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The effect of varying ladle stream temperature on the fluid flow and heat transfer phenomenain a typical

twin strand slab caster tundish has been mathematically modeled in the present study. The model involves

solution of the transient, three dimensional form of the turbulent Navier-Stokes' equation, along with the

equations of turbulence energy, energy dissipation rate of turbulence energy and thermal energy conservation,

The incoming melt stream temperature has been assumedto decline at a constant rate of 0.5'C/min over

acasting period of 50 min. Under the conditions examinedin the present mathematical model, the temperature

of the incoming melt stream becomeslower than the bulk temperature of the melt in the tundish by about

1-2'C, after 25 min from the start of teeming of a heat. Dueto buoyancyeffects, the cooler incoming melt

starts to flow along the bottom of the tundish instead of the normal top free surface directed flow. The
calculations show that the inverse flow pattern develops over the remainder of the teeming period and
persists for about I min into the teeming of the next heat. Thus, the inclusion flotation and removal of the

non-metallic inclusions during the later half of the casting period are expected to be worse comparedto

the first half.

KEYWORDS:tundish; Iadle melt stream; temperature inversion; reverse melt flow; mathematical modeling.

l. Introduction

Todate, mathematical modeling studies of fluid flow

and heat transfer in continuous caster tundishes have

been done assuming steady state conditions, i.e. no
variation of the flow or thermal state of the fluid with

time.1~3) However, fluid flow and heat transfer phe-

nomenain actual tundishes are rarely invariant with

time. Themostobvious exampleof transient phenomena
in a tundish occurs during the ladle change operation.

The consequent transient fluid flow and thermal fields

existing in the tundish have been mathematically mod-
eled, and their effect on the flotation and removal of

non-metallic inclusions in the melt have been discussed

by the authors in their previous paper.4)

Apart from the ladle changeoperation, unsteady state

situation can be seen to exist within the tundish for the

whole extent of the casting period if the variation of the

ladle stream temperature with time is considered. In an
actual industrial operation, the temperature of the melt

teemed from the ladle to the tundish decreases

continuously with time. This is due to the continuous

heat loss of the melt contained in the ladle, by radiation

from the top surface and by conduction and convection

from the side walls and bottom. Typical casting periods

are usually 50min or more for each ladle. Thus, the

temperature of the melt during the later stages of teeming
is lower comparedto the temperature of the melt cast

initially. Theeffect of this temperature differential of the

ladle melt stream on the fluid flow and heat transfer

phenomenaof the melt in the tundish has been in-

vestigated in the present paper.

2. ModelFormulation

The system chosen for the present investigation is a
two-strand slab caster tundish with weirs and damsas

the flow modification devices. The design parameters of

the tundish and the thermophysical parameters and
properties of molten steel and refractory used are given

in Table 1. Due to symmetry considerations, only a
quarter of the full tundish has been modeled (Fig. 1).

For modeling the effect of the varying temperature of

the incoming melt on the flow and heat transfer

phenomenain the tundish, two consecutive casting

periods of 50min eachwereconsidered. Thetemperature

of the ladle outlet stream was assumedto decline at a
constant rate of 0.5'C/min over the full 50min of the

teeming period. This rate of temperature drop is

commonlyobserved in actual practice and has beencited

often in the literature.5 ~ 7) Themelt depth wasassumed

to remain at the normal operating level of 1.15m

throughout the casting period. The effect of the ladle

change occurring between two successive heats on the

fluid fiow and heat transfer phenomenain the tundish

has already been presented by the authors in a previous
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Table l. Important parameters for modeling of fiuid fiow

and heat transfer in the tundish.

Length of tundish

Width of tundish

Depth of melt

Inlet diameter

Outlet diameter

Numberof strands

Distance of weir from the

inlet

Depthof weir in the melt

Distance of damfrom the

inlet

Height of dam
Inlet velocity

Density of steel

Specific heat capacity of

steel

Thermal conductivity of

steel

Thickness of refractory

Thermal conductivity of

refractor y

8.O m
l .O m
l.15m

0.lOrn

O. 10m
2

0.45 m

O.70 m
0.90 m
0.60 m
l .52 msec 1

p=7OIO+(T- T~, p)( -0.883) kg m~ 3*

750Jkg~ I K~1

41.0Wm~I K~1

0.20 m

K11.5Wm~1 ~

Dissipation Rate of Turbulence Energy-

a(p8)

+
a [Pui8 'lerr ee IJ=

(CI 8G- C2p82)lk
at axi crc axi

.

(4)

where

G=p
:~ [;~

+
;~

•••••(5)
t

:J

Effectrve vrscosrty, perr =u1+~t
""""-""

(6)

ktt= CDPk2/a .,,...,....,,(7)

Thermal Energy Conservation -

l l

a(pT)
+

a(puiT)

_
a aT

pk (8)
at

err
axiexax

The values of the various constants in the turbulence

model follow the recommendations of Launder and

SPalding.8)

T,,,

F=Melting point of iron.
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Fig. l. Schematic ofaquarter ofthe tundish with a damand

a weir, and the location of the four temperature
monitoring points,

paper.4) Thus, in the present investigation, the melt

depth was assumed to be at the steady state level

throughout the duration of the two heats.

Thegoverning equations representing the mathemati-

cal model are:

Equation of Continuity -

ap
+

a(pui)
=0 ,.........

..........(1)

at ax

MomentumBalance Equations -
a(pui)

+
a(puiuj)

at axj

l J

!J

l

ap
+

a aui au
+gi(P-po)+ Jkterr

ax ax exj ax

.

.(2)

Turbulent Kinetic Energy-

a(pk)
+

a
• _

J-
•

•(3)

.

pulk
ue:f aki

_G-pe ......

l a axat ax

3. BoundaryConditions

Close to the tundish walls, the variation in the fiow

properties are muchsteeper than within the bulk fluid.

The velocities parallel to the walls and the turbulence

quantities at the nearwall nodes were calculated using

the standard logarithmic wall functions.9) At the free

surface which wasassumedto be flat andat the symmetry
planes, the normal velocity componentsand the normal
gradients of the parallel velocity components, turbulence

energy and energy dissipation were set to be zero. For
modeling the heat losses in the tundish, a heat flux of

15kW/m2was specified at ~he free surface.10) A tem-

perature wall function following Jayatilake's correla-

tionl l)
wasused to calculate heat losses through the walls.

The heat loss through the thermal boundary layer as

given by the correlation I l)
wasequated to the conduction

heat loss through the walls and natural convection heat

transfer at the outside surfaces of the walls. Appropriate

heat transfer correlations were taken from Ref. 12). An
ambient air temperature of 323K was assumed. The
computedsteady state heat losses were I.4kW/m2from
the bottom, 3,2kW/m2from the longitudinal, vertical

wall and 3.8 kW/m2from the transverse, vertical wall.

Thesevalues are in goodagreementwith the industrially

measured conduction heat loss value of 2.6kW/m2
quoted in Ref. 3). At the symmetryplanes, the normal

gradients of temperature were taken to be zero.

As mentioned before, the total casting time of a heat

considered in the present modeling study was 50min,

Assuminga constant teeming rate from a 250t ladle, the

tundish inlet velocity wascalculated to be I.52 m/sec. In

an actual system, the velocity of the melt stream coming

out of the ladle decreases with time as the ladle

progressively empties. In order to maintain a constant

casting throughout, the ladle outlet area is correspond-

ingly enlarged. However, in the present investigation, the

constant casting rate has been modeledby assuming a
constant melt stream velocity and an invariant tundish

inlet area. The temperature of the incoming melt stream
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at the beginning of teeming was assumedto be 1838K
(1 565'C). It wasassumdto drop at a rate of 0.5'C/min

over the 50 min of teeming period. Thus, the incoming
melt stream temperature at the endof casting was1813K
(1 540'C), a tota] temperature drop of 25'C. These are
realistic values commonlyobserved in the industry.

4. Numerical Solution Procedure

Finite difference equations were derived for the

governing coupled partial differential equations using

an implicit finite difference procedure referred to as

SIMPLE(Semi-Implicit Method for Pressure Linked
Equations).13) The flow domain corresponding to the

symmetrical quarter of the tundish was divided into a
non-uniform grid of 30 (longitudinal) x 10 (trans-

verse) x 14 (vertical). The steady state formulations of

the governing equations were first utilized to calculate

the steady state flow and thermal fields in the tundish

corresponding to the inlet velocity of I.52m/sec and an
inlet stream temperature of 1813K. The inlet melt

temperature corresponded to the last temperature of the

ladle outlet stream of the previous heat in a sequence
casting operation, Using the calculated flow and thermal
fields as the initial guesses, unsteady state calculations

were carried out over the full casting period of 50min.

The flow and temperature fields in the tundish at the end
of 50 min were then used as the inltial fields to carry out
the calculations for a second successive heat of 50min
duration.
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Predicted flow field in longitudinal, vertical planes, (a)

at the plane of symmetry, and (b) closer to the wall

under steady state conditions.

5. Results and Discussions

As mentioned previously, the initial situation con-
sidered for the modeling of the varying ladle stream

temperature wasestablished in the tundish by considering

steady state flow of melt coming in at a velocity of

l .52 m/sec and at a temperature of 1813K. Thevelocity

distributions in the longitudinal, vertical symmetryplane

containing the inlet stream and the outlet to the mold
and in the longitudinal, vertical plane close to the wall

are shownin Figs. 2(a) and 2(b), respectively. It should

be kept in mind that the magnitudeof the plotted velocity

vectors in Fig. 2 and subsequent velocity plots are
proportional to their lengths. The vector shownat the

top of Fig. 2 refers to a scale of 0.05rnsec~1. At some
places in the tundish, the velocities exceed 0.05 msec~ 1'

these vectors have been truncated and cross marks(x )
are placed on them. Although these high velocity vectors

with marks (x ) are not clearly visible, they are in the

region upstream of the weir. FromFig. 2, it can be seen
that the melt, after being entrained in the region bound-
ed by the weir and the dam, fiows predominantly along
the top free surface towards the tundish outlet. A
recirculatory zone can be observed in the downstream
side of the dam. The velocities in this region are smaller

cornpared to the velocities in the remainder of the

tundish. Figure 2(b) showsthat in the plane adjacent to

the wall, the melt flow direction is from the bottom
towards the free surface in the weir and damregion.

Thereafter, the melt flows along the top free surface and
downalong the end wall to give rise to an extensive
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Flg. 3. Temperature distributions in the tongitudinaL vertical

symmetryplane under steady state conditions.

recirculation in the downstreamregion of the dam.
Figure 3 represents the temperature contours in the

longitudinal, vertical symmetry plane obtained under
steady state conditions. FromFig. 3, it can be seen that

the high degree of turbulence andconsequentmixing has

led to the maintenance of the inlet stream temperature
of 1813K in the region boundedby the weir and the

dam. As the melt flows along the top surface, it

progressively loses heat by radiation. The temperature
of the melt drops by about 3'C as it reaches the outlet.

The lowest temperatures of 1810K and below are
,observed in the relatively stagnant region downstream
of the dam.

To trace the evolution of the thermal field of the melt

in the tundish corresponding to the varying inlet

temperature, four temperature monitoring points within

the tundish, A, B, C and D were considered in the

mathematical model. The locations of these four

monitoring points havebeenshownin Fig. I .

A11of them
lie in the longitudinal, vertical symmetry plane of the

tundish containing the inlet stream and the exit to the

mold. Point Awaschosennear the tundish inlet, Bnear
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period of 50 min.
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the free surface, Cat the tundish outlet and Dnear the

downstreamside of the dam.
Figure 4 represents the temperature variation of the

melt at the four monitoring points over the full casting

period of 50min. The temperature at the point A reflects

the assumedtemperature variation of the melt coming

out of the ladle. The incoming stream temperature drops

from 1838 to 1813K over 50min. However, at the

beginning of teeming, the thermal field of the melt in the

tundish wasassumedto be established by the temperature

of the last incoming melt stream of the previous heat,

which was 1813K. The influx of the hotter melt stream

of the present heat thus leads to a gradual increase of

the overall temperature of the melt within the tundish.

This is reflected in the rise of the temperature of the melt

at the monitoring points B, Cand D. The temperature

of the melt near the free surface (B) has increased from

about 1812 to about 1828Kduring the first lOmin of

teeming. The temperatures of the melt at the outlet (C)

and near the dam(D) have also increased but at slower

rates. The temperature of the melt at the outlet (C) has

increased from 1810 to about 1822K during the same
time, whereasthe temperature at the region downstream

of the damand adjacent to it (D) has increased from

about 1809 to about 1820K.
Theeffect of the continuous decrease of the incoming

melt temperature on the temperature of the melt in the

tundish beyond the initial lOmin of teeming can also

be seen from Fig. 4. The temperature of the melt at B
near the free surface attains amaximumof about 1829K,

after 15min of pouring and then starts to fall. Thetundish

outlet melt temperature (C), however, continues to

increase for about 5more min and reaches its highest

value of about 1827K before starting a very gradual

decline. The temperature of the melt just downstreamof

the dam(D) also reaches its maximumat about 1826K
after 20min of teeming.

Thechangesin the temperature field in the melt in the

longitudinal, vertical plane containing the inlet stream

and the exit to the mold, over the first 20min of teeming

i 1831 K

1827 F

I02S K

1829 K

c

i- '

1829 K

1827 K

1828 F

Fig. 5.

d
Temperature distributions in the longitudinal, vertical

symmetry plane, a) 5min, b) 10min, c) 15min and

d) 20min from the start of teeming.

is depicted in Fig. 5. Figure 5(a) represents the tem-

perature contours after 5min of teeming, whlle Figs.

5(b), 5(c) and 5(d) represent the sameafter lO, 15and

20min of teeming, respectively. It can be seen from Fig.

5(a) that there is significant temperature stratification

of the melt in the tundish during the initial stages of teem-
ing. The highest temperature region of 1835K exists

upstream of the weir while the melt flowing out to the

mold is at a temperature of 1815K. Thus, there is a
temperature gradient of about 20'C between the inlet

and the outlet with progressively lower temperatures

from the top free surface of the melt to the bottom of

the tundish. As teeming progresses, the degree of tem-

perature stratification decreases (Figs. 5(b), 5(c)) until

the temperature differential in the melt between the inlet

and the outlet has decreased to about 2'C after 20 min

of teeming (Fig. 5(d)).

Figure 6 represents the predicted velocity profiles in
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the tundish after a teeming period of 10 min. Figure 6(a)

represents the velocity field in the longitudinal, vertical

symmetryplane while Fig. 6(b) shows the velocity field

near the wall. It can be seen that the significant

temperature stratification existing in the tundish (Fig.

5(b)) has not resulted in any significant deviations from
the corresponding steady state velocity fields (compare
Figs. 2and 6), except for a slightly stronger recirculation

of the melt from the outlet region towards the dam(Fig.

6(b)). Figure 6is also representative of the veloclty fields

existing in corresponding planes of the tundish after 5,

l5and 20min of teeming. Thus, it can be seen that the

actual extent of temperature stratification of the melt

between the inlet and the outlet (20'C after 5min of

teeming or 2'C after 20min of teeming) does not have

any significant effect on the fiow profile of the melt within

the tundish. The density of melt decreases as the

ternperature of the melt is increased. Thus, due to

buoyancyeffects, a lighter, higher temperature melt will

always tend to flow up and abovea heavier, cooler melt.

Thepresence of the damalso helps in directing the flow

of the melt towards the free surface. Theoverall top free

surface directed fiow seen hitherto in the tundish is

guaranteed as long as the temperature of the melt coming
in through the inlet is higher than the bulk temperature
of the melt in the tundish.

Figure 7represents the predicted velocity fields in the

samelongitudinal, vertical planes of the tundish after a
teeming period of 25 min. The flow patterns are seen to

be dramatically different from those seen hitherto. By
this time, the temperature of the incoming melt has

dropped to such an extent where the melt corning out of

the weir-dam region is cooler than the melt in the

remainder of the tundish. Due to the buoyancy effects,

C 1991 ISIJ 964

the denser, cooler melt tends to movedownwardsinstead

of fiowing along the top free surface, which is more
apparent at the symmetry plane (Fig. 7(a)). Near the

wall, (Fig. 7(b)), the appreciable velocities of the melt

along the top free surface, seen in the first 20min or so,

are absent. It can be seen from Fig. 4that the temperature
differential between the cooler incoming melt and the

existing hotter melt in the tundish is of the order of

l-2'C. However, it is sufficient to initiate a complete

reversal of the flow pattern of the melt which is main-

tained over the rest of the teeming period.

Figures 8(a), 8(b), 8(c) and 8(d) represent the predicted

velocity fields in the longitudinal, vertical symmetryplane

of the tundish containing the inlet stream and the exit

to the mold, after a teeming period of 35, 40, 45 and
50min respectively. Theyshowthe gradual development

of the inverse recirculatory flow pattern occurring due

to the temperature inversion. Cooler fiuid coming
through the inlet meets the hotter fluid downstreamof

the dam, sinks along the damand fiows towards the

outlet region. Themelt flow is thus predominantly along

the bottom, a situation exactly opposite to the pre-

dominantly top free surface directed flow observed in

the tundish for the first 20min of teeming. Abackward
recirculatory flow pattern develops near the top free

surface (Fig. 8(a)) from the region near the outlet towards
the weir. This basic flow pattern gradually develops (Figs.

8(b) and 8(c)) and envelops the bulk of the tundish

downstream of the damas teeming progresses until

50min (Fig. 8(d)). The flow patterns, at various times,

in all the other longitudinal, vertical planes of the tundish

are similar to the corresponding fiow fields existing at

the symmetryplane; hencethey are not represented here.

The inverse flow pattern existing in the tundish from



ISIJ International, Vol. 31 (1 991 ), No. 9

/

,

i
i

*,*~~,~

il

o. 05 mls

\
\ \
l t

\\
- i' ' ' t

~:~~:~~!

\\:~~t
' b '

\:~ ~~~~:~

a

/
/

'''
(1 'i-•\\1,\L ~;

t~
;'

b

l I ~\\ IL'{~\~~'n~L~~L
'

~\L~\

hII' I '

.1

\{ ! \\\

y *\.

C

1
,
/

-L
11'1
\ I .. l

,\'*
::~l

I~\ /

i t t~
'

' t ll '

~;' ;: :
\l

o
~r

co

TEMPERATUREVARIATIONWITHTIME

~
~l

~;

:~

~
~
O~

~~

O~

~:

~:I

H

o
~)
oo

o
a,

ao

o
co

o
o
oo

Ho

A

B

c

D

A
B
C
D

near the inlet
nl:er the rree :5urreLce
at the outlet
nesLr the dam

Fig. 8.

f ' l* '
,t',L.

~* ,: :~~:1:

\
I L\\\\L' L{;-~,~--~~~:\}~~~~:\~~~.~,\\~(

~

\ L I ,1,.I
I 1~-/

/
t

:L~~ l 1~~.

\

'~

,_.
._:~!~ Z:i / /'/ b ~*..

d
predicted flow field in the longitudinal' vertical

symmetryplane after (a) 35 min' (b) 40 min] (c) 45 min

and (d) 50min of teeming'

about 25 min of pouring of the melt until the end of the

teeming period has important consequences as far as

inclusion flotation and removal are concerned. It can be

seen that prior to the initiation of the downwarddirected

flow pattern, the damand the weir have been effective

in directing the bulk of the melt up and along the top
surface. This free surface directed fiow is essential for

efficient inclusion flotation and removal since it directs

the inclusions towards the free surface aiding in floatout

and also increases the contact time of the melt with the

top slag layer as it flows adjacent to it. However, this

beneficial effect of the flow control devices is seen to be

completely negated by the temperature inversion phe-

Fig. 9.

5 Io 15 20 e5 30 35 40 45 50
TIME (MIN)

Ternperature variation of the melt at the monitoring
points A, near the tundish inlet, B, near the top free

surface of the tundish, C, at the tundish outlet and D,

near the downstreamof the dam, over a successive

casting period of 50 min.

nomenon.Now, the bulk of the fluid flows along the

bottom of the tundish on its way to the outlet. Thus,

under the conditions assumedin these calculations, the

overall flow pattern is expected to be along the bottom
of the tundish for the last 25 min of teeming, Ieading to

very poor rate of inclusion flotation and removal. An
appreciable melt velocity along the bottom mayalso lead

to refractory wear which in turn will lead to an increase

in the number of exogenous inclusions. Thus, the

products cast during the beginning of a newladle4) and
the end of a teeming period (due to temperature in-

version) are expected to have higher inclusion contents

compared to the products cast during the rest of the

teeming period.

It has to be appreciated that the initial conditions

utilised for the transient calculations of the temperature

and flow fields in the tundish for the 50min teeming

period were obtained from the steady state calculations

with an inlet temperature of 1813K. The steady state

melt temperature at the outlet was 1810K. However,
from the above discussion it can be seen that the melt

temperature at the outlet is expected to be about 2'C
higher than the melt temperature near the tundish inlet

at the end of a heat. For proper simulation of an
intermediate heat in a sequence casting operation, the

initial field should be that at the end of teeming of the

previous heat. Accordingly, the mathematical modeling

of the next heat wascarried out with the initial conditions

being those existing in the tundish after 50min of teemlng

of the recently completed heat.

Figure 9 represents the temperature histories of the

melt at the same four monitoring points within the

tundish for the following heat. It can be seen from
comparison of Figs. 4 and 9 that, except for some
expected differences in temperature values of the melt

during the corresponding initial stages of teeming, the

overall pattern of the time-temperature histories are

similar. The temperature of the melt near the free surface

(B) increases to about 1830K after lOmin of teeming.

The temperature of the melt near the outlet continues to
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Fig' lO' Predicted flow field in the longitudinal' vertical

symmetry plane after (a) I min' and (b) 2min of

teeming of the second successive heat.

decline for the first three minutes of teeming, reflecting

the time taken by the effect of the first hot metal of the

new heat to reach the tundish outlet. Thereafter, the

temperature of the melt exiting the tundish rises to about

1828K after about 20min of teeming. The temperature
of the melt at the point Dnear the damalso peaks to

about 1826K after 20min of teeming.

Figures lO(a) and lO(b) represent the velocity fields in

the longitudinal, vertical symmetryplane of the tundish,

after I and2min of teeming of the newheat respectively.

It can be seen that the inverse flow pattern persists for

about Imin into the casting of the newheat while the

flow pattern reverts to the top free surface directed flow

within the next minute. The subsequent velocity pro-
files at various times of teeming of the second heat are
identical to those calculated corresponding to the pre-

vious heat and are not repeated here. The melt flow di-

rection reverts to the bottom directed flow after about

25 min of teeming, corresponding to the inlet melt tem-

perature bcing 1-2'C cooler than the bulk melt temper-

ature. The flow reversal phenomenapersists until the

end of the second heat.

The flow reversal phenomenacorresponding to a
l-2'C difference in the steel temperatures between the

outlet and the inlet of the tundish has beencorroborated

by appropriately scaled water modeling studies carried

out at The Ohio State University. Injection of colored

water into the inlet stream has helped in the demonstra-

tion of the fiow reversal effect whencooler fluid is poured
into the model tundish containing water at a uniform

temperature.
It has to be kept in mind that the temperature inversion

phenomenaand the attendant flow reversal effect are not
expected to occur every time molten metal is teerned from
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a ladle to a tundish. The fiow reversal phenomenais due

to the coupling of heat transfer and fiuid flow char-

acteristics of the melt in the tundish and hence should

be dependent on the thermal state of the melt in the

ladle, the heat transfer characteristics of the ladle and
the tundish, casting rate and other relevant operating

parameters. Theabovemathematical modeling has been

done under the assumption of identical thermal cycles

of the ladle during successive heats. In actual operation,

the superheats of the melt contained in the ladle may
vary from heat to heat. If, for example, the second heat

wasconsidered to start pouring at a temperature higher

than the 1838Kassumedin the present study, the inlet

melt temperature might remain higher than the melt

temperature in the bulk of the tundish for most of the

casting period. Conversely, if the superheat of the melt

to be cast in the subsequent heat waslower than 1838K,
the temperature inversion phenornena might initiate

earlier than 25 min from the beginning of teeming. The
heat loss rates through the various ladle surfaces will

also determine whether the temperature inverslon

phenomenawill occur during a heat. Improvement of

the ladle refractory linings, utilisation of a thicker slag

cover along with the use of a refractory ladle cover will

lead to lower rates of heat loss. An actual temperature
drop rate of the ladle melt stream, Iower than the

0.5'C/min value considered in the present modeling
study, may be sufficient to avert the flow reversal

phenomenaand the consequent deleterious effect on
inclusion flotation and removal in the tundish.

Conversely, the rate of heat loss from the ladle can
increase over successive heats. This is due to the gradual

wear of the refractory linings of the ladle through
successive heats leading to increased rates of conductive

heat losses. Thus, the flow reversal phenomenamay
appear in the tundish during the later heats teemedfrom
the sameladle.

The heat transfer characteristics of the tundish can
also determine whether or not temperature inversion

phenomenawill occur in the tundish during teeming.

With reference to Fig. 4or Fig. 9, it can be seen that if

the heat loss rates through the various tundish surfaces

are increased, the temperatures of the melt in the tundish

at the various points might peak and decay in such a
way that the temperatures of the melt in the bulk of the

tundish is always lower than that of the melt coming in

through the inlet. It suffices to maintain the temperature
of the incoming melt stream 1-2'C higher than the bulk

temperature of the melt in the tundish, to maintain the

free surface directed flow for the entire casting period.

All other factors remaining the same, a similar effect can
be expected for a lower casting rate of the melt. Themelt

will now spend longer time within the tundish thus

enabling moreheat to be extracted through the various

tundish surfaces.

Thus, a complex interplay of factors determines

whether or not the temperature inversion with the

attendant flow reversal phenomenais expected in a
tundish during a certain heat. Thepresent mathematical

modelcan be utilized to examine the various conditions

under which the abovephenomenacan be avoided. Thus,
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it can serve as a valuable process optimization tool in

the drive towards casting of superior quality steels.

6. Summaryand Conclusions

Amathematical model to represent melt flow and heat

transfer in a typical continuous slab castlng tundish under
varying inlet stream temperature condition has been
developed. The incoming melt stream temperature has

been assumedto decline at a constant rate of O.5'C/min
of a typical 50min casting period. After about 25min
of teeming, the incoming melt becomescooler than the

melt in the bulk of the tundish by about l2'C and
starts to fiow along the bottom instead of the top free

surface. This inverse fiow pattern develops and con-
tinues over the remaining 25 min of the teeming period

but reverts to the normal free surface directed flow

within the first 2min of teeming of the next heat in a
sequencecasting operation. The inverse flow pattern re-

appears after about 25 min of teeming of the newheat.

Under the conditions examined in this paper, the steel

cast during the last 25min of the heat is expected to

have a higher inclusion content than the one cast during
the rest of the teeming period. The present mathemati-
cal modeling study has shown that the fluid flow and
heat transfer characteristics of the melt in the tundish

cannot be treated in isolation, but have to be coupled
with the heat transfer characteristics of the ladle for

realistic simulation of the continuous casting process.
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Nomenclature

Cl' C2. CD: Constants in the ke turbulence model

G: Generation of turbulence energy, defined by Eq.
(5)

gi: Acceleration due to gravity in the ith direction

k:

kerr :

p:
T:

t:

u. u.:
l' J

e:

,ll :
~t :

P*ff :

p:

po :

a cF:k' s

l)

2)

3)

4)

5)

6)

7)

8)

9)

lO)

ll)

l2)

13)

(msec ~ 2)

Turbulent kinetic energy (m2sec~ 1)

Effective thermal conductivity (Wm~1K-1)
Pressure (kg m~ I sec~2)

Temperature (K)

Time (sec)

Meanvelocity in the ith,jth direction (msec~ 1),

i,./=1,2, 3 denoting the three cartesian co-
ordinate directions

Dissipation rate of turbulent kinetic energy
(m2sec~3)

Molecular viscosity (kg mI sec~ l)

Turbulent viscosity (kg m~ I sec~ 1)

Effective viscosity (kg m~ I sec l)

Density of the fluid (kg m~3)

Reference denslty of the fluld (kg m~3)
Schmidt numberfor kand e
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