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Abstract−− This work describes a computational 

model named TEMREP, which determines the 
thermal states of a tundish and the liquid steel tem-
perature during continuous casting, as a function of 
steel ladle teeming temperature evolution, heat losses 
to tundish refractory lining, and insulating coating 
during transient and steady states of the operating 
process. Solution of the thermal equations is per-
formed via the finite element method. TEMREP pre-
dicted numerical values were compared with in plant 
experimental measurements, with good accordance 
between them. On average, steel tundish tempera-
ture difference was of about ±4ºC. The model can be 
used as a design tool, by performing parametric 
studies to detect the relevant process variables. Since 
the computing time is much smaller than that of real 
process, the model is suitable of being implemented 
in an on-line system for tracking the steel tempera-
ture for automation control during the casting se-
quence. 

Keywords−− numerical simulation, heat transfer, 
steel temperature, continuous casting tundish. 

I. INTRODUCTION 
The quality of steel casting products is associated to the 
knowledge of numerous variables and operation pa-
rameters strongly interrelated. The phenomena that take 
place in the steel ladle directly affect those occurring in 
the tundish; later, what goes on in the continuous cast-
ing mold and downstream will be reflected in the inter-
mediate and semi-finished cast products quality (slabs, 
blooms, billets). 

The knowledge of the temperature of steel poured 
from the ladle is relevant to obtain high quality prod-
ucts. High superheat above liquids temperature in the 
tundish will increase central segregation, affect grain 
size and even produce breakouts owing to local solidi-
fied shell thinning of cast products, interrupting the con-
tinuous casting sequence. On the other hand, low super-
heat in the tundish will promote clogging of tundish 
nozzles, macro inclusions entrapment and will affect 
flux powder melting increasing the probability of mold 
sticker formation. 

After tapping from the LD converter, the liquid steel 

held in the ladle is transferred to the Ladle Furnace and 
Trimming Stations, for final grade composition and 
temperature adjustment. Then, the ladle is delivered to 
the continuous caster and no further temperature correc-
tion is possible. Thus, the forecast of steel temperature 
to be poured in the tundish depends upon many operat-
ing parameters such as the thermal history and wear of 
the ladle refractory lining, precise knowledge of refrac-
tory thermal properties and transfer coefficients, the use 
of ladle top covers and insulating slag layers, the time 
each operating stage lasts, argon stirring practice and 
waiting period before teeming which lead to different 
ladle stratification grades, teeming rate, etc. 

Computational modeling has become a powerful 
tool for the analysis of heat losses of liquid steel along 
the continuous casting process. A literature review 
mainly classifies published models in two groups. To 
the first group belong the models that predict bulk tem-
perature of the melt in the ladle and in the tundish 
(Fredman et al., 1999; Gastón and Medina, 1996; Peteg-
nief et al., 1989; Tomazin et al., 1986; Linka et al., 
1986; Morrow and Russell, 1985; Pfeiefer et al., 1984). 
This kind of models is particularly appropriate for on-
line implementation for steel temperature control and 
tracking of the thermal state of casting ladles and tun-
dishes (Castillejos et al., 1997; Gupta and Chandra, 
2004a, 2004b; Zoryk and Reid, 1993). The other group 
corresponds to CFD studies of the stratification phe-
nomena developed in the ladle during holding and teem-
ing and its impact on the tundish temperature flow 
(Chakraborthy and Sahai, 1992a, 1992b). Most of them 
were carried out using commercial packages like 
PHOENICS and CFX (Austin et al., 1992; Grip et al., 
2000; Xia and Ahokainen, 2001; Pan et al., 2003). 

Numerical fluid dynamics has also been intensively 
applied to analyze the characteristics of the fluid flow in 
the tundish for design optimization. Physical modeling 
of transport phenomena has also assisted in the under-
standing of fluid flow in steel casting vessels in general. 

The model described in this work belongs to the first 
group. It is a specific code that predicts the mean steel 
tundish temperature and the tundish thermal state during 
continuous casting as function of heat losses through the 
tundish shell, insulation of the steel bath and tempera-
ture of the outlet steel melt drained from the ladle. 
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II. HEAT TRANSFER MODEL 

A. Tundish Energy Balance 
Assuming a uniform temperature of the steel in the tun-
dish, by applying the principle of conservation of en-
ergy the following expression is obtained:  

( ) ( ) ( ) ( ) ∑
=

++=
3

1i
iiststolasti

ststst qAtTcmtTcm
dt

tTtMdc , (1) 

where, the first term in the right side represents the in-
flow of energy from the ladle, the second the outflow of 
energy through the tundish nozzles, and the last one the 
conductive heat losses to the tundish refractory lining 
and heat losses from the top surface bath (radiation and 
convection to ambient air or conduction to the top cover 
layer if present). This equation holds for the first cast of 
a continuous casting sequence ( )0=om , the ladle change 
period( )oi mm≠, and steady state regime ( )0mmi = . 

Heat conduction in the refractory tundish lining is 
governed by: 
 [ ]

t
TcTk
∂
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with the following boundary conditions in the surface in 
contact with liquid steel (a), above the steel level (b) 
and outer surface of the tundish (c): 
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Radiation losses qrad are evaluated according to 
Stefan Boltzmann Law. Figure 1 shows a section of the 
tundish and the heat transfer mechanisms considered in 
the heat transfer model. 

The variable volume of liquid steel in the tundish is 
defined by the time variation of steel height above the 
tundish bottom. This way, the filling, holding and ladle 
change periods are simulated as particular cases of a 
general algorithmic frame. 
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Fig. 1. Heat transfer mechanisms taken into account in the 
thermal analysis. 

B. Numerical Solution. Finite Element Formulation 
Equation (1) was discretized by an explicit finite differ-
ence scheme: 

 
( )

( ) ( ) ( ) .
3

1
⎟
⎠

⎞
⎜
⎝

⎛
++

Δ

+=Δ+

∑
=i

iiststoladlesti
stst

stst

qAtTcmtTcm
tMc

t

TttT
 (6) 

A finite element formulation was applied to Eq. (2). 
By use of the weighted residual statement, the weak 
form of the heat transfer equation was derived:  
 ( ) 0=⎥
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Application of Galerkin method (Zienkiewicz and 
Taylor, 1989), Green's theorem and boundary conditions 
to the above expressions yields the following algebraic 
systems of equations:  
 FTKTC =+ , (8) 
where C is the global capacitance matrix, K the global 
conductance matrix and F the global load vector defined 
by the following expressions: 
 ( ) Ωρ

Ω

dNNTcC jiij ∫∫= , (9) 
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where Ni are the shape functions. Linear triangular ele-
ments were used to discretize the domain. Crank-
Nicholson central difference scheme was employed to 
solve Eq. (8), because it is unconditionally stable and 
second-order accurate in time. 

C. Ladle Teeming Temperature 
TEMREP determines the steel temperature evolution in 
the tundish as function of the steel ladle teeming tem-
perature. Two input options are available to load this 
information: (1) a mean steel ladle temperature file gen-
erated by a fem code of the simulation of the thermal 
cycle of casting ladles (Gastón et al., 2000; Sanchez 
Sarmiento and Gastón, 1997a, b); (2) an analytic ex-
pression to account for the time evolution of the mean 
teeming temperature (Gastón et al., 1991): 
 ( ) ⎟

⎠
⎞⎜

⎝
⎛ −++=

teem
ladle t

tlnataatT 1210 , (12) 

where a0 ,  a1 and a2 depend on the thermal characteristic 
of the ladle lining under steady state thermal condition. 

Because of conductive heat losses to ladle lining and 
slag layer, steel cools along the walls and runs to the 
bottom while hot steel moves to the top under the slag 
layer, generating natural convection flows and thermal 
stratification of the melt during the holding period be-
fore teeming. Thus, depending on the teeming practice, 
the temperature of the first steel poured from the ladle 
may be lower than the average. 

A correction factor of the teeming temperature ow-
ing to temperature stratification in the ladle is consid-
ered by TEMREP, according to the simplified model 



Latin American Applied Research  38:259-266 (2008) 
 

261 

proposed by previous authors (Alberni and Leclerq, 
1973; Castillejos et al., 1997). 
 ( ) ( )tTtTT corladlecorr Δ+= , (13) 

 ( ) ( )
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−
−

= ΔΔ , (14) 

Austin et al. (1992), based on full CFD studies, sug-
gested that the rate of increase in temperature difference 
between the central top and bottom of steel τ is linearly 
proportional to the bulk cooling rate of the steel in the 
ladle ċ. The stratification grade ΔTstrat depends on the 
waiting period tdelay before teeming and is estimated 
with the following expression: 
 delaydelaystrat tctT 2==τΔ , (15) 

D. Software Capabilities 
The software capabilities were fully described else-
where (Gastón et al., 2005). The basic steps performed 
by the program are briefly outlined here: 
1. User specification through interactive menus of: 
• Geometrical data  
• Thermal properties of tundish refractory materials 
and steel shell. 
• Operational data of ladle casting rate and teeming 
steel temperature from the ladle 
• Tundish filling, emptying and steady state operating 
conditions 
• Time steps for numerical simulation and output 
graphic options 
• Initial thermal condition of the tundish. 
• Tundish boundary conditions. 
• Thermocouples location and measured temperatures 
in the refractory lining for model validation. 
2. Automatic mesh generation of the tundish domain. 
3. Resolution of the heat balance equation of liquid 
steel coupled with the heat conduction to the tundish. 
4. Post-processing. Results are shown in different 
graphical formats: isotherms for time steps specified by 
the user, time temperature evolution of any node, of 
liquid steel in the tundish and in the ladle; heat stored in 
side wall and bottom of tundish refractory lining, heat 
losses through the side and bottom shell during an 
operating tundish cycle, and heat flux distribution 
through the tundish shell at a given time step. Figures 2 
and 3 show typical graphic outputs. 

III. MODEL VALIDATION 
To validate TEMREP steel plant measurements were 
carried over a sequence of twenty casts. Steel tundish 
temperature was recorded twice during a single cast. 
Two thermocouples were embedded in the working lin-
ing to continuously monitor refractory temperatures 
during the campaign. 

Figure 4 shows the 36 ton SIDERAR tundish and 
Fig. 5 a longitudinal section with the thermocouples 
embedded in the narrow side. Since heat is conducted 
mainly througth the long sides, a 2D model of the 
tundish was assumed. Figure 5 illustrates the cross 
section adopted in TEMREP and the refractory lining 

configuration. Dimensions were defined so that the 
contact transfer area with liquid steel was equal to that 
of the actual tundish. The thermocouples were located 
preserving the heigth and distance to the hot face. 
 

 
Fig. 2. Steel tonnage time evolution during tundish cycle. 

 
Fig. 3. Isotherm distribution of tundish refractory lining for a 
given time step. 

 
Fig. 4. 36 ton SIDERAR tundish. 

 
Fig. 5. Thermocouples location in the tundish wall. 
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Fig 6. Cross section tundish representation and thermocuple 
location in TEMREP model. 

A. Ladle Teeming Temperature 
The temperature of the steel ladle stream was calculated 
applying a computational model named TEMALC 
(Gastón et al., 2000) specifically developed to simulate 
the steel temperature during the working cycle of cast-
ing ladles. Figure 7 shows the working stages simulated 
with this code.  

The input parameters of TEMALC code were de-
fined based on currently available steel plant informa-
tion. In the Trimming Station, after the bath is purged 
with inert gas for temperature and composition homog-
enization, the steel temperature is automatically meas-
ured by means of immersion Pt-Pt Rh probes with an 
accuracy of ± 4ºC. This value was used as the initial 
steel ladle temperature. An insulating slag layer and use 
of a ladle top cover during teeming were assumed in the 
simulation, according to steel shop practice. Since the 
ladles were in use, the thermal state assigned to them 
corresponded to that of a soaked refractory or in quasi-
steady thermal state, generally achieved after five or six 
ladle cycles (Gastón and Medina, 1996). 

Knowing the steel temperature at the end of the 
Trimming Station treatment, the time elapsed before the 
cast starts, the teeming rate, the thermal state and refrac-
tory ware of the ladle, the code predicts the ladle teem-
ing temperature. Afterwards, the cooling rate of bulk 
liquid steel in the ladle ( c ) is evaluated for each cast. 
Knowing the time elapsed in the swing tower before 
teeming (tdelay) the stratification grade Tstrat is computed 
according to Eq (15) and the ladle teeming temperature 
corrected acoording to Eq. (13). 

Figure 8 shows the outlet temperature of the melt 
drained from the ladle for cast Nº 1, 5, 10, 15, and 20. 
The temperature drop presents an almost linear behavior 
for most part of the teeming process with an abrupt fall 
at the end accompanying the rapid increase of the ratio 
(heat transfer area/mass of steel in the ladle). The slope 
of the linear portion is nearly the same for the five 
curves giving an average cooling rate c  of 0.17ºC/min. 

  

 
Fig. 8. Ladle teeming temperature curves predicted with 
TEMALC. 

B. Effect of input parameters on model predictions 
The prediction of the temperature evolution of liquid 
steel during continuous casting depends upon many 
variables, which respond to the features of each steel 
shop. 

The ladle and tundish lining configuration, thermal 
properties of refractory materials and the time each 
stage lasts, generally are well known input parameters. 
Preheating of a new ladle, ladle thermal status, turn 
around time (waiting time with an empty ladle after 
teeming until next tapping) and use of top covers have a 
strong impact in the ladle teeming temperature. The 
effect of these parameters is well documented in the 
references cited in previous sections. 

Other input parameters involved in the prediction of 
the steel temperature in ladle are more difficult to de-
fine, and usually model tuning is necessary. Such pa-
rameters are related to ladle treatment (heat losses ow-
ing to alloy addition and purging, heating rate during 
arcing) and radiation losses form the top surface bath. In 
present work, in order to minimize the influence of 
these parameters, TEMALC was applied to forecast the 
steel temperature after the ladle furnace treatment, ini-
tializing the thermal status of steel by a measured tem-
perature, as explained in previous section. 

The preheating status of the tundish lining affects 
the first casts of a continuous casting sequence. The 
effect of a linear temperature profile and a uniform dis-
tribution of 300ºC shown in Fig. 9 were tested and it 

Triming Station 
Last measured steel 

temperature 

Transport 
Time elapsed 

before Teeming 

Tundish  

Teeming  

Fig. 7. Simulation with TEMALC modules. 
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was found a temperature difference of about 4ºC in the 
temperature evolution during the first cast (Gastón et 
al., 2005). It takes eight heats to warm up the lining and 
reduce this difference to 0.2 - 0.3ºC. 

When ladle stratification is not taken into account 
the model overpredicts the steel temperature in the tun-
dish (Gastón et al., 2005). Inclusion of this factor shifts 
the predicted curve to an extent that depends on the la-
dle holding time prior to casting, as will be shown in 
next section. 

 
Fig. 9. Initial tundish tempeterature distributions. Linear and 
uniform (300ºC) profiles. 

C. Validation results 
First, the measured temperatures in the refractory lining 
were used for tuning some model parameters such as 
thermal conductivity of the castable working lining and 
the tundish initial thermal state. Information about tun-
dish preheating was rather scarce, so the temperature 
distributions shown in Fig. 9 were tested. 

Figures 10 and 11 compare measured and predicted 
temperatures. The saw tooth line represents the time 
evolution of the weight of liquid steel in the ladle during 
the sequence, illustrating the number of casts per-
formed. Unfortunately, data was only recorded by the 
thermocouple close to the hot face while the inner one 
failed. Starting from the linear distribution (1200ºC in 
hot face and 200ºC in shell), that would represent a pre-
heated tundish to a thermal stationary state, computed 
values were higher than the measured data during the 
first five cycles and of about 100ºC lower at the end of 
the sequence (Fig. 10). Based on these results, a uniform 
initial temperature distribution of 300ºC (first recorded 
temperature) was assumed. A sensitivity analysis car-
ried out for the castable thermal conductivity range of 
(0.5-1.0) W/mºC, gave the best fit for 0.75 W/mºC (Fig. 
11), so this value was adopted for further calculations. 
The effect of thermal conductivity on steel tundish tem-
peratures showed that the difference between predicted 
curves was of about 2ºC for the first cast and less than 
0.5ºC for the last one. 

In the tundish, temperature is also automatically 
measured with immersion Pt-Pt Rh probes with a sensor 
error of ± 2ºC. Figure 12 illustrates measured tundish 
temperatures for casts number 1, 5, 15, and 20 together 
with the resulting steel temperature in the tundish during 
the filling, full tundish and ladle change period. The 
evolution of the teeming temperature of steel from the 
ladle and the corrected ladle temperature including 

stratification are also depicted. The predicted tempera-
tures without stratification are included for the first cast 
(21 min ladle holding time) and the last one (9 min ladle 
holding time) showing average temperature shifts of 7ºC 
and 5ºC, respectively. 

 
Fig. 10. Measured vs. predicted thermocouple temperature 
evolution during the casting sequence. Initial linear tempera-
ture profile (1200ºC – 200ºC). Castable thermal conductivity 
0.5 W/mºC. 

 
Fig. 11. Measured vs. predicted thermocouple temperature 
evolution during the casting sequence. Effect of castable 
thermal conductivity.  Uniform initial thermal state (300ºC). 

Figure 13 shows a scattered plot of predicted against 
measured temperatures for the 20 casts and Fig. 14 the 
resulting deviations, summarizing the performance of 
present model. It may be noted from these figures that 
predicted values are randomly distributed around a 45º 
straight line and the difference of temperature between 
prediction and measurements lie mostly within ± 4ºC 
for 32 out of 40 data (mean value 0.14, standard devia-
tion 3.8, standard error 0.6). These deviation values are 
of the same order of magnitude as those reported by 
other simulation models available in literature (Cas-
tillejos et al., 1997; Deb et al., 1999; Jormalainen and 
Louhenkilpi, 2006). 

Finally, Figures 15 and 16 depict the energy trans-
ferred by conduction to the tundish refractory lining 
during the continuous casting sequence. Starting from a 
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rather cold temperature distribution, it takes almost ten 
cycles to reach a quasi-steady thermal state. The same 
analysis performed for the preheating profile (1200ºC – 
200ºC) showed that this condition is achieved after five 
heats. 

 

 

 

 
Fig. 12. Mean temperature evolution of steel in the ladle and 
comparison of predicted mean steel tundish temperature with 
steeplant measured. Stratification factor: (NS) not included– 
(S) included. 

 
Fig. 13. Comparison between predicted temperatures in the 
tundish and steel plant measurements. 

 
Fig. 14. Deviation between steel plant measured and predicted 
temperatures in the tundish. 

 
Fig. 15. Energy transferred to the side wall tundish lining 
during the casting sequence. 

 
Fig. 16. Energy transferred to the bottom tundish lining during 
the casting sequence. 
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IV. CONCLUSIONS 
Based on heat transfer principles a computational model 
to predict the steel temperature of liquid steel in the tun-
dish during a continuous casting operation was devel-
oped. 

This program allows sensitivity analysis of process 
parameters such as tundish preheating, lining refractory 
configuration, casting rate, bath insulation to quantify 
their effect on steel temperature evolution and thus de-
tect those that are relevant to achieve an adequate tem-
perature control during the process. 

The model validation was carried out by comparison 
of plant measurements of lining and steel temperature in 
the tundish against model predicted values with good 
accordance between them. 

Deviations between measured and predicted tem-
peratures by TEMREP were less then 50ºC in the re-
fractory lining and of about ± 4ºC for liquid steel. 

TEMREP and TEMALC are complementary codes 
that can be utilized on-line to forecast the temperature 
evolution of the liquid steel in the tundish and in the 
ladle. Since the computing time is much smaller than 
that of real process, plant operators have the chance to 
correct process variables to achieve an adequate tem-
perature control and a free trouble production route 
from the LD converter to the caster. 

 

NOTATION 
a0,a1, a2 coefficients of the ladle teeming temperature 

analytical expression 
Ai heat transfer area (m2) 
c  cooling rate of liquid steel in the ladle (ºC/min) 
cst specific heat of liquid steel ( J/kg ºC) 
c specific heat of refractory lining (J/kg ºC) 
C global capacitance matriz  
F global load vector 
he external heat transfer convective coefficient 

(W/m2 ºC) 
hin internal heat transfer convective coefficient 

(W/m2 ºC) 
hst heat transfer convective coefficient between 

liquid steel and refractory wall (W/m2 ºC) 
k thermal conductivity of refractory lining 

(W/mºC) 
K global conductance matrix 

im  inflow mass of steel (kg/s) 

om  outflow mass of steel (kg/s) 
Mst(t) mass of steel in the tundish (kg) 
n outward normal 
N shape function 
qi heat transfer flux (W/m2) 
qrad radation heat flux (W/m2) 
t time (s) 
ti ladle teeming start time (s) 
tteem ladle teeming end time (s) 
tdelay time elapsed in the tourret before teeming  
T refractory lining temperature (ºC) 

Tair ambient temperature (ºC) 
Tladle ladle steel temperature (ºC) 
Tst steel tundish temperature (ºC) 
Tstrat stratification grade (difference between top and 

bottom steel ladle temperature) (ºC) 
W weighting function 
ρ density of refractory lining (kg/m3) 
τ stratification rate (ºC/s) 

REFERENCES 
Alberni, R. and A. Leclerq, “Heat losses from liquid 

steel in the ladle and in the tundish of a continuous 
casting installation,” Proc. of  Mathematical Proc-
ess Models in Iron and Steelmaking, TMS, London 
England, 157-164 (1973). 

Austin, R.P., L.M. Camplin, J. Herbeston and I.J. 
Taggart, “Mathematical modeling of thermal strati-
fication and drainage of steel ladles,” ISIJ, 32, 196-
202 (1992). 

Deb, P., A. Mukhopadhyay, A. Ghosh, B. Basu, S. Paul, 
G. Mishra and P.K. Mukhopadhyay, “Prediction of 
temperature during processing through ladle fur-
nace in LD2,” Tata Search, 47-55 (1999). 

Castillejos, A.H., F.A. Acosta, A. Betancourt, A. Flores, 
M.A. Pedroza, M.A. Herrera and R. Sepúlveda, 
“On-Line modeling for temperature control of la-
dles and steel during continuous thin slab casting,” 
Iron and Steelmaker, 23, 53-63 (1997). 

Charkraborty, S. and Y. Sahai, “Effect of slag cover on 
heat loss and liquid steel flow in ladles before and 
during teeming to a continuous casting tundish,” 
Metallurgical and Material Transaction B, 23B, 
135-152 (1992a). 

Charkraborty, S. and Y. Sahai, “Effect of holding time 
and surface cover in ladles on liquid steel flow in 
continuous casting tundishes,” Metallurgical and 
Material Transaction B, 23B, 153-167 (1992b). 

Fredman, T.P., J. Torrulla and H. Saxén, “Two dimen-
sional dynamic simulation of the stermal state of 
ladles,” Metallurgical and Material Transaction B, 
30B, 323-330 (1999). 

Gastón, A., R. Laura and M. Medina, “Model for pre-
dicting steel temperature and thermal state of cast-
ing tundishes,” Ironmaking and Steelmaking, 18, 
370-373 (1991). 

Gastón, A. and M. Medina, “Thermal modeling of cast-
ing ladles: high-alumina, dolomite, magnesite and 
magnesia-graphite refractories,” Iron and Steel-
maker, 23, 29-35 (1996). 

Gastón, A., G. Sánchez Sarmiento and U. Bertezzolo, 
“TEMALC: Modelo computacional de la transfe-
rencia de calor de cucharas de acero líquido. Man-
ual de Usuario”. Informe Técnico de SOFT-ING 
N° 013 (2000). 

Gastón, A., G. Sánchez Sarmiento and J.S. Sylvestre 
Begnis, “Computational modelling of heat trasnsfer 
in a continuous casting tundish,” Proc. of the 15th 
IAS Steelmaking Conference, 349-358 (2005). 



A. GASTÓN, G. SÁNCHEZ SARMIENTO, J. S. SYLVESTRE BEGNIS 

266 

Grip, C.E., K. Jonsson, S. Eriksson, L. Jonsson, P. Jöns-
son and Y. Pan, “Theoretical and practical study of 
thermal stratification and drainage in ladles of dif-
ferent geometry,” Scandinavian Journal of Metal-
lurgy, 29, 30-38 (2000). 

Gupta, N. and S. Chandra, “Temperature prediction 
model for controlling casting superheat tempera-
ture, ISIJ International, 44, 1517-1526 (2004a). 

Gupta, N. and S. Chandra, “Prediction of tapping tem-
perature for direct route heats at LD & SC,” Tata 
Search, 181-189 (2004b). 

Jormalainen, T. and S. Louhenkilpi, “A model for pre-
dicting the melt temperature in the ladle and in the 
tundish as a function of operating parameters dur-
ing continuous casting,” Steel Research Int., 77, 
472-484 (2006). 

Linka, J.W., A.W. Cramb and D.H. Bright, “A model 
for predicting the thermal history of a ladle of 
steel,” Bethlehem Steel Corporation Report, 35-47 
(1986). 

Morrow, G. and R. Russell, “Thermal modelling in melt 
shop applications: theory and practice,” Ceramic 
Bulletin, 64, 1007-1012 (1985). 

Pan, Y., C.E. Grip and B. Björkman, “Numerical studies 
on the parameters influencing steel  ladle losses 
rate, thermal stratification during holding and steel 
stream temperature during teeming,” Scandinavian 
Journal of Metallurgy, 32, 71-85 (2003). 

Petegnief, J., J.P. Birat, M. Larrecq, M. Bobrie, F. Le-
mière and Y. Fautrelle. “Temperature control for 
liquid steel for billet and bloom casting: the French 
experience,” La Revue de Metalurgie-CIT, 86,47 
(1989). 

Pfeiefer, H., F. Fett, H. Schafer and K. Heinen, “Model 
zur thermischen simulation von stahlgiessepfan-
nen,” Stahl und Eisen, 104, 1279-1287 (1984). 

Sánchez Sarmiento, G. and A. Gastón, “TEMPCU. An 
integrated system for the numerical simulation of 
the heat transfer and thermal stresses in casting la-
dles,” Proc. of the 2nd Int. Symposium on Thermal 
Stressess and Related Topics, Rochester, New 
York, U.S.A, 8-11 (1997a). 

Sánchez Sarmiento, G. and A. Gastón, “Thermal and 
stress analysis of casting ladles by an integrated 
FEM Code,” Proc. of the Unified International 
Technical Conference on Refractories (UNITECR 
'97), New Orleans, U.S.A, 327-336 (1997b). 

Tomazin, C.E., E.A. Upton and R.A. Wallis, “The effect 
of ladles refractories and practices on steel tem-
perature control,” Iron and  Steelmaker, 13, 28-34 
(1986). 

Xia, J.L. and T. Ahokainen, “Transient flow and heat 
transfer in a steelmaking ladle during the holding 
period,” Metallurgical and Material Transaction 
B, 32B, 733-741 (2001). 

Zienkiewicz, O.C. and R. L. Taylor, The finite element 
method, McGraw Hill (1989). 

Zoryk, A. and P.M. Reid, “On-line liquid steel tempera-
ture control,” Iron and Steelmaker, 20, 21-27 
(1993).  

Received: May 18, 2007. 
Accepted: August 25, 2007. 
Recommended by Subject Editor Walter Ambrosini. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


