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Abstract--To study removal of noHnelatlic inclusicm in c~mfil.~uous casting mold, both flow visualized 
experiments and computer simulations were carried oul using a 1/2 scale water model of Ihe mold. The effect 
of port angle of submerged nozzle on the floatability of nonmelallic inclusion was also examined. 

The velocity fields predicted by solving the turbulent Navier-Stokes equations using the K-~ model for tur- 
bulent viscosity were found to be in good qualilalive agreement with the results of water model experimenls. 
The resull of the present work could be used to predict the characteristics of fluid flow in a continuous casting 
mold. 

INTRODUCTION 

Flow behavior of molten steel in the continuous 
casting process has important implications wil:h regard 
to both the quality control of the final products and the 
ease of operation. Especially, the mold system of con- 
tinuous casting is called upon to perform two vital 
functions. These are separation of nonmetallic inclu- 
sions and solidification of the distributed hot metal bet- 
ween strands. 

Unlike ingot casting, little time is available for the 
separation of nonmetallic inclusions in the continuous 
casting mold system. Thus, fluid flow parameters must 
be controlled to maximize the available separation 
time and minimize the influx and productior~ of non- 
metallics. 

The nonmetallic inclusions are transported to the 
mold by way of the flow stream in which the inclu- 
sions are entrained, and removal of inclusion is ac- 
complished by one or both of the following me- 
chanisms: 

(1) direct interaction of inclusions with steel/slag in- 
terface and removal into the slag or attachment to the 
refractories 

(2) floatation of relatively large inclusions from the 
metal stream 
The removal of nonmetallic inclusion is promoted by 
the following methods: 

(1) vortex prevention 
(2) maximization of the minimum residence time 
(3) minimization of dead volume 
(4) control of mixed and plug flow regions 

Since the removal of nonmetallic inclusion is 
strongly related to the flow behavior of molten steel in 
the tundish arM/or mold, the flow field analysis has 
been the subject of a large number of theoretical 
and experimental investigations [1-4] .  However, the 
majority of previous investigations were restricted to 
the tundish system In the present study, we extended 
the flow field analysis to the mold system and the ef- 
fect of port angle ot submerged nozzle on the removal 
of nonmetallic inclasion was also examined. 

THEORETICAL ANALYSIS 

Flow v o l m e s  in the mold 
To facilitate the study of mixing conditions in a 

mold system, two idealized patterns of flow have been 
accepted by investigators in this field. The term "back- 
]-nixing flow" is used to describe complete and inslant- 
aneous mixing in the system. On the other hand, 
"plug flow" assumes that a fluid element moves 
through the system without overtaking or mixing with 
fluid entering at an earlier or later time. In addition to 
the two idealized patterns of flow, dead flow accounts 
lot the portion of fluid which is moving so slowly that 
it may be assumed to be stagnant. 

The flow patterns in a real mold may be approx- 
imated by a combination of the above flows, as shown 
in Figure 1. The mold is assumed to be consisted of in- 
terconnected flow regions with various modes of flow 
existing between them. The flow pattern may be deter- 
mined directly from the flow paths of fluid through the 
mold. However, the difficulty of obtaining and inter- 
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preting such information has led to the alternate ap- 
proach of determining the RTD (Residence Time Dis- 
tribution) of fluid elements by means of stimulus- 
response studies. The stimulus is provided by in- 
troducing a tracer in the inlet stream and recording the 
changes in tracer concentration in the exit stream. 

As illustrated in Figure 1, the model assumes that 
the volume in the mold can be divided into the three 
separate flow regions. The proportions of the total 
volume that are backmix flow, plug flow and dead 
volume can be determined from the peak concentra- 
tion on the RTD curves, respectively. The character- 
islic features of the model are [5, 6]: 

V ~ / V =  1 - 8 ~  (1) 

V,, / V = a,,ea~ (2) 

V,~ /V = 1 / C,.ax (3) 

V,, 4 V , , -  V,. - V (4) 

The vertical rise of tracer concentration at time 
O,,,,k as shown in Figure 2 is a reflection of the ex- 
istence of a plug volume, where diffusion or mixing of 
tracer is absep.t. 
Mathemat ica l  m o d e l i n g  of  the  m o l d  

For the computation of fluid flow in the mold cer- 
tain assumptions are made to ease the complexity of 
the task. First, since the velocity variation along the 
thickness of the mold is substantially lower in com- 
parison with the corresponding variation along the 
other two directions, the velocity field is presented in 
two directions along the width and the depth of the 
molten steel. 

Secondly, the flow is assumed to be isothermal, in- 
compressible, and steady. The assumption of steady 
state, i.e., that the liquid metal holdup in the mold 
does not change with time, is made for simplicity. 
Furthermore, the thickness of the slag laye.r is con- 
sidered to be small, and it is assumed thai: the ex- 
istence of a slag layer does not influence to the fluid 
flow field in the metal phase significantly. 

The equations used in fluid flow predictions are the 
equation of continuity and the equation of momentum 
in two dimensions. 

Equation of continuity 

! c p u ~ ) = 0  (5) 
ax~ 

Equation of momentum 

- -  ffx-x,l ,,gu, Ou,)"] 
__3 3P  + ~ 
Ox~ {pu~u~)=-  Ox~ 'Ox~ 3 x / )  (6) 

The effective viscosity, ,ur is considered to be com- 
posed of the molecular and turbulent components. 

,u~ -- /1 4- nt (7) 

And the turbulent viscosity, ~,, was calculated by the 
K- ~ model of turbulence as the following: 

12, - C o p K ' / ~  (8) 

The K-e model of Launder and Spalding [7] entails 
the solution of two differential equations for the kinetic 
energy of turbulence (K) and the turbulence energy 
dissipation rate ( e ). Governing transport equations for 
K and e can be represented as follows: 

3 (pu,K_ 12~ O K ) = g _ p e  (9) 
Ox~ oh Ox~ 

12~ 3e) (pu,~ - -  = ( C ~ G - C , p ~ ) E . / K  (10) 
Ox~ a~ Ox~ 
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Table I. Values of constants in K-~ turbulence 
model. 

C 1 C 2 o" k o'~ C D 

1.43 1.92 1.00 1.30 0.09 

where, G =  au~(auJ..F au,  
P t  ax~ ' ax~ -ax~ ) (11) 

Knowledge of K and e allows the length scale to be 
determined and also the effective viscosity from which 
the turbulent shear stress can be calculated. 

For the computational purpose the following stream 
function and vorticity were introduced. 

ag ,  ag" (12) Uj~= - - -  U y  ~ - -  - -  

ay ' ax 

, a ~ 9 ,  a_'._~ (13 
~ = - ( , a x  ; ~  a y ' '  

Then vorticity transport equation can be easily derived 
by partial differentiation and manipulation of the mo- 
mentum equations. 

P a x '  a v  a y  

0 a a a 
~ a-~ Iax  (/~se) I + ~ v  I a~  ( ~ } )  I (141 

In order to determine the eddy viscosity for tur- 
bulenoe, K and c were calculated by solving the fol- 
lowing equations. 

I a (K_~,~)_ a (Kag,~l  

:: I~K 'P~a~K)+  ~ ('ueOK)l-- S~ (15) 
',,~ a x Yyy L a~ 

P a x  ~ Oy 

/~Oe on ( ' ~ ) 1  +S~ (16) 
a t  aEax a y  a~ oy 

where S~ = G - p ~  (17) 

S ~ = C ~ e G / K - C z p e  ~ / K  (181 

I aux ,aUx OUy,~] ( a u y  

(19) 

According to the recommendation of Launder and 
Spalding [7], the five constants appearing in the above 
equations take the values given in Table 1. 

The boundary conditions used for the numerical 
solution of the above set of partial differential equa- 
tions are: 

I 

1. Submerged nozzle 2. Meniscus 
3. Mold wall 4. Molten steel 
5. immersion depth 

Fig. 3. Schematic sketch of the mold system s h o ~ n g  
one half of the mold. 

at the axis of symmetry, 

a~: OK as  
9, constant, 0 

ax Ox O'x 

at the free surface, 

aK ae 
s e = constant, 0 ay ay 

at the walls, 

9, O, K = ~ - O  

Close to the side wails, the variation in flow proper- 
Lies are much steeper than within the bulk fluid. Con- 
sequently, velocity components (ux, Uy) and scalar 
transport properties (K, t ) were determined by using 
wall functions. 

N u m e r i c a l  s imula t ion  p r o c e d u r e  
The governing equations were solved numerically 

using a semi-implicit upwind difference scheme [8, 9] 
over the flow domain shown in Figure 3. 

Prior to the application of the numerical scheme for 
the calculations reported in this paper, the scheme was 
examined for accuracy. The computer program was 
used to simulate simple laminar flow in a pipe for 
which an analytical solution of the governing equa- 
tions is available. And excellent agreement was 
achieved between the numerical predictions and the 
analytical results, as shown in Figure 4. 
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Fig. 4. Velocity  distribution for Poiseuil le  f low. 

Table 2. Physical  propert ies  of water  and molten 
steel.  

Physical Water at 20~ IVh.,hel: slee] 

properties al 1600~ 

Viscosity, cp 1.0 6,1 

Density, kg/m 3 1,000 7014 

Kinematic 
1.0 0913 

viscosity, cs 

Su rlace 
73.05 1,600 

tension, dyne/cm 

The computer time required in the simulation of 
the mold system were of the order of 50 minutes on 
the PRIME 750 digital computer and CALCOMP 965 
Plotter. Computations were carried out until the ab- 
solute sum of normalized residuals for u~, %, K, e and 
continuity should be converged to 10 4 . 

WATER MODEL EXPERIMENrS 

In the investigation of the flow of molten steel, 
water is often used as a modeling fluid because it is 
easy to obtain, easily handled, and its kinematic 
viscosity is comparable to that of molten steel. The 
physical properties of water at 20~ and molten steel 
at 1600~ are compared in Table 2. 

Using water as a modeling fluid for molten steel, it 
is impossible to satisfy all three of the dimensionless 
governing numbers  simultaneously [10]. While 
Reynolds and Froude numbers  may be concurrently 

water in 
_ b 

n, ~', 

J 

_.2 

water ~;tll 

a. Tu[:dish 
b. Slopper 
c. Submerged m~zz]e 
d. Injeclb.m port 
e. Mold 
f. D-wire sensor 
g. Anlplifier 

] 
k 

h. Recorde~ 
i. Flown]eter 
j. Water reservoir 
k. Pump 
I. Valve 
m. Support 

Fig. 5. Schematic  d iagram of water  model  apparatus.  

Table 3. Physical  parameters  in full-scale and ex- 
perimental  mode l  for the mold system.  

Physical parameters Full-scale 1/2 water m~)del 

Castling speed, n~/min 1.2 0.96 

Fluid steel water 

M o l d s i z e ( W x T x L ) , m  1 .6x0 .22xO.9  0 .8x0 .  l l x l . 5  

Submerged depth of 
O.l - -0.2 Ol  

nozzle, 131 

Tutal flow rate, l /min 422.4 84.(; 

satisfied with a full scale model, a model of 1/2 :scale is 
needed to satisfy the Weber and Froude numbers 
concurrently. 

Experimental work for the mold system were car- 
ried out in a 1/2 scale water model of the actual mold 
and a schematic diagram of the apparatus is shown in 
Figure 5. Principal dimensions of the mold, together 
with operating parameters, are summarized in Table 
3. The mold models were fabricated from clear acrylic 
sheet and flow visualization is facilitated by introduc- 
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Fig. 6. Types and dimensions of the submerged nozzles. 
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Table 4. Flow and dead volume fractions in the 
mold. 

Nozzle Volun/e frar t i,..,ns 
lypes mixed flow plug flow dead volume 

Uqype 0.795 O. 184 1).021 

F4 ype 0.709 0.269 0.022 

Dqype 0.592 0.373 0.035 

ing polystyrene particles into the submerged nozzle. 
The effect of port angle of submerged nozzle on the 

separation of nonmetallic inclusion was al,~o examined 
by using three kind of nozzles named U-type (15 ~ up- 
wards), F-type (0 ~ and D-type (15 ~ downwards). The 
geometric data of the nozzles are given in Figure 6. 

RESULTS AND DISCUSSION 

R e s i d e n c e  t i m e  d i s t r ibut ion  (RTD) 
A solution of concentrated KCI was injected, ,as 

quickly as possible, into the water stream immediately 
under the nozzle and the change of conductivity in tile 

water was measured at the outlet of the mold as a func- 
tion of time in order to determine the residence time 
distributions. The RTD's were obtained quite different- 
ly for the various types of nozzles. 

All the data from the experiments were tested by fit- 
ting an appropriate exponential decay curve to the 
C-diagram and the multiparameter model was found to 
fit this case as shown in Figure 7. The C-diagrams in 
the Figure show that the maximum tracer concentra- 
tion is observed at time 0 < 1, this phenomenon in- 
dicates the presence of a dead volume in the :mold. 

The percentages of mixed flow, plug flow arid dead 
volumes were calculated from the RTD curves and pre- 
sented in Table 4. According to Table 4, U-type nozzle 
has maximum mixed flow volume and minimum plug 
flow and dead volumes. In the plug flow, a fluid ele- 
ment moves through the mold without overtaking or 
mixing with other fluid elements. And dead regions 
will be subject to decrease the actual aver%Je fluid 
residence time. It serves no purpose in the mold. 
Therefore, U-type nozzle is most effective for the 
removal of nonmetallic inclusions in the sense of RTD 
analysis. 
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A Numerical and Experimental Study of Fluid Flow in Continuous Casting Mold 6~ 

~ 60 crl~/sec n 

I1 

!r~  r r 

~d~ 7 i . . . . . . . . . . . . . . .  
~r , . . . . . . . . . . . . . .  

~g~ i ' ' 

~ ~ ~ , ,, , 

U-lype 

Fig. 8. Predicted velocity fields in 

~ 60 cnvsec 

I;~'7 ,~ ,< e 
< . . 

, '~f~fff 

F-type 

the mold. 

~ 60 cm/sec [ * l  

. , ~ ~ " ~ - ~  

l i i r  / / / r ~ - " 

t bHiII, 

�9 , r!,'U~" 

D-Lvpe 

U-type 

Fig. 9. Observed flow patterns in the mold. 
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F l o w  p a t t e r n s  in the  m o l d  
Figure 8 shows the computed velocity "vectors in the 

mold when U, F, and D-type nozzles were used. The 
stream from the nozzle branches off into one upward 
and one downward flow after hitting the narrow side of 

D-type 

the mold. Upward stream turns into the vertical flow 
along the wall, and the U-type nozzle gives strong up- 
ward flow velocities. Vortex regions near the meniscus 
of the mold are formed by upward streams. 

According to Szekely [2], the rising velocity of the 
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stream is a driving force for floatation. Hereby, inch.t- 
sions can reach the top surface and be entrapped due 
to the upward flow. Therefore, it is found that U-type 
nozzle gives flow patterns that are more conducive to 
the {loatation of inclusions than those appeared by the 
F-or D-type nozzles. However, the meniscus in the 
mold with U-type nozzle exhibits a wave motion and 
consequently the maintenance of mold tx~wder layer 
on the meniscus of the mold is somewhat difficult. 

The observed flow fields in the mold with different 
nozzles clearly show a recirculating vortex located 
near the meniscus and the center region of the mold as 
depicted by Figure 9. From Figures 8 and 9 it can be 
seen that the numerical predictions of flow patterns are 
in good qualitative agreement with the experimental 
results. 

In the present study, the flow patterns in the thin 
casting mold were successfully simulated by using 
two-dimensional cavity model. However, further ex- 
tension to general three-dimensional problem could 
give valuable contributions toward numerical simula- 
tions. A generalization of the present study is currently 
under way in this research group. 

CONCLUSION 

To study removal of nonmetallic inclusions in a con- 
tinuous casting mold, both flow visualized experi.. 
ments and computer simulations were carried out us.. 
ing a 1/2 scale water model of the actual mold. The 
velocity fields predicted by solving the turbulent 
Navier-Stokes equations using the K-e model for tur-. 
bulent viscosity were found to be in good qualitative 
agreement with the results of water model experi-. 
merits. 

The effect of port angle of submerged nozzle on the 
separation of nonmetallic inclusion was also examin- 
ed. From the results of RTD experiments and flow field 
analysis, it could be concluded that upward type noz- 
zle is most effective for the removal of nonmetallic in- 
clusions. 

NOMENCLATURE 

C : dimensionless concentration 
Co : constant defined by equation (8) 
C,,,~ : maximum concentration 
G : a function defined by equation (19) 
K : turbulent kinetic energy 
L : length of the mold 

P : 
Sk : 
S~ 
T : 
U~, Uj : 

V : 
Vd : 
V m : 
Vp : 
W : 
Xi, Xj : 

pressure 
a function defined by equation (17) 
a function.defined by equation (18) 
thickness of the mold 
tensoria] notation of turbulent velocity vector 
mold volume 
dead volume 
mixed flow volume 
plug flow volume 
width of the mold 
tensorial notation of position vector 

Greek Letters 
: turbulent energy dissipation rate 

6 : dimensionless time 
# ~,,, : average residence time 
#~,,ak : peak time 
,u : viscosity 

: vorticity 
p : density 
q,, : stream function 
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