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Abstract. Mass and heat transfer in the continuous cast are the key concepts of the processes in
progress at the cooling of the partially solidified yarn. Thus, here are reported issues related to mass
and heat transfer at the solidification of the continuously casted product..

1. INTRODUCTION transfer on the liquid metal - metal solidified -

Controlling the solidification process crystallizer wall - water cooling direction. [2].
requires a good knowledge of the thermal state The crust of the solidified metal is
of the continuously casted semi-product. initially in contact with the wall of the

Thermal phenomenon which causes the crystallizer, and then it comes off, leaving a
solidification process relies on the laws of heat thin air separator, as stated in figure 1.
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Fig. 1. The sblidifying process in the crystallizer: a — contact area; b —
separation area

The oscillation of the crystallizer by its The inner thermal state of the
stroke and frequency ensures the separation of continuously ~ cast  semi-product  while
the crust from the crystallizer wall [3] and the solidifying s characterized by the heat transfer
lubricant ensures the continuous formation of through convection [4], between the solidified
the crust. Crystallizer lubrication ensures crust line and the liquid metal associated with the
detachment in the rhythm of its oscillations. solidification latent heat release and the heat

transfer by conduction in the solidified. The
2. THE THERMAL TRANSFER IN equation of the heat conduction in the contact

CONTINUOUS CASTING OF THE area will be:

ALLOYS _

The heat transmission takes place ig :5_C(T1 - 12) = hed T2 - Ta)
through the crystallizer wall conductibility and ¢
through the forced convection between the ) (1'1), .
crystallizer and the cooling water. In the where: A is the thermal conductibility of the

separation area the heat transmission is added solidified metal;

simultaneously by radiation, conductibility and
convection in the air interstice.
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T — the temperature of the
solidified metal;
T,- the temperature of the cooling
water;
A. - the thermal conductibility of
the crystallizer wall;

O. — the thickness of the
crystallizer wall;
hea —crystallizer-water

convection coefficient.
For the separation area, the equation is
supplemented by:

oT . p
ﬂa—=€0(Tc —T] )+h(TC-T])
X

(1.2)

where: £ is the emissivity ratio in the gap;

o - Stephan- Boltzmann constant;

T, — the temperature at the surface of the
metallic crust;

h — global ratio of conductibility and
convection in the interstice;

The equation of heat exchange by
conduction in the solidified metal is:

2 2
or _ BTX+3 Lolig
dy?

E_a ox’
(1.3)
is the thermal diffusivity of

where: g = A,
PsC

the solidified metal;

Cs; — specific heat of the solidified
metal;

As — thermal conductivity;

ps — metal density;

X, y — point coordinates;

q — source of inner heat.

The equation of heat exchange by
convection and radiation in the secondary
cooling area is:

) l( or ) =ilr,, -7, )+ eolr?, -T)
(1.4)

where: Ty, 1s the temperature at the surface of
the semi-product;

T.. —the water temperature or the
temperature of the air and water mix;

h — convection heat exchange ratio;
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¢ - Boltzmann constant.

€ - emissivity ratio.

A - thermal conductivity.

The source of inner heat [4] may be
defined as:

OFor T > Tyiehiqus

df. o
q=3p AH- di'lz : a;,IC‘FOI’ T ides ST = Tiichiaus
OForT <T

solidus
(1.5)
where:
AH 1is the solidification latent heat;
fs — solid fraction;
Tsotiaus - solidus temperature of the
steel;
Tiichiaus- liquidus temperature of the
steel.
Solid fraction may be found through the
relation:

T — T,
Tipiges =T+ 2 ’ (Tsolidus = Thctiaus ) |:1 ) Cos[n hcmdusj:|
T

f — 2 Tso]idus _Tlichidus
’ 2
(Tlichidus - Tsolidus ) (1 - j
o
(1.6)
The heat exchange between the

crystallizer and the steel could be simulated by
analogy with a set of series connected heat.
Thus, the heat resistors may be marked from
interior to exterior:

¢ rop for the liquid steel;

® ros for the solid steel;

¢ r;, for the lubricant (oil or slag mix);

® r¢, for the copper wall;

® rya for water;

The total heat resistor will have the
following expression:

Teris = VoL + Tos + 1L + Tcu + Tapa

(1.7)
and the ratio of heat exchange in the crystallizer
will be:
1 1
Mo = =717 1

crist R

hOL

1

1
[ 7+7
ho,e h, h
(1.8)

apa



The Scientific Bulletin of VALAHIA University —- MATERIALS and MECHANICS - Nr. 8 (year 11) 2013

where h; stands for the heat exchange ratio in i
area.

The heat exchange ratio due to forced
convection because of the crystallizer water
flowing is:

- L: 0,2 Vaz'Cpa 0.4
* D, n,
where:

D, is the equivalent diameter of the
flowing channel,

V., — the water specific mass flow,

11, —the water dynamic viscosity,

C,.= the water specific heat ;

A, — water thermal conductivity;

The equivalent diameter of the flowing
channel can be calculated through the relation:

(1.9)

48
Da_?
(1.10)

where:

S is the cross section of the flowing
channel;

P — watered area perimeter.

The convection heat exchange ratio at

the liquid — solid interface is:
]’l — 26 vf)LCf)Lp()L
N 17, Aal
where:

Por 1s the density of the liquid steel,
Cor — the specific heat of the liquid
steel,

(1.11)

Vor— the liquid steel flow speed,

Nor.— the dynamic viscosity of the liquid
steel,

Aor — thermal conductibility of the
liquid steel,

[ — the crystallizer length.

The thickness of the slag film between
the crystallizer and semi-product can be
approximated by the relation:

8 — nzg'Vt
“ g'EOL_ngj

(1.12)

where:
1., 1s the dynamic viscosity of the slag;
v; — the casting speed;
g — the gravitation acceleration,
P-¢ = the slag density.
The heat exchange ratio in the
secondary cooling area for watering is

calculated with the relation:
B gropapa = 71-107 - VD - Ty +116
(1.13)
where:

Vsrgp 1S the specific average flow of
water splashing;

Treia = flV swop) - Leidenfrost
temperature point.

For air-water mix watering, the
convective component of the air flow will be
taken into consideration.

Since the thermo-dynamic and thermo-
physical quantities as: densities, viscosities,
thermal conductivity and specific heats depend
on the temperature, their calculation will be
made using the relations:

1
=7840
P 1+T)(T-Ty)
(1.14)
where:
chlo,%(T_TO) ]
100
(1.15)
Ty=1178,16K
For T < 1041K , C,(T) will be calculated by the
relation:

C,(T)= 1000[0,4814 + 0,1997(T_1207;’]6j +0,812- 00090104 —T)}

(1.16)
For T > 1041K, C,(T) will be calculated by the
relation:

+0,81Z

C,(T)= ]000[0,48]4 + 0,1997(%}

(1.17)
For T <1173K, AT) will be calculated by the
relation:
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MT) = 26,74 +
(A9 —26,74)1173,16 -T)
1173
(1.18)

where:

M, W - viscosities during rolling and
turbulence, respectively.

The change of the chemical composition
at the liquid-solid interface leads to the change
of the solidification conditions, thus we can

Ay =7442—-16 28[%C] 34 88[% Sz] 23 36[% 1\1]?,\]'6 the following two situations: [5]: For a

(1.19)

For T > 1173K, AT) will be calculated by the
relation:
AUT) =0,01164T+13,08628

(1.20)
3. MASS TRANSFER IN
CONTNUOUS CASTING OF THE

ALLOYS

In continuous casting, the mass transfer
depends on the convection and the steel
diffusion in the yarn. The movement in the
crystallizer is strongly turbulent, the diffusion is
significantly accelerated by swirl.

The transitory tridimensional equation
will be:

dpC), ApC), apC), apC)_

ot ox dy 0z ax
(1.21)
where C is the composition or the relative

concentration defined by:
C(x) y) Z, t)_ C()ld
Crew™ Coua

C=

(1.22)
where C(x,y,z,t) is a fraction of a given
element in the specified position in the yarn or
slab;

F,u, F..n — are the concentrations
from the respective element.
Effective diffusivity is given
components, molecular and turbulent:

by two

M A

D. Pr Sc

(1.23)
where: Pr is Prandtl criterion ;
Sc —Schmidt criterion for ;
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slow cooling (with a local solidification time of
more than 900 s) we have the equation:

Co_ e Kk=Dy 5
C, 4o0-(1-y-k)
(1.24)
And for a fast cooling we have the equation:
k-1
gkzu—rfg?
0

(1.25)
where:

p = 1-(1-yk) f;

(1.26)
y= 20
1+2a
(1.27)

)

k 1+3
(1+ Y)} In(p)
(1.28)
r=1- bk
1+PB
(1.29)
B =4a s the modified solid diffusion

ratio;
_ 4Dt 5 the solid diffusion ratio,
A
Brody — Fleming;
X1=2L is the distance between the main
arms of the dendrites;
d is the semi-space, at the

dendrite columnar model;

L =
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kOS

VPos "5 g the local

solidification time ;
(1.30)
d — the distance from the cooled surface;

1/3
8:( D, j S, S the thickness of
VOL

the chemical limit layer, defined as a function
of the thermal limit layer thickness, Jemic,
which depends on the molten steel flowing
conditions;

Dy; — chemical diffusivity ration n the
solid and the liquid;

Vor - kinematic viscosity ratio of the
liquid steel,

k — distribution ratio in equilibrium at
solid — liquid interface.

4. CONCLUSIONS

Both heat and mass transfer have
serious implications on the quality of the
continuously casted semi-products, being in the
same time the key of the processes in progress
during the cooling of the partially solidified
yarn.

The control of the solidification
processes needs a strict control of the thermal
regime of the continuously casted semi-
product. In this way, most mathematical models
aim to obtain solutions for the temperature
distribution in the solidifying semi-product and
not only to obtain values of technological
parameters.
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