmetry. A spray flux distribution used by the model on the
slab surface is shown in Fig.4(a); it has been made dimension-
less by dividing its maximum value. The three-dimensional
heat transfer and solidification model gives the temperature
distribution as shown in Fig.4(b} for a slab 0.2032 m thick and
1.943 m wide. Casting speed is 0.8 m/min, pouring temper-
ature is 1548°C, and the steel composition is 0.04 wi pet C,
0.30 wt pet 51, 1.64 wt pet Ma, 0.011 wt pot P, and 0.004 wt
pct 8. The calculated solidification length is 12.4 m (e=1).
The temperature varies in both width and casting direction.
The correspondence between spray flux and surface temper-
ature is apparent, i.e. the temperature is lower when inten-
sive flux is sprayed on the surface. The temperature results
calculated using “even” (or umiform spray distribution} and
“uneven” {or nozzle mapped spray distribution} spray dis-
tributions with the same flow rate ¢ in each cooling loop,
are shown in Fig.5. At the slab center, the temperatures are
almost same for both cases until the slab is fully solidified.
However, on the slab surface, the temperature oscillation is
iarger for uneven spray cooling not only because of roll con-
tact cooling but also because of the larger spray flux varia-
tions. The further down the caster, the larger the difference
in the two results. Examining the unbending region of the
machine at about 17.6 m from meniscus, the realistic nozzle
mapped spray results show a lower surface temperature by
about 50°C in this region. In this case, the more realistic
spray results would indicate a greater possibility of cracking
than, the uniform spray model for microalloyed steel grades
having lower ductility strength below about 900°C.
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Fig.4 {a) Schematic of relative water flux on slab surface
and {b)} temperature distribution on the slab
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Fig.5 Temperature profiles at the center and mid-width of
slab with even and uneven water flux in cooling loop

A series of surface temperature measuremenis from 17
casting sequences were made by IPSCO Inc. to calibrate the
three-dimensional heat transfer model. The following cast-
ing parameters were varied in these sequences: slab width
{1.23~1.94 m), concentration (8.034~0.346 wt pct C), and
casting speed (0.8~1.06 m/min}. Since the spray flux and
flow rates varied with casting speed, the flows were varied
according to the operating practice for the machine. The
temperature was measured by IPSCO Inc. using seven py-
rometers with uncertainties ranging from +4:21.4 to £29.1°C.
Their accuracy was established from bias errors given in the
manufacturer’s data, and repeatability and reproducibility er-
rors established from statistical analysis of the 17 casting se-
quences. The pyrometer positions in Fig.4(a) were as follows:
“A" was located at the center of width between the fourth
and fifth machine segments, two pyrometers were positioned
at “B” between the fourth and fifth machine segments at both
edges of the slab width (termed east and west edges), “C”" was
located at the center of the slab width between the eighth and
ninth machine segments; two pyrometers were positioned at

“D” near beth edges between the eight and ninth machine seg-

ments; and “E” was located at the slab width center 18.45 m
from the meniscus. The distances from the slab edge of test
points “B” and “D” ranged from 25.4~127 mm. Example
surface temperature neasurements for five of the pyrometers
are shown in Fig.6 for over 6 h of steady operation. After
statistically analyzing the data, the average temperature and
standard deviation were obtained. Figure 7 presents a com-
parison of the measured and predicted surface temperature
obtained using the three-dimensional model for all pyrometers
and casting sequences. Simulated temperatures and measure-
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Fig.8 Surface temperature measurements at the points
shown in Fig.d{a) with casting speed of 1.0 m/min,
slab width of 1,23 m and carbon content of 0.065%
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Fig.7 Comparison of predicted and measured surface tem-
peratures for five pyrometer positions and 20 casting
sequences

ments are shown to be in good agreement with an average
error of 26°C. These results were obtained using a calibration
factor o of 4 in the spray cooling correlation.

5. Conclusion

A three-dimensional heat transfer and solidification model
for continuous casting of steel has beer developed using real-
istic spray patterns and microsegregation calculations to ac-
curately determine the solidification path. The medel consid-
ers the spray cooling, natural convection, thermal radiation
and roll contact heat transfer in the secondary cooling zone
and gives more comprehensive information about the surface
temperature variation than does a model using an averaged
treatment of the boundary conditions. Nowzle layout, nozzle
type, nozzle-to-slab distance, and each spray span and flux

at different water pressures are variable in the model. This
enables improved modeling, design and optimization for the
spray cooling water flow distribution to better control con-
tinuous steel casting quality. Temperature and composition
dependent properties are implemented in a database for 15
chemical species. Temperature and solid fraction in any sec-
tioms of the slab along caster length, thickness and width can
be calculated. Surface temperature profiles along the caster at
any width or thickness position can be predicted, By using a
machine dependent calibration factor e of about 4, predicted
and measured slab surface femperatures show good agreement
with an error of 26°C for a variety of casting conditions, al-
loys, widths, casting speed, and flow rate conditions.
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