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Uncertainty Quantification in Modeling Mold Heat
Transfer in Steel Continuous Slab Casting with CON1D

Scott Wells and Brian G. Thomas*

Computational models are powerful tools to quantify physical phenomena to gain
valuable insights into a manufacturing process. Their accuracy is hindered,
however, by uncertainty in the input data. Furthermore, when calibrating models
with plant measurements, it helps to understand which variables have greatest
effect on the critical model outputs. This work applies uncertainty quantification
and sensitivity analysis to determine the most influential input parameters in the
CON1D model of heat transfer and solidification in steel continuous casting with
slag. Results show that the slag rim greatly affects heat flux near the meniscus, so
control of its size is important. Heat flux and temperature down the mold depend
greatly on velocity of the solid slag layer, and slag solidification temperature,
which control the slag layer thickness, which in turn affects the interfacial
resistance that controls heat transfer in the process. Scale formation on the mold
coldface greatly increases mold temperatures. Based on the results presented
here, models of heat transfer in continuous casting such as CON1D would
benefit from plant measurements such as slag rim size and solid slag velocity,
and lab measurements such as slag viscosity at lower temperatures, to better

environment of the commercial continuous-
casting process are difficult. With the rapid
growth of computational modeling capabili-
ties, numerical simulations have emerged
as a critical component to provide this
understanding.

Modeling of heat transfer and solidifica-
tion in the mold region is the first step in
predicting the complex phenomena that
give rise to defects in continuous casting.
Mold heat transfer governs meniscus solid-
ification, which affects surface defects such
as surface depression formation, deep
oscillation marks, and slag or inclusion
capture between primary dendrite arms.
Surface depressions forming at the menis-
cus cause local drops in mold heat transfer,
which lead to heat transfer nonuniform-
ities, strain concentration, and crack

characterize this important slag property.

1. Introduction

Continuous casting (CC) is responsible for over 96% of global
steel production due to its high yield, high-quality products,
and low operating cost. While the continuous casting of steel
is a relatively mature metallurgical process, defect formation
including breakouts,”™! inclusion entrapment,[6'7] cracking,[&“]
and segregation!'>'?) persist despite considerable attention and
improvements made over the past few decades. Further improve-
ments require better fundamental and quantitative understanding
of the complex inter-dependent solidification, thermodynamics,
transport, and other phenomena that govern the formation of these
defects. Accurate measurements in the harsh, high-temperature
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formation.”'*! Longitudinal surface cracks
correlate strongly with meniscus heat flux,
where both high and/or variable meniscus
heat flux is detrimental.” The shell tem-
perature history governs the steel microstructure, including den-
drite arm spacing, grain size, and precipitation formation, which
in turn controls steel ductility, mechanical properties, and ther-
mal stresses that lead to crack formation and breakouts.!'® The
shell thickness at mold exit is critical to contain the molten steel
from excessive bulging, accompanying subsurface cracks or even
breakouts, and to avoid thickness nonuniformities that may lead
later to centerline bridging, liquid pocket entrapment, and cen-
terline segregation.”!

For these reasons, many computational models have been
developed to quantify heat transfer phenomena in the mold
region of steel continuous casting, which is illustrated in
Figure 1."® Heat generated due to latent heat of solidification
in the dendritic region or “mushy zone” between the solidus
and liquidus temperature is transported to the flowing mold cool-
ing water across thermal resistances consisting mainly of the
solid steel shell, and the various layers of the interfacial gap
between the mold and shell. In addition, at the meniscus, solidi-
fied mold slag forms a “slag rim”, which controls initial solidifi-
cation and heat flux at the meniscus. Lower down the mold,
superheat is delivered to the dendritic region by the turbulent
fluid flow in the liquid pool, which is largest where the jet
impacts against the solidification front. The copper mold wall
and the convection boundary layer at the mold cold face provide
additional thermal resistances, which have important effects on
mold temperature.

© 2024 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 1. Schematic of phenomena in the steel continuous-casting mold.
Figure adapted from.['®

Computational simulation of continuous casting began in
the 1970s with Lait!"®! who developed a simple finite-difference
model of steel shell solidification, and Brimacombe?® who
applied this model to caster design. Since then, with the rapid
increase in computing power, more sophisticated models have
been developed to simulate many phenomena in continuous
casting, including heat transfer in the mold region, which are
reviewed elsewhere.*!*%

Some models of mold heat transfer include a sophisticated
analysis of turbulent fluid flow in the mold. For example,
Pfeiler et al.**! applied such a coupled thermal-flow model to
study how turbulent flow in the mold affects shell solidification
and inclusion entrapment. Ramirez-Lopez has several publica-
tions on this topic**?® including a recent review on fluid flow
driven phenomena in continuous casting and the ramifications
of neglecting these phenomena.””!

Some advanced models of mold heat transfer also feature a
sophisticated treatment of heat transfer near the meniscus,
which is greatly affected by the slag rim. Ramirez-Lopez et al.**]
conducted a sensitivity analysis on a flow model based in ANSYS-
Fluent which included mold heat transfer and solidification.
Their model used the volume of fluid (VOF) method and inter-
face tracking to predict transient solidification behavior of the
slag and shell in the mold region, and found several parameter-
response relationships. In 2012, the same model was applied to
study the formation mechanism of oscillation marks./?® Initial
solidification and oscillation mark formation at the meniscus
has been further studied with VOF multiphase thermal-flow
models, including the oscillating mold wall, by Ojeda et al.”®!
Jonayat et al.”” and Yan et al.*”!

Other advanced models of mold heat transfer have included
the effects of shell shrinkage and mold distortion on the size
of the interfacial gap between the shell and the mold. In 1988,
Kelly et al.®*" applied a fully-coupled thermal-stress model to the
continuous casting of round steel billets with oil lubrication,
where the effects of steel shrinkage and hydrogen on the thick-
ness and thermal conductivity of the gases in the air gap were
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found to be very important. Lee et al.*? applied a similar model
to predict temperature, stress, and crack initiation in the mushy
zone. Park et al. applied such a model to investigate the effect of
corner radius in billet casting, noting that air gap formation dom-
inated the solidification behavior in the corners.”*! Song et al.**]
used a thermo-mechanical model to investigate interfacial air-gap
and hot spot formation for a peritectic steel, which is prone to
these problems associated with surface depressions. Similar
analyses were conducted by Wang et al.*>* and Du et al.*®! using
an inverse model approach. A 3D model of shell solidification in
the mold region was used by Hebi et al.’”! to investigate mold—
slag contact including the effects of friction.

The computational models of continuous-casting molds men-
tioned above vary in focus and complexity of the included phys-
ics, and most require extensive computational resources. The
model studied here, CON1D, is a simple but comprehensive
model of steel continuous casting which simulates transient heat
transfer and solidification in a 1-dimensional slice through a steel
shell, together with 2-dimensional steady state conduction in
the copper mold. While CON1D can simulate the entire caster
including primary cooling in the mold, secondary cooling,
reheating, and beyond, this work focuses on solidification and
heat transfer in the mold region. One benefit of CON1D and
its relative simplicity is the high speed at which it executes to
provide useful information including the heat flux leaving the
shell, shell surface and interior temperatures, shell thickness,
mold hot-face and cold-face temperature, cooling water heat
up and average mold heat flux, solid and liquid slag thickness
and velocity profiles, and more. Despite its simplicity, CON1D
has been successfully verified against well-known analytical sol-
utions®® and more complex 3D models,***? and has been
extensively validated with plant measurements."**~*¢ This model
features extensive user control of relevant input parameters, thus
allowing users to calibrate it to closely match real casters, and
customize it to fit their needs.

Model calibration, verification, and validation play a vital role
in the accuracy of computational models, including those of
mold heat transfer in steel continuous casting. After verification
by comparing with analytical solutions or other models, valida-
tion can be accomplished by: comparing with plant measure-
ments such as the average mold heat flux (based on mold
water heatup), mold thermocouple temperatures or shell thick-
ness measurements along the length of the cast slab.**47#)
Calibration to match the measurements can be achieved through
a trial and error approach,*>*” or by inverse modeling®*®! and
can be augmented by comparing fast but simple models to high
fidelity, but expensive computational models.®?**>! Calibration
is easier knowing the relative importance of the casting condi-
tions (input parameters to the model) on the heat transfer results
(model outputs).

Like all models, however, success depends on accuracy of the
model and its input parameters, which can be gained via good
property data, accurate sensors to capture the processing condi-
tions, and appropriate calibration to find good values of those
model parameters that are difficult to measure. Uncertainly
arises when choosing this input data, in addition to the assump-
tions and simplifications used in deriving and solving the model
equations. Each source of uncertainty in turn can be divided into
aleatoric (statistical) uncertainty resulting from natural variability
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that can be quantified by plant measurements, and epistemic
(systematic) uncertainties resulting from a lack of knowledge
or information. Uncertainty from both sources will propagate
to the outputs of interest, and control the reliability of the model
predictions.

The present work aims to quantify the influence of uncertainty
in the input parameters on the most important output values of
the CON1D 1-dimensional model of the continuous casting of
steel, focusing on the mold region. Following the framework pro-
posed by Wells et al.”? the most impactful input parameters will
be quantified, in order of importance. The results identify where:
property measurement, plant sensing/measurement, model cal-
ibration, and model improvement endeavors should focus their
efforts, as well as discovering which input parameters can already
be measured with sufficient accuracy or have little impact on
model predictions and do therefore not need of further attention.

Two different approaches will be taken to quantify the uncer-
tainty in input parameters. Firstly, this uncertainty will be based
on the natural variability estimated in the process for typical
steady casting conditions, for best choices of state-of-the-art prop-
erty data and comprehensive sensor/measurements possible at
the plant. Secondly, considering the versatility of computational
models and their wide-spread use in continuous casting plants, it
is insightful to quantify the uncertainty arising from potentially
nonoptimal parameter value selection by a non-expert, who may
lack access to some of the plant data, or lack comprehensive
understanding of all the many complex process phenomena
involved in the casting operation, and/or details of the computa-
tional model equations. As such, the nonexpert user may experi-
ence a larger uncertainty on particular parameters, which in turn
affects the variability of the results predicted by the model.

2. CONTD Model

CON1D simulates heat transfer and solidification during the
continuous casting of steel."***! The model is computationally
efficient, running on a personal computer in just a few seconds,
yet it features a realistic treatment of the phenomena illustrated
in Figure 1."®¥ These phenomena include superheat delivery to
the solidification front from the liquid steel, the presence of a
slag rim, 1-D conduction through the steel shell and interfacial
gap, 2-D conduction in the copper mold, and finally convection
heat transfer into the mold cooling water. It features a detailed
treatment of heat transfer across the interfacial gap, including
resistances due to the oscillation marks/surface depressions, con-
tact resistances from air gaps, conduction and radiation through
the solid and liquid slag layers, slag consumption and movement,
and temperature-dependent properties. The following sections
briefly explain how each of these phenomena is modeled.

2.1. Superheat Flux

During the continuous casting process, liquid steel flows into the
mold at the tundish temperature or “pour” temperature (Tpour)
which is assumed to be a constant in the present work, and must
cool to the liquidus temperature before solidification can occur.
Turbulent convection in the liquid pool results in an uneven dis-
tribution of the superheat to the solidification front. To account
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for these variations, a separate 3D computational fluid-dynamics
(CFD) model should be run to find the fluid flow pattern in the
mold, and the corresponding heat flux of superheat to the solidi-
fication front boundary. From a database of CFD model results
for typical submerged entry nozzles flowing into slab casters with
oversized, bifurcated, downward-angled ports, a superheat func-
tion given by Equation (1) is chosen here, which adjusts the data-
base results according to the superheat temperature difference
AT, and the casting speed V,

ATy V,
AT, V2

1)

Gsh = Gen

This superheat flux is further adjusted according to the nozzle
submergence depth, and incorporated into the 1D FDM heat
conduction model of the solidifying shell via augmenting the
latent heat.”®) Implementation of the superheat flux profile into
CON1D is done computationally by enhancing the latent heat, as
explained elsewhere.’*

2.2. Slag Rim

CON1D allows the user to specify the thickness profile of the slag
rim which may form above the point of maximum interfacial
heat flux, where the molten steel first starts to solidify. The slag
rim thickness at the location of peak heat flux and at the far-field
liquid level are user input points, (which should be based on plant
measurements), connected with a piece-wise linear interpolation.
Larger slag rims typically arise when mold level fluctuations are
more severe. The slag rim has an important effect on heat flux
and depression formation at the meniscus, which in turn affects
local mold temperatures, and behavior below the heat flux peak. In
CON1D, the slag-rim effect on heat transfer is included as an extra
resistance to heat flow across the interfacial gap according to its
local thickness at that location down the mold.

2.3. Heat Conduction Through the Solidifying Steel Shell

Temperature in the solidifying steel shell is governed by the 1D
transient heat conduction equation, given by Equation (2), which
is solved in CON1D using an explicit finite-difference method in
a 1D slice domain through the thickness of the steel shell, which
moves down at the casting speed as illustrated in Figure 2.

X

. Interface
Shell

simulation domain —»j

solid shell\ | liquid shell

1
VC
N |
i\\g\(’l{\\\\ T «q.,

Figure 2. 1D simulation domain of Solidifying Steel Shell in CON1D.
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where pgeel is the density, Cp;,., is the effective, temperature-
dependent specific heat capacity given in Equation (3) which
is augmented over the solidification-temperature range to
account for the latent heat, which also includes the superheat,
and kgee is the temperature dependent thermal conductivity
of the steel.

Heat is conducted from the solid steel shell surface at x =0
across the interfacial gap separating the shell from the mold as a
heat flux boundary condition between the mold and shell
domains, gint = —kmoia 0T/ 0x, as explained later. The initial con-
dition at t =0 is fixed just above the liquidus temperature at the
meniscus. Liquid remains at this temperature at the far bound-
ary, which is never reached by the solidifying shell.

Use of the 1D transient conduction equation relies on the
assumption that heat conduction in the casting direction is neg-
ligible. This assumption is reasonable as the Péclet number is
large due to the large advection associated with the downward
casting speed.™*

2.4. Steel Properties

CON1D allows the user to input the temperature- and composition-
dependent density, thermal conductivity, and specific heat capacity
and other steel properties including the liquidus and solidus tem-
peratures, latent heat of fusion (L), surface emissivity (€stea), and
the phase fraction curve, shown in Figure 3. As previously men-
tioned, an effective specific heat capacity is used which accounts
for the latent and sensible heat and is governed by

c-c -9 (3)
where f; is the phase fraction of the solid steel given graphically in

Figure 3. Thus, latent heat is included into the model via an
“enhanced specific heat”. To overcome the numerical errors

www.steel-research.de

associated with the sudden property change, post-iterative correc-
tions are applied to adjust the nodal temperatures to balance the
latent heat evolved in the previous iteration before moving to the
next time step, as explained elsewhere.”*

The linear thermal expansion (CTE), needed for taper calcu-
lations, is calculated from the density using Equation (4)

3 po(TO)

T o)

-1 )
where T is the reference temperature.

2.5. Interfacial Gap Heat Transfer

Heat leaving the solidifying steel is conducted across the inter-
facial gap between the shell and the mold. This gap comprises the
largest thermal resistance in the mold region of the continuous-
casting process. To accurately quantify the heat flux across the gap
(qind, an effective heat transfer coefficient (hg,,) is calculated
between the shell surface temperature (T;) and the hot face of
the copper mold (Tpold)-

Qint = hgap(Ts - Tmold) (5)

The hyg,, includes four distinct layers within the gap which
vary down the length of the mold: solid and liquid slag, oscilla-
tion marks, and a potential air gap. It is calculated as follows,
according to a network of resistors for these layers, as illustrated
in Figure 4.

dair dsolid
hgap =1 / <(rcontact + E + ksolid>
diiquid  Gefr
+1/ 1/ |7+ +ha
/ ( / (kliquid kegr ¢

where d is the thickness and k is the thermal conductivity of each
layer, reontact iS @ contact resistance which captures the slag/shell

1 7 7
/
0.9 / :
/
0.8 / |
0.7 ’I :
— -Liquid
0.6 / \
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Figure 3. Steel phase fractions with temperature in the mold region.
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Figure 4. Schematic of temperature and velocity in the interfacial gap region, which is modeled as a resistance network.

and slag/mold interfaces, and h,,q is a heat transfer coefficient to
account for radiation across the air gap, if present. An extra air gap
often arises near the strand corner, where the solidified shell is
strong enough to pull away from the mold, if the mold taper is inad-
equate, such that the thermally-distorted mold shape does not
match with the shrinkage of the solidifying shell as it moves down
the mold.**! Except near the corners, such air gaps are negligible
around most of the perimeter of slab casters, where the ferrostatic
pressure maintains good contact between the shell and the mold.

The oscillation marks on the surface of the steel shell are
approximated in CON1D with a “v”-shape according to the
user-defined width (L), and depth (dpman). The distance
between oscillation marks, Ly is calculated from the casting
speed divided by the oscillation frequency. By simplifying oscil-
lation marks to triangles, the volume-averaged oscillation mark
depth can be calculated as

0.5 Lmark dmark

dosc = I
pitch

)

This dosc depth is used to calculate the volume of slag carried
downwards by the oscillation marks. The oscillation marks also

steel research int. 2024, 2400118 2400118 (5 of 22)

impede heat transfer between the steel shell and the copper mold.
By imposing a smaller effective gap thickness (deg), the appropri-
ate effect on the interfacial heat flux can be calculated. This effec-
tive gap depth for heat transfer is calculated with Equation (8)

0.5 Lmarkdmark (8)
> + Lmark

Ok K
(Lpitch - Lmark) (1 +05 — £
where ki, is the effective thermal conductivity of the gap given in
Equation (9) and ki is the effective thermal conductivity of the
oscillation marks, which depends on whether the depressions are
filled with slag, hydrogen-enriched air, or a mixture.

dsolid kli uid
koap = (dliquid + dsotia) / < P~ +1 / ( dhzuid + Prad tiquid

)

Additionally, the semitransparent glassy slag next to the steel

shell and the slag which is above Tk, and therefore still liquid,
experience radiative heat transfer, which is calculated by

deff =

dliquid + dsolidkmark
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W m?o(T2x + T (Tsk + Trsolx)
rad — 1
0'75u(dliquid + deff) + +

Eslag  Esteel

; Tmold < TFsol (10)
-1

where absolute temperatures (expressed in Kelvin) include Ty,
the shell surface temperature, and Ty, k the final solidification
temperature; m is the refractive index of the slag, and a is the
absorption coefficient of the slag.

2.6. Mass and Momentum Balance in the Slag

During the continuous casting process, the slag flows down the
mold as a solid layer, a liquid layer, and in the oscillation marks.
Solid slag moves at a time-averaged velocity (Vso1iq), which can be
between zero and the casting velocity, and is governed by a user-
input solid-slag velocity ratio (f,)

Vsolid :fv X Vc (11)

The liquid slag velocity in the liquid portion of the interfacial
gap is governed by the Navier—Stokes equation for laminar
Couette flow given by Equation (12) and decreases from the cast-
ing speed V. on its hot side against the tips of the oscillation
marks protruding from the shell surface to Vg 0n its cold side
against the solid slag layer. This liquid slag domain, djiquia, is
illustrated by the non-constant region of the velocity profile in
Figure 4.

o [ oV,
a_x (/‘ dx ) = (psteel - Pslag)g; x € dliquid and Tge) < T < Ty
(12)

where Ty is the average temperature of the slag at the oscillation
mark tips.*?! The difference between the ferrostatic pressure
from the liquid steel and the opposing weight of the slag flowing
down the gap are accounted for by the body force that comprises
the righthand side of Equation (12).

Liquid slag in the oscillation marks is carried downwards at
the casting speed. After the shell surface temperature drops
below Trgo, so all of the slag across the gap has solidified, the
slag in the oscillation marks is replaced by air, as explained
elsewhere.[*”)

2.7. Slag Properties

The temperature-dependent liquid slag viscosity depends on
temperature according to the following exponential function

(13)

1300°C — Tpeg\ "
/"(T) = H1300 (71:1)

T— TFso]

Where Tgg, and n are fitting parameters that should be based on
experimental measurements, and ;300 is the viscosity at 1300 °C.
Figure 5 presents the viscosity curve used in the present work,
along with illustrating these parameters.

By integrating across the liquid region, and assuming that
temperature varies linearly, an average liquid slag velocity across
the interfacial gap (thuid) is calculated by
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Figure 5. Viscosity curve for the present baseline case.

(pslag - psteel)gdlziquid
us(m+2)2(n+3)

Vc + Vsolid(n + 1)
(n+2)

Vliquid = (14)

where u; is the viscosity of the liquid slag evaluated at the liquid
layer/steel shell interface.

The powder/slag consumption rate Qg is important for accu-
rately predicting interfacial gap heat transfer. This parameter is
often expressed as mass of slag per unit surface area of the steel
strand (kg m ™).

W x N

Qslag - Mslagpsteel m (15)
where Mg, is the input value of slag consumption per unit mass
of the steel produced (kgton™), typically based on plant meas-
urements, W is the width and N the thickness of the steel slab.
Slag is consumed by the moving solid layer, the moving liquid
layer, and by the oscillation marks when filled with liquid slag, so
the following mass balance is satisfied in CON1D everywhere
down the mold

Qslag VC

= Vsoliddsolid + thuiddliquid + Vcdosc (16)
Pslag

2.8. Copper Mold Heat Transfer

To account for conduction through the water-cooled copper
mold, temperature in a 2-dimensional steady-state domain is cal-
culated by solving Equation (17)

02T  0°T

a—xz—l—a—zZ:O; X € Xmold (17)
for a constant thermal conductivity which is solved with a classic
Fourier-series product solution with the hot face heat flux from
the interfacial gap, gin described earlier. The cold face heat flux,
located at the roots of the water slots, is governed by the convec-
tive heat transfer coefficient due to the cooling water (hyater), and
the cooling water temperature (Tyatey) boundary conditions. The
remaining two boundary conditions are adiabatic. The 2D mold
calculation domain extends horizontally across the solid mold
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portion of the mold thickness, (not including the water slots),
Xmold, as shown in Figure 6. This mold domain extends vertically
from the top of the mold to a user-defined distance below the
meniscus, after which the temperature profile through the mold
is nearly linear so a 1D calculation is sufficient.

In the horizontal plane through the mold, the important effect
of water slot geometry on heat transfer through the mold into the
cooling water is accounted for in CON1D in the undiscretized
width direction by treating the copper between the cooling water
channels as heat-transfer fins. As illustrated in Figure 6, the
following heat transfer coefficient (hgy) is applied to the solid
mold T4 plane

2hod?,
kmotd (Leh — Wen)
(18)

hﬁn — hwwch + \/Zhwkmold(Lch - Wch) tanh
LCh Lch

where h,, is the heat transfer coefficient for the turbulent flow in
the water channels, governed by the correlation by Sleicher and
Rousel® in Equation (19). Mold geometry parameters Ly, weh,
and d, are the distance between parallel water channel centers,
width and depth of the water channels, respectively, and kyo1q is
the thermal conductivity of the copper mold.

k.
hy = %ter (5 +0.015 x ReSl o x Prgﬁt@fW) )

In Equation (19), D is the equivalent diameter of the channel,
Re is the Reynolds number, and Pr is the Prandtl number for the
flowing water. Empirical constant c; is 0.88 — 0.24/(4 + Pryater w)
and ¢, is 0.33 + 0.5¢7%CPrwaterw,

Near the roots of the water channels, where the thermocouples
are typically located, the temperature distribution is often com-
plicated. To account for this, an offset distance can be applied to
correct for the slight error in thermocouple temperature predic-
tions, based on calibration of this CON1D reduced order model
of the mold with a full 3D finite-element model of a representa-
tive segment of the mold, as discussed elsewhere.l**% In this

Thot

I
¥ stee

fin

coating layers

Lch solid mold /

water channel [copper mold

™

bolt q=0

Xmold —=]
dml1

Figure 6. Water channel representation in CON1D.
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work, the offset was set to 2.05 mm, based on calibration with
a full 3D model of the mold, explained elsewhere.*®!

3. Baseline Simulation

A simulation of a high-speed, funnel-mold, thin-slab caster from
previous work by Santillana et al.*®! is chosen here as the base-
line case to quantify the sensitivity of the model output predic-
tions to uncertainty in the processing conditions, properties, and
other input parameters. The baseline casting conditions are
given previously*® for new molds plates (0-5 mm mold wear),
and the main input parameters are listed again in Table 1-3. The
slag viscosity function is shown in Figure 5. The simulation
focusses on a centerline slice down the narrow face of the strand,
far from the corner, so the ferrostatic pressure maintains good
contact between the shell and mold. This simplifies the interfa-
cial heat transfer because there is no extra air gap.

The CON1D results were validated with plant measurements
at the Corus (now Tata Steel) Direct Sheet Plant in IJmuiden, the
Netherlands.!*®! The measurements include average mold heat
flux due to cooling water heatup and the temperatures of embed-
ded mold thermocouples. The main CON1D output results are
reproduced in Figure 7. These include profiles of mold temper-
atures, solidified shell thickness, shell surface temperature, and
slag layer thickness with distance down the mold. Naturally, the
results here agree exactly with the original results reported in ref.
[46] and comparisons with plant measurements (Figure 7) show
good agreement. These results are used as the baseline for the
sensitivity analysis presented in the Section 6.

4. Input Parameters and Uncertainties

Many of the input parameters used within CON1D possess vary-
ing degrees of uncertainty, which arise from the measurement
techniques used to find their values, and from natural variations

Table 1. Input parameter values with negligible uncertainty owing to
accurate measurement availability (baseline case).

Parameter Symbol  Units Value
Casting speed A m min~" 5.20
Pour temperature Toour °C 1545
Nozzle submerged depth rozzle mm 150
Slab size (Thickness x Width) - mm 70 x 1420
Mold thickness (Narrow face) - mm 41.0
Oscillation frequency - cps 5.42
Oscillation stroke - mm 6.00
Water channel depth (WF, NF) den mm 14.0, 17.0
Water channel width (WF, NF) Weh mm 5.00, 9.00
Water channel spacing (WF, NF) Len mm 13.0, 21.0
Solidus temperature Teol °C 1509
Liquidus temperature Tiiq °C 1531
Fraction solid for shell thickness location - - 0.10
Thermocouple offset distance closer to hot Face  doffset mm 2.05
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Table 2. Steel and slag compositions (baseline case). where a nonexpert user could reasonably but mistakenly intro-
duce additional uncertainty are also detailed. Several parameters,
Steel composition [wt%] Slag composition [wt%] including important parameters such as casting speed, have neg-
c 0,045 C20 18.36 ligible uncertainty because they are easily measured with high
Mn 0.220 si0, 38.08 accuracy. These are given in Table 1, and are not included in
the investigation. A summary of all parameters and their associ-
> 0005 MO 073 ated uncertainties analyzed can be found in Table 3 presented in
P 0.010 Na,0 13.47 Section 3.
Si 0.015 K,0 0.46
Cr - FeO 089 4.1. Mesh and Timestep
Ni - Fe,05 0.89
Cu _ NiO _ To ensure that the uncertainty in outputs of interest in this sen-
Mo _ ALO, 3.7 sitivity analysis were independent of numerical errors, the grid
! ) spacing and timestep size were kept very small. Previous results
Ti - TiO, 0.01 14 L.
from Zappulla et al." found that a grid size of 0.1 mm and cor-
Al 0.040 820 - respondingly small timesteps could reduce errors to 0.3% for
- F 8.60 stress phenomena, while predicted temperatures are more than
N - free C 0.33 an order of magnitude more accurate. As the present work is only
Nb _ co, 0.23 concerned with the later, a constant grid spacing of 0.175 mm

was used, which ensured that the mushy zone is always spanned
by multiple grid points, and thus numerical errors were negligi-
in the casting conditions and parameters during the process. In  ble. Similarly, a very fine timestep of 0.001 s (1 ms) was used to
this section, all input parameters and their associated uncertain-  easily satisfy the Courant number criterion, to avoid any numer-
ties analyzed in this work are discussed and justified. Instances ical issues for the explicit time-stepping algorithm in CON1D.®

Table 3. Parameter values and associated uncertainties for different users.

Parameter Units Baseline Uncertainty Ranges Reference
Nonexpert Sophisticated
drim mm 7 0-14 4-10 [57,58]
v - 0.104*z (m) 0.0-1.0 0.0-1.0 [59]
Scale mm 0.0 0.2 0.1 -
Qslag kg m 2 0.0589 0.050-0.068 0.053-0.065 [61]
Ksolid W mK™' 1.00 0.85-1.15 0.87-1.13 [72-75]
Kiiquid WmK™! 1.50 1.28-1.72 1.31-1.69 [72-75]
Limark mm 1.50 0.75-2.25 1.13-1.88 [64]
Armark mm 0.08 0.04-0.12 0.06-0.10 [64]
H1300 Poise 0.900 0.846-0.954 0.846-0.954 [65,66]
n - 2.70 2.43-2.97 2.43-2.97 [67]
Tesol °C 1183 1163-1203 1163-1203 [68]
Feontact m2Kw ! 1x1077 5x10°-5x10* 5x10°-5x10°* 138]
Psteel Kg m-3 7400 7252-7548 7252-7548 [70]
Pslag Kgm~3 2600 2548-2652 2548-2652 [70]
CTE mold 1k 1.58-1.62 x 10°° 1.58-1.62 x 10°° 1.58-1.62 x 10°° 71
Ksteel WmK™' 26.0 24.4-27.6 24.4-27.6 [72-75]
Konold W mK™! 350 329-371 336-364 [72-75]
Cp steel k) kg K! 0.680 0.646-0.714 0.646-0.714 [77,78]
Le kj kg™ 271.0 260.2-281.8 260.2-281.8 (78]
Kair WmK™! 6.0x 1072 2.4-9.6 x 1072 5.82-6.18 x 1072 [81]
Emold - 0.50 0.45-0.55 0.45-0.55 [83]
Esteel - 0.80 0.72-0.88 0.72-0.88 [83]
Eslag - 0.90 0.70-1.00 0.70-1.00 [84]
a m™! 250 25-2500 25-2500 85]
steel research int. 2024, 2400118 2400118 (8 of 22) © 2024 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 7. Comparison of present results with those of ref. [46] showing good agreement with past results and plant thermocouple data for a) heat flux,

b) hot and cold mold face temperatures, c) shell thickness, d) shell surfa

4.2, Slag Rim (dyim)

Thickness of the slag rim influences the heat flux near the menis-
cus and is therefore an important parameter when modeling heat
transfer in the mold region. Several CON1D input parameters
quantify the size and shape of the rim which forms above
the meniscus. These depend on complex phenomena, such
as level fluctuations in the turbulent liquid pool®” and slag

steel research int. 2024, 2400118 2400118 (9 of 22)

ce temperature, and e) the slag layer thickness.

composition.*®! Measured slag rim thicknesses changed greatly
for small variations in slag composition.’®’ A nonexpert user
would be unlikely to accurately quantify slag rim thickness.
Slag cross-sections in ref. [58] show rim thickness variations
of 10—15 mm so an uncertainty range of +7 mm was assumed
for the nonexpert user. A sophisticated user with a better con-
trolled caster, better understanding of level fluctuations and slag
composition effects, and access to accurate measurements of slag
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rim samples taken from the operating caster might be able to
reduce this uncertainty to £3 mm.

4.3. Solid Slag Layer Velocity Ratio (f)

The average velocity of the solid slag layer progressing down the
mold wall expressed as a fraction of the casting speed, f, is diffi-
cult to measure, and it likely varies greatly with slag properties
and casting conditions. Previous work suggests that f, is on the
order of 10% of the casting speed.?®***% Given the lack of mea-
surement data, the uncertainty in f, is very high, and it is usually
found via model calibration. If the solid slag layer attaches to the
copper mold, then f, is 0.0. At the other extreme, solid slag could
attach to the steel shell traveling at the casting speed, so f, is 1.0.
In the present work, this full range is used for both nonexpert
and sophisticated users. Because the baseline value of 0.05 was
calibrated in previous work to match plant measurements,**! the
uncertainty range is very asymmetric.

4.4. Mold Scale Layer Formation

Scale forming on the copper mold surface may act to retard heat
transfer between the mold cold face and the cooling water, caus-
ing the mold temperature to increase. This scale formation
depends on precipitation of impurities in the mold cooling water
combined with local boiling, if the mold cold face temperature is
hot enough to allow it. Here, this effect was investigated for typi-
cal scale layers measured in service of 0.1 mm (expert user), and
0.2 mm for the non-expert. Although scale was not observed in
the water channels of the mold under study, it is important to
quantify the sensitivity of mold heat transfer to all parameters,
including scale formation, both for stable plant operation and
for model calibration.

4.5. Powder Consumption Rate (Q5g)

The powder consumption rate describes the rate of infiltration of
liquid slag into the strand and is usually measured in bags ton™"
at the plant, and then converted to kg ton™" or kg m™2. The pow-
der consumption rate depends on casting speed, viscosity, stroke,
oscillation frequency, and flux solidification temperature./*®%!!
Several relations to predict slag consumption exist in previous
literature,**~** but are not well validated. Nevertheless, uncer-
tainty in the consumption rates from plant measurements typi-
cally range from 10% to 15%°" depending on the consistency of
plant operations. Here, 10% is applied for a sophisticated user,
which assumes measurements from a caster operating under
steady conditions, whereas 15% is adopted for a nonexpert user,
assuming estimates with a literature equation.

4.6. Slag Thermal Conductivity (Ksolidr Kiiquid)

The crystalline/glassy nature of continuous casting slags gener-
ates additional uncertainty, compared with that of the metals. To
account for this epistemic source of uncertainty, a value approxi-
mately twice that of reported values (12.5%) is expected for a
sophisticated user. A nonexpert user might not correctly deduce
the slag microstructure, or might not properly subtract the

steel research int. 2024, 2400118 2400118 (10 of 22)
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radiation component of heat transfer in flash diffusivity measure-
ments, so a larger (15%) uncertainty was used.

4.7. Oscillation Mark Size (Lyarks Dimark)

Oscillation mark size is affected by many processing parameters,
including fluid flow in the mold, steel grade, casting speed, oscil-
lation frequency, stroke, negative strip time, and slag behavior.
Measurements of oscillation mark sizes using laser gauges are
available in the literature and show variations up to 50% of the
mean size, depending on the processing conditions.[** Here, for
anonexpert user operating on an unoptimized caster or guessing
values based on literature, the large uncertainty of +50%
reported by Lundkvist and Bergquist® is used. For a sophisti-
cated user, the uncertainty should be based on variability of
measurements of oscillation marks on actual as-cast slab samples
for a given set of stable casting conditions, which should have a
tighter range, ~(+25%).

4.8. Slag Viscosity (11300, M Trsol)

The present model of slag viscosity requires three parameters.
The flux viscosity at 1300 °C is the simplest, most commonly
measured parameter and its uncertainty has been estimated
by McCauley et al.[! and Persson et al.°®! via rotational viscom-
etry measurements for many mold flux compositions to fall
between 3% and 6%, so 6% is used here.

The exponent in the present flux viscosity model is analogous
to the viscous activation energy so the uncertainty in previous
work on activation energy was investigated. For example,
Kobatake et al.l”) reported variations in the viscous activation
energy for a ternary alloy system of ~10%, which is used as
the uncertainty in » here.

The final slag solidification temperature Tgyy is the third
parameter in the present viscosity model and is undoubtably
the most difficult to quantify. Viscosity data in previous literature
rarely exceed 1000 Poise, due to limitations in viscometer accu-
racy at higher viscosities, but the viscosity exceeds 10° Poise
for liquid transforming to solid, which is needed for Ty,
Predictions of final solidification temperature for crystalline slags
are likely more accurate, because crystallization typically occurs
over a narrow temperature range, near the break temperature,
where viscosity suddenly increases to #1000 Poise, and measure-
ments are readily available. For example, Sridhar et al.*® esti-
mated uncertainty in break temperature measurements of
+20k. Thus, for the crystalline slag investigated in the present
study, +20k was taken as the uncertainty for T

For glassy slags, however, the viscosity increases much more
gradually with decreasing temperature, so the slag acts as a lubri-
cating fluid over a much wider temperature range, extending
many hundreds of degrees below the break temperature. Meng
et al.*? measured Ty to be 850 °C, which was ~250 °C below
the break temperature of 1100 °C for a glassy continuous-casting
slag. Such measurements are rare. It is therefore difficult to esti-
mate the final solidification temperature for glassy slags, so their
uncertainties are very large, at least £100 K, especially for a non-
expert (based on ref. [68]).
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Another source of uncertainty, for the nonexpert, arises from
the difference between the powder composition, which is readily
measured and provided by the powder producer, and the actual
composition of the liquid and solidifying slag in the caster, such
as given in Table 2, which is somewhat different, and requires
separate measurements of plant samples taken from the mold
during casting.

4.9. Slag Layer/Mold Contact Resistance (reontact)

A contact resistance between the solid slag layer and copper mold
arises due to the thin average air gap that characterizes the sur-
face roughness of the resolidified mold flux against the mold
hot face wall. Cho et al.®’ reported contact resistances up to
~107> m? KW', based on surface roughness measurements up
to ~0.15mm. Many previous computational investigations of
steel continuous casting neglect this roughness effect or assume
negligibly small contact resistance, such as 10"°m*KW ' by
ref. [38].

Lacking actual measurements of the resolidified slag rough-
ness, a better method to estimate this contact resistance is to
assume that the liquid slag will continue to flow, as it is pushed
against the mold wall by the ferrostatic pressure transmitted
through the steel shell, until the hot side of the effective gap
reaches the slag solidification temperature, Ty °” The gap thick-
ness that defines the contact resistance can then be calculated
from the temperature drop across the gap, (Trsoi— Tvold-hotface)s
given a reasonable estimate of the air gap conductivity.

Considering the difficulties of quantifying slag solidification
temperature, and/or effective air gap thickness as a function
of processing conditions and distance down the mold, as well
as the prevalence of the negligible air gap assumption, the pres-
ent work assumes a large uncertainty range for contact resistance
that spans several orders of magnitude from 5x10°° to
5x 10 m?* KW

4.10. Density and Coefficient of Thermal Expansion (psieely Psiag,
CTEmold)

Density can be measured via pushrod dilatometry, Archimedean
methods, electrostatic levitation, and other methods to a high
degree of accuracy. Reported uncertainties for solid and liquid
materials are less than 2%, even at temperatures as high as
3000 K.””! Furthermore, density has a relatively linear effect on
heat transfer. Thus, both a sophisticated and nonexpert user
could find a good value of this property for common steel grades
with very little uncertainty, such as by taking the program
defaults.”® The uncertainty in thermal expansion (CTE) using
Equation (4) would be similarly low. Alternatively, CTE can be
calculated using dilatometry where a 1-2% uncertainty is
reported in the literature.”"!

4.11. Steel and Mold Thermal Conductivity (ksicely kmold)

The uncertainty in thermal conductivity can be derived from
thermal diffusivity measurements using techniques such as flash
diffusivity. Uncertainty calculations in thermal conductivity of
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metals have been reported to be on the order of 4-6% at temper-
atures as high as 3000 K”27*! for common industrial alloys such
as copper and steel, so 6% is used in the present work for ky,q1q
and kgeer. In this work, where steel conductivity depends on tem-
perature, uncertainty is applied only to the constant in the poly-
nomial. The temperature-dependent components remain
constant.

4.12. Steel Specific Heat Capacity and Latent Heat of Fusion
(cpsteely Lf)

Data for the specific heat capacity and the latent heat of fusion for
the solid-liquid phase change for metals and alloys are generally
measured using calorimetry methods. Reported uncertainties at
elevated temperatures range from 3 to 5%,7%””) so 5% was used
here for Cpgieer. Similarly, uncertainty in the latent heat of fusion
was estimated at 3% for 316L stainless steel,”®! and this should
not change much with steel composition. Similar to the thermal
conductivity, the uncertainty in specific heat was restricted to the
constant term in the temperature-dependent relation, which is
graphed in Figure 8.

4.13. Air Thermal Conductivity (k,;)

Conductive heat transfer across the air gaps created by oscillation
marks in continuous casting is accounted for in the model, so
uncertainty in the thermal conductivity of the gas in these gaps
must be quantified. A nonexpert user might simply take meas-
urements of the thermal conductivity of air. A sophisticated user
would understand that vaporizing mold powder components
could generate hydrogen, which increases the air conductivity,
as shown in Figure 9,”°! based on a mixture equation.®” Thus,
the uncertainty for the nonexpert user could be large (+/—10%
H, centered around 20%), whereas a sophisticated user, with
access to the air-gap composition would only be limited by the
uncertainty in the measurement technique for conductivity of
a known gas, which is only 3%.#"

4.14. Emissivity (€mold) Esteely Eslag)

Emissivity of copper and copper alloys for the mold depends on
the extent of surface roughness and oxidation. Zhang et al.®%
measured the emissivity of oxidized metals up to 1073 K with
reported uncertainty of only 2.9%, but this was in a highly-
controlled environment. In a more realistic representation of
continuous casting environment, is the work by Fernandez
et al.®¥ reported up to 10% uncertainty in emissivity of oxidized
industrial metals (including copper).

Emissivity of the slag surface depends on slag composition,
thickness, and crystallinity. While emissivity can be measured
using spectroscopy with an integrating sphere, experimental data
for continuous casting slags is scarce. One study of crystalline
slags reported uncertainty in emissivity of 22%.* Considering
expected differences between glassy and crystalline slags,
expected uncertainty would be higher, especially for nonexpert
users.
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Figure 8. Temperature dependent thermal conductivity and specific heat capacity for the base-case steel.
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user may not account for this effect.

4.15. Slag Absorption Coefficient (a)

The absorption coefficient of the slag depends greatly on wave-
length, spanning over several orders of magnitude depending on
the wavelength considered, for both crystalline and glassy

steel research int. 2024, 2400118 2400118 (12 of 22)

slags.®®! Because CON1D requires a single constant value of
a, both the nonexpert and sophisticated user are resigned to
use an uncertainty of + a full order of magnitude. As with
the solid slag layer velocity ratio, the uncertainty bounds are
asymmetric around the baseline value.
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5. Outputs of Interest

The influence of uncertainty in the parameter values presented
in the previous section on model accuracy is investigated here in
the context of several important outputs of interest, which were
selected for their relevance to defect formation. These outputs
include: 1) shell thickness at mold exit, which is important for
breakout prevention, strand bulging, internal crack formation,
and centerline segregation due to bridging; 2) shell surface tem-
perature, heat flux at the meniscus, and peak heat flux, which are
all related to the formation of surface defects and cracks (espe-
cially longitudinal cracks); 3) shell surface temperature and heat
flux at mold exit, which are important for surface cracks, (espe-
cially transverse cracks); and 4) mold hot and cold face tempera-
ture, which are important for mold life.

6. Sensitivity Analysis Results

To quantify the effects of uncertainty in the model input param-
eters, two extra simulations are needed for each model input
parameter. These are for the upper and lower limits (estimating
+30), which are presented in Table 3, and are repeated for both
sophisticated and nonexpert users, while keeping all other param-
eters constant. Variations in the results quantify the sensitivity of
the model predictions to the uncertainty in each input parameter.
This enables identification of those parameters with uncertainties
that most influence model behavior. Finding ways to reduce the
uncertainty in these most sensitive parameters would provide
the greatest improvement to model reliability. These are also the
parameters where attention should focus most when calibrating
the model to match plant measurements. At the other extreme,
identifying low sensitivity parameters is also useful because this
prevents the wasting of resources to investigate model input
parameters that would ultimately provide minimal gain.

7. Results and Discussion

The sensitivity analysis described above was executed with
CONI1D for the base case typical thin-slab caster conditions!*®!
to determine the importance of the uncertainty range of each
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model input parameter on predicted results for six key outputs
related to mold heat transfer, including two representative values
each of shell thickness, surface temperature, and mold heat flux.
For readability, only parameters with a resulting uncertainty
greater than 1% are included. Figure 10-14 illustrate the sensi-
tivities for a nonexpert user. Similarly, Figure 15-19 present
results for a sophisticated user, familiar with both the CON1D
model and the casting process phenomena, and with understand-
ing or access to measurements regarding the unavoidable varia-
tions in these input variables due to natural changes in process
conditions during steady casting in an optimized caster. Negative
percent changes correspond to decreasing from the baseline to
the minimum value in the uncertainty range, and produce the
blue dark-shaded rectangular boxes in the results variables.
When such a decrease in the input parameter causes an increase
in the heat-transfer output under consideration, then the dark
blue box appears on the right. Increases from the baseline pro-
duce light-red boxes, which would appear on the right if the out-
put result also increased. Important parameters are discussed in
detail in the following subsections. Parameters which control the
thermal properties of the interfacial gap are the most important,
s0 a separate section is devoted to each of the most important of
those parameters. Other sections include the mold scale layer,
(which affects the mold/cold-side resistance) and finally the steel
thermal properties, (which affect the thermal resistance of the
steel shell).

7.1. Insignificant Parameters

Many input parameters were found to have low sensitivity, mean-
ing that they contribute negligible propagation of uncertainty to
the model results. These parameters are listed in Table 4, where
“low sensitivity” is defined by a change from the baseline predic-
tions for all outputs of interest by less than 1%. There are three
causes for low observed sensitivities: 1) the input parameter can
be measured to a high degree of certainty, so there is negligible
uncertainty to propagate, 2) the input parameter has relatively
low uncertainty, and sufficiently small impact on heat transfer
that propagation is small, and 3) the input parameter has a large
uncertainty, but the model is very insensitive to the parameter.

Heat Flux at Mold Exit

f
ksalid
Qslag
Scale

Teontact

Lmark

d

mark H-30 W+30

kair

pslag

-10 -5 0 5 10
% Change From Baseline

Figure 10. Heat flux sensitivity predictions (at peak and at mold exit) for a nonexpert user.
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Shell Thickness at Mold Exit
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Figure 11. Shell thickness sensitivities (near meniscus and at mold exit) for a nonexpert user.
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Figure 12. Steel shell surface temperature sensitivities (near meniscus and at mold exit) for a nonexpert user.
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Figure 13. Mold hot face temperature sensitivities (near meniscus and at mold exit) for a nonexpert user.

Casting speed is an example of a type 1) low-sensitivity param-
eter. Heat transfer varies greatly with casting speed, but this
parameter is known to such a high degree of certainty, that the

steel research int. 2024, 2400118 2400118 (14 of 22)

uncertainty has negligible effect. Similarly, mold geometry param-
eters can be measured with high accuracy, so although they greatly
influence mold temperature, they also have low sensitivity.
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Figure 14. Mold cold face temperature sensitivities (near meniscus and at mold exit) for a nonexpert user.
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Figure 15. Heat flux sensitivities (at peak and at mold exit) for a sophisticated user.
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Figure 16. Shell thickness sensitivities (near meniscus and at mold exit) for a sophisticated user.
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Figure 17. Steel shell surface temperature sensitivities (near meniscus and at mold exit) for a sophisticated user.
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Figure 18. Mold hot face temperature sensitivities (near meniscus and at mold exit) for a sophisticated user.
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Figure 19. Mold cold face temperature sensitivities (near meniscus and at mold exit) for a sophisticated user.
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Table 4. Low sensitivity parameters.

www.steel-research.de

Parameter Symbol Units Baseline value Highest sensitivity
Parameter Value [%)]
Input parameters with negligible uncertainty (Type 1)
Casting speed Ve mmin~" 5.20 - -
Pour temperature Tpour °C 1545 - -
Nozzle submerged depth Arozzle mm 150 - -
Strand thickness - mm 70 - -
Slab width w mm 1420 - -
Mold thickness - mm 41.0 - -
Oscillation frequency - cps 5.42 - -
Oscillation stroke - mm 6.00 - -
Water channel depth (WF, NF) den mm 14.0, 17.0 - -
Water channel width (WF, NF) Wech mm 5.00, 9.00 - -
Water channel spacing (WF, NF) Len mm 13.0, 21.0 - -
Initial cooling water temperature Tw °C 35.0 - -
Equivalent diameter of water channel (h,, boundary condition) D mm 14.0 - -
Low model sensitivity resulting from low uncertainty (Type 2)
Steel liquidus temperature Tiiq °C 1531 - -
Steel solidus temperature Teol °C 1509 - -
Mold thermal expansion CTE K™ 1.30 x 107% - 0.0
Mold emissivity Emold - 0.50 - 0.0
Steel density Psteel Kgm 3 7400 Shell thickness —0.53
Steel specific heat capacity Co steel k) kg K 0.68 Peak heat flux 0.43
Steel thermal conductivity Ksteel W mK 26.0 Peak heat flux 0.53
Steel emissivity Esteel - 0.80 Peak heat flux 0.43
Flux viscosity at 1300 °C H1300 Poise 0.90 - 0.0
Low model sensitivity despite large parameter uncertainty (Type 3)
Flux absorption coefficient Ofux m™! 250 Peak heat flux —0.33
Flux emissivity Eflux - 0.90 Shell thickness 0.98
Air thermal conductivity Kair + H2 W mK™! 0.06 Peak heat flux 1.27

Type 2 low-sensitivity parameters include the steel properties
(density, specific heat, thermal conductivity, and latent heat), and
slag viscosity at 1300 °C. These parameters can be measured with
reasonable accuracy and do not have much effect on the results
for typical low-C steels.

Type 3 low-sensitivity parameters include emissivities, and
absorption coefficient. Even though these parameters may have
large uncertainty, they have very little effect on the mold heat
transfer results. Air conductivity, for example, has little effect
because the ferrostatic pressure maintains good shell contact
with the mold, so the air gap is always very small, and only con-
tributes like a contact resistance.

Low-sensitivity parameters of all types 1-3 are listed in Table 4.
The sensitivities of all results parameters to these input param-
eters are all <x1%. Considering their low sensitivities, searching
for more accurate values or better operational control of any of
these three types of input parameters appears not to be worth the
effort, relative to focusing on the other parameters discussed in

steel research int. 2024, 2400118 2400118 (17 of 22)

the next sections. An exception might be the liquidus and solidus
temperatures. Although their uncertainties have negligible effect
on heat transfer, the mushy-zone temperature range is very
important to crack formation.

7.2. Slag Rim

The results show that slag rim size is the most important param-
eter affecting peak heat flux. This finding is logical, as the peak
heat flux occurs near the meniscus where the slag thickness is
smallest, and heat is most easily conducted out of the steel into
the copper mold. Thus, small changes in slag rim size have a
great effect on peak heat flux. This finding means that better
understanding of how the slag rim forms and behaves would
enable better control of peak heat flux, and the accompanying
surface defects. It also suggests that formation of excessive slag
rims might be a major reason why mold level fluctuations are
detrimental.
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Recent work has shown, with the help of high-density Fiber—
Bragg sensors in the meniscus region, that the peak heat flux and
start of solidification may be displaced significantly below the far-
field liquid level, and that an extended slag rim is the likely cause.
For a controlled caster with consistent slag powder composition
and smaller level fluctuations, there should be less variation in
slag rim size, and consequently less variations in peak heat flux.
This should decrease surface defects associated with meniscus
heat flux variations.

In addition to their dominating influence on peak heat flux,
the uncertainties in slag rim size parameters have a small influ-
ence on shell thickness near the top of the mold. They are oth-
erwise relatively low-sensitivity parameters.

7.3. Solid Slag Layer Velocity Ratio

The average velocity of the solid slag layer down the mold wall,
relative to the casting speed, f,, has a large uncertainty, as this
parameter is rarely documented. Thus, f, shows the largest sen-
sitivity for most heat transfer results in the mold, in Figure 10-19,
with exception to the peak heat flux and mold face temperatures. If
the solid slag layer moves down the mold quickly, then its thick-
ness is small. Heat then conducts easily through the interfacial
gap, producing higher heat flux, a thicker steel shell, lower
shell surface temperature, and higher mold face temperatures.
Alternatively, if f, is small, then the slower-moving solid slag layer
leads to a thicker slag layer, for a given consumption rate, so pro-
vides a more insulating gap, resulting in lower heat flux, and a
thinner, hotter steel shell, but lower mold face temperatures
due to the slower heat transfer through the gap.

Indirect measurements of mold temperature suggest that
mold slag moves very intermittently. There is likely some down-
ward movement during every oscillation cycle, especially during
the negative strip time, when the mold is moving downward
faster than the casting speed. Other observations of “saw-tooth”
temperature profiles suggest a rapid movement of the slag layer,
moving near to the casting speed, as the entire sheet of mold slag
is removed from the mold, followed by a slow buildup over
5-10 min.®% Sometimes very long time scales exist, where the
slag sticks to the mold wall, as evidenced by observations of
startup slag in the mold even after several hours of casting,®”!

The CON1D model here focuses on the smaller of these time
scales, (one residence time of the shell in the mold), where there
are no experimental measurements. Thus, the dominant behav-
ior of f, observed in Figure 10-19 is due to both the high sensi-
tivity of mold heat transfer to the solid slag-layer velocity ratio,
and the high uncertainty in this important parameter.

7.4. Mold Scale Layer Formation

Formation of a scale layer on the mold cold face during continu-
ous casting acts as a resistance to heat transfer from the mold
cold face to the cooling water. As explained in Section 3
and 4.4, the baseline simulations were all executed with no scale
layer. The sensitivity analysis was conducted using only upper
bounds (specifically a scale layer of 0.1 mm for the sophisticated
user and 0.2 mm for the non-expert) which results in the asym-
metry observed in Figure 13, 14, 18, and 19.

steel research int. 2024, 2400118 2400118 (18 of 22)
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Results in Figure 14 and 19 show that while a scale layer has a
negligibly-small effect on the heat flux and solidifying steel shell,
it has a profound effect on the mold temperature, particularly on
the cold face where it dominates over all other sources of uncer-
tainty. This finding is very significant, because if the cold face
temperature exceeds the boiling temperature of the cooling
water, then steam could form in the water channels, greatly
decreasing the cold face heat transfer coefficient. This would
encourage any impurities in the water to plate out, leading to
further scale formation, and further decrease in heat extraction.
Thus, once scale formation gets started, it is likely to worsen,
owing to the high sensitivity of the mold temperature to scale
formation and the increased likelihood of boiling. Furthermore,
small changes in scale formation can lead to large variations in
heat extraction and mold temperature.

The corresponding similar increases in copper hot face tem-
peratures, quantified in Figure 13 and 18, could lead to increased
wear, spalling, and other damage to the hot face copper and its
coatings, particularly in high-speed casting operations where the
mold hot face temperature is already high. This could lead to sur-
face defects, such as longitudinal cracks, on the adjacent strand
surface. These results show that control of water purity and mold
temperature is vital to avoid scale formation, in order to extend
mold service life and to lessen strand surface defects due to dete-
riorating mold hot face condition caused by excessive mold
temperature.

7.5. Slag Consumption Rate

The consumption rate of the melted powder directly affects the
slag layer thickness, so this parameter has similar influence on
mold heat transfer phenomena as discussed above for solid slag
velocity. However, this parameter is relatively easy to measure in
the plant, and reasonable correlations exist to predict powder
consumption, so its uncertainty is mainly aleatoric and easier
to quantify. The smaller uncertainty range of slag consumption
leads to similar but much lower sensitivities to all heat transfer
output parameters as the solid slag layer velocity ratio. Thus, its
importance can be reliably modeled and understood, making it
easier to control and predict its effects in the plant.

7.6. Slag Thermal Conductivities

The results in Figure 10-19 show that the thermal conductivity,
of the solid and liquid slag layers (soia, Kiiquia), is very influential
on all outputs of interest. It is not surprising that slag thermal
conductivity has higher sensitivity than steel, because its uncer-
tainty is significantly higher (see Section 2.3) and the interfacial
gap is the most important thermal resistance in the process.
Closer to the meniscus, the liquid slag conductivity shows higher
sensitivity, (for the shell thickness and surface temperature),
because there is more liquid slag higher in the mold.
Progressing down the mold, liquid-slag thermal conductivity
becomes steadily less important, while solid-slag thermal con-
ductivity becomes increasingly important, mirroring the relative
phase fractions in the interfacial gap. In contrast, the solid-slag
conductivity shows a very high sensitivity for heat flux, even high
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in the mold, which is due to the large solid-slag rim above the
meniscus, to which peak heat flux has the largest sensitivity.

7.7. Oscillation Mark Size

Model predictions were consistently sensitive to oscillation mark
size (both dya and Ly,,p) for all outputs of interest, with a typi-
cal change in the baseline cases of +1-4%. These depressions act
as small periodic insulators (whether filled with air or slag) which
decrease heat transfer across the interfacial gap. Larger oscilla-
tions mark (dmark OF Lpak) thus cause lower heat flux, in
Figure 10 and 15, and thinner shell thickness, in Figure 11
and 16. Through proper caster optimization and flux powder
selection, oscillation mark size can be minimized to improve
both process variations and model reliability, as demonstrated
by the reduced sensitivity for a sophisticated user.

7.8. Slag Viscosity

The temperature-dependent slag viscosity is defined here by
three parameters (41300, #» Trsol)- Firstly, the results show a neg-
ligible sensitivity to the viscosity at 1300 °C (u1300) so this uncer-
tainty can be ignored. This is due to both the relatively high
accuracy of plentiful measurement data, and its small effect
on mold heat transfer. In contrast, variability in mold heat trans-
fer is quite sensitive to uncertainty in the final solidification tem-
perature of the slag (Trso) and also somewhat to the viscosity
exponent (n) which defines how the viscosity behaves between
the two points. For the thin slab caster studied here, a crystalline
slag was used, so the uncertainty is lower, as explained earlier
and given in Table 3. If the slag were glassy or had unknown
crystallinity, mold heat transfer would have been far more sensi-
tive to these two parameters.

The model outputs are very sensitive to the second slag viscos-
ity parameter, slag solidification temperature, Tgg,. A higher slag
solidification temperature results in a thicker solid slag layer near
to the meniscus which decreases heat flux near to the peak by
>6%. This important finding helps to confirm and explain the
common industry practice of using high-basicity crystalline slags
with high solidification temperature when casting peritectic steel
grades which are sensitive to depressions. The thicker solid
slag layer increases the total resistance of the interfacial gap,
thus making the heat flux less sensitive to the further variations
caused by the deep oscillation marks and depressions. Variable
heat flux at the meniscus is associated with crack formation.

This effect of higher Ty, decreasing heat flux near the menis-
cus generally decrease with distance down the mold. Some
exceptions/variations occur where the liquid slag runs out and
the slag layer becomes fully solid, which occurs further up the
mold with higher Tgg.. This parameter has little effect on heat
flux near mold exit, where the slag is fully solid. However, the
general decrease in mold heat flux greatly affects all other model
output parameters, as expected. Shell thickness decreases, shell
surface temperature increases, and mold temperature toward the
top of the mold decrease. Thus, slag solidification temperature is
the most important slag viscosity parameter influencing mold
heat transfer and deserves careful attention and accurate
measurement.

steel research int. 2024, 2400118 2400118 (19 of 22)
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It is important to note that for a glassy slag, where a much
greater (5x) uncertainty in Tgy, is expected, the sensitivity would
increase dramatically, especially for a non-expert in slag micro-
structural behavior. With such larger uncertainty ranges, the slag
phase fractions will vary significantly down the mold, which
would greatly amplify the sensitivity of the heat flux to Tggo1.

Regarding the third parameter, a larger slag viscosity exponent
n causes a more gradual increase in viscosity as the liquid slag
cools, which leads to higher viscosities between 1300 °C and
Trsol- As the liquid slag viscosity increases, the average velocity
of the liquid slag also increases, which tends to decrease the slag-
layer thickness, which increases the heat flux. Alternatively,
decreasing n has the opposite effect: viscosity stays lower during
cooling and suddenly increases, which tends to lower the heat
flux. Note that glassy slags tend to have larger n, but lower
Trsol, With a net effect of higher heat flux. Although this parame-
ter had small sensitivities in the current study involving a crys-
talline slag, it would be more important for glassy slags,
especially due to its dependence on other uncertain parameters
Trso and f,, which would also change.

7.9. Contact Resistances

As discussed previously, air gaps influence heat transfer in two
different places: inside the oscillation marks when the liquid slag
runs out, and/or in the surface roughness of the solid slag layer
against the mold wall. If the mold experiences problems with
insufficient taper, then the corner regions may experience true
macroscopic air gaps, which would truly dominate the sensitivity
analysis, as discussed previously.”® This work focusses on
behavior down the centerline of the narrowface in a slab caster,
which should be in reasonably good contact with the mold.

The contact resistance imposed by the solid slag/mold air gap
acts as an insulator to heat conducting out of the steel slab.
Naturally, this contact resistance shows a very asymmetric sen-
sitivity. A larger resistance (+30) has a high sensitivity on “just”
the heat flux at mold exit, whereas (—30) has negligible sensitivity
on all outputs, even for a nonexpert user with limited knowledge
of how solidified slag-layer roughness is generated, and other
interfacial phenomena that affect the air gap. This is because
the baseline contact resistance is already so small that its pres-
ence has little effect on model results and therefore decreasing
the uncertainty further does not improve our ability to predict the
thermal behavior. This is significant, because measuring the slag
surface roughness, hydrogen content of the gas, and related
properties is very difficult. Note that study of slag/mold contact
may be important for its effect on solid layer velocity, as dis-
cussed previously.

7.10. Steel Thermophysical Properties

Interestingly, uncertainty in the steel properties (psteel, CPsteels
Ksteel, CTEgee1) Was found to have negligible contribution to vari-
ability of the CON1D model predictions. This low sensitivity of
the heat-transfer outputs of interest to the uncertainty in steel
properties can be attributed to the low aleatoric uncertainty rising
from the relatively accurate measurement methods used to find
these parameters (Table 3). The sole exception is the latent heat
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(L¢) which showed a small but non-negligible sensitivity for the
shell thickness despite a similar uncertainty to the other steel
properties. This is because conduction of the latent heat through
the solidifying steel has some influence on heat transfer, although
the interfacial gap is the rate-limiting step. Furthermore, the low
sensitivity of the other steel thermal properties which drive
Equation (2) confirms that conduction inside the steel shell is less
important than the interfacial gap.

It is important to note that these findings apply only to a plain,
low-carbon steel for a single set of casting conditions in a thin-
slab caster. Further analysis should be done to investigate the
effect of steel grade, including the important indirect effect of
steel mechanical properties on heat transfer through shrinkage,
oscillation mark and depression formation, especially for peritec-
tic steels. Considering the importance of the slag rim shape and
oscillation marks on heat transfer, dynamic multiphysics models
of meniscus phenomena and oscillation mark formation are
important to better understand and predict mold heat transfer
in continuous casting.

8. Conclusion

The present work applies uncertainty quantification and sensitiv-
ity analysis to study heat transfer and solidification parameters in
the mold of the continuous casting of steel, using the CON1D
model. Using an accurate baseline set of conditions for a com-
mercial thin-slab funnel-mold caster from previous work, and
uncertainty ranges established from previous literature, each
input parameter was adjusted over its uncertainty range to quan-
tify how it propagated to predictions of heat flux, shell thickness,
shell surface temperature, and mold temperatures. These out-
puts of interest were selected for their importance to breakouts,
surface defects and longitudinal cracks forming near the menis-
cus, transverse cracks forming lower in the mold, and mold life
issues, respectively. From this work, the following most impact-
ful conclusions can be drawn: 1) The slag rim shape is the most
important parameter affecting peak heat flux at and near to the
meniscus. Thus, computational models investigating the dynam-
ics of slag rim formation are useful. Furthermore, the control of
liquid level fluctuations and other factors which affect slag rim
shape is essential to avoid surface quality problems such as lon-
gitudinal cracks which are associated with excessive slag rims;
2) Meniscus heat transfer is also sensitive to the uncertainty
in the solid slag thermal conductivity near the meniscus, due
to the thick solid slag layers. Solid slag conductivity is also impor-
tant further down the caster, where the slag layer is also relatively
solid and thick. Liquid slag thermal conductivity is also important
higher in the mold region, but below the slag rim, where the slag
is mostly liquid. The liquid slag thermal conductivity sensitivity
decreases down the mold region as the liquid slag layer thickness
decreases. Thus, it is important to quantify the slag properties,
especially the transition from liquid to solid and the thermal con-
ductivities of these phases; 3) The solid slag velocity has a pro-
found impact on all outputs of interest in this work. Increasing
the average velocity of the solid slag layer down the mold wall is
associated with a thinner insulating slag layer and consequently
higher average heat flux and thicker shell at mold exit. More plant
measurements and investigations of this important parameter
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would enable better predictions of mold heat transfer, and likely
lead to steel quality improvements as well; 4) Scale layer forma-
tion on the mold cold face acts as a resistance to heat transfer and
drastically increases mold temperatures, which may lead to boil-
ing and even less heat removal, deterioration of the mold surface
with associated strand quality problems, and decreased mold life.
Thus, control of mold water quality is essential to stable caster
operation; 5) Solid and liquid-slag thermal conductivities have
a significant role in the heat transfer in the interfacial gap
between the solidifying steel and the copper mold. While exten-
sive data is available for industrial alloys, very few measurements
of slag thermal conductivities exist. Although many measure-
ments have already been made, the modeling and control of heat
transfer in continuous casting would benefit from even more
accurate measurements of slag thermophysical properties,
including the thermal conductivity; 6) The slag viscosity at lower
temperatures, as quantified by the solidification temperature and
exponent in the viscosity model, showed a high sensitivity, even
for a crystalline slag where the uncertainty is lowest (glassy slags
would have even higher sensitivity). The slag viscosity at 1300 °C
was found to have a negligible sensitivity. Thus, better measure-
ments of the high viscosities measurements found at lower tem-
peratures for different slags used in continuous casting would
greatly benefit the accuracy of mold heat transfer predictions from
models such as CON1D. Such measurements would also likely
have significant benefits in design and control of mold slags
for consistent thermal behavior and steel quality; 7) Sensitivity
analysis and uncertainty quantification is a useful process to iden-
tify the most influential modeling parameters, and in doing so,
determine specific research areas most deserving of attention to
enable improvements in both modeling and process stability in
the plant. Thus, the general approach illustrated in this article
should be applied to other numerical models and processes, with
their own unique input parameters and outputs of interest.
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