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In this article, a model representing local heat flux density in the mold in continuous casting of steel is
presented. This model is a modification for empirical model of Schwerdtfeger. A new parameter is defined
as LHTCz (longitudinal heat transfer coefficient). The multiplication of LHTCz to total increase of the cool-
ing water temperature (DTT

w) leads to a new model for local heat flux density. Since DTT
w is a measurable

parameter, the present model can be used in on-line controlling of continuous casting process. Results of
the present model were compared with the experimental data and a good agreement was seen. Also it
was shown that present model can be used as a boundary condition in solidification numerical modeling.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The continuous casting process has been mathematically mod-
eled for more understanding of the important variables in the pro-
cess, improve the design of continuous casting system, and
eliminate casting defect [1]. The extant information in many inves-
tigations shows that the mold is a critical component of continuous
casting machine [2–11]. Heat transfer in the mold plays a critical
role on productivity and quality of steel [12]. The efficiency of heat
extraction in the mold is ultimately responsible for the surface
quality of the cast product and the productivity of the machine
[13]. So some investigators have used the local heat flux density
as a defect indicator [14,15]. Moreover in solidification modeling,
to predict the temperature and thickness of the solidified shell, lo-
cal heat flux density is needed as a boundary condition in numer-
ical solution of the heat conduction equation [16].

The heat transfer character in the mold region has a complex
behavior. The heat transfer at the mold is controlled by [17]:
ll rights reserved.
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li).
� Convection of superheat of the liquid to the shell surface.
� Solidification (latent heat evolution in the mushy zone).
� Conduction through the solid shell.
� The properties of the thermal resistance (mold flux and gas gap)

which have filled the gap between the solidified shell and the
mold [18–24].

� Conduction through the copper mold and convection to the
cooling water.

The greatest difficulty in accurate heat flow modeling is deter-
mination of the heat transfer across the gap between the solidified
shell and mold, because it is controlled by the thickness and prop-
erties of the mold flux and gas gap at a given time [17]. Such mea-
surements of the heat flux density are performed by determination
of the temperature gradients in the copper plate of the mold, and
by measuring the temperature increase in the cooling water [25].
Usually molds instrumented with thermocouples are used for mea-
surement of local heat flux density, and the total increase in the
cooling water temperature is used for measurement of the average
heat flux density [16,26–28]. The main parameter influencing the
heat withdrawal in the mold is the casting velocity, but there are
several other factors such as the taper of the mold, the type of
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Nomenclature

A apparent heat flux density at the meniscus if VC = 1 m
min�1

Cw specific heat of water at average temperature of water
in the mold length (J kg�1 K�1)

C (T) temperature depended specific heat of steel (J kg�1 K�1)
ds differential control surface on the mold surface (m2)
dz height of the differential control surface (m)
fs solid fraction
Hm mold length (m)
Hme mold length in contact to the melt (m)
H (T) enthalpy of the material (J kg�1)
h sensible enthalpy (J kg�1)
k (T) temperature dependent conductivity of steel (W

m�1 K�1)
LHTCz longitudinal heat transfer coefficient (W m�2 K�1)
Pm perimeter of the tube mold (for billet and bloom) or the

width of slab (m)
Q volume flow rate of cooling water (m3 s�1)
q local heat flux density (W m�2)

qa apparent heat flux density at the meniscus (W m�2)
_q latent heat source (W m�3)
�q average heat flux density absorbed by cooling water

(W m�2)
T0

w initial water temperature (�C)
Tw water temperature at a given distance from meniscus
t time (s)
tT transit time (s)
VC casting velocity (m s�1)
x, y rectangular coordinates (m)
a experimental exponent in Eq. (1) (m�1)
DHf heat of fusion (J kg�1)
DTT

w total increase of the cooling water temperature (�C)
DTw local increase of the cooling

3water temperature at the mold length (�C)
qw density of water at average temperature in the mold

length (kg m�3)
q(T) temperature depended density of steel (kg m�3)
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the mold (e.g., straight and curved), the type of the lubricant, the
composition of the steel (e.g., carbon content) and the superheat
of the liquid. Some of these parameters are more important and
others are less. There are several practical and useful correlations
for local heat flux density obtained by measuring the temperature
distribution in the mold wall. But only time parameter appeared in
these correlations and this is the major limitation of these correla-
tions [16].

The aim of this work is to present a correlation which includes
important practical and controllable parameters such as mold le-
vel, cooling water volume flow rate and total increase in cooling
water temperature. This work is based on Schwerdtfeger equation
because it has been correlated with the plant data of billet, bloom
and slab. Also this correlation includes the local heat flux density at
the meniscus which is a function of some operational parameters
such as casting velocity and machine characteristics.

2. Local heat flux density in the mold based on experimental
data

Schwerdtfeger et al. [29] found, with a good approximation,
that the local heat flux density behavior can be considered as
straight lines in half-logarithmic plots of q against z. Hence, q can
be described, for the normal operation, by the exponential law:

q ¼ qae�az: ð1Þ

The exponent a is obtained from the slope of the straight lines.
The heat flux density at the meniscus (qa) cannot be measured di-
rectly with the usual technique (determination of temperature gra-
dient with two thermocouples) because the temperature field in
the copper plate is strongly two-dimensional in this region, caus-
ing a considerable longitudinal heat flow upward to the cold top
of the mold. However, qa can be obtained by extrapolation to
z = 0 from the straight lines in half-logarithmic plots of q as a func-
tion of z (in which q is obtained by experimental measuring).
Schwerdtfeger et al. [12] determined qa by this method at various
casting velocity and plotted qa as a function of VC in log–log scale
and presented following equation for qa:

qa ¼ AV0:56
C : ð2Þ

The quantity A depends on additional parameters and varies
considerably for different machines and casting practices. Hence,
for the mold heat flux density the equation is
q ¼ AV0:56
C e�az: ð3Þ

In Eq. (3) only the casting velocity has appeared and the effects
of other parameters such as mold dimensions, mold level, solidified
shell thickness, mold flux, gas gap and the mold wall are hidden in
A parameter. The measurement of the A, especially as on-line mea-
suring, is very difficult because of the simultaneous effects of var-
ious parameters. The major limitation of this equation is the
complexity of the measurement of qa. In this work a correlation
for the local heat flux density is presented which includes manage-
able parameters on a live mold such as total increase in cooling
water temperature which is affected by mold flux, gas gap, steel
composition and the mold wall.

3. Modification of the local heat flux density

Eq. (3) is a reliable rule, because it has been based on lots of
experimental data of the slabs, blooms and billets [30]. An on-line
controllable heat flux should be explained by the mold tempera-
ture profile or the cooling water temperature profile. Practically
identification of the total increase in the cooling water tempera-
ture (DTT

w) is easier than identification of mold temperature profile.
However the DTT

w is a global temperature increase at the mold
length and it should be associated to local increase in the cooling
water temperature at a given distance z from the meniscus. Similar
to A in Eq. (2), DTT

w is also affected by thermal heat resistances
which practically detection of their effects on the heat flux is diffi-
cult. However, it seems using DTT

w as a substitution for A in the heat
flux relation simplifies the identification of A parameter.

Fig. 1 shows schematically the mold geometry and the thermal
resistances against heat withdrawal from the mold. According to
Fig. 1 the cooling water enters to the water jacket from the bottom
of the mold at the volume rate of Q and temperature of T0

w. The
cooling water absorbs the heat flux from the mold and exits from
top of the mold atT0

w þ DtT
w.

The average heat flux density absorbed by cooling water (�q) can
be computed using the total increase in cooling water temperature
(DTT

w) using following equation,

�q ¼ qwCwQDTT
w

HmPm
: ð4Þ

For evaluation of the local heat flux density at a given distance
from the meniscus, a differential control surface is considered on
the mold surface, which can be displayed by
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Fig. 1. Schematic of the mold geometry and thermal resistances against heat
withdrawal from mold.
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ds ¼ dz� Pm: ð5Þ

The local heat flux density in the differential control surface is
as follows:

q ¼ qwCwQdT
ds

: ð6Þ

The equality of Eqs. (1) and (6) leads to the temperature differ-
ential at the mold length via following relation:

qwCwQdT ¼ qae�azds! dT ¼ qaPm

qwCwQ
� e�azdz: ð7Þ

The boundary conditions of Eq. (7) are:

at z ¼ Hme ) Tw ¼ T0
w ! DTw ¼ T0

w � T0
w ¼ 0;

at z ¼ 0 ) DTw ¼ DTT
w:

It is assumed that total temperature increase in water is equal
to temperature difference of the water at the inlet of the mold
and meniscus height. Because of increase in the cooling water tem-
perature in the minus direction of intercept (see Fig. 1) a minus
sign is added to Eq. (7) during integration.

Z Tw

T0
w

dT ¼ � qaPm

qwCwQ

Z z

z¼Hme

e�azdz! Tw � Tw
0 ¼ DTw

¼ Pm

aqwCwQ
ðe�az � e�aHme Þqa: ð8Þ

By applying the second boundary condition, Eq. (8) leads to lo-
cal heat flux density, as follows:

qa ¼
aqwCwQDTT

w

Pm
� 1

1� e�aHme
: ð9Þ

Substituting Eq. (9) in Eq. (8), we obtain the equation of local in-
crease in cooling water temperature at the mold length as follows:

DTw ¼ DTT
w �

e�az � e�aHme

1� e�aHme
ð10Þ
Substituting Eq. (9) in Eq. (1), the equation of local heat flux
density can be obtained via Eq. (11),

qðzÞ ¼ aqwCwQDTT
w

Pm
� e�az

1� e�aHme
: ð11Þ

For easy notation of Eq. (11), a new parameter is defined as
LHTCz (longitudinal heat transfer coefficient). LHTCz is the heat
transfer coefficient of cooling water for increasing of water tem-
perature from T0

w to Tw at a given distance from the meniscus.
The subscript z shows that the value of LHTCz is different at the
length of mold. LHTCz is shown as following,

LHTCz ¼
aqwCwQ

Pm
� e�az

1� e�aHme
: ð12Þ

Therefore, the present model for the local heat flux density can
be shown by Eq. (13)

q ¼ DTT
w � LHTCz: ð13Þ

3.1. Evaluation of exponent a

The exponent a is the slope of straight lines in a half-logarith-
mic plot of q as a function of z or is the coefficient of z in Eq. (1).
In this work, local heat flux density equations of slabs and billets
were used, to evaluate the exponent a. Eqs. (14) [31] and (15)
[30] for billets and Eqs. (16) [32] and (17) [28] for slabs have been
obtained by fitting of many plant measurements by Thomas et al.
in separate works. These empirical equations were used in this
study to determine a exponent for slabs and billets by a regression
method. The regression results in Fig. 2 show that a varies between
1 and 1.5. It is less than 1.25 m�1 for slabs and over 1.25 m�1 for
billets.

q ¼ 4;755;600ðtÞ�0:504; ð14Þ
slabs and billets.
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q ¼ 6;500;000ðt þ 1Þ�0:5
; ð15Þ

q ¼ 2;710; 000ðtÞ�0:33
; ð16Þ

q ¼ 5;403; 000� 990000ðtÞ0:5: ð17Þ

In these equations t is calculated by following equation:

t ¼ 60z=VC : ð18Þ
3.2. Evaluation of DTT
w

The term of DTT
w in the present heat flux model, Eq. (13), is mea-

sured directly by the continuous casting system. Naturally the
measured DTT

w has been affected by all of the effective parameters
such as steel composition, condition of mold oscillation, casting
velocity, mold level, mold taper, mold flux layer properties, gas
gap properties and cooling water properties (water temperature
and flow rate of cooling water). However in some applications
for the local heat flux density (such as boundary condition in sim-
ulation of solidification) it is necessary to predict DTT

w. A mathe-
matical model for DTT

w has been derived in another submitted
paper by these authors.

4. Model validation

4.1. Comparison with experimental data

Konishi et al. [16] using the experimental data of Hiraki et al.
[16] presented the following correlation for the heat flux at the
meniscus:

qa ¼ 5;960;000 expð�2:3tTÞ þ 1;490;000: ð19Þ

In Hiraki et al. [16] investigation, the heat flux was computed at
a location 45 mm below the meniscus. Thus, in order to estimate
the heat flux density at the meniscus, their data were modified
by considering the transit time elapsed from the meniscus to the
location of measurement. The transit time tT, is given by the ratio
of distance and casting speed, i.e.
Casting velocity,m min-1 
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tT ¼
45
VC
� 60

1000
: ð20Þ

Konishi et al. [16] fitted Eq. (19) for longitudinal crack modeling
in slab. Fig. 3 compares the normalized form of present model (ra-
tio of heat flux density at the meniscus at a given casting velocity
to heat flux density at the meniscus for casting velocity equal one)
with normalized form of Schwerdtfeger model (Eq. (2)) and nor-
malized form of Konishi model (normalized form of Eq. (19)).
The Schwerdtfeger model was presented based on experimental
data for casting velocity less than 2 m min�1 and Konishi model
for casting velocity about 5.0 m min�1. Fig. 3 shows that the pres-
ent model at low casting velocity with a good approximation cor-
responds to Schwerdtfeger model and at higher casting velocity
corresponds to Konishi model. For this comparison the data of slab
listed in Table 1 was used and a was considered equal to 1.25 m�1.

Fig. 4 compares the local heat flux density for slab predicted by
the present model (Eq. (11)) with the results of Eq. (1) in which Eq.
(19) is used as qa. For this comparison the data of slab which have
been listed in Table 1 were used. In this comparison the exponent
a was considered equal to 1.25 m�1. Determination of Q from
water velocity, selection of exponent a and curve fitting approxi-
mation could be the reasons for small difference between present
model and empirical Eq. (19).

4.2. Validation of the model in simulation of solidification

In solidification modeling to predict the temperature and
growth of the solidifying steel shell, the local heat flux is needed
as a boundary condition in solution of heat conduction equation
[16,27,33], therefore in this section the present model (Eq. (11))
is examined as a boundary condition for solidification modeling.
For this purpose the numerical modeling of the strand has been
developed to track a transverse slice of a steel bloom as it moves
down through the mold. The mathematical formulation of heat
transfer is based on the fundamental equation of heat conduction.
Because of high heat extraction rate at the strand surface, heat con-
duction in z direction is negligible compared to the heat trans-
ferred by the bulk motion of strand [17]. Therefore, heat
conduction equation reduces to a two-dimensional unsteady form
[34]

qðTÞCðTÞ oT
ot
¼ o

ox
kðTÞ oT

ox

� �
þ o

oy
kðTÞ oT

oy

� �
þ _q; ð21Þ

_q ¼ qðTÞDHf
ofs

ot
: ð22Þ

For simplification of Eqs. (21) and (22) the enthalpy formulation is
used:

oqðTÞHðTÞ
ot

¼ qðTÞCðTÞ oT
ot
� qðTÞDHf

ofs

ot
: ð23Þ

The enthalpy of material is computed as the sum of sensible en-
thalpy, h, and the latent heat

HðTÞ ¼ href þ
Z T

Tref
CðTÞdT

� �
þ fsDHf : ð24Þ

The solid fraction is supposed to obey the linear model [35]:

fs ¼
1 T < Tsol

T�Tliq
Tsol�T liq

Tsol 6 T 6 T liq

0 T liq < T

8><
>: : ð25Þ

At the range of temperatures where solidification occurs for
metallic alloys, the physical properties will be evaluated using fol-
lowing equations [36]:



Table 1
The practical conditions for numerical and analytical simulation of bloom and slab

Parameter Bloom – 0.4% C (present work) Slab – 0.04% C (Ref. [28])

Mold dimensions (m) 0.27 � 0.29 1.66 (width)
Mold length (m) 0.78 0.9
VC (m min�1) 0.75 3.6
Mold level (%) 85 90 (working mold length 0.81 m)
Q (l min�1) 2347 4330
Tpouring (�C) 1530 1550
Tsol (�C) 1396 1509
Tliq (�C) 1492 1529
kl (W/mk) 39 39
ks (W/mk) (20.87 + 8.8345 � 10�3 T) (20.87 + 8.8345 � 10�3 T)
Cl (J kg�1 K�1) 824.6157 824.6157
Cs (J kg�1 K�1) (429.849 + 0.1498 � 10�3 T) (429.849 + 0.1498�10�3 T)
DT0

w (�C) 4.9 10
DHf (J kg�1) 260,000 272000

T (�C) T (�C)
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Fig. 4. Comparison of predicted local heat flux density by present model and
combination of Konishi fitted equation with Eq. (1).
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Fig. 5. The schematic diagram of coordinate and calculation domain.

Fig. 6. The vertical breakout section which has happened in the fix sector area. This
figure indicates the meniscus and the shell thickness along of the mold and below of
the mold.
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k ¼ ðkS � kLÞfs þ kL; ð26Þ

C ¼ ðCS � CLÞfs þ CL; ð27Þ

q ¼ ðqS � qLÞfs þ qL: ð28Þ

3.2.1. Boundary conditions
Fig. 5 shows the Schematic diagram of the coordinate and the

computational domain. Two-dimensional heat transfer phenome-
non was considered, with the heat flux being admitted to be neg-
ligible along the vertical direction (z), i.e., oT

oz ¼ 0. The bloom
symmetry permits that only one quarter of the cross-section is
modeled for a full thermal evolution characterization. The bound-
ary conditions are summary in below [36]:

at y ¼ 0 and 0 < x < xs � kðTÞ oT
oy ¼ 0

at x ¼ 0 and 0 < y < ys � kðTÞ oT
ox ¼ 0

at y ¼ ys and 0 < x < xs � kðTÞ oT
oy ¼ q

at x ¼ xs and 0 < y < ys � kðTÞ oT
ox ¼ q

at t ¼ 0 T ¼ Tpouring:
The solid fraction used to measure solid shell thickness is equal
to 0.75. The equations were solved using a finite volume code. The
diffusive terms are discretized with a central-difference scheme
and time derivative is discretized with a first-order implicit back-
ward differences. The time step was set 0.05 s. The number of ele-
ments in generated uniform mesh was nearly 14,400. The case
study which used in present numerical simulation is a bloom with
breakout problem. Fig. 6 depicts the vertical breakout shell. The
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measured thickness of solidified shell in the breakout shell was
compared with the numerically computed shell thickness. Table
1 lists the practical conditions and mold characteristics for the
bloom with breakout problem. Fig. 7 indicates the local heat flux
density calculated by present model (Eq. (11)) at the mold length
for breakout bloom. Fig. 8 compares the measured and numerical
predicted solidified shell. As shown in Fig. 8, the present model
as a boundary condition yields to a correct prediction of solidified
shell. Fig. 8 shows that the simulated shell thickness using present
model as a boundary condition is in reasonable agreement with the
measured data. Therefore, the present model can be used as a
boundary condition in the numerical solidification modeling. And
it is possible to determine the effect of each operational parameter
in the continuous casting process by numerical simulation of the
solidification.

5. Conclusions

In this work a new model for local heat flux density in the con-
tinuous casting mold was presented. This model does not have the
limitations of Schwerdtfeger model such as determination of qa.
The term of DTT

w in present heat flux model, which is measured di-
rectly by the continuous casting system, has been affected by all
effective parameters such as steel composition, condition of mold
oscillation, casting velocity, mold level, mold taper, mold flux layer
properties, gas gap properties and cooling water properties (water
temperature and flow rate of cooling water). The present model
can be used as a boundary condition in numerical simulation of
solidification with a good accuracy. An advantage of present model
is its controllability with manageable parameters i.e. casting veloc-
ity, flow rate of cooling water, and mold level.
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