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INCLUSION BEHAVIOUR IN THE LIQUID CORE
DURING CONTINUOUS CASTING

by Guang Sheng Jiang
ABSTRACT

Water models using perspex have been built to study the fluid flow and
recirculation patterns developed in the sump of a steel continuous casting
machine and the influences these have on the behaviour of inclusions. An
experimental method has been devised to simulate the behaviour of inclusions in
the sump and to study the apportionment of the input flux of inclusions between
the molten mould powder layer and the strand. The method entails the uses of
finely dispersed coloured paraffin oil in the inlet stream together with a

floating colourless paraffin layer on the top of the water in the model mould to
simulate the molten powder layer on top of the molten steel.

A theoretical model has been formulated which relates the inclusion separation
in the sump to the fluid flow there. The inclusion removal ratio in the sump
for a given continuous casting machine can be predicted using this theoretical
model. The model, using the properties of liquid steel and practicable

casting speeds, demonstrates that the removal of inclusions of small size

(<40 pm) from the mould sump is less than 5% efficient.

Inclusion agglomeration plays an important role in inclusion removal. It has
been shown that deep submersion of the SEN enhances the agglomeration of
inclusion particle. Under certain conditions, for example, the average particle
diameter in the meniscus region has been found to be as much as three times its
value at the SEN nozzle.

The use of fine alumina flakes or small air bubbles, together with a plane light
source, has been found to be very successful in studying the fluid flow patterns
developed in three-dimensional models. Employing this method, the fluid flow
patterns developed on different planes within the model mould have been viewed
and recorded photographically. The photographs so obtained have helped to
explain the results obtained for the removal of inclusions. The fluid flow

patterns developed when small outside diameter nozzles with deep SEN submerged
depths are used have been found to be of benefit to the removal of inclusions.

Increasing the SEN submerged depth promotes inclusion agglomeration and hence
increases the inclusion removal ratio. Reducing the nozzle outside diameter and
the casting speed increases the inclusion removal ratio in the sump. But the
infleunces of these latter changes are not very strong, so that inclusion

removal consideration need not influence the design strategies used for the

casting speed and nozzle outside diameter. The SEN port angle has a little

effect on the inclusion removal when using deep SEN submerged depth.

Although argon stream introduced into the tundish nozzle stream can protect the
nozzle blockage, it is not beneficial to the inclusion removal in the sump.
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Chapter 1

1. INTRODUCTION.

1l.1. Foreword.

Continuous casting is, today, a process used extensively throughout
the metallurgical industry and, because the number of plants
installed with continuous casting machines is increasing steadily,
problems associated with the operation and design of the machines are

receiving greater attention.

Although many mathematical models have dealt fairly successfully with
predicting solidification profiles and fluid flow patterns of liquid

steel during continuous casting, the behaviour of inclusions and the

quantitative description of their removal in the sump has been

neglected.

Water models have also been extensively employed in recent years to
obtain flow descriptions by means of visualization techniques but,
although they can also be utilized to study the behaviour of
inclusions in the sump of continuous casting machines, no such work

has been previously reported in the literature.

1.2. The objective of the investigation.

The basic objective of the present work is to improve understanding
of the factors affecting the internal quality of continuously cast
billets, blooms and slabs — particularly on the mechanisms of
inclusion removal in the molten sump — by studying the fluid flow
and recirculation patterns in the sump and the behaviour of
inclusions in those flows. Since the behaviour of these inclusions

has a crucial bearing on the cleanness of the steel produced the
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principal aim of the present research is to examine this behaviour.
Of particular interest will be the feature of the flow patterns that
can be controlled and are shown to influence the proportion of
inclusions that can be incorporated into the molten flux layer

maintained on the liquid metal meniscus.
These consist of:-

a) Studying the fluid flow and recirculation in the sump of a
continuous casting machine in a room temperature three

dimensional model.

b) Developing a method for studying the apportionment of input
inclusions between the molten mould powder layer and the
solidification zone by using finely dispersed dye-marked
organic liquid phase in the inlet stream and a floating
organic layer to simulate the molten powder layer on top of

the molten steel meniscus;

c) Studying the effect of fluid flow in the sump on inclusion
removal in the room temperature model using the method

developed;

d) Varying the operating and design parameters such as nozzle
size, position and geometry and casting speed to elucidate

their effect on inclusion removal mechanisms;
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2. LITERATURE SURVEY.

2.1. General overview.

In order to understand the influences of fluid flow in the sump on
inclusion removal during continuous casting, it is important to

appreciate the key developments of previous workers.

The purpose of the present literature survey is not to be a thorough
review of the literature, but rather to enable the experimental
results and conclusions to be considered in their right perspective,
and to serve as a basis on which the new ideas and theories will be

developed.

2.1.1. Development of continuous casting.

In the past three decades, continuous casting has emerged as a

[1-4]. This is because

widely used technology in modern steel plants
the continuous casting process has offered numerous technical and

economical advantages. They are, mainly:-

a) 10% and more higher yield compared to traditional ingot

methods.

b) More uniform and higher quality of the final product.

c) Reduced energy consumption together with the potential for
even less energy consumption through hot charging of
continuously cast products to the rolling mill furnace.

d) Reduced operating costs.

e) Less capital and depreciation costs.

f) Good environmental conditions.
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g) Improved working and safety conditions for the operators.
h) Process suited for integral automation.

i) High productivity.

j) Less space and time required to convert liquid steel into

solidified product.

Because of the improved yield and the operating cost benefits, the
continuous casting process will dominate the production schedule of
most steelmaking plants in the near future, especially in view of the
technological developments under way. Indeed, the continuous casting
ratio is likely to increase to more than 90% by the end of this

century.

2.1.2. Quality requirements for the continuously cast products.

Continuous casting of steel has become a widely used process and an
important development in the manufacture of steel. The ratio of
continuously cast steel on the total steel production had been
increased dramatically in the last two decadesll]. Concurrent with
this increase in production levels are the stringent quality
requirements. These quality aspects — mainly surface finish ana
internal cleanness — have become crucial with progressively
increasing machine throughputs and larger product dimensions.
Therefore, steel cleanness and strict composition control are now
becoming the primary concern of steelmakers. After investigation,

[4-13] have found that metal flow in the mould is an

several authors
important parameter bearing upon the quality of continuously cast

products.

2.2. Fluid flow patterns.
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It is well known that the fluid flow of liquid steel plays an
important role in the whole process of continuous casting. In fact,
the beginning of the continuous casting process is primarily

concerned with liquid metal flow in the tundish and the mould. Thus
the concepts of fluid flow and hydrodynamics have been used to solve
major problems and to improve the efficiency of the process. Research
work leading to better understanding of liquid metal flow has been
carried out extensively, mainly in two ways, an empirical approach

and a theoretical approach.

2.2.1. Empirical approach.

The fluid flow problems involved in the continuous casting process

are often too complicated to be treated using fundamental equations
without the introduction of approximations and boundary conditions in
the calculations. Fortunately, there are several experimental methods
available nowadays which could be employed to study the flow patterns

developed.

2.2.1.1. Experimental methods.

The experimental methods used to study fluid flow patterns in the
continuous casting process may be classified into two groups, namely
water modelling studies on different scale physical model systems and

radioactive tracer studies on full scale operating plant.

The stimulus-response method and the elapse-time photograghic
technique are the most commonly used methods for studying fluid flow

within the continuous casing system via the water models. The
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stimulus-response method can be explained as: "Do something to a

system and then see how the system responds". By using this method,
. . . : . . [24-25]

the residence-time distribution can be obtained , and hence

desired information about the fluid flow in the continuous casting

system will be revealed.

When taking pictures of the fluid flow pattern in water models, the

following techniques are available for fluid flow visualization:

a) Particle-addition into the water systems.
b) Dye-injection into the streams.
c) Use of a slit light sources to illuminate the fluid flow

domain two-dimensionally.

Plastic particles, glass beads, vanadium pentoxide, the tea leaves,
computer card punchings, sawdust and even gas bubbles are some of the
additions made so that flow can be seen and photographically
recorded. Dye injected into the model can be used to demonstrate the
configuration of the inlet stream and its penetration depth. The use
of the slit light source allows visualization of the fluid flow
pattern on a definite plane without the interference caused by other

parts of the fluid flow domain.

For the quantitative description of the fluid flow pattern, the

[28-31]

following methods can be used to measure the flow velocity at

certain points in the domain:

a) Impact tube and static pressure tap with manometer.
b) Form drag strain gauge system with strain amplifier and

recorder.
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c) Laser doppler anemometer.
d) Thermistor probe.
e) Hot film anemometry.

f) Stroboscopic photography.

2.2.1.2. Water modelling.

The literature describing water model studies is very

extensive.[3-28]

The fluid flow of liquid steel in the actual continuous casting
system is very difficult to measure or observe. Even in the open
pouring situation, the observation can only be made on the open
pouring streams. In this sense, a water model is very useful and
highly instructive. But the results obtained on the physical model
are meaningful and useful only if physical similarity between

physical model and actual system is achieved.

To obtain similarity between two flowing systems, the following four

conditions must be satisfied,[31'33]

a) Geometric Similarity:
the ratio of any length in one system to the corresponding
length in the other system is constant. This ratio is termed

as the scale factor.

b) Kinematic Similarity:
the streamlines in one system are geometrically similar to
the streamlines in the other system.

c) Dynamic Similarity:
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the magnitude of forces at corresponding location in each

system are in a fixed ratio.

d) Thermal Similarity:
the dimensionless numbers involving heat transfer or

convective flow are equal in both systems.

Thermal similarity is not important in modelling the upper region in
the mould of the continuous casting system since thermal gradients

are small and convective forces are negligible. This is fortunate, as
it is difficult to achieve both thermal and fluid flow similitude in

1. 132]

the same mode

Kinematic similarity is observed in the model that attains dynamic
and geometric similarity. The principal forces to be considered in
obtaining dynamic similarity in the continuous casing mould are
inertial, gravitational, viscous and surface tension forces. The
various ratios of these forces form certain dimensionless

numbers. Dynamic similarity exists if these numbers have the same

value in both the model and the actual system.

Three important dimensionless numbers in fluid flow are:-

V2 inertial force
Froude No Fr = =
gL gravity force
VL inertial force
Reynolds No Re = =
v viscous force

Page 2:6



Chapter 2

pV2L inertial force
Weber No We = =
o surface tension force

where: V: stream velocity;
g: gravitational constant;
L: characteristic length;
v: kinematic viscosity;
o: surface tension;

p: density.

Because of difference of the physical properties of water at room
temperature and molten steel, table 3.1, it is impossible to satisfy
simultaneously all the three dimensionless numbers mentioned above in

[34] It requires a full

the same model of a given particular scale.
scale water model to satisfy Reynolds and Froude numbers
concurrently. But a model of 0.6 scale is needed to satisfy the
Froude and Weber numbers concurrently. It had been demonstrated by

]

Heaslip et al.[34 that the Froude number alone could be satisfied at
any scale in a mould water model as long as all metering orifices and
fluid hydraulic heads in the modelling system are varied in
accordance with a single scaling factor. To decide what scale of

model should be used, the extent to which similitude is necessary in

modelling the actual system must be considered.

A full scale model has been used by Szekely and Yadoya[28] to examine
velocity profiles in round continuous casting moulds using submerged
vertical outlet and horizontal outlet nozzles. The flow fields
obtained are shown in figure 2.1. It was also found that, for the

vertical outlet nozzles, the flow patterns did not depend markedly on
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the flow rates through the system, except that, at higher flow ratei,—
the jet penetrated more deeply into the column. The jet penetration
depth was found to be about 4 to 6 mould diameters. For the

horizontal outlet nozzles, the jet penetration depth varied between

half and one mould diameters.

[14]

Using a full scale model, Wei and Carlsson studied the flow
patterns developed in a bloom mould when different submerged entry
nozzles ( SEN ) are used. The results are given in figure 2.2. They

found that vertical outlet nozzles gave a high degree of by-passing

and horizontal outlets nozzles gave some plug flow inside the mould.

Later on a full scale water model of continuous casting system was
built by Hibbins et al.[3] to investigate mould fluid flow conditions
with different submerged nozzles. The results were of great

assistance in operating the bloom caster at the author's steelworks.

Of the recent work, the paper by Tai et al.[al is perhaps the most
noteworthy as these investigators have shown that rotating fluid flow
can be developed in bloom continuous casting mould when a four-ports
nozzle is installed unsymmetrically relative to the rectangular

mould. Industrial experiments have shown that the rotating metal flow
developed in the mould by turning the nozzle axis 15 degrees is
beneficial in improving the internal cleanness of low carbon steel

and reducing the erosion rate of nozzle refractories.

The 0.6-scale models, in which Froude-Weber criteria are satisfied,
have proven popular in the study of fluid flow in continuous casting

; . . . [5,35-37]
moulds. As early as in 1960's, several Russian investigators

examined the mould flows when different submerged entry nozzles were
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1.[5] used a three-fifth scale water model to

employed. Astrov et a
study the effects of the port sloping angle of the submerged multi-
ports nozzles on the fluid flow in the mould. After careful study

[16]

using a 2/3-scale model, Robertson and Sheridan suggested a
suitable multi-stream arrangement for continuously casting 36 x 5.5in
slabs to eliminate the longitudinal split formed in the centre of the
broad face. Mould flow patterns produced by bifurcated nozzles have

[11]

been studied by Mills and Barnhardt As result of their

investigations, the need for skin scarfing (i.e., to improve surface
quality) was eliminated from a production plant. McPherson[17] has

similarly reported the water modelling results about a continuous

slab caster with the aid of an 0.6-scale model.

Other scale models, in which only the Froude criterion is satisfied,
are appropriate for studying the flow patterns and their relation to
phenomena such as vortex formation and fluid residence time and its
distribution. A 1/2.5-$ca1e model was used by Nemoto and Kawawalls]
to observe the stream patterns in the mould. Figure 2.3 shows one of
their results. They found that, when the exit angle # is too small,
the meniscus is exposed to oxidation by the air and when the angle is
too big, the steel temperature in the meniscus is lower than required.
Their investigation suggested the optimum value of # for different
dimensions of the mould. After the investigations using a 1/4-scale
model, Habu et al.[38] have suggested that the use of a diverging
bottle shaped submerged entry nozzle, shown in figure 2.4, reduces the

jet penetration depth, and, therefore, the number of large inclusions

accumulated in the strand, as shown in figure 2.5 and figure 2.6.
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2.2.1.3. Radioactive tracer studies.

In contrast to the large number of reported investigations concerned
with water modelling studies, the literature available on the

radioactive tracer studies in operating continuous casting mould is
[39-41]

]

rather scanty. The work done by Krainer et al.[39] and

Arnoult et al.[40 respectively in the past gave the picture of the
flow patterns in the sump. As a result of their investigations, it
was generally agreed that for the straight nozzles the liquid pool
may be divided into three regions — the upper region where there
exists turbulent recirculation driven by the incoming metal stream,
an intermediate zone where the liquid flow is driven by natural
convection, and finally a lower part where fluid motion is negligible
because of the confined nature of the spaces available for flow. It
was also found that the stream penetrates to a length of about 4 to 6
mould widths. The radioactive tracer method is very useful at
obtaining information on the depth and shape of the sump. But this

method could not be used to investigate the fluid flow phenomena more

quantitatively, it has not been used quite often nowadays.

2.2.2. Theoretical approach.

At the present time, the problems relating to fluid flow behaviour in
continuous casting process cannot be solved theoretically. .This is
not only because the continuous casting process itself is very
complicated, but also because the fundamental equations which
describe fluid flow are often too complex to be solved even using
large computers. For instance, the Navier-Stokes equation and the

continuity equation together fully describe fluid flow behaviour,[43]
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but they are extremely complex and their solution, even with the aid
of large computers, requires simplifications and assumptions to be
made about a number of aspects, e.g. choice of a turbulence
approximation, treatment of boundaries and numerical methods of
solution. The simplifications and assumptions chosen, together with
the fundamental equations, make up a mathematical model. It is
obvious that such mathematical models need to be validated against

experimental measurements.

2.2.2.1. Mathematical model.

Mathematical models are primarily confined to heat transfer and
solidification phenomena where the fluid flow is usually treated
rather simply. Such models were presented by a number of authors,

[44] Adenis et a1.,[45]

among them are Savage and Pritchard,
Hills,[46] Donaldson and Hess,[47] Mizikar,[asl Fahidylag] and
Szekely and Stanek.[so] Later, as the development of the turbulence

[51-55]

theory and the improvement of numerical methods for solving

multidimensional turbulent flow problems have progressed,[56]
mathematical models of fluid flow in steelmaking processes have been

developed by several investigators.[57‘61]

Recently, several
(62-66] .

mathematical models have been developed to analyse fluid flow

in continuous casting tundishes. Up to now, however, little

work [57,67] has been published on mathematical models of fluid flow

in continuous casting moulds. The following section, therefore,

reviews work dealing with the mathematical models of fluid flow in

continuous casting tundishes.

63]

The mathematical model developed by Debroy and Sychterz[ is a two-
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dimensional one, which describes isothermal, incompressible, steady
state and turbulent fluid flow in tundishes. The fundamental
equations used for flow predictions are the equation of continuity

and the Navier-Stokes equation in two dimensions. For the computation

of the turbulent viscosity, p,, the prandtl’s mixing length

(681, _

t!

hypothesis is used, which can be written as

du

t ay

where: p: density of the medium;
Bt turbulent viscosity;
1: prandtl mixing length;
|6u/3y|: absolute value of the velocity gradient along a

direction perpendicular to the direction of flow.
The mixing length is defined as:-
1 =0.4y.

where: y: distance to the nearest wall.

The effective viscosity is expressed as:-

Perr = Pt * B

where: Borf effective viscosity;

p: molecular viscosity of the medium.

Tanaka et al.[62] introduced a three-dimensional mathematical model
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of tundish systems. The equation of continuity and the Navier-Stokes
equation in three dimensicns were used as the fundamental equations.
They employed the k-¢ model of Jones and Launder[69] to calculate the
turbulent viscosity. According to Jones and Launder, the turbulent

viscosity is determined as:-
B, = K,pk?/e

The governing equations for k and ¢ are respectively:-

d B dk
ff
—(puik-e — ) =G - pe
ox %y axi
and
a B de
ff
—_ (puie - £ —) = (K,G - Kype)e/k
ox. g ox.
i € i

where: G = u

k: turbulence kinetic energy;

€: rate of dissipation of turbulence kinetic energy;
Bogg® effective viscosity;

B.: turbulent viscosity;

K,, K,, K;, Opr 0" empirical constants.

They solved the above equations together with boundary conditions.

The results were found to be in a good agreement with the
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experimental results they obtained from the physical models.

[64]

Similar mathematical models were developed by He and Sahai,

Szekely and E1-Kaddah[65] and Ilegbusi and Szekely.[66]

Szekely et al.[65-66]

used mathematical models to study fluid flow in
the tundishes when flow control devices, such as dams and wires, were
employed. The PHOENICS computational package was used for the solution

of the equations. And the removal of inclusions in different tundish

designs was also assessed.

2.2.2.2. Methods of solving mathematical models

The solution procedures of the mathematical models of fluid flow in
continuous casting system are mainly through the solution of the
finite difference equations which are derived from the governing
differential equations. Thus the methods involve the derivation of
finite difference formulations from the differential equations and
boundary conditions as well as methods for solving the resulting set

of simultaneous non-linear algebraic equations.

The following methods have been used to derive finite difference

formulations from the differential equations and the boundary

(70]

conditions:-

a) from Taylor-series expansions;

b) through the integration over a finite volume.

There are many kinds of schemes which may be used in deriving finite

difference equations. They are, mainly:-

a) central difference scheme;

Page 2:20



Chapter 2

b) upwind difference scheme.

For the solution of a set of simultaneous non-linear algebraic
equations, successive-substitution techniques must be employed. When
using this method, initial guesses for the values of the variables

are substituted into successive-substitution formulae which have been
derived from the algebraic equations, and new values are calculated,
then these values are used as new guesses to the solution and so on.
Such procedures are commonly referred as iterative. Iterative methods
of solving simultaneous algebraic equations may be divided into two

. . [70]
main groups:-

a) "block" methods;

b) "point" methods.

In the "block" methods, use is made of matrix inversion techniques as
part of the iteration cycle; but in the "point" methods, use is only

made of the procedure of successive-substitution.

Within the "point" methods, the following three methods are

available:-[70]

a) Jacobi method:
each cycle of the iteration only involves values of the
variables from the previous cycle;
b) Gauss-Seidel.method:
new values are used as soon as they become available;
¢) Successive-relaxation method:
provisional values are first calculated using the

Gauss-Seidel method, and then the final values are computed
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using a relaxation parameter.

For the solving of multidimensional equation, there are also several

other methods available. Among them are the alternating direction

[71-73] [74-751 _ 4

implicit (ADI) methods , explicit splitting methods

Generalized ADI methods[76-78].

Nowadays, some of these solution methods have been embodied in

computational packages, such as PHOENICS, FLUENT, etc.

2.2.3. Factors affecting the fluid flow patterns within the mould.

Fluid flow patterns in moulds are affected by a number of factors.
The main ones are the mould and SEN geometries, the casting speed and
the cooling rate, submerged depth of SEN, mould powders, gas bubbling

through the SEN, and EMS in the mould or below the mould.

2.2.3.1. Effect of mould and SEN geometries.

It is obvious that the type and dimensions of the mould will affect
the flow patterns developed within it. So each investigation was
conducted on a definite mould.[3’4’10’14’28] The shape and dimensions
of SEN also have the effect on the flow patterns established in the

mould.

2.2.3.2. Effect of the casting speed and the cooling rate.

As it could be expected that reducing the casting speed will result
in a shallower liquid pool, corresponding to an increased cooling
rate, and a higher casting speed will result in a deeper liquid pool,

corresponding to a slower cooling rate. As the domain within which
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the flow pattern is established changes, and so does the flow pattern

itself.

2.2.3.3. Effect of the submerged depth of SEN.

The submerged depth of the SEN has a strong influence on the motion
of the liquid steel on the top of the mould, especially on the
turbulent motion. The less is the submerged depth, the more turbulent
is the motion of the liquid steel close to the liquid surface. A
deeper submerged depth of the SEN is preferable, in order to reduce
the turbulent motion of the liquid steel on the top of mould, in

order to achieve improved surface quality of cast products.

2.2.3.4. Effect of the mould powders.

Mould powders have little effect on the flow patterns in the mould.
Their main roles are to prevent the liquid steel from reoxidation, to
absorb the inclusions which separate from the steel during casting,

to act as a thermal insulator and to lubricate the mould.

2.2.3.5. Effect of gas bubbling through the SEN.

Gas bubbling through the SEN markedly reduces the stream penetration
into the liquid pool.[3] Figure 2.7 shows the mould fluid flow
pattern without gas bubbling, and figure 2.8 and figure 2.9 show the

mould fluid flow patterns with gas bubbling.

2.2.3.6 . Effect of EMS in the mould or below the mould.

The application of electromagnetic stirring (EMS) in the mould or

below the mould causes the rotational flow in the liquid pool. If the
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rotation extent is justified, this rotational flow induced is of

benefit to the internal quality aspects of cast products.[79]

2.3. Inclusion separation.

The liquid sump in the continuous casting mould provides the last
chance for inclusion separation. The extent of the removal of
inclusions in the sump is closely related to the quality of the cast
products. It is essential that the nature of inclusion removal in
the sump is properly understood so that every effort can be made to

promote inclusion separation there.

2.3.1. The mechanisms of inclusion separation.

The mechanisms of inclusion separation from the liquid steel is not
yet fully understood. Two possible mechanisms, floatation and eddy

diffusion, are discussed in the following sections.

2.3.1.1. Floatation.

The inclusion particles, either liquid or solid, existing in liquid
steel tend to rise due to the buoyancy. Miyashita et al.[80] have
studied the rising velocities of inclusions in a quiescent steel bath
and found that they follow Stokes’ law, which may be written as:-

D 2 -
p(p p_)eg

u_- P
18 pu

where: Ur: rising velocity of particle;

Dp: diameter of particle;
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p: density of the medium;
p_: density of particle;
g: gravitational acceleration;

i: molecular viscosity.

Thus, for 20-micron and 100-micron pafticles, having a density some 0.4
times that of liquid steel, the rising velocities would be of the
order of 0.16 mm.s-! and 4.00 mm.s-! , respectively. These
velocities are much smaller than the withdraw speed in the mould, so
inclusions cannot be removed from the liquid steel in the sump

through floatation. 1In fact, Miyashita et al.[80], as well as

various other authors[81-83], have demonstrated that Stokes’ law
cannot be applied directly to a stirred or agitated steel bath to

work out inclusion removal rates. Removal rates of inclusion

particles in such baths are much higher than would be predicted by

Stokes’ law. Some other kinds of mechanism must be involved.

2.3.1.2. Eddy diffusion.

When liquid steel is stirred or agitated by gas purging,
electromagnetic stirring, or impact of an incoming jet stream, the
flow of the liquid steel will be turbulent. Eddies, turbulent changes
of velocity, will therefore exist in the melt and inclusions will be

[84-86] the eddies

removed by eddy diffusion. It has been found that
formed will be in a size ranging from the linear dimensions of the

reactor down to a size )\, so small that viscosity becomes important,

i.e.
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AoV

éo v 0,25
where: V, [ _— ]

Ay: size of the eddies;

V,: eddy velocity of size A,;

v: kinematic viscosity of steel;
o- Stirring power per unit volume;

p: density of steel.

For eddy diffusion close to a surface to which inclusions are going
to be removed, Fick's first law of diffusion may be applied which

could be written in the form:-

dc
j,=-D
a E dy
where: j_ : flux of inclusions of a diameter a;

C _: concentration of inclusion of diameter a;
y: distance from the surface;

D_: eddy diffusivity.

Now the eddy diffusivity DE may be obtained using the prandtl mixing

length mode1[87]
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where: 1 = 0.4y
1: Prandtl mixing length;
y: distance from the surface;
Vy: normal component to the surface of eddy velocity.

Engh and Lindskog[96]

employed this theory to study the inclusion
removal to refractory walls. The effective removal velocity of the
inclusion at the walls was obtained. However, they have not discussed

the removal of inclusions to the top slag — the only possible way

for the inclusion removal from the strand in the sump.

2.3.2. Empirical approach.

Unlike empirical investigations of fluid flow patterns in continuous
casting moulds, experimental studies of inclusion separation in
moulds are relatively rare. It appears that neither experimental
methods nor empirical data about the inclusion separation ratio in
moulds have been published in the previous metallurgical literature,

[88-91]

although several publications about inclusion separation in

tundishes exist.

Kemeny et al.[88]

proposed a model for inclusion removal in a tundish
based on a study of residence times in a full-scale water model. They
assumed that inclusions of specific diameter would be removed from

the system once they had reached the surface according to the Stokes’

Law.

Sahai and Ahuja[89]

measured actual inclusion separation ratios in a
tundish, using a one-third scale model. Their method of analysis

relied on weighing particles filtered from water samples taken from
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the tundish at a specific times after particles had been injected
into the entry stream. Hollow glass microspheres (44-75 micron
diameter and 0.6 g.cm™3 apparent density) were used to simulate
wetting inclusions in molten steel and polyethylene powder (106-150
micron diameter and 0.91 g.cm~3 density) to simulate the non-wetting
inclusions. A measured amount of the particles, dispersed in small
quantity of water, was injected into the entry stream and water was
allowed to run through the tundish for the specified period of time,
after which the inlet and exit streams were stopped. The water
contained in the tundish was collected and filtered. The walls of the
model tundish were washed to collect any adhering particles. All the
particles were carefully dried and weighed to calculate the inclusion

separation ratio which was defined as:-

W

"inelusion ~ W x 100

1

where: g inclusion separation ratio in percentile terms;

inclusion’
Wt: weight of particles remained in tundish;

Wi: weight of particles injected.

The extent of inclusion separation for a given flow condition,
depended upon the time allowed. Figure 2.10 shows one of their
examples for the inclusion separation ratio of the injected particles
as a function of time. As can be seen from this figure, the inclusion
separation ratio reached a steady-state value in about three times

the nominal residence time. Sahai and Ahuja[89] therefore used these

steady-state values in analysing their results.
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Nakajima et al.[90] developed a technique for the detection and on-
line analysis of inclusions in model tundishes. The technique is
based on the electric sensing zone ( E.S.Z. ) principle: when a small
particles pass through an electrically insulated orifice the
electrical resistance of a fluid electrolyte flowing through the
orifice increases in accordance with a particle’s volume. Voltage
pulses generated in the presence of an electrical current can be
measured,and the number and size of particles counted. This principle

is shown schematically in figure 2.11.

The change in electrical resistance of the fluid, when a small

particle passes through the cylindrical orifice, is given by[golz-

4Lp d 3
AR = —=—P_ [ 1 .0.8(d/D)3 ]-!
w D4

where: AR: change of electrical resistance of the fluid;
p_: resistivity of the fluid;
d : diameter of the particle;

D: diameter of the orifice.

The E.S.Z. system is shown schematically in figure 2.12.[90] It
consists of a sampling probe, an electrical circuit, a pre-amplifier,
a pulse height analyser (P.H.A.), and a recording system. In their
studies, glass orifices of 480 um were fitted to sampling probes,
then the glass probe was shielded with a stainless steel flexible
hose, as shown in figure 2.13.[90] By applying this technique,

]

. 90 . . . . .
Nakajima et al.[ studied the inclusion separation from tundishes
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and found that this technique was compatible with the method used by

Sahai and Ahuja.[89]

Both methods showed that for the particular
tundish under study, steady state conditions with regard to inclusion

float out behaviour were only achieved after some 2-3 nominal

residence times, as shown in figure 2.14 and figure 2.15.

[91] studied the

In a 1/4-scale tundish water model, Martinez et al.
inclusion separation from tundish. Once again, glass microspheres
were selected as non-metallic inclusion simulators (wetting) because
the physical properties of this material are very favourable to
‘simulate non-metallic inclusions. A measured amount of glass
microspheres were mixed with water and injected through the submerged
nozzle. The recovery of these particles was then measured at the exit
nozzle at various sampling times. The samples obtained were weighed
and then the particle size distribution measured with the assistance
of a computer. The data yielded the total percentage of separation as

well as the separation with respect to certain sizes of the glass

microsphere.

2.3.3. Theoretical approach.

Inclusion separation in continuous casting processes has a very
strong influence on steel cleanness and overall quality of
continuously cast products. This has stimulated much recent
theoretical investigation into the behaviour of inclusions in liquid
steel, mainly through mathematical models. But just like in the case
of empirical studies, most of the work[66’92-95] were done in
continuous casting tundishes, not in moulds. So in the following,

only some aspects about the theoretical investigations of inclusion
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Figure 2.15
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separation from tundishes will be mentioned.

Hsu and Chou[92] developed a mathematical model to represent the
fluid flow phenomena and inclusion behaviour in a slab tundish. The
mathematical model included the solution of two-dimensional Navier-

[68]

Stokes equations. Prandtl’s mixing length hypothesis was used to
calculate the turbulent viscosity. Inclusion behaviour was studied

through inclusion trajectories determined by accounting for buoyancy

effects.

[93]

Nakajima and Kawasaki studied the floating behaviour of
inclusions in a tundish in conjunction with the fluid flow state of
the molten steel. Their mathematical model postulated that the
tundish bath consists of three regions: a mixing flow region, a plug
flow region and a stagnant region. In the mixing flow region,
dominated by inertial force or turbulent viscous force, inclusions
are transferred by various sized vortices. 1In the plug flow region,
dominated by viscous force, inclusions are transferred approximately
according to Stokes’ law. The stagnant region is by-passed by the
steel stream and is therefore not involved in inclusion transfer.
Their model was found to be in good agreement with the results of
physical model experiments and with actual operations. The model
showed that the use of a longer and deeper tundish bath was effective
for promoting the floating removal of inclusions owing to the
resulting increase in the plug flow region. In addition, placing dams
in the tundish reduced the efficiency of inclusion removal by

floatation, since the dam increased the mixing flow region.

[94]

In another paper, Nakajima and Kawasaki further extended their
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model to study the effectiveness of gas bubbling as a means of
increasing inclusion removal efficiencies in a tundish at high
casting speeds. The model was modified by including a recirculatory
region related to the gas bubbling in which inclusion are mainly
transferred by upward flow. Once again, the stagnant region is not
involved in inclusion transfer. The model showed that a uniform
bubbling flow, which occurred at low gas flow rates, was effective in
promoting the floating removal of inclusions; the effect becoming

stronger as the casting rate was increased.

Ilegbusi and Szekely[66’95] studied fluid flow, tracer dispersion and
inclusion behaviour in tundishes using a mathematical model. They
employed the PHOENICS computational package to solve the Navier-
Stokes equations together with the tracer conservation equation and
the particle transport equation based on buoyancy effects. They found
that there were significant differences between the behaviour of the
tracer and the behaviour of the inclusion particles, principally due

to the finite rising velocity of the inclusionms.

Inclusion separation phenomena have also been studied in other metal
treatment processes. From the fluid mechanical point of view, Engh

[

and Lindskog %6] developed a mathematical model to describe the
separation of slag inclusions, as a function of the specific stirring
power, during ladle treatment. The model is based on the use of the
eddy diffusivity concept to calculate the inclusion removal rate to
the ladle walls. The removal velocity of a given particle is obtained
as a function of the specific stirring power and the particle size.

However, the inclusion removal to the top slag, the only mechanism

that can operate in a continuous casting mould, was not discussed in
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their paper.

2.3.4. Factors affecting inclusion separation.

As expected, the factors, mentioned in section 2.2.3., affecting the
fluid flow patterns have been shown to have some effect on the
inclusion separation process. However, very little direct work has
been carried out on the mechanisms of inclusion removal in the
continuous casting mould. The present work has therefore been
undertaken to elucidate which aspects of fluid flow in the sump have
the greatest effect on inclusion removal, and hence what control
strategies can be adopted to maximize inclusion removal in the sump.

And this will be discussed later in the discussions.
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3. EXPERIMENTAL TECHNIQUES.

3.1. Development and control of water model system.

3.1.1. Introduction.

The previous literature review has already identified the main area
of interest of the research as the study of fluid flow patterns in
the sump and their influences on the inclusion removal in the mould

during continuous casting.

The aim of the experimental work was to develop water models of
continuous casting systems and used them to observe fluid flow
patterns and inclusion behaviour in