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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.

1.1. 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
[1-41widely used technology in modern steel plants . This is because

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 decades Concurrent with

this increase in production levels are the stringent quality 

requirements. These quality aspects —  mainly surface finish and 

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, 

several authors ^  have found that metal flow in the mould is an 

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, 

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 
T 28 - 311following 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 
[3-28]extensive.

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
r 31-33]conditions must be satisfied.L

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
^  ^ i t32]the same model.

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
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pV2L inertial force
Weber No We — ------  = ------------------------

o surface tension force

where: V: stream velocity;

g: gravitational constant;

L: characteristic length; 

u: kinematic viscosity; 

a: 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

the same model of a given particular scale. It requires a full

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 
[34]Heaslip et al. 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^^^ 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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Figure 2.1

(b)

)(>

f 281Schematic representation of the fluid flow field.

(a) —  radial flow nozzle;

(5) —  straight nozzle.

Page 2:8



Chapter 2 ^
\

the flow rates through the system, except that, at higher flow rateL,— - 

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.

[141Using 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
[31built by Hibbins et al. 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.

[41Of the recent work, the paper by Tai et 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
r j jj*371moulds. As early as in 1960's, several Russian investigators1 ’ 

examined the mould flows when different submerged entry nozzles were



Figure 2.2

A
Open stream Vertical outlet

Two ho led  outle t Four  holed outlet

Sketches over the fluid flow pattern developed in a CC-mould

using different submerged entry nozzles. [14]
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employed. Astrov et a l . ^  used a three-fifth scale water model to 

study the effects of the port sloping angle of the submerged multi­

ports nozzles on the fluid flow in the mould. After careful study 

using a 2/3-scale model, Robertson and S h e r i d a n s u g g e s t e d  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 

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. M c P h e r s o n h a s  

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-scale model was used by Nemo to and Kawawa^*^

to observe the stream patterns in the mould. Figure 2.3 shows one of

their results. They found that, when the exit angle 6 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 6 for different

dimensions of the mould. After the investigations using a 1/4-scale
T 381model, Habu et al. 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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Figure 2.3

Water model experiment on fluid flow pattern 

influenced by the exit angle of nozzle

Simulation factor:

V 2
Fr

L g

V: stream speed;

L: length;

g: gravitational acceleration.
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Figure 2.4

B ott le  nozzle

50 mm

S

25 n'H i

Ordinary nozzli

Profile of submerged entry nozzles [38]
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Figure 2.5

U

Ordinary nozzle B o t t l e  nozz le

Fluid flow patterns of resin particles in water pool. [38]
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Figure 2.6
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C/l
CoS loo
o
c
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°  From cast st ructure 
x From solute distribution

O H h
2 3 4 5 6
P e n e t r a t io n  depth (m)

Relation between extracted large inclusion (>50 /im) content

in accumulated zone of slabs and penetration depth
* • • .[38]of casting stream m  sump
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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] f39]rather scanty. The work done by Krainer et al. 1 and

Arnoult et al. 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
[43]continuity equation together fully describe fluid flow behaviour,1 J
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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,
f441 [451among them are Savage and Pritchard, J Adenis et al., J

Hills, Donaldson and H ess,^^ Mizikar, Fahidy^^ and

Szekely and Stanek. Later, as the development of the turbulence

t h e o r y a n d  the improvement of numerical methods for solving

multidimensional turbulent flow problems have progressed,

mathematical models of fluid flow in steelmaking processes have been

developed by several investigators. t-^-61] Recently, several

mathematical models have been developed to analyse fluid flow

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

work 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.

r 631The 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, the prandtl's mixing length
r 681hypothesis is used, which can be written as :-

- Pi2
du

By

where: p : density of the medium; 

p^\ turbulent viscosity;

I: prandtl mixing length;

|3u/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:-

“off "  " t  +

where: Peff' effective viscosity;

p: molecular viscosity of the medium.

f 621Tanaka et al. introduced a three-dimensional mathematical model
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of tundish systems. The equation of continuity and the Navier-Stokes 

equation in three dimensions were used as the fundamental equations. 

They employed the k-e model of Jones and Launder to calculate the 

turbulent viscosity. According to Jones and Launder, the turbulent 

viscosity is determined as:-

Ht - K 1pk*/e

The governing equations for k and e are respectively:-

3 /j __ 3/c
  (puLk -   ) = G - pe
dx. a. dx.

1 k i

and

3 /i ff de
  (pu e -  ) = (K2G - K3pe) e/k
dx. a dx.l e l

du . du . du .
where: G = p — + — -)

dx. dx. dx.
i i J

k: turbulence kinetic energy;

e: rate of dissipation of turbulence kinetic energy; 

A*eff: effective viscosity;

turbulent viscosity;

Kx, K2, K3, a 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.

Similar mathematical models were developed by He and Sahai,

Szekely and El-Kaddah^^ and Ilegbusi and Szekely.

Szekely et al. 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 

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]m a m  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: -

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;

c) 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 

implicit (ADI) methods , explicit splitting methods and

Generalized ADI methods .

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. xhe 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
[31into the liquid pool. 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

Page 2:23



Figure 2.7

NO

MOTION

VERY
SLOW

UPWARD

1

RAPID DEEP PENETRATION

Mould fluid flow pattern with a
r 31straight-discharge SEN.1 J 

(no gas bubbling)



Figure 2.8
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Figure 2.9
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rotation extent is justified, this rotational flow induced is of
r 7 9 1benefit to the internal quality aspects of cast products.

2.3. Indus ion 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 a l . ^ ^  have 

studied the rising velocities of inclusions in a quiescent steel bath 

and found that they follow Stokes' law, which may be written as:-

18 fi

where: U^: rising velocity of particle;

D^: diameter of particle;
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p: density of the medium; 

p^: density of particle; 

g: gravitational acceleration; 

p.: molecular viscosity.

Thus, for 20-micron and 100-micron particles, having a density some 0.4

times that of liquid steel, the rising velocities would be of the

order of 0.16 mm.s*1 and 4.00 mm.s-1 , 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. In fact, Miyashita et a l . ^ ^ ,  as well as
T 81-831various other authors , 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 

removed by eddy diffusion. It has been found t h a t ^ ^ t h e  eddies 

formed will be in a size ranging from the linear dimensions of the 

reactor down to a size A0 so small that viscosity becomes important, 

i.e.
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1/

where: a

A0: size of the eddies;

V^: eddy velocity of size A0; 

v : kinematic viscosity of steel; 

e0: 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:-

where: j : flux of inclusions of a diameter a;Ja ’
C : concentration of inclusion of diameter a;o 1

y: distance from the surface; 

D£ : eddy diffusivity.

dCa
dy

a

Now the eddy diffusivity may be obtained using the prandtl mixing 

length model
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where: 1 — 0.4y

1: Prandtl mixing length; 

y: distance from the surface;

V : normal component to the surface of eddy velocity.

r 961Engh and Lindskog 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,
T 88-911although several publications about inclusion separation in

tundishes exist.

r 881Kemeny et al. 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.

r 891Sahai and Ahuja1 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:-

wtrj. . ------ x 100inclusion ..w . 
i

where: rj. 7 . : inclusion separation ratio in percentile terms;inclusion r r
W^: weight of particles remained in tundish;

V3L: 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 A h u j a ^ ^  therefore used these 

steady-state values in analysing their results.
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Nakajima et a l . ^ ^  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 b y ^ ^ : -

4 p d 3
A R  *— E- [ i . 0.8(d/D)3 ]-i

7T D4

where: AR: change of electrical resistance of the fluid;

/?g: 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.^^ 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 pm were fitted to sampling probes, 

then the glass probe was shielded with a stainless steel flexible 

hose, as shown in figure 2.13.^^ By applying this technique, 

Nakajima et a l . ^ ^  studied the inclusion separation from tundishes
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Photograph of E.S.Z. probe developed

Page 2:35



Chapter 2

and found that this technique was compatible with the method used by 

Sahai and Ahuja.^^ 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.

r 911In a 1/4-scale tundish water model, Martinez et al. studied the 

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^^ ’̂  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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McGill: weighing method;

STELCO: E.S.Z. method.
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separation from tundishes will be mentioned.

r 921Hsu and ChouL 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-
r 681Stokes 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. In 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^^ ’ studied fluid flow, tracer dispersion and 

inclusion behaviour in tundishes using a mathematical model. They 

employed the FHOENICS 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 inclusions.

Inclusion separation phenomena have also been studied in other metal 

treatment processes. From the fluid mechanical point of view, Engh 

and Lindskog^^^ 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 the sump during continuous 

casting operations.

In order to achieve this purpose, continuous casting system water 

models have been developed, as shown schematically in figure 3.1, 

which consist of ladle, tundish, mould and a part of the strand. Two 

kinds of continuous caster have been simulated in this study. The 

first one is a vertical straight mould billet caster, with a mould 

cross section of 140 mm x 140 mm. The second one simulates a vertical 

straight mould bloom caster with a mould cross section of 

425 mm x 305 mm.

3.1.2. Choice of scale.

The present study will be restricted to the treatment of submerged 

entry nozzles and only fluid flow patterns in the upper portion of 

the sump will be considered. The fluid flow in this region is 

governed by the action of the high momentum jet and by gravity driven
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flows at the exit of the nozzle. The expansion of the jet flow is 

also involved, a phenomenon influenced by viscous and inertial 

forces, making both Froude and Reynolds numbers important. Both the 

Froude and Reynolds criteria must be satisfied. The Froude number and 

Reynolds number expressions were given in section 2.2.1.2. but are 

rewritten below:-

V2 inertial force
Froude No Fr = ---- = ------------------

gL gravity force

VL inertial force
Reynolds No Re = ---- =-------------------

v viscous force

After considering the physical properties of water and liquid steel,
[23]given in table 3.1 , it is known that full-scale water models must

be selected in order to satisfy the Froude and Reynolds criteria 

simultaneously. Therefore the length scale factor is equal to one, 

i.e.

L

P

where: subscript

m: model;

p: prototype (steel casting system);

L^: length scale factor;

L : length in the model; in

L : corresponding length in the prototype.
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TABLE 3.1. Physical properties of water at 20°C and steel at 1600°C.

Property Water
(20°C)

Steel
(1600°C)

Absolute Viscosity 
(cp)

1.0 6.4

Density
(g.cm-3)

1.0 6.95

Kinematic Viscosity 
(cs)

1.0 0.92

Surface Tension 
(dyne.cm-x)

74 1350

TABLE 3.2. Billet Tundish nozzle dimensions.

Dimensions dz (mm) D^ (mm) L (mm) Others

Nozzle 1 15 50 280 Metering nozzle

Nozzle 2 15 70 280 Metering nozzle

Nozzle 3 19 50 280 Slide gate nozzle
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However, because of the limitation of the water supply in the 

laboratory, it was only possible to run bloom caster water model 

using a full scale slice mould. Full scale slice mould means here 

that the mould used in the model is a slice cut off vertically from 

the centre of the bloom mould. This model, in fact, was a truncated 

model - truncated in the direction normal to the plane of the nozzle 

axes. Therefore the mould used in the experiments on the bloom caster 

model has a cross section of 425 mm x 65 mm. The mould used in the 

experiment on the billet caster model was a full scale three- 

dimensional one, having a cross section of 140 mm x 140 mm.

3.1.3. Model design calculations.

The fluid flow coming into the sump are mainly gravity driven flows. 

For gravity driven flow through an orifice, the velocity can be 

expressed as:-

V oc Jh (3.2)

where: V: velocity;

h: fluid hydraulic head above the orifice.

Equation (3.2) may be written for both model and prototype as:-

V a Jh m m

V„ a Jh 
P p

Thus, the velocity scale factor, V̂ ., may be written as
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V  —  = (— 2L )0-5 = h 0,5 (3 .3)
V h r

where ĥ . is termed as fluid hydraulic head scale factor.

In the water model developed, ĥ . has been chosen to be equal to L̂ ., 

i.e.

hf - Lf (3.4)
So

Vf - Lf° -5 = 1 (3.5)

Thus the velocity used in the model will be the same as that 

presented in the prototype.

The time scale factor, t̂ ., may be calculated with the aid of the 

following relation,

Lft   (3.6)
Vf

Substituting equation (3.5) into equation (3.6), equation (3.6) can 

be expressed in terms of the length scale factor as:-

tf = Lf°'5 = 1. (3.7)

So the time involved in the model will be the real time.

Similarly, the volume flow rate scale factor, Q̂ ., can be derived from 

the length scale factor and the time scale factor as:-
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(3.8)
t■f

which may be written in terms of the length scale factor after

substitution from equation (3.7) as:-

(3.9)

Therefore the volume flow rate employed in the model will be the same 

as that used in the prototype. But in the case of bloom caster model, 

because a truncated model was used, the volume flow rate employed in 

the model will be the same as that of the slice of mould simulated.

3.1.4. Mould.

Billet caster mould.

6 mm thick perspex sheets were used to build the model of the billet 

caster mould and a part of the strand. Two pieces of perspex sheets 

with dimensions of 140 mm x 1150 mm and two pieces with dimensions of 

152 mm x 1150 mm were glued together to make a square tube of 

internal dimensions of 140 mm x 140 mm and length of 1150 mm. One end 

of the square tube was left open and the other end of the tube was 

glued onto a perspex square flange plate of internal dimensions of 

140 mm x 140 mm and outside dimensions of 210 mm x 210 mm. At the 

bottom of the model, a perspex square funnel was glued onto a perspex 

flange plate (having the same dimensions as that at the bottom of the 

tube) which was then flanged onto the tube. A piece of perspex pipe, 

internal diameter 25 mm, was glued onto the bottom of the funnel to
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form the water outlet of the mould. This arrangement ensures that 

water flows out of the mould evenly. Figure 3.2 shows the mould 

assembly for the model billet caster.

Bloom caster mould.

The bloom caster model mould was built using the same kind of 

materials as the billet caster model mould. 6 ram thick perspex sheets 

were cut into four pieces, two of them having dimensions of 

437 mm x 650 mm and the other two having dimensions of 65 mm x 650 

mm. These four pieces were glued together to form a square tube of 

internal dimensions of 425 mm x 65 mm 650 mm in length. A similar 

perspex square funnel to that used in the billet caster model was 

built and flanged onto the bottom of the mould model through a 

similar arrangement. A piece of perspex pipe, internal diameter 25 mm 

and wall thickness 3 mm, was again glued onto the bottom of the 

funnel to form the water outlet of the mould. Figure 3.3 shows the 

mould assembly for the model bloom caster.

3.1.5. Tundish and tundish nozzles.

No observations were made within the tundish. The tundish was, 

therefore, only built as a distributor: to reduce the turbulence 

caused by entry stream and to eliminate gas bubbles contained in the 

water. A narrow tundish model made of perspex was used, provision 

being made to control the water level in the tundish and to mount 

different nozzles. Figure 3.4 schematically shows the tundish 

assembly.
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Figure 3.2
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Figure 3.3
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Sketches of the bloom mould assembly.

Page 3:10



Chapter 3

Figure 3.4
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Sketches of the tundish assembly.
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Three tundish nozzles were used during the experiments on billet

caster model. All of them have a vertical outlet, as shown

schematically in figure 3.5. Two are metering nozzles and the other 

one is a slide gate nozzle. Their dimensions are given in table 3.2.

Eight tundish nozzles were used during the experiments on bloom

caster model.. All have bifurcated outlets with different outlet

angles, as schematically shown in figure 3.6, 3.7 and 3.8. They are 

all metering nozzles. Their dimensions are given in table 3.3. The 

nozzle diameters were decided according to the volume flow rate 

required by the bloom caster model. The volume flow rate through the 

model was determined in such a way that downward fluid flow velocity 

will be the same in both the model and the prototype.

A centimeter scale was stuck onto the side of the nozzle, allowing 

the submerged depth to be easily read.

3.1.6. Ladle.

The ladle model was a simple plastic tank of 45 litre capacity, 

supported 2250 mm above the tundish water level. An overflow pipe was 

connected to the tank to control the water level.

3.1.7. Water flow modes.

Two kinds of water flow modes were employed during the experiments, 

namely a recirculatory mode and a through-flow mode, as shown in 

figure 3.9. The water recirculatory mode was used during the 

experiments for fluid flow pattern visualization. In this mode, 70 

litres of tap water were first fed into the water reservoir, and a

Page 3:12



unapter J

Figure 3.5
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Figure 3.6

s \

Design of submerged entry nozzle
with horizontal outlets, (see Table 3.3.)
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Figure 3.7
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Figure 3.8
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Design of submerged entry nozzle
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TABLE 3.3. Bloom Tundish nozzle dimensions.

Dimensions Dz (mm) dz (mm) d , (mm) a 8 (°) L (mm) Others

Nozzle 4 32 15 13 0 280 Horizantal

Nozzle 5 32 15 13 25 280 Upward

Nozzle 6 32 15 13 5 280 Upward

Nozzle 7 32 15 13 5 280 Downward

Nozzle 8 32 15 13 10 280 Downward

Nozzle 9 32 15 13 15 280 Downward

Nozzle 10 32 15 13 20 280 Downward

Nozzle 11 32 15 13 25 280 Downward
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Figure 3.9
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pump was used to circulate the water within the model system. The 

through-flow mode was employed during the experiments simulating 

inclusion separation. In this mode, fresh water was continuously fed 

into the ladle, through the model system and then into the drain.

3.1.8. Control of water levels.

The water levels in the ladle and the tundish were controlled to be 

constant, thus keeping a constant water flow rate through the mould. 

The water level in the mould was thus easily controlled by 

controlling the water flow rate out of the mould. This control was 

provided by the valve below the mould set to a fixed position and 

allowed the water level in the mould to be controlled to within ±2 

mm during a typical run of 20-30 minutes.

3.1.9. Water flow rate measurement.

The water flow rate through the model system was measured by a 

rotameter, which was installed below the mould and after the flow 

control valve, as shown in figure 3.1. A rotameter 2000

made by GEC-Elliott Process Instruments Ltd, Model: Metric 47XE, was

used, having a scale of graduated 0 - 2 7 .  The rotameter was 

calibrated using a tank, a platform scale and a stop watch, the 

experimental set-up being shown in figure 3.10. The calibration 

procedure is as follows:

a) open valve 2;

b) use valve 1 to set the rotameter to a certain reading;

c) shut off valve 2;

d) when the scale reaches a certain reading ( e.g. 10 Kg ),
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Figure 3.10

Tank

Rotameter

Valve 2 Scale

Valve 1

Experimental set-up for the rotameter calibration.
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start the stop watch;

e) when the scale reaches another reading ( e.g. 25 Kg ), stop 

the stop watch followed by opening Valve 2;

f) record the time and two readings from the scale;

g) set the rotameter to another reading and repeat steps a) to 

f) and use the following expression to calculate the actual 

flow rate.

Actual flow rate =  stop---- start—
t p

where: W : the scale reading when starting the stop watch;S UciJTU

^stop* t*ie sca -̂e reading when stopping the stop watch; 
t: the time recorded;

p : density of water at room temperature.

The calibration curve such obtained is shown in figure 3.11.

3.2. Experimental techniques for fluid flow pattern visualization.

Techniques used for visualizing the fluid flow pattern have mainly 

involved making additions to the water and selecting a suitable light 

source for visibility and clarity. These additions, termed tracers, 

allow the water flow patterns to be easily seen and photographically 

recorded.

3.2.1. Choice of tracers.

Several materials have been tried as the tracers, including plastic 

particles, glass microspheres, fine alumina flakes, star glitter,
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small air bubbles and coloured liquid. It was found that fine alumina 

flakes and small air bubbles gave very good and clear visualization 

of the fluid flow patterns and injection of coloured liquid into the 

entry nozzle stream gave a perfect visualization of the shape of the 

entry jet and of its penetration. So in the later experiments, fine 

alumina flakes, small air bubbles and coloured liquid were chosen as 

the tracers.

3.2.2. Preparation and addition of the tracers.

a) Preparation and addition of the fine alumina flakes.

15 grams of the alumina flakes were mixed with 50 ml of alcohol to 

make a slurry at least 10 minutes before use. This changed the 

surface characteristics of fine alumina flakes; otherwise they would 

float on the water surface instead of mixing with the water.

When fluid flow conditions in the mould reached a steady-state and 

the fine alumina flakes-alcohol slurry was ready to use, 15 ml of the 

slurry was injected into the mould by using a surgical syringe. 

Observations were then begun after the water had been allowed to 

recirculate within the model system for a further 10 minutes.

b) Preparation and addition of small air bubbles.

Pre-treatment was unnecessary for the air which was sucked into the 

entry stream from the atmosphere of the room through nozzles which 

were placed in the entry stream, as shown in figure 3.1. There were 

six nozzles altogether, formed from stainless steel small-bore tubing 

of internal diameter 200 fim and soldered onto a stainless steel plate 

to make a set of nozzles, as shown in figure 3.12. The size of the
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hole on the plate exactly matched the internal diameter of the 

tundish nozzles given in table 3.2 and 3.3.

3.2.3. Illumination of fluid flow domain.

The model moulds have thickness of 140 nun and 65 mm respectively.

They can, in respect to their thickness, be considered as three- 

dimensional models. It is obviously very difficult to view or record 

the fluid flow patterns three - dimens ionally, so, a method must be 

developed that could allow two-dimensional patterns to be viewed or 

recorded. First the fluid flow domain must be illuminated two- 

dimensionally: in the present study, two slide projectors were 

employed with narrow slits at their planes of focus. Each slit, as 

shown in figure 3.13, has a width of 0.75 nun. PRADO UNIVERSAL 

projectors of slide size of 70 mm x 70 mm being used. By arranging 

the projectors, as shown in figure 3.14, a slit light band of 

approximate 8 mm width was obtained in the fluid flow domain in the 

mould. Any vertical plane within the fluid flow domain could be 

illuminated by moving the projectors. By turning the slit 90°, 

horizontal planes in the domain could also be illuminated. This 

allowed the fluid flow pattern developed in any plane within the 

mould to be observed or photographically recorded without 

interference from and disturbance to the rest of the domain. This 

method of illuminating planes in the fluid flow domain has been 

proved to be very successful, all the observations reported in this 

work being made with its aid.
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Page 3:25



unapter j

Figure 3.14

Projector 1

Mould

Stand

Sketches of the plane light source arrangement.

Page 3:26



3.2.4. Recording; of the fluid flow patterns.

The fluid flow patterns were photographically recorded using a NIKON 

F3 camera with 50 mm lens. The aperture of the camera was set to 1.8. 

Three exposure settings were employed for each flow pattern, i.e. 1/8 

s, 1/15 s and 1/30 s, two frames being taken at each exposure.

3.3. Experimental technique for simulating inclusion separation.

3.3.1. Introduction.

The literature survey showed that no experimental techniques have yet 

been developed to simulate inclusion separation in continuous casting 

moulds. Thus an important aspect of the present investigation is the 

development of a suitable method. An experimental technique had been 

developed after a series of careful studies and trials.

3.3.2. Method of simulation.

A colourless paraffin layer on the top of the water in the model 

mould together with the injection of coloured paraffin into the 

nozzle entry stream was used to simulate inclusion separation. After 

injection, the whole paraffin layer was removed as a sample. By 

measuring the colour change of this sample, the distribution of the 

injected coloured paraffin between the top layer and the exit water 

flow (representing the strand in continuous casting operation) was 

determined with the aid of a calibration curve.

3.3.3. Preparation of the coloured paraffin.

Colourless paraffin oil was coloured by organic dye, SUDAN III being
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chosen as the dye after many trials. 5.9864 grams SUDAN III were 

dissolved in 4000 ml colourless paraffin oil. The solution was heated 

to 110°C for an hour to assist the dissolution process. The resulting 

solution, after being allowed to cool naturally, was stored in a 

bottle for future uses.

3.3.4. Coloured paraffin injection system.

3.3.4.1. Injection assembly.

Coloured paraffin oil was injected into the tundish nozzle using the 

injection system shown schematically in figure 3.15, which is a 

pressure-injection system. It consists of a reservoir for the 

coloured paraffin, a burette (acting as the measuring tube), a gas 

cylinder (acting as the pressure source), and valves and pipes. The 

bottom end of the burette was connected to the injection nozzle 

through a pipe. The burette and the valves were fixed onto a panel. 

The gas pressure from the gas cylinder was regulated to 

1.8 x 106 dyne/cm2 and this pressure was applied onto the surface of 

the paraffin in the burette. The coloured paraffin was fed into the 

burette from the reservoir by closing Valve 1 and Valve 4, and then 

opening Valve 2 and Valve 3. When the burette was filled to the 

desired position (usually to the zero reading), Valve 3 was closed 

followed by Valve 2. During the injection operation, all the valves 

were initially closed; Valve 1 being slowly opened to let pressure 

build up inside the burette. Valve 4 was then opened to force the 

coloured paraffin through the injection nozzles. After injection, 

Valve 4 was first closed followed by Valve 1, and finally Valve 2 was 

opened to release the pressure inside the burette.
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Figure 3.15
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Sketches of the coloured paraffin injection System.
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3.3.4.2. Injection nozzles.

The nozzles already described in section 3.2.2. were used to inject 

the coloured paraffin. Two sets of nozzles have been employed in the 

present investigation. The first set of nozzles is made of 6 large 

capilliary stainless tubes having a inside diameter of 0.200 mm and a 

outside diameter of 0.410 mm, and termed as 'big injection nozzle'.

The second set of nozzles is made of 10 smaller stainless tubes of 

inside diameter of 0.127 mm and outside diameter of 0.229 mm, and 

therefore termed as 'small injection nozzle'.

3.4. Analytical techniques.

The technique used for analysing the samples from the inclusion 

separation simulation experiment will be described in the following 

section.

3.4.1. Analytical equipment.

The samples were analysed colorimetrically. A spectrophotometer made 

by Phillips Scientific Ltd, model: PU8625 UV/VIS was employed, this 

instrument being capable of single beam absorptiometric measurements 

within the wavelength range 195 to 1100 nm. Measurements can be 

obtained in absorbance, transmission and concentration modes with the 

liquid crystal display of the readings. The absorbance mode was found 

to be suitable for the current investigation. All of the measurements 

were therefore carried out in the absorbance mode.

3.4.2. Sampling technique.

After each experiments, the paraffin layer on the top of water in the
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mould was sucked out using the suction system illustrated in figure 

3.16. A vacuum was created within the sampling bottle using a vacuum 

pump. A sampling probe made of glass was connected to the bottle 

through a piece of rubber tube. By carefully moving the sampling 

probe on the surface of liquid layer in the mould, the whole paraffin 

layer could be sucked into the bottle although with a certain amount 

of water. The liquid was left in the bottle for a period to allow the 

paraffin to separate from the water, samples of paraffin being 

subsequently decanted.

3.4.3. Sample preparation.

The samples taken from the sampling bottle were slightly opaque due 

to the presence of fine water droplets. These droplets had to be 

removed before absorbance measurements could be made with the 

spectrophotometer. Two methods were tried: samples were left for 

about ten days to allow the water to settle to the bottom, and, 

alternatively, samples were heated up to 110-120°C for two hours to 

remove the water. Experiments were conducted to check whether heating 

in this temperature range affected the colour of the samples. The 

data obtained, table 3.4, showed that the heating process had no 

effect on the colour of the samples, so this heating method is the 

one that has been used to pre-treat the samples.

3.4.4. Calibration curve.

In order to determine how much of the coloured paraffin had entered 

the top layer, the calibration curve, shown in figure 3.17, was 

obtained by measuring the absorbance of a series of samples
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Figure 3.16
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TABLE 3.5. Calibration Data.

Sample Volume of coloured 
paraffin in 100 ml 
colourless paraffin

Absorbance at wavelength of 530 nm

No. X2 X 3 X

Cl 0.40 0.063 0.062 0.063 0.063

C2 0.60 0.095 0.096 0.096 0.096

C3 0.80 0.118 0.119 0.118 0.118

C4 1.00 0.151 0.154 0.152 0.152

C5 1.20 0.171 0.173 0.171 0.172

C6 1.60 0.217 0.217 0.217 0.217

C7 2.00 0.282 0.282 0.282 0.282

C8 2.40 0.329 0.329 0.329 0.329

C9 3.00 0.411 0.411 0.411 0.411

CIO 4.00 0.512 0.511 0.514 0.512

Cll 6.00 0.781 0.785 0.785 0.784

C12 8.00 1.00 1.00 1.00 1.00
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containing known quantities of the coloured paraffin added to 100 ml 

of the colourless paraffin. The wavelength of the instrument was set 

to 530 nm, at which wavelength the absorbance of a sample containing 

8.0 ml of the coloured paraffin in 100 ml of the colourless paraffin 

was 1.00. All the data obtained about the calibration curve are given 

in table -3.5.

3.4.5. Absorbance analyses.

The absorbance analyses of the samples were carried out on the 

spectrophotometer described in section 3.4.1., the operating 

instructions given in the instrument menu being followed. With the 

wavelength set to 530 nm, the colourless paraffin was used as the 

reference solution. Before analysing the samples, calibration samples 

were used to test and calibrate the instrument. Three readings were 

taken for each sample.

3.5. Experimental technique for measuring inclusion particle sizes.

The technique used to measure particle diameters just as they were 

being generated from the nozzle tube has mainly involved the 

photography of the nozzle tip area with the aid of a micro-flash.

A square tube made of perspex with an inner section size of 12 mm x 

12 mm and a length of 300 mm, as shown in figure 3.18, was used in 

the measurement of particle diameters. A piece of stainless tube of 

the same size as the injection nozzles was place in the middle point 

of the middle section of the perspex tube. Coloured paraffin was 

injected through the stainless tube into the perspex tube using the 

injection system that was used in the inclusion removal experiments -
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see section 3.3.4, operated at the same injection pressure. Water 

was caused to flow through the perspex tube at a velocity of 1.43 

m.min-1 - identical to the velocity at which the water flowed past 

the injection nozzles in the bloom caster model system. Pictures 

were taken of the views of the tip area of the stainless tube with 

the aid of the micro-flash. Two arrangements were used for taking 

pictures. The first arrangement, as shown in figure 3.19, provided a 

general view of the nozzle tip area, pictures being taken directly 

using a standard camera lens. The second arrangement, as shown in 

figure 3.20, provided a close-up view, in which the pictures were 

taken through a microscope. The value of the magnification factor 

was not important in either arrangement, since the particle size 

could be measured by reference to the known outer diameter of the 

stainless tube. The particle diameters were measured by projecting 

negatives obtained using the standard camera lens onto a screen and 

making direct measurements.
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Figure 3.19
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Figure 3.20
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Chapter 4

4. THEORETICAL DEVELOPMENT

4.1. Inclusion mass transfer coefficient at the meniscus surface 

incorporating the effect of Stokes rise.

4.1.1. Introduction.

Inclusions, being less dense than liquid steel, experience a buoyancy 

force causing them to rise towards the steel surface. Relative 

accelerations between inclusions and the liquid steel are fully 

damped out because small size of inclusions, so friction effects 

dominate over inertial effects. Therefore, only velocity difference 

between inclusions and the liquid steel due to balance between 

gravity driven buoyancy force and friction force is normally 

considered. The velocity at which inclusions rise relatively to the 

liquid steel is determined by a balance between this buoyancy force 

and the drag force:-

D^( Pn " P_ )g
IVSt]d ------ ---------------- (4-X)18 Ps f(Re)

where: relative rising velocity of inclusion whose

diameter is D , m.s-1;
P

D^: diameter of inclusion particle, m;

Pg: density of liquid steel Kg.m-3; 

p : density of inclusion, Kg.m-3 

g: gravitational acceleration, m.s-2;

/ig : viscosity of liquid steel, N.s.m-2;

where f(Re) can be taken as unity if the inclusions are assumed to
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obey Stokes Law. This assumption will be made throughout this work so 

that f(Re) is set equal to one, and the velocity predicted by 

equation (4.1) will be termed the 'Stokes rise' velocity.

Inclusions will also be transported to the steel surface through the 

action of the turbulent mixing in the liquid steel resulting from the 

random motion of turbulent eddies. The scale of the eddies is 

considerable greater than the inclusion size, so that inclusion 

mixing will be the summation of a series of individual translations 

over random finite steps. Mathematically, this is the same process as 

molecular diffusion and can therefore be described by Fick's first 

law of diffusion:-

md " -'sdt
df

. dy
(4.2)

y=0

where: m": mass flux of inclusions whose diameters are D , d p ’
Kg.m-2.s-1;

density of liquid steel Kg.m-3;

: turbulent diffusivity, m2.s-1;

f • mass fraction of inclusions whose diameters are D in d p
the liquid steel;

df

. dy y=0
: mass fraction gradient of inclusions at the steel 

meniscus, m-1;

The suffix 'd' in the above equation and the following equations 

denotes that the equations are to be applied to inclusions whose 

diameter is D .
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4.1.2. Transport equations and boundary conditions

The steel flow field in the sump includes a bulk flow of steel across 

the meniscus from the walls of the mould towards the submerged entry 

nozzle. On a scale that is small compared with the overall dimensions 

of the flow field but large compared with the scale of turbulence, we 

can assume that the inclusion mass fraction within the horizontal 

bulk flow immediately below the steel meniscus will obey the 

diffusion equation:-

where the equation has been written down in relation to a co-ordinate 

system travelling horizontally across the steel meniscus with each 

bulk steel flow packet, directions downwards into the liquid steel 

being taken as positive. The time, r, in equation (4.3) is the time 

for which a flow packet has been exposed to the surface.

If we assume that inclusions arriving at the steel surface are 

immediately absorbed by the molten flux, we can assume that their 

mass fraction at the surface is zero so that the boundary conditions 

for the solution of equation (4.3) are:-

3y dr
(4.3)

r > 0  ; y = 0 : fd - 0

r = 0 ; y > 0 : fd = [fd]R

r > 0 i y “ : fd " [fd]R (4.6)

(4.5)

(4.4)
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[f^]^ in equations (4.5) and (4.6) is the mass fraction of inclusions 

of diameter in the recirculation region above the submerged entry 

nozzle. The equations assume that each bulk volume packet of liquid 

steel contains this average content of inclusions at the moment it 

starts its traverse of the steel meniscus. At this same moment, the 

inclusion content at the surface is reduced to zero - equation (4.4)

- and inclusions are thereafter brought to the steel surface by a 

combination of Stokes rise and turbulent diffusion.

4.1.3. Solution of transport equations 

[971Solution of the diffusion equation over a length scale that is 

small compared with the dimensions of the flow field but large 

compared with the scale of the turbulence gives the inclusion mass 

fraction in the flow packet during the time of its passage across the 

steel meniscus as:-

l f d>R [fd3R/2̂ erfc y  +  t v s t ] d r
7(4dt o

+ exp - ' v s t l d y erfc
7(4DTr)

(4.7)

Evaluating the differential of this equation at the surface gives:

1 [3 f dl
[f d ) R ? y .

exp[-[vSt]^/(4DT)] [Vgt.]d [V

y-0

St d 
2Dm

■erfc
7(4DTr)

(4.8)

Page 4:4



Chapter 4

so that equation (4.2) gives the diffusion flux as:-

-m" 7[DT/(7rr) ] [-tvs t ^ l 1
+ 1 - - erfc [tvs t V T]exp

PS^VSt^d^fd^R V̂St^d L *dt J 2 J

(4.9)

where the minus sign before the flux appears because directions 

downwards into the steel are taken as positive.

The following limiting values from equation (4.9) are worth noting:-

Lim
vst-*°

-m'

■PS^fd̂ R-
7DT/(7rr) (4.10)

Lim
d t ->0

-m'

■PS^fd̂ R-
tvstld (4.11)

Equation (4.10) is the flux predicted by the penetration theory of 

mass transfer, in which diffusion is the only transport mechanism, 

and equation (4.11) gives the flux brought about by Stokes’ rise 

alone.

4.1.4. Average inclusion diffusion flux

Equations (4.9) to (4.11) give the flux from any given fluid packet 

at a specific moment during the period of its exposure at the steel 

meniscus. If we assume that the flow field is steady, this moment
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will correspond to a fixed position on the surface allowing the 

average flux from the surface to be evaluated as:-

-r m" e d

pS^VS t ^ fd^R

iy[DT/Orr)]

0 l tVSt^d
exp -rvs t ^

4D,
+  1 -

1
—erfc
2 7(4Dt)

rdr

(4.12)

where rg is the total time for which a fluid packet is exposed at the 

steel meniscus - equal to the average length of the fluid path across 

the surface divided by the average surface velocity.

Evaluation of equation (4.12) is most conveniently carried out in 

relation to a dimensionless exposure time defined as:-

r* = e
TV 12r 1 StJd e (4.13)

In addition, the integration variable, tJ> = ], aids

formulation of the integral, allowing equation (4.12) to become

-m [*Jr* r

PS^VSt^d^fd^R re *

exp(-V>2)
+ 2rjf - erfc(\6)yd^ (4.14)

which, on integration, gives

Page 4:6



Chapter 4

-m

PS^VSt^d^fd^R

2 4
—  erf(»7r*) + 1  ---
r* r*e e

IV'i |y.erfc(̂)j d̂ (4.15)

The final integral in equation (4.15) cannot be evaluated 

analytically. As a later section demonstrates, the contribution that 

it makes to equation (4.15) is always relatively minor, however, so 

that at a level of analysis appropriate to the semi-quantitative 

treatment that the available data will support, we can write:-

md ~ PS^VS t ^ fd^R (2/r*)erf(i/r*) + 1 (4.16)

where minus sign has been omitted to denoted that the mass flux of 

inclusions is the rate at which they are being removed through the 

meniscus.

4.1.5. Effective mass transfer coefficient for inclusion removal

Inclusions are removed from a steel packet to the meniscus through 

the action of eddy diffusion and Stokes rise. This is a mass transfer 

process and could be represented by an equation of the form:-

where: m^: average inclusion removal flux

a,: effective mass transfer coefficient for thed
removal of inclusions of diameter D to the

P
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meniscus

Pgi density of liquid steel

[f.l * mass fraction of inclusions of diameter D in the 1 dJR p
recirculation region above the submerged entry 

nozzle

[f, ] : mass fraction of inclusions of diameter D at the dJm p
meniscus surface

According to the assumptions made in Section 4.1.2 [f^]m could be 

taken as zero, i.e. [f(j]jn = 0- Therefore equation (4.17) becomes:-

Equations (4.16) and (4.18) allow us to define the effective mass

transfer coefficient for the removal of inclusions of diameter D toP
the meniscus surface

md r 1
“a " — 7 7  = [vs t id |<2AJ>“ f (i**> + i |  <4 -19>

d R J

Examining the limits of equation (4.19) for complete diffusion 

control and for complete Stokes rise control allows us to assess the 

effect of omitting the final integral in the equation (4.15). Using 

the series expansion for the error function:-
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erf(x) = —
A

X s X 7
X  -

3.1! 5.2! 7.3!
(4.20)

allows the value of the mass transfer coefficient resulting from 

diffusion alone to be derived as:-

Lim
[vst]<r°

a ■/[4DT/(7rre) ] (4.21)

which is the result to be expected from the penetration theory.

Since e r f ( « > )  - 1, the limiting value of equation (4.19) in the 

absence of effects due to turbulent diffusion, is:-

Lim
d t-o

[VSt d (4.22)

which is the result to be expected from Stokes rise alone.

Thus equation (4.19) behaves at its limits in the manner to be 

expected —  further confirming that the omission of the final 

integral in equation (4.15) produces no significant error.

Accurate data from which the parameters in equation (4.19) can be 

evaluated are not available but it is nevertheless useful to consider 

order of magnitude values of [V ] ,, r* and a. as functions ofuU Cl 0 Cl
inclusion size. Plots showing these functions for alumina inclusions 

in steel and simulated paraffin inclusion in water are plotted in
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figure 4.1 for a range of conditions corresponding to this work.

The ordinate used in the figure is the diameter of the simulated 

paraffin inclusions, the equivalent diameter of alumina inclusions in 

steel being defined as:-

f V s
y  pw • V ]
. y ps - V -

° - 6[ y H (4.23)

The value of the exposure time used to plot the data in the figure —

0.32 —  has been calculated on the assumption that the surface

velocity is about 15% of the nozzle exit velocity, this fraction

having been estimated from the computer simulation of Thomas, Mika 
F 981and Najjar . This simulation was carried out for a bifurcated 

nozzle, the exit stream directions of which are close to the 

horizontal. The value of 15% is therefore likely to over-estimate 

surface velocities in the billet caster in which the nozzle exit 

stream is directed vertically downwards.

Values of the effective turbulent diffusivity are more difficult to 

estimate than values of the surface velocity. The computer simulation 

of Thomas et al use the K-e model to estimate the turbulent component 

of the effective diffusivity, and the value of this component can be 

used to estimate the turbulent diffusivity:-

d t " c/ 2/£ (4'24)
r 681where the standard value of 0.09 is taken for the empirical

constant C , K is the turbulent kinetic energy, and e is its rate of
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dissipation. Thomas, Mika and Najjar only present values of K and € 

for the nozzle stream, these values giving a diffusion coefficient of 

about 6.3 x 10 -4 m2.s-1. Turbulence levels at the surface will be 

very much less, indeed the surface flow might even appear laminar in 

nature for the billet caster with deep penetration. For this reason, 

the curves in figure 4.1 have been calculated for three diffusion 

coefficient values:-

a 'laminar' diffusion coefficient: = 1 x 10-8 m2.s-x

a low value 'turbulent' diffusion coefficient: D̂ , — 1 x 10-6 m2^ - 1

a high value 'turbulent' diffusion coefficient: D,̂  — 2 x 10-5 n^.s-1

The effective 'laminar' diffusion coefficient is the molecular 

diffusion coefficient which has roughly the same value for both 

liquid steel and water. A single value can also be used for the 

turbulent diffusion coefficient since both liquids have very similar 

values of kinematic viscosity.

For the removal of large inclusions, however, diffusion will play a 

relatively minor role so that r*, defined by equation (4.13) will be 

a large number. The error function in equation (4.16) will be close 

to unity and we can write the flux as:-

This equation is easier to use in the analysis of the experimental

than 4. Thus the mass transfer coefficient for combined Stokes rise

(4.25)

results and is accurate to better than 5% for values of r* greater
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and turbulent diffusion is:-

[l + 2/,*] (4.26)

This equation will be used later in analysis the experimental 

results.

4.2. Zonal sump flow model used to analyse inclusion removal.

4.2.1. Description of the flow field

Analysis of the flow field in the sump shows that it can be 

considered to consist of three principal components, as far as the 

removal of inclusions is concerned - the jet entrainment zone, the 

recirculation zone above the submerged nozzle exit ports and the 

mixing zone below the submerged nozzle exit port - see figure 4.2 and 

figure 4.3. The fluid leaving the submerged nozzle flows into the jet 

entrainment zone, then mixes with the fluid in the recirculation and 

mixing zones. Thereafter the fluid flows into the strand with an, 

eventually, uniform velocity. The fluid flow pattern in the 

recirculation zone is due to momentum entrainment from the jet zone.

A lazy circulation pattern is therefore set up in the billet caster, 

but a vigorous pattern is set up in the bloom caster through the 

action of the horizontal, or near horizontal, flows from bifurcated 

nozzle. The flow field in the recirculation zone takes inclusions up, 

close to the wall of the sump, and horizontally across the surface
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just beneath the meniscus. It is while the inclusions are crossing 

just below the meniscus that they can escape into the slag layer 

through the combined action of Stokes' law rise and eddy diffusion.

4.2.2. Description of the mass fluxes in the sump

As described in the previous section the sump consists of 3 

interacting zones, namely:-

J : Jet entrainment zone.

M : Mixing zone.

R : Recirculation zone.

These zones are schematically represented in figure 4.4 together with 

the liquid metal interchange mixing fluxes between them. These fluxes 

are defined below:-

Mj£ is the liquid metal interchange mass flux between the jet 

entrainment zone and the recirculation zone, being mainly 

brought about by jet entrainment. This is a vigorous process 

for the bifurcated bloom SEN, but a gentle process for the 

billet SEN.

Mj ĵ is the liquid metal interchange mass flux between the jet 

entrainment zone and the mixing zone, which is also mainly 

caused by jet entrainment in the bloom caster, but in the 

billet caster, is mainly due to the uneven velocity 

distribution that exists at the bottom of the jet 

entrainment zone.
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Figure 4.4
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The values of M TW and M T„ are similar for the bloom caster, JM JR
but, in the billet caster, M TD is caused by the lazy flowJK.
pattern above the jet entrainment and so is much less than 

MJM-

Mc is the net liquid metal mass flux from the nozzle ’N' into 

the jet entrainment zone J, then into the mixing zone, and 

afterwards into the strand. Overall mass conservation 

considerations show that:-

Mc - Vcp sAb (4.27)

where : machine casting speed;

Ps : density of liquid steel;

A_ : mould cross area at meniscusD

4.2.3. Description of the inclusion fluxes

As the inclusion effective mass transfer coefficient at the meniscus

has been determined in Section 4.1 for inclusions having a certain

diameter D^, the analysis described below has been carried out for a

mono-sized inclusions distribution, the diameter being represented as

D . Because the discussions have been confined to the mono-sized 
P

inclusions, the suffix 1d' used in the above section has been omitted 

here.

Assuming each separate zone in the sump is a completely stirred 

reactor, as schematically indicated in figure 4.5, we can assume that 

each zone has its own bulk uniform inclusion concentration. The
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Figure 4.5
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following symbols will be used to represent the inclusion mass 

fraction in each zone:-

fj : The inclusion mass fraction present in the jet entrainment 

zone.

f^ : The inclusion mass fraction present in the recirculation 

zone.

f^ : The inclusion mass fraction present in the mixing zone 

(equal to the inclusion mass fraction in the withdrawn 

strand).

f^ : The inclusion mass fraction present in the nozzle stream.

These symbols are used in figure 4.5 and in the following sections to 

analyse inclusion removal in the sump.

The inclusion flux from the nozzle stream into the jet entrainment zone:-

Inclusions will be carried into the mould sump by bulk liquid metal 

flow through the nozzle. Thus the inclusion mass flux into the sump 

is: -

M f „ c N

The inclusion flux from the recirculation zone into the slag layer:-

Through the actions of Stokes rise and eddy diffusion, inclusions in 

the recirculation zone are removed to the slag layer. If we assume 

perfect capture efficiency at the steel/slag interface, we can take 

the inclusion mass fraction at the steel meniscus to be zero, we can 

therefore represent the inclusion flux into the slag layer as:-
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apSfABfR

where a : inclusion effective mass transfer coefficient at the 

meniscus;

Pg : density of liquid steel;

A_, : mould cross section area at meniscus.
D

f : a geometric factor less than 1, which describes the 

obscuration of the upper surface of the meniscus 

due to the insertion of the nozzle, and the denuding 

of the liquid steel surface when vigorous steel 

flowing in the recirculation zone sweep the liquid 

slag away from the walls of the mould.

The inclusion fluxes from the jet entrainment zone into 

the recirculation zone:-

Two mechanisms move inclusions from the jet entrainment zone into 

recirculation zone. One is caused by liquid metal interchange between 

the two zones, the other by Stokes' rise. The resulting fluxes are as 

follows:-

by interchange : M (f -f )JK J K

by Stokes rise :

where V__ : Stokes rise velocity of inclusions of diameter D ;J t p
Aj : Area of contact between the jet entrainment zone 

and the recirculation zone projected onto a 

horizontal plane.
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The inclusion fluxes from the jet entrainment zone to the mixing zone:-

Two processes carry inclusions from the jet entrainment zone into 

mixing zone. One is the liquid metal bulk flow and the other is the 

liquid metal interchange flux between the two zones. The inclusion 

fluxes due to these two mechanisms are as follows:-

due to bulk flow : H f,c J

due to interchange : Mj^(fj-f^)

The inclusion fluxes from the mixing zone to the jet entrainment zone:-

The inclusion flux from the mixing zone to the jet entrainment zone, 

due to Stokes' Law, is:-

VStpSAJfM

The inclusion flux from the mixing zone to the recirculation zone:-

Inclusions move from the mixing zone to the recirculation zone by 

Stokes rise. The inclusion flux is:-

VStPS^AB"AJ^fM

The interface between the mixing zone and the recirculation zone lies 

outside the jet entrainment zone and is thus relatively quiescent.

It is therefore valid to assume that the mixing interchange between 

these two zones is negligible.

The inclusion flux from the mixing zone into the strand:-

Page 4:22



Chapter 4

The inclusion flux from the mixing zone into the strand is caused by 

the liquid metal bulk flow and is:-

4.2.4. Inclusion removal model

Figure 4.6 shows the inclusion fluxes in the sump in a conductance

net-work form. The nodes J, R and M represent, respectively, the 

bulk condition in the jet entrainment, recirculation and mixing 

zones. The connecting arrows represent the inclusion mass fluxes 

between the zones. A negative sign preceding a flux means that the 

direction of that flux is opposite to the direction indicated by the 

arrow in the diagram.

We will now consider inclusion mass balances over unit time within

jet entrainment and recirculation zones and within the sump as a

whole.

Consideration will be limited to the steady state conditions which 

are built up very rapidly once the machine starts operation.

Overall mass balance within the sump:-

Mass flux of inclusions into the sump = M f„r c N

Mass flux of inclusions out of the sump ■ M f„ + ap^CA^f-,c M S3 B R

Therefore the inclusion mass balance on the sump gives
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Figure 4.6
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"cfN " McfM + “W r  (4‘28)

Rearranging equation (4.28) gives:-

Mc^fN ’ V  = apŜ *ABfR (4.29)

Mass balance on the jet entrainment zone:-

Mass flux of inclusions into the zone » M f„ + V„ 0„ATf.,G  N St S J M

Mass flux of inclusions out of the zone = M f_ + M T1,(fT - f.,)c J JM J M

+ MJR(fJ ' fR^ + VStPSAJfJ

So the mass balance on the jet entrainment zone gives:-

M f„ + V p A Tf = M f_ + M TM(fT - f„) + M Tn(fT - f_) + V p A_f c N St S J M c J JM J M JR J R StrS J J

(4.30)

Mass balance on the recirculation zone:-

Mass flux of inclusions into the zone - M T_(fT - f_) + V p A_fTJ K J K. St S J J

+ VStPS(AB ' AJ )fM

Mass flux of inclusions out of the zone - ap £A_f_S B R
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Thus the mass balance on the recirculation zone gives:-

MJR^fJ ' fR^ + VStPSAJfJ + VStPS^AB " AJ^fM " apSfABfR

(4.31)

Mc is the basic parameter determining the magnitude of all the 

flows, and will therefore be used to render the variables in equation 

(4.29) to (4.31) dimensionless. The three equations will thus be 

reformulated in terms of the following normalising terms

M
r - (4.32)xx Mc

M A p V Vc B S c c

VStv -------  (4.34)
Vc

a ----—  (4.35)
AB

where T ^  : dimensionless liquid metal interchange flux 

between zones;

M : liquid metal mass fluxes, M could be M__,XX XX J K

MJM °r MJ :
a* : dimensionless effective inclusion mass 

transfer coefficient;
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v : dimensionless Stokes rise velocity as defined 

in equation (4.34);

a : fractional jet projected area as defined in 

equation (4.35).

To reformulate equations (4.29) to (4.31) we divide both sides of 

these equations by therefore equations (4.29) to (4.31) become

f N " f M “ “*fR (4.36)

fN + avfM " fJ + rjM(fJ " V  + rjR(fJ " fR^ + avfJ
(4.37)

rjR(fJ * fR> + aufJ + (1 - a>”fM " “*fR (4‘38)

Rearranging equation (4.36), we have:

fM " fN “*fR (4.39)

From equation (4.37) we obtain the following equation:- 

(1 + rjM + rjR + au)fJ = fN + (rjM + au)fM + rjRfR
(4.40)

From equation (4.38) we have:-

(rjR + au)fJ " (rjR + “*)fR - - a>ufM <4 '41>

Subtracting equation (4.41) from equation (4.40), we get:-
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(1 + rjM)fJ " fN + (rjM + u)fM " a*fR (4.42)

Dividing equation (4.41) by equation (4.42) to eliminate fj from 

equations, we have:-

(rjR + au) ^ J R  + **>fR - " a>"fM

(1 + rjM^ fN + (rjM + u)fM “*fR
(4.43)

Therefore:-

(rjR + au)fN + (rjR + au)(rjM + u)fM - (rjR + au)a*fR

(1 + rjM)(rjR + “*>fR • <X + - a>“fM
(4.44)

or in another form:

<rjR + au>fN " [(1 + rjM)(rjR + “*> + <rjR + au>“*]fR

<r j R + au) (r j M + »> + U  + r JM) ( i  - a)u] f M

(4.45)

Substituting from equation (4.39) for f^, we get:-

(rjR + au)fN (1 + rjM)(rjR + “*) + <rjR + a“)“*]fR

[(rjR + aU^ rjM + u) + u  + rjM) (1 • a)uj (fjg -

(4.46)
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We shall now simplify the above equation. Define $ as:-

4 " (1 + rjM)(rjR + u) + (rjR + au)u' (4'47)

Then, equation (4.46) can be rewritten as:-

-N - ['$f„ - 1(1 + r J M ) ( r j R  + a*) + $a* fR (4.48)

Therefore

(4.49)
f N  ( i  +  r J M ) ( a *  +  r J R >

We shall now define the efficiency of inclusion removal from liquid 

bath into slag layer as the inclusion removal ratio rj£nciusion> 

can be expressed as:-

0/,SrABfR , fR ,,tj. , =  :  = a*---- (4.50)inclusion _M rM fc N N

fR
Substituting from equation (4.49) for  , we have:-

fN

r>. . . --------------------------------------------(4.51)
inclusion + (1 + r )(a* + Fjr)

Rewriting equation (4.51) in a simpler form, we have:-

ij. , . -   (4.52)
inclusion X + (1 + r j M ) ( l  +  r j R / a * ) / S
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r TM> r__ and a in the above equations are functions of the fluid flow J M  JR
field, v and a* are strong functions of the inclusions and, possible, 

weak functions of the fluid flow field.

Equations (4.52) and (4.47) would allow the inclusion removal 

efficiency to be calculated for a given casting speed, provided 

values could be provided for the interchange fluxes between the 

different zones, for the geometric factor, for the Stokes rise 

velocity and for the inclusion mass transfer coefficient at the 

liquid steel meniscus. As Appendix 1 shows, the interchange fluxes 

can be estimated from jet entrainment theory and the geometric factor 

can be determined from the geometry of the SEN and the mould and from 

observation of the slag surface during casting.

Estimation of the Stokes rise velocity and the surface mass transfer 

coefficient is much more complicated since it depends, as figure 4.1 

shows, upon the diameter of the inclusions. Although the inclusion 

population entering the sump from the SEN could be assumed to be 

known, inclusion agglomeration in the sump flows could increase the 

mean inclusion diameter quite significantly, thus changing both the 

Stokes rise velocity and the meniscus mass transfer coefficient. 

Indeed, it is understanding the extent to which this can occur that 

is one of the principal aims of the current investigation.

The average inclusion size in the SEN stream has been determined as 

described in section 5.3, but it is not possible to measure the 

inclusion size in the sump. The experiments have, however, measured 

the inclusion efficiencies directly, so that the left hand side of
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equation (4.52) is known. In principle, then, the measured inclusion 

efficiencies could be used to determine the effective Stokes rise 

velocity and meniscus mass transfer coefficient. The manipulation of 

the equations to allow this to be done is described in the next 

section.

4.2.5. T equation.

We will temporarily omit subscript "inclusion" in the following 

discussions for the reason of clarity. Therefore, we can write 

equation (4.51) as:-

Substituting equation (4.47) into equation (4.53) and rearranging 

gives:-

We will simplify the above equation using the following assumptions.

rj - (4.53)
a*$ + (1 + rJM)(a* + r jR)

’a* (1 + rjM)(rjR + v) + ”a* (rjR + av)v + ”(1 + rjM)(“* + rjR}

“ “*(1 + rjM)(rjR + u) + Q*<rjR + (4.54)

or in the form of:-

+ ,(1  + rJM)(a* + rJR) -  o (4.55)

rj R " r (4.56)

where T can be estimated from the flow field in the sump.
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2) rjM “ ^-rjR “ <4 ‘57>

where P “ 1 for the nozzle flows from nozzles with

horizontal and near horizontal port angles, 

since the jet entrains more or less equally 

from both sides of the jet, i.e. from the 

recirculation zone and from the mixing zone.

P »  1 for the nozzle flows from nozzles with 

vertical outlets, since very little 

entrainment occurs from the upper 

recirculation zone.

Thus equation (4.55) becomes

(»7 - l)a*[^ (1 + PT)(T + v) + (r + av)vj 

+ »7 (1 + pr) (a* + T) = 0
(4.58)

P and a in this equation can be estimated reliably from the fluid 

flow characteristics in the sump, and rj can be obtained from the 

experiment carried out in the present investigation, v and a* are 

strongly dependent on inclusion size and are therefore unknown if a 

substantial amount of agglomeration occurs in the sump. T is also 

unknown in the enclosed flow field in the sump, although the theory 

of entrainment into free jets will indicate its order of magnitude.

The theoretical analysis in section 4.1.5 suggested that moderate 

turbulent diffusion has a relatively small effect on the meniscus
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mass transfer coefficient, so that equation (4.26) could be used to 

determine the value of the meniscus mass transfer coefficient.

Thus:-

“d - e'tVSC]d

where 'e' is termed as enhancement factor, which, according to 

equation (4.26), is expressed as:-

e — 1 + 2/r* (4 .59)

So according to equation (4.33) and (4.34), we haver­

ed - ef.u (4.60)

so that equation (4.58) could be written as:-

(rj - l ) e f u (1 + 0 r ) ( r  + v) + ( r  + au)vj

+  tj( i +  j3r)(e?v +  r )  =  o
(4.61)

or

(rj - l)e$"u(l + J5r) (T + v) + (tj - l)efu2(r + au) 

+ rj(l + J3r)(e£v + T) = 0

where T and u are two unknowns.

(4.62)

It may be seen that equation (4.62) is a cubic equation in v and a 

quadratic equation in T. Because there are two unknowns and we only 

have one equation, it seems that we could not have a definite 

solution from the above equation. However we know that T is real and 

positive and jet theory suggests, for the bloom mould model, that it 

will be some where between 1 and 2 (see Appendix 1). Thus we can
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rewrite the equation as a quadratic equation in T, and find values of 

v, for which this equation has a real solution.

Rearranging equation (4.61), we have:-

(»7 - l)e$*u£ T + fiV2 + v + fiTv + Tu + au2j

+ T](e$v + fiTetv + fiT2 + T) = 0 (4.63)

Therefore

>9ĵ efv(»7 - 1) + 17]T2 + ĵ e$'u(»; - 1)(1 + fiv + v) + 17(1 + e ^ v ^ T

+ efu2(»7 - 1) + ae$v3(r] - 1) + er)£v — 0 (4.64)

This is a quadratic equation in T, which can be expressed in the 

form:-

AT2 + Br + C - 0 (4.65)

where:-

jefuA = fi efu(»7 - 1) + r) (4.66)

B = e$*u(r7 - 1)(1 + fiv + u) + 17(1 + efi£v) (4.67)

C - efu|u(>7 - 1)(1 + av) + (4.68)

If A, B and C are known, T could be obtained from the following 

expression:-

-B ± JB2 - 4AC
T --------------------- (4.69)

2A

The use of this equation will be considered further in the discussion 

section
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5. EXPERIMENTAL RESULTS.

5.1. Fluid flow studies.

5.1.1. Introduction.

Fluid flow patterns in the sump of a billet caster and a bloom caster 

were studied by using the water models described in Chapter 3. Two 

tracers, fine alumina flakes and small air bubbles, were used. Three 

different nozzles, table 3.2, were employed for the billet caster 

model studies and eight different bifurcated nozzles (see table 3.3) 

were used for the bloom caster model investigations. The fluid flow 

patterns developed in three different planes within the billet mould, 

namely plane 1, 2 and 3, shown in figure 5.1, were photographed with 

the aid of the plane light source described in section 3.2.3. However, 

in the case of the bloom caster model which has a mould thickness of 

65 mm, only the fluid flow patterns developed in the centre plane were 

photographically recorded. The results obtained are reported in the 

following sections.

5.1.2. Effect of SEN geometry.

On the billet caster model

Plate 5.1 shows the fluid flow patterns developed on plane 1 when 

different SENs were employed on the billet caster model. The fluid 

flow patterns obtained are almost identical except in the top 

region, where the use of Nozzle 2 results in less fluid movement. The 

flow from the outlet is directed strongly downwards and the streams 

from all the nozzles penetrate deeply into the sump., and the 

penetration depth being very nearly the same. Some vortex regions
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around the jet were observed and the jet mixes with the surrounding 

fluid during its penetration. The fluid flow patterns developed on 

plane 2 and plane 3 when the different SENs were used are shown 

respectively in plates 5.2 and 5.3. Plates 5.4 to 5.6 show the same 

flow fields when fine alumina flakes are used as tracer.

On the bloom caster model

Plate 5.7 shows the fluid flow patterns developed on the centre plane 

when Nozzle 11 (25° downward), Nozzle 9 (15° downward), Nozzle 4 (0°) 

and Nozzle 5 (25° upward) were used. It can be seen from the pictures 

that the fluid flow patterns obtained consist of three regions, 

namely the jet entrainment region, the recirculation region above the 

jet and the mixing region below the jet. The fluid flow patterns 

obtained are almost the same except in the case when using Nozzle 5, 

where more fluid is directed towards the meniscus. Plates 5.8 to 

5.11 shows the fluid flow patterns developed when the same types of 

nozzles (as those used in plate 5.7) with different SEN submerged 

depth are used.

5.1.3. Effect of SEN submerged depth.

On the billet caster model:-

The fluid flow patterns developed on plane 1 using Nozzle 1 at 

different submerged depths are shown in plate 5.12. The basic 

features of the fluid flow patterns are almost identical but there 

are some differences. In the first place, when employing large SEN 

submerged depths, the stream penetrates somewhat more deeply into the 

sump than is the case with small submerged depths, but the increase 

in the depth to which its stream penetrates is not as great as the
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increase in the submerged depth of the SEN. When small SEN submerged 

depths are used, the flow field near the meniscus shows intensive 

mixing and vortex flow, but when large SEN submerged depths are 

employed, the fluid flow in the same region was quiescent —  mainly a 

slowly upward flow close to the periphery. The fluid flow patterns 

developed on plane 2 and plane 3 when Nozzle 1 with different SEN 

submerged depth being used are shown in plates 5.13 and 5.14 

respectively. A similar effect due to different submerged depths of 

SEN on the stream penetration depth was observed. And as the 

observing plane moves towards the mould wall (the solidification 

front), the stirring of the fluid becomes more uniformly distributed.

Plates 5.15 to 5.17 shown the fluid flow patterns as disclosed for 

the same conditions when fine alumina flakes are used as the tracer. 

The fluid flow patterns obtained are nearly the same.

The comparison of the fluid flow patterns developed when using Nozzle

2 with different SEN submerged depth are shown in plates 5.18 to 

5.23. The basic patterns of the fluid flow are similar to those 

described for Nozzle 1 except that the movement of the fluid close to 

the meniscus is less intensive.

The fluid flow patterns developed when employing Nozzle 3 with

different SEN submerged depth are given in plate 5.24 to plate 5.29.

Once again, the similar fluid flow patterns are observed.

On the bloom caster model

The fluid flow patterns developed on the centre plane when using

Nozzle 4 at different SEN submerged depth are shown in plate 5.30.
The basic features of the fluid flow patterns are almost identical
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but there are some differences. When employing small SEN submerged 

depth the fluid flow in the mixing region below the jet is very 

intensive and full of vortex, but when large SEN submerged depth is 

used, the fluid flow in the same region was very quiescent, mainly a 

slowly moving downward flow.

The fluid flow patterns developed on the centre plane when using 

Nozzle 5 at different SEN submerged depth are shown in plate 5.31.

The same for Nozzle 9 and 11 are shown in plate 5.32 and plate 5.33 

respectively.

5.1.4. Effect of casting speed.

The effect of casting speed on the fluid flow patterns developed in 

the billet mould when using Nozzle 3 with submerged depth of 125 mm 

is shown in plate 5.34. As can be seen from the plate, the change of 

casting speed has a little effect on the fluid flow patterns 

developed within the billet mould sump.

5.1.5. Entry nozzle stream penetration.

As mentioned in section 5.1.3., increasing submerged depth of the SEN 

increased the depth to which the nozzle stream penetrated. This depth 

was measured for different submerged depth of SEN, the data being 

shown in Table 5.1 and presented in figure 5.2.

5.2. Inclusion separation studies.

5.2.1. Introduction.

The inclusion behaviour in the sump was studied by applying the
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methods described in Chapter 3. The distribution of the inclusions 

in the sump was expressed as the fraction of the inclusions removed 

into the slag layer, termed the removal ratio, which is defined as:-

-ln sla% x 100 (5.1)^inclusion ^
injected

where: n . ,inclusion

V
injected

v - 7m  slag

the inclusion removal ratio; 

volume of coloured paraffin injected; 

volume of coloured paraffin absorbed into the 

slag layer.

The data obtained are reported in the following sections.

5.2.2. Effect of SEN submerged depth.

On the billet caster model:-

The effect of SEN submerged depth on the inclusion removal for Nozzle 

1 was recorded in table 5.2 and presented in figure 5.3. As shown in 

the figure, the removal ratio increases with increasing SEN submerged 

depth. The data obtained for Nozzle 2 and Nozzle 3 were recorded in 

table 5.3 and table 5.4 and presented in figure 5.4 and figure 5.5 

respectively. Once again, the figures shown that the removal ratio 

increases with increasing submerged nozzle depth.

On the bloom caster model:-

The effect of SEN submerged depth on the inclusion removal into 

"slag" layer for Nozzle 4 was recorded in table 5.5 and shown in 

figure 5.6. As seen in the figure, the removal ratio increases with 

the increasing SEN submerged depth. The data obtained for Nozzle 5 to
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Nozzle 11 were recorded in table 5.6 to table 5.12 and presented in 

figure 5.7 to figure 5.13. Once again, The figures shown that the 

removal ratio increases with the increases of the SEN submerged 

depth.

5.2.3. Effect of SEN geometry.

Figure .5.14 shows the effect of SEN geometry on the removal of 

inclusion in the billet mould sump. As can be seen in the figure, the 

removal ratio increases as the outside diameter of the SEN decreases. 

Figure 5.15 shows the effect of SEN geometry (port angle) on the 

removal of inclusion in the bloom mould sump when employing different 

SEN submerged depth. As shown in the figure, the removal ratio 

decreases as the port angle decreases from upward angle, and the 

minimum value is reached when the port angle is 5° (downward) in the 

case of using SEN submerged depth of 175 mm. After this angle, the 

removal ratio increases with the increasing SEN port downward angle.

As can be seen from the figure, the SEN port angle at which the 

minimum removal ratio was achieved shifts towards downward angle when 

employing a smaller SEN submerged depth, i.e. when SEN submerged depth 

was reduced to 75 mm, this angle is 10° downward. And also when small 

SEN submerged depth was employed, too large downward angle is not 

beneficial to the inclusion removal.

5.2.4. Effect of gas bubbling.

Argon gas was introduced into the nozzle stream to elucidate its 

effect on the inclusion removal ratio. The results obtained in the 

billet mould model are recorded in table 5.13 and presented in figure 

5.16. The removal ratio decreases as the gas flow rate increases.
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Once the gas flow rate was raised to 1.0 L.min-1, the removal ratio 

was found to be very low and to be virtually insensitive to submerged 

depth of the SEN.

The effects of argon gas injection into the nozzle stream on the 

inclusion removal ratio in the bloom mould model when using Nozzle 4 

are recorded in table 5.14 and presented in figure 5.17. As shown in 

the figure, the removal ratio increases when a small amount of gas 

(< 0.50 L.min-1) is injected into the nozzle stream. When employing 

small SEN submerged depth, any amount of gas injection will improve 

the inclusion removal ratio, but the problem is that when employing 

small SEN submerged depth it is not possible to keep the meniscus 

fully covered.

The same effects of argon injection in the bloom mould model when 

using Nozzle 5 are recorded in table 5.15 and presented in figure 

5.18. As can be seen in the figure, argon gas injection into the 

nozzle stream has little effect on the inclusion removal. At this SEN 

port angle (25° upward) the introduction of argon gas into the nozzle 

stream is not practicable when using a SEN submerged depth less than 

125 mm because of the meniscus exposure and the mould powder 

entrainment.

The same results for Nozzle 10 in the bloom mould model are recorded 

in table 5.16 and presented in figure 5.19. The removal ratio 

decreases as the increase of the gas flow rate.
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5.2.5. Effect of casting speed.

Figure 5.20 shows the effect of casting speed on the removal of 

inclusion in the billet mould sump. As can be seen in the figure, the 

removal ratio slightly decreases as the casting speed increases. The 

results obtained are also recorded in table 5.17.

5.2.6. Effect of the size of injection nozzle.

Figure 5.21 shows the effect of the size of the injection nozzles on 

the removal of inclusion in the bloom mould sump. As can be seen, 

the inclusion removal ratio increases dramatically as the increase of 

the injection nozzle size. The results obtained are also listed in 

tables 5.18 and 5.19.

5.3. Inclusion particle size measurement.

The generation of the inclusion particles has been recorded 

photographically by the methods described in section 3.5. Plates 

5.35 and 5.36 show examples of the pictures taken.

The diameters of the inclusion particles immediately after they had 

been generated were measured employing the methods described in 

section 3.5. The data are listed in table 5.20 and 5.21. The 

average diameter of particles produced from the nozzle with an 

internal diameter of 200 /xm was 150 /xm. The nozzle with an internal

diameter of 127 /xm produced particles with an average particle

diameter of 95 /xm.

Relating the above values to the inner diameters of the tubes, the

following approximation holds:-
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—  - 0.95(0.5)3 (5.2)
dn

where dQ : particle diameter when generated;

d : nozzle tube inner diameter, n

TABLE 5.1. Effect of SEN submerged depth on nozzle stream penetration.

SEN submerged depth 
mm

Nozzle stream penetration 
mm

25 520 - 660
50 530 - 680
75 550 - 690
100 540 - 700
125 570 - 720
150 580 - 740
175 590 - 750

Note: The values of the stream penetration depth were read from

a centimeter scale attached to the side wall of the model mould, 

during the experimental observations of the fluid flow patterns. The 

depth was taken as the distance from the meniscus to the point where 

the downward velocity of the nozzle stream could no longer be clearly 

discerned. Examples of this point are marked on plate 5.1.
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rP Cd
o a  >
cncn<uip a) y - \p X iP3 p s0iP s0 •iH p0 a)3 >Ncp *tH cd0 Cp rPCp0) cd ag P 0
3 cd prP C L
0

>

bO rl
s -d •i-l Q) 3p <u i-i
w a. Ecd cn •
o  E

a;rH
C L O
E ZcdC/3

O O W O  o  in n  n  h  o
vo in in in in

ON ON vo om n «p ovo m m in in
o o o o o

co s  n  h  n.oo vo in in <fr-l r-l r-l iP rP
o  o o o  o

O  <t CO o  N<f n  oo in in
O' ON ON ON ON

o  o o  o o 
o  o o o o
rl rl rl rl rl

o  o o o o in in in m  in

oo cn o  m o n  m n  o
CM

cm cn m vo in m in m  in

mCM

Xp
a<u.«. •d bO

cn 3•d i-id) <u r-lrP bO XN p XN 0) 30 S XZ X3 cn
cn cd• • bO

z Z
b l w OCO CO Z

Page 5:26



— r-w-

Figure 5.1

Observing direction

Plane 3

Plane 2oCD
LOCO

Plane 1

The position of the view planes.
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Figure 5.2
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Submerged depth, mm

Effect of SEN submerged depth on length of jet penetration zone. 

SEN: Nozzle 1;

Casting speed: 1.33 m.min-1.
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12

II

10
9

8
7
6

5

3
2

0 25 5 0 75 100 125 150 175
Submerged depth, mm

Effect of SEN submerged depth on the proportion of 

inclusion removed to the 'slag' layer.

SEN: Nozzle 1;

Casting speed: 1.33 m.min-1;

No gas bubbling.
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Figure 5.4
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Submerged depth, mm

Effect of SEN submerged depth on the proportion of 

inclusion removed to the 'slag' layer.

SEN: Nozzle 2;

Casting speed: 1.33 m.min-1;

No gas bubbling.
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Figure 5.5

10

9
8
7
6
5

3

Submerged depth j mm

Effect of SEN submerged depth on the proportion of 

inclusion removed to the 'slag' layer.

SEN: Nozzle 3;

Casting speed: 1.33 m.min-1;

No gas bubbling.
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Figure 5.6
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: SEN : Nozzle 4 ( Port Angle 0C Horizantal)
Casting speed: 0.55 m.min-1 

: No Gas Bubbling

50 75 100 125 150 175
SEN Submerged Depth, mm

Effect of SEN Submerged Depth on the Proportion of
Inclusion Removed into the 'slag' Layer
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Figure 5.7
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Casting speed: 0.55 m.min'1 
No Gas Bubbling80
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100 125 150 175
SEN Submerged Depth, mm

Effect of SEN Submerged Depth on the Proportion of
Inclusion Removed into the 'slag' Layer
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Figure 5.8

90 r

80 r
: SEN : Nozzle G ( Port Rngle 5" Upward )
: Casting speed: 0.55 m.min-1 
: No Gas Bubbling
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SEN Submerged Depth, mm

Effect of SEN Submerged Depth on the Proportion of
Inclusion Removed into the 'slag' Layer
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Figure 5.9
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SEN Submerged Depth, mm

Effect of SEN Submerged Depth on the Proportion of
Inclusion Removed into the 'slag' Layer

: SEN : Nozzle 7 ( Port Angle 5° Downward )
: Casting speed: 0.55 m.min'1 
E No Gas BubbIing
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Figure 5.10

SEN : Nozzle 8 ( Port Angle 10° Downward )
Casting speed: 0.55 m.min-'
No Gas Bubbling

40
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50 75 100 125 150 175
SEN Submerged Depth, mm

Effect of SEN Submerged Depth on the Proportion of
Inclusion Removed into the 'slag7 Layer
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Figure 5.11
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Figure 5.12

: Casting speed: 0.55 m.min-' 
: No Gas Bubbling

60
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SEN Submerged Depth, mm

Effect of SEN Submerged Depth on the Proportion of
Inclusion Removed into the 'slag' Layer
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Figure 5.13
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SEN : Nozzle 11 ( Port Angle 25“ Downward
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Figure 5.14
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Effect of SEN geometry on the proportion of 

inclusion removed to the 'slag' layer.

Casting speed: 1.33 m.min-1;

No gas bubbling.
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Figure 5.16
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Effect of gas injection on the inclusion 

removal ratio in the billet caster.

SEN: Nozzle 1;

Casting speed: 1.33 m.min-1.
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Figure 5.17
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Figure 5.18
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Effect of Gas Injection on the Inclusion 
Removal Ratio in the Bloom Caster

SEN: Nozzle 5 ( Port Rngle 25 Upward )
Casting speed: 0.55 m.min"'
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Figure 5.19
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Effect of Gas Injection on the Inclusion 
Removal Ratio in the Bloom Caster

SEN: Nozzle 10 ( Port Angle 20 Downward )
Casting speed: 0.55 m.min'1
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Figure 5.20
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TABLE 5.20. Diameters of the particles generated from
big injection nozzle.

No* Diameters of the particles generated, /im

1 147 136 81 157 101 177 121 154
147 178 211 165 179 154 135 98

2 133 138 84 79 89 163 206 208
149 111 156 86 137 114

3 91 121 208 147 129 206 137 208
123 135 142 171 129 178 136

4 202 152 209 101 112 158 86 135
129 212 158 197

5 212 119 115 142 181 112 135 147
158 145 152 202 115 167

6 137 153 106 136 168 148 87 119
152 148 207 109 156 213 201

7 177 236 128 159 136 127 119 178
148 146 135 108 95 146 153

8 164 218 159 82 137 156 176 202
94 108 178 153 168 162

9 205 172 128 113 149 164 177 157
130 146 208 90 163 117 167 172

10 165 144 138 108 126 158 178 165
142 157 160 152 208

11 182 169 118 133 159 173 119 98
157 147 214 133 213 168 188

12 98 214 182 178 139 129 198 154
172 96 110 93 153 150 172

13 171 138 122 188 95 168 153 161
164 157 151 198 138

14 143 183 161 114 156 149 153 204
15 137 153 136 163 116 164 172 179

109 143 152 172 161 143
16 171 138 118 153 158 128 143 202

157 164 145 147 198 160 149
17 176 126 173 162 135 150 97 109

135 128 153 109 197 204 153 148
18 153 147 162 163 169 129 134 128

106 145 147 91 206 128
19 136 135 153 154 142 167 143 143

147 176 116 119 138
20 168 126 141 153 197 101 204 176

135 162 183 164
21 158 153 128 137 161 184 162 150

143 118 140 172 208

* Negative frame number
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TABLE 5.21. Diameters of the particles generated from
small injection nozzle.

No* Diameters of the particles generated, pm

1 107 96 81 87 101 117 121 124
127 88 65 79 54 105

2 93 118 94 109 99 87 65 125
125 93 121

3 108 97 69 109 120 85 73 106
78 121 114 91 56 82 73

4 115 97 124 83 54 101 109 85
95 97 75 105

5 98 93 106 56 125 74 82 91
62 73 81 99 94 126 95

6 65 78 114 101 95 65 79 115
78 63 121 79

7 93 104 65 79 125 97 104
8 78 132 97 91 108 65 73 81

85 95 94 74 114 116
9 118 107 78 98 107 126 84 69

96 97 104 101 95 68
10 108 98 71 84 115 69 54 130

96 97 85 109 116 73 78 119
11 96 95 76 89 106 124 108 131

78 98 86 97 126 121
12 84 114 79 83 95 104 109 97

97 117 82 94 123 118
13 93 78 71 64 92 94 85 86

127 97 125 99 107
14 68 98 73 92 87 108 59 86

125 100 76 97 67 126
15 97 92 76 71 108 123 105 74

81 103 97 83 106
16 96 95 74 118 93 71 112 82

106 101 128 98 95 61 130 98
68 79

17 84 106 124 86 95 94 117 119
76 107 118 73 58 99

18 94 106 118 134 78 96 104 74
84 117 108 129 62 126

19 98 94 104 68 125 72 91 103
68 84 76 115 113 106

20 101 91 83 95 91 108 121

* Negative frame number
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Chapter 5

Plate 5.1 Fluid flow patterns developed on plane 1 when different

SEN were used.

A — Nozzle 1; B — Nozzle 2; C — Nozzle 3.

Tracer: small air bubbles.

SEN submerged depth: 125 mm.

Casting speed: 1.33 m.min*1

(see facing page)
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Chapter 5

Plate 5.2 Fluid flow patterns developed on plane 2 when different

SEN were used.

A — Nozzle 1; B — Nozzle 2; C — Nozzle 3.

Tracer: small air bubbles.

SEN submerged depth: 125 mm.

Casting speed: 1.33 m.min-1

(see facing page)

Page 5:53



Chapter 5

i l & M a

I p S t i
| ;V Z$M11 \-T&*/|



Chapter 5

Plate 5.3 Fluid flow patterns developed on plane 3 when different

SEN were used.

A — Nozzle 1; B — Nozzle 2; C — Nozzle 3.

Tracer: small air bubbles.

SEN submerged depth: 125 mm.

Casting speed: 1.33 m.min-1

(see facing page)
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Plate 5.4 Fluid flow patterns developed on plane 1 when different

SEN were used.

A — Nozzle 1; B — Nozzle 2; C — Nozzle 3.

Tracer: fine alumina flakes.

SEN submerged depth: 125 mm.

Casting speed: 1.33 m.min-1

(see facing page)
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Plate 5.5 Fluid flow patterns developed on plane 2 when different

SEN were used.

A — Nozzle 1; B — Nozzle 2; C — Nozzle 3.

Tracer: fine alumina flakes.

SEN submerged depth: 125 mm.

Casting speed: 1.33 m.min*1

(see facing page)
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Plate 5.6 Fluid flow patterns developed on plane 3 when different

SEN were used.

A — Nozzle 1; B — Nozzle 2; C — Nozzle 3.

Tracer: fine alumina flakes.

SEN submerged depth: 125 mm.

Casting speed: 1.33 m.min-1

(see facing page)
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Plate 5.7 Fluid flow patterns developed on central plane when

different bifurcated SEN were used.

A — Nozzle 11 (25° downwards);

B — Nozzle 9 (15° downwards);

C — Nozzle 4 (0° horizontal);

D — Nozzle 5 (25° upwards).

Tracer: small air bubbles.

SEN submerged depth: 175 mm.

Casting speed: 0.55 m.min-1

(see facing page)
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Plate 5.8 Fluid flow patterns developed on central plane when

different bifurcated SEN were used.

A — Nozzle 11 (25° downwards);

B — Nozzle 9 (15° downwards);

C — Nozzle 4 (0° horizontal);

D — Nozzle 5 (25° upwards).

Tracer: small air bubbles.

SEN submerged depth: 150 mm.

Casting speed: 0.55 m.min-1

(see facing page)
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Plate 5.9 Fluid flow patterns developed on central plane when

different bifurcated SEN were used.

A — Nozzle 11 (25° downwards);

B — Nozzle 9 (15° downwards);

C — Nozzle 4 (0° horizontal);

D — Nozzle 5 (25° upwards).

Tracer: small air bubbles.

SEN submerged depth: 125 mm.

Casting speed: 0.55 m.min*1

(see facing page)
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Plate 5.10 Fluid flow patterns developed on central plane when

different bifurcated SEN were used.

A — Nozzle 11 (25° downwards);

B — Nozzle 9 (15° downwards);

C — Nozzle 4 (0° horizontal);

D — Nozzle 5 (25° upwards).

Tracer: small air bubbles.

SEN submerged depth: 100 mm.

Casting speed: 0.55 m.min-1

(see facing page)
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Plate 5.11 Fluid flow patterns developed on central plane when

different bifurcated SEN were used.

A — Nozzle 11 (25° downwards);

B — Nozzle 9 (15° downwards);

C — Nozzle 4 (0° horizontal);

D — Nozzle 5 (25° upwards).

Tracer: small air bubbles.

SEN submerged depth: 75 mm.

Casting speed: 0.55 m.min-1

(see facing page)
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Plate 5.12 Fluid flow patterns developed on plane 1 using Nozzle 1

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.13 Fluid flow patterns developed on plane 2 using Nozzle 1

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.14 Fluid flow patterns developed on plane 3 using Nozzle 1

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min*1.

(see facing page)
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Plate 5.15 Fluid flow patterns developed on plane 1 using Nozzle 1

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.16 Fluid flow patterns developed on plane 2 using Nozzle 1

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.17 Fluid flow patterns developed on plane 3 using Nozzle 1

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.18 Fluid flow patterns developed on plane 1 using Nozzle 2

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D — 75; E - 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.19 Fluid flow patterns developed on plane 2 using Nozzle 2

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.20 Fluid flow patterns developed on plane 3 using Nozzle 2

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.21 Fluid flow patterns developed on plane 1 using Nozzle 2

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.22 Fluid flow patterns developed on plane 2 using Nozzle 2

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.23 Fluid flow patterns developed on plane 3 using Nozzle 2

at different submerged depths.

SEN submerged depth (mm):

A - 150; B — 125; C - 100; D - 75; E - 50; F - 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.24 Fluid flow patterns developed on plane 1 using Nozzle 3

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.25 Fluid flow patterns developed on plane 2 using Nozzle 3

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min*1.

(see facing page)
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Plate 5.26 Fluid flow patterns developed on plane 3 using Nozzle 3

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E — 50; F - 25.

Tracer: small air bubbles.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.27 Fluid flow patterns developed on plane 1 using Nozzle 3

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F — 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.28 Fluid flow patterns developed on plane 2 using Nozzle 3

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.29 Fluid flow patterns developed on plane 3 using Nozzle 3

at different submerged depths.

SEN submerged depth (mm):

A - 150; B - 125; C - 100; D - 75; E - 50; F - 25.

Tracer: fine alumina flakes.

Casting speed: 1.33 m.min-1.

(see facing page)
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Plate 5.30 Fluid flow patterns developed on central plane using 

Nozzle 4 at different submerged depths.

SEN submerged depth (nun) :

A - 175; B - 150; C - 100; D - 75.

Nozzle: Nozzle 4 (0° horizontal).

Tracer: small air bubbles.

Casting speed: 0.55 m.min-1.

(see facing page)
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Plate 5.31 Fluid flow patterns developed on central plane using 

Nozzle 5 at different submerged depths.

SEN submerged depth (mm):

A - 175; B - 150; C - 100; D - 75.

Nozzle: Nozzle 5 (25° upwards).

Tracer: small air bubbles.

Casting speed: 0.55 m.min-1.

(see facing page)
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Plate 5.32 Fluid flow patterns developed on central plane using 

Nozzle 9 at different submerged depths.

SEN submerged depth (mm):

A - 175; B - 150; C - 100; D - 75.

Nozzle: Nozzle 9 (15° downwards).

Tracer: small air bubbles.

Casting speed: 0.55 m.min-1.

(see facing page)
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Plate 5.33 Fluid flow patterns developed on central plane using 

Nozzle 11 at different submerged depths.

SEN submerged depth (mm):

A - 175; B - 150; C - 100; D - 75.

Nozzle: Nozzle 11 (25° downwards).

Tracer: small air bubbles.

Casting speed: 0.55 m.min-1.

(see facing page)
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Plate 5.34 Fluid flow patterns developed on plane 1 using Nozzle 3

at different casting speeds.

Casting speed (m.min-1):-

A - 2.00; B - 1.75; C - 1.50; D - 1.25; E - 1.00.

Tracer: fine alumina flakes.

SEN submerged depth: 125 mm.

(see facing page)
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Figure 5.21

o— o Big injection nozzle

o— o  Small injection nozzle

75 100 125 150 175 200 220
SEN Submerged Depth, mm

Effect of Injection Nozzle Size on the Inclusion 
Removal Ratio in the Bloom Mould Model

SEN: Nozzle 4 (horizontal port angle)
Casting speed: 0.55 m/min
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Plate 5.35

Flow direction

Close-up view of the tip area 

when particles being generated.
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Plate 5.36

Flow direction

General view of the tip area 

when particles being generated.
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6. DISCUSSION.

6.1. Accuracy and errors of the experimental method.

The aim of the present work has been to elucidate the behaviour of 

inclusions in the mould sump and the effects of the liquid fluid flow 

in the sump and operation parameters on inclusion removal into the 

slag layer on top of the meniscus. Before any conclusion can be 

drawn from the work carried out so far, it is necessary to assess the 

accuracy and errors of the experimental method.

For consideration of accuracy and errors the following terms will be 

used:-

Absolute errors:-

The absolute error of a variable C is defined as the result of its 

true value C minus its approximation c:-

Generally speaking, the true value is not known, therefore A can not 

be worked out. But its magnitude can usually be estimated as 

follows:-

where e is usually termed as the limit of the absolute error of 

approximation.

A = C - c (6.1)

| A | - | C - c | < e (6.2)

So

C = C ±£ (6.3)

or

C - £ < C < C+£ (6.4)
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Relative errors:-

The ratio of the absolute error to the true value of a 

approximation:-

A
S C   (6.5)

C

is defined as the relative error of the approximation c.

Because the true value C is not known, in practice the approximation 

c is used instead of the true value C. So that:-

A
SC = --- (6.6)

c

And the upper limit t/> of the absolute value of the relative error:-

SC = < (6.7)

is defined as the limit of the relative error of a approximation. 

Propagation of errors:-

The propagation of the errors during arithmetic calculations can be 

treated using the differentiation method.

(i) c = x ± y

|dc| = |dx ± dy| < |dx| + |dy| (6.8)

l. e

|Ac| < |Ax| + |Ay| (6.9)

(ii) c = xy

Page 6:2



Chapter 6

Idc| = |ydx + xdy| < |y||dx| + |x||dy| (6.10)

or

5c <
dx dy

< +
X y

U x l + lJy| (6.11)

(iii) c = x/y

|ydx - xdy| |y||dx| + |x||dy|
dc I ---------------- <   (6.12)

or

5c <
dx dy

< +
X y

- I H  + l«y| (6.13)

6.1.1. Flowrate measurement.

As mentioned earlier in section 3.1.9., the water flowrates through 

the model were given by a rotameter. The biggest margin of error of 

the rotameter was ±2% plus the reading error of ±0.05 reading scale. 

The reading error was equivalent to, according to figure 3.11, ±0.07 

L.min-1 of the water flowrate. Taking account of typical water 

flowrates of 26 L.min*1 through the billet mould model and 15 L.min-1 

through the bloom mould model, the relative reading errors of 

flowrate measurement will be:-

on the billet mould model:- ±0.3%; 

on the bloom mould model ±0.5%.

So, the error involved in the fluid flow measurement will be within 

±2.5%.
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6.1.2. Calculation of casting speed from the flowrate measurement.

The casting speed used in the model was calculated by the following 

formula:-

Am

where V^: casting speed;

Q^: water flowrate through the model;

A : mould model cross-sectional area, m

The mould cross-sectional area was obtained by measuring the mould 

thickness and width using a tape-measure. This area is less accurate 

than the other measurements because of the distortion of the perspex 

during the experiment. Although the thickness and width were 

measured to a precision of ±0.5 mm a more realistic error is ±3 mm. 

Therefore, the relative errors of mould cross-sectional area could be 

determined as:-

for the billet mould:- 8(A ) = S(thickness) + 8(width)m
- 3/140 + 3/140

- ±4%

for the bloom mould:- 8(A ) = ^(thickness) + £(width)m
- 3/425 + 3/65

- ±5%

So, according to equation (6.14), the relative error of the casting 

speed determination is:-

for the billet mould:-
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£(Vc) - £(Qm) + £(Am)

« 2.5% + 4% = ±6.5%

for the bloom mould:-

8(Vc) = 8(Q ) + 8(A ) m m
- 2.5% + 5% = ±7.5%

6.1.3. Colorimetric measurement.

The instrument used for the colorimetric analysis claimed to give the 

wavelength accuracy of ± 1 nm and wavelength reproducibility of 

± 0.5 nm, the photometric accuracy of ± 0.5% and photometric 

reproducibility of ± 0.5%. The instrument has a self-test electronic 

device and it goes through self-test procedures whenever the 

instrument is turned on. So the error of the colorimetric 

measurement could be expected to be under ± 1%.

6.1.4. Coloured and colourless paraffin volume measurement.

The coloured paraffin volume was measured by a burette. The biggest 

margin of error of the burette used was ±0.05 ml. For a typical 

injected amount of 10 ml, this will lead a relative error of coloured 

paraffin measurement of ±0.5%. And for a injected amount of 5 ml, 

the relative error will be ±1%.

The colourless paraffin was measured by a measure tube. Although the 

biggest margin of error of the measure tube was ±1 ml, a more 

realistic error is ±3 ml. For a typical amount of 150 ml, this error 

will give a relative error of ±2%. For the volume of 50 ml as in the 

case of billet mould model, this will result a relative error of ±6%.
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6.1.5. Errors in inclusion removal ratio determination.

The inclusion removal ratios obtained from the experiments were 

calculated using equation (5.1) in Chapter 5. Therefore, the 

relative error could be expressed as:-

) = £(V. 7 ) + £(V. . _ ,) (6.15)'inclusion in slag injected

And V. 7 was obtained from Colorimetric measurement with the aid m  slag

of calibration curve. The relative error can be determined from 

errors involved in colourless paraffin volume measurement, coloured 

paraffin volume measurement and Colorimetric measurement.

Therefore in billet mould:-

8 (V. 7 ) - 6% + 0.5% + 1% - ±7.5%in slag

in bloom mould:-

8 ( V .  7 ) - 2% + 1% + 1% - ±4%m  slag

Substituting into equation (6.15), we have:-

in billet mould:-

6(r?. 7 . ) - 7.5% + 1% - ±8.5%inclusion

in bloom mould:-

8( r j . 7 . ) = 4% + 1% = ±5%inclusion

6.2. Fluid flow patterns developed.

Unsurprisingly the fluid flow patterns revealed from the model 

investigation were similar to those described by Szekely and
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r 281Yadoya , figure 2.1. The jet from the nozzle was found to 

penetrate deeply into the pool and a recirculation pattern was 

developed. During its penetration, the jet entrains liquid fluid 

from the surroundings. This entrainment must, of course, be fed by 

back flows from both above and below the jet since it is only through 

the jet that liquid fluid flows into the sump. Thus a mixing zone 

exists below the jet in which the jet flow is evened out by the back 

flow to give a more or less uniform flow that flows into the rest of 

the strand. The recirculation patterns observed are also believed to 

be caused by the jet entrainment which pulls the back flow up towards 

the meniscus. Vortices were formed around the jet stream and the 

eyes of the vortices were not far from the bottom of the nozzle. 

Figure 6.1 shows schematically the fluid flow pattern developed 

inside the billet mould.

The fluid flow patterns obtained from the bloom mould model 

investigations also consist of three zones as described above 

although their configuration is different. These three zones are the 

jet entrainment zone, the recirculation zone and the mixing zone, as 

schematically shown in figure 6.2. Plate 6.1 shows the type of flow 

patterns that have been observed in the bloom mould model. The 

recirculatory flow into the meniscus region is much stronger with 

this type of flow pattern, therefore a higher inclusion removal ratio 

have been achieved in this case because it is the recirculatory flows 

which bring inclusion up to the meniscus region.

6.2.1. Effect of SEN geometry.

The outside diameter of the SEN mainly affects the fluid flow pattern
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Figure 6.1

Upper
vortices

Recirculation
zone

Back flow

Jet entrainment 
zone

Mixing zone

sketch of the fluid flow pattern developed in 

the billet mould sump.
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Figure 6.2

Recirculation
zoneUpper

vortices
Jet
impingement
area

Back flow

Jet entrainment 
zone

Mixing zone

sketch of the fluid flow pattern developed in 

the bloom mould sump.
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Plate 6.1

Fluid flow pattern observed in the bloom mould model.
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in the upper region of the mould. As the outside diameter of the SEN 

increases, the space, available for the fluid to recirculate in the 

recirculation zone, is restricted. As a result, the back flow 

towards the meniscus is weakened. Therefore, the fluid has a high 

rising velocity in the upper region near the meniscus when the nozzle 

with smaller outside diameter was used, plate 5.2 and 5.3.

The changes in the outside diameter of the SEN will not affect the 

characteristics of the mixing zone and the jet entrainment zone, 

which are governed by the exit velocity of the stream from the SEN. 

The exit velocity of the stream is affected, at a given casting 

speed, by the inside diameter of the nozzle mouth. At any given 

casting speed, the smaller the inside diameter, the higher the exit 

velocity, and hence, the more intensive the mixing zone and the jet 

entrainment zone.

The fluid flow patterns developed in the mould model are largely 

affected by the SEN port angle when bifurcated SENs were employed. 

First of all, the locations of the jet impingement area on narrow 

faces are different for different SENs. The location of the area 

shifts upwards as the SEN port angle moves towards an upward angle. 

Secondly, the characteristics of the back flow are quite different 

for different SENs. The velocity of the back flow increases as the 

SEN port angle changes towards an upward angle. Thirdly, the mixing 

characteristics of the fluid in the mixing zone are different for 

different SENs. The mixing is more intensive when employing a nozzle 

with downward angle than that with upward angle. And finally, the 

recirculation region is confined to a smaller area when employing a 

nozzle with upward angle than that with downward angle. As a
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consequence, the 'slag' on top of the meniscus is pushed towards the 

SEN and this has left the meniscus uncovered unless SEN submergence 

depth is large enough to avoid the exposure of the meniscus.

6.2.2. Effect of SEN submerged depth.

Both the positions and the strengths of the recirculation zone in the 

mould are affected by the SEN submerged depth. As the SEN submerged 

depth increases, the location of the recirculation zone and the eyes 

of the upper vortices shifts downwards. This causes the 

recirculation zone to be enlarged and intensified, and hence the more

fluid to be involved in the recirculation zone. Because the eyes of

the upper vortices are away from the meniscus in this case, the fluid 

under the meniscus is very quiet and slowly moving cross the 

meniscus. Therefore, the back flow generated is of high velocity due 

to the large amount of the fluid involved in the recirculation zone.

On the contrary, the eyes of the upper vortices are close to the 

meniscus when small SEN submerged depth is employed, causing the

fluid to flow under the meniscus at high velocity. Although the

locations of the jet entrainment zone and the mixing zone vary as the 

SEN submerged depth changes, their strengths will not be affected by the 

changes.

The location of the jet impingement area on the mould narrow face is 

also affected by the SEN submerged depth when bifurcated SENs are 

used. As the SEN submerged depth decreases, the impingement area 

moves towards the meniscus. The closer the jet impingement area is 

to the meniscus, the more intense is the fluid flow near the meniscus 

region. This intensity results in a high horizontal velocity of the
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Plate 6.2
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fluid across the meniscus towards the SEN, see plate 5.30 to 5.33.

The recirculation of the fluid is, consequently, confined in a small 

region and the 'slag' on top of the meniscus is pushed towards the 

SEN, resulting in the meniscus being partly denuded of slag, as shown 

in plate 6.2. The inclusion removal ratio is therefore less when 

the SEN submerged depth is small than when it is large. Plate 6.2 

also shows that slag particles became entrapped when small SEN 

submerged depth are used. Employing too small an SEN submerged depth 

is therefore not good casting practice.

6.2.3. Effect of casting speed.

Casting speed has little effect on the fluid flow patterns in the 

upper portion of the mould, although an increase of casting speed 

will cause an increase in the intensity of the upper vortices.

Because the eyes of the vortices remain in the same position, the 

characteristics of the recirculation zone are not affected by changes 

in the casting speed, provided that the SEN submerged depth is not 

too small. The sizes and the strengths of the jet entrainment zone 

and the mixing zone are, however, strongly affected by the casting 

speed. The higher the casting speed, the larger and stronger are the 

jet entrainment zone and the mixing zone.

6.3. Interpretation of experimental results.

One particular aspect of the experimental results was surprising.

The clear trend shown in Figures 5.3 to 5.13 was for inclusion 

removal efficiency to increase with the depth to which the SEN was 

submerged. It is not immediately apparent from the theoretical
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analysis why this should be so. Indeed intuition would suggest the 

opposite relationship. Discovering the reason for the trend was a 

major component in the interpretation of the experimental results.

A possible explanation for the trend was initially sought in the 

variation of T with submerged depth. The strategy adopted for the

analysis of the experimental results was therefore planned in order

to provide values of T. In the event, the influence of T was found 

to be minor but the interpretation strategy adopted proved to be very 

informative nevertheless and will therefore be described in some 

detail.

In order to determine values of T from the experimental results, 

equation (4.52) for rj was rearranged as an equation for T, values of 

f] being known from the experiments. The resulting equation, (4.69), 

is reproduced here, for convenience:-

-B ± yB2 - 4AC
T - -----------------  (4.69)

2A

in which A, B and C are functions of the inclusion removal efficiency

measured in the experiments, the enhancement factor e, and the

parameters a, /?, f and v. The evaluation of these latter parameters 

is described in the next section which shows that the u is strongly 

dependent on the mean inclusion diameter in the region just below the 

meniscus, but the accurate estimates can be made of the other 

parameters. The parameter 'e' depends on the effective turbulent 

diffusivity in the region immediately below the meniscus, which is 

unknown. The region is not highly turbulent so that e is unlikely to 

be far from 1. This value is assumed in the analysis at this stage,
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but this assumption is examined further in section 6.4.

Equation (4.69) provides two roots for T. However, that the root 

evaluated using the negative sign is always negative. Since a 

negative interchange flux has no physical meaning, this root has been 

neglected, the positive sign being taken as providing the valid root.

6.3.1. Determination of the values of a, /?, f, and v.

a) Determination of the value of a.

As defined in equation (4.35), a is the area of the jet region 

projected onto the horizontal plane as a fraction of the mould cross 

sectional area. The area of contact between the jet entrainment zone 

and the recirculation zone projected onto a horizontal plane, A_, canJ
be calculated using the information about jet penetration depth and

r 991jet expanded angle. From the jet theory and the experimental 

results obtained in the present work, the jet expanded angle 6 

is taken as 14°, as shown in figures 6.3 and 6.4.

Figure 6.3 shows schematically the area of contact between the jet 

entrainment zone and the recirculation zone projected onto the 

horizontal plane, together with the mould dimensions for the case of 

the model bloom mould. According to the diagram, the projected area 

A_ can be expressed as:-%J

Aj - 2(L/2 - Dz/2) (L/2 - Dz/2)tan(0e/2) + drf/2 (6.16)

The cross section area of the mould can be obtained using the 

following formula:-
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Figure 6.3

Jet projected area in the bloom mould.
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Afi = L.W (6.17)

Therefore, the fractional jet projected area in the bloom mould model 

can be expressed as:-

Aj 2(L/2 - D /2) 
a = ---- =---------------

A L.WU
(L/2 - Dz/2)tan(0e/2) + drf/2

(6.18)

For the bloom mould model employed here, we have the following 

dimensions:-

L = 425 mm, W = 65 mm, D„ = 32 mm, d , = 13 mm and 6 — 14°.Z a e

Thus, according to equation (6.18), the fractional jet projected area 

a for the bloom mould model is 0.44.

Figure 6.4 shows schematically the area of contact between the jet 

entrainment zone and the recirculation zone projected onto a 

horizontal plane together with the mould dimensions and jet 

penetration depth for the case of the model billet caster mould. The 

jet projected area is:-

7T(D2 - D2)

Aj.----------- —  (6.19)

where D̂ . is the maximum jet diameter which is expressed as:-

D - d + 2h.tan(0 /2) (6.20)J Z 6

and h is the distance from the nozzle mouth to the point 

where jet diameter reaches maximum, as shown in figure 6.4 

h is about 3/4 of the jet penetration depth.
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Figure 6 .4

b

Jet projected area in the billet mould.
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Substituting equation (6.20) into equation (6.19), we have:-

7r((d_ + 2h. tan(0 /2))» - DJ)
A j  ± ® (6.21)

The mould cross section area for billet mould model is:-

Afi = b2 (6.22)

Therefore, the fractional jet projected area for billet mould model 

can be written as:-

A t w((d_ + 2h.tan(0 /2))» - DJ)
a   --------- ------------ ---------- -—  (6.23)

Ad 4b 2D

Substituting the following values for the billet mould model into 

equation (6.23):-

b = 140 mm, d = 15 mm, h = 450 mm, 8 = 14°,Z e
and

Dz - 50 mm for Nozzle 1 and Nozzle 3, 

D_ = 70 mm for Nozzle 2,

we obtained the values of a for the billet mould model. The 

fractional jet projected area for the billet mould model when 

employing Nozzle 1 and Nozzle 3 is 0.53 and a for Nozzle 2 is 0.43

b) Determination of the value of

As mentioned in chapter 4, (3 is ratio of to According to

the definition of T in equation (4.32), /3 could be further

expressed as the ratio of M TW to M__, i.e.:-JM JR
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f> - -r— (6.24)
MJR

where is the liquid metal interchange mass flux between the 

jet entrainment zone and the mixing zone.

is the liquid metal interchange mass flux between the 

jet entrainment zone and the recirculation zone.

Therefore, according to the characteristics of the fluid flow fields 

revealed from the bloom and the billet mould experiments, can be 

taken as 1 for the bloom mould model with horizontal outlet 

bifurcated nozzle because the jet from the nozzle entrains more or 

less equally from both sides, and /3 for the billet mould model can be 

as high as 10 because there is little entrainment from the 

recirculation zone occurred.

c) Determination of the value of f.

As defined in section 4.2.3, f is the geometric factor which 

describes the obscuration of the upper surface of the meniscus due to 

the insertion of the nozzle and the denuding of the liquid surface 

when vigorous liquid flows in the recirculation zone swept the liquid 

slag away from the walls of the mould, f is always less than 1. The 

factor consists of two parts, the first part, due to the obscuration 

of the nozzle is easy to estimate, but the second part, due to the 

denudation is not so straight forward. The denudation of the 

meniscus is affected by the nozzle submersion depth and the casting
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speed. The smaller the nozzle submersion depth and the higher the 

casting speed, the smaller the value of £" is. Therefore, in the 

following discussion, we will use values of f listed in table 6.1 for 

the bloom mould model and values listed in table 6.2 for the billet 

mould model, which are estimated from the experimental observations.

d) Determination of the value of v

As defined in equation (4.34), v is the dimensionless Stokes rise 

velocity, which is rewritten as follows:-

VStv = - (6.25)
Vc

So at a certain casting speed and in a certain medium, v varies only

with the inclusion particle diameter D . Thus, we can assume that:-P

7 .D2 (6.26)P

( P - Pp )g 
18 p Vc

where : 7 =  ^-----  (6.27)

p : density of the medium; 

p : density of the inclusion particle; 

g : gravitational acceleration; 

p : viscosity of liquid medium;

Vc: casting speed.

Now let us calculate the values of 7 for the bloom mould model and 

the billet mould model respectively. The following are the
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TABLE 6.1. Values of £* for the bloom mould model.

SEN Submerged Depth (mm) r

220 0 .95
200 0 .90
175 0 .80
150 0 .70
125 0 .60
100 0 .50

75 0 .40

TABLE 6.2. Values of f for the billet mould model.

SEN Submerged Depth (mm) for Nozzle 1 & 3 f for Nozzle 2

175 0.85 0.75
150 0.80 0.70
125 0.75 0.65
100 0.70 0.60
75 0.65 0.55
50 0.60 0.50
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properties of water and paraffin:-

density of water p = 1.0 g.cm-3

density of paraffin p « 0.8 g.cm-3 

gravitational acceleration g = 981 cm.s-2 

viscosity of water p. = 0.01 g.cm-1s-1

In the bloom mould model, the casting speed employed was 0.55 

m.min-1. Substituting this casting speed together with the above 

listed properties into equation (6.27), we obtained the value of 7 

for the bloom mould model as:-

7 = 11.89 mm-2 (6.28)

In the billet mould model, the casting speed employed was 1.33

m.min-1. Similarly, this gives 7 a value of 4.92 mm-2.

That is:-

7 = 4.92 nun-2 (6.29)

Therefore, according to equation (6.26), (6.28) and (6.29), we have

the following expressions of v for the bloom mould model and billet 

mould model respectively:-

For the bloom mould model we have:-

u = 11.89 (Dp/mm)2 (6.30)

For the billet mould model we have

u = 4.92 (Dp/mm)2 (6.31)
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6.3.2. Analysis of the results for T.

The previous section shows that equation (4.69) cannot be used to 

determine values of T from the experimentally determined removal 

efficiencies unless the average diameter of the inclusions in the 

region immediately below the liquid meniscus is known. Since this 

diameter is not known, two experiments were carried out for each set 

of fluid flow conditions. In one experiment, inclusions were 

produced at nozzles made from large hypodermic tubing, small diameter 

hypodermic tubing being used in the other experiments. The symbols 

0^ and d^ are used to represent, respectively, the average inclusion 

diameter in each case.

It was originally assumed that the ratio d /D would be the same asP P
the ratio of the internal diameters of the capillary tubes, that is

0.635. This being the case, the two measurements of rj for the two

sizes of inclusions would allow both the value of D and T to beP
determined. A graphic method was planned based on the 

interpretation of equation (4.69) for both the large diameter 

experiments and the small diameter experiments.

For the results of the experiment with the large diameter inclusions, 

equation (4.69) can be represented as:-

T - fL (D ) (6.32a)

where f^ is the function that results when A, B and C are calculated 

using the inclusion removal efficiency measured in the experiments 

with the large nozzles. Similarly, the equation for the small 

diameter inclusions can be represented as:-
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T = fg(dp) (6.32b)

where fg is the function that results when the inclusion removal 

efficiency measured in the small nozzle experiments is used. It was 

thought that equation (6.32b) could be represented as:-

T = fs (R -Dp ) (6.32c)

so that a graph of the two functions against would yield the

values of T and D from the point where the two function curves P
intersected.

In the event, it was found that the two curves did not intersect when 

the value of R was taken as 0.635. It was therefore necessary to re­

examine the way in which the results were interpreted.

6.3.3. Analysis of the results for D and R.------------    p--------

Since single values of T could not be found that were compatible both 

with the inclusion removal efficiencies measured in any one pair of 

experiments and with a value of R of 0.635, the results were re­

examined with a view to determining values of and R. It might be 

thought that, since the value of T was unknown, such determinations 

could not be carried with very great accuracy. As will be shown, 

however, the value of T has a relatively minor influence so that 

highly accurate estimates of and R can be made from a fairly 

coarse estimate of the value of T.

This latter estimate is explained in appendix 1 where it is shown 

that T would be expected to vary between 1 and 2 for the bloom
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caster. Thus it is possible to plot the functions shown by equations 

(6.32a) and (6.32c) for the results of the bloom caster with 

different values of R, and to examine solutions that give values of T 

that lie between 1 and 2 .

Figure 6.5 shows one such plot. The equation function for the large 

inclusion results, (6.32a), is plotted as the full curve. The shaded 

region between T = 1 and T = 2 shows the region in which solutions 

are to be expected. The dashed curve is the plot of equation (6.32c) 

for the small inclusions with the value of R being taken as 0.32.

The point of intersection of this dashed curve with the full curve 

gives a solution for equal to 0.418 mm. Varying the value of R 

moves the position of the dashed curve, thus moving the solution 

point along the full curve and varying the value of for which a

solution can be found. However, since solutions are limited to

points of intersection in the shaded region, can only vary between 

0.415 mm and 0.425 mm. The values of R that correspond to these two 

limiting values of are 0.325 and 0.315, respectively. It is 

apparent, then, that a coarse estimate of T allows estimates to be

made for both R and D that are accurate to better than 5%.P

Figure 6.5 provides more information about the solution regime, 

showing areas in which equations (6.32a) and (6.32b) give imaginary 

values of T. It also shows that the equation for the small inclusion 

results pass through infinity and then produces values of T that are 

always less than 1, and negative for most values of D^. The curve 

for the large inclusion results can show similar behaviour at larger 

values of so that the two curves can intersect again. However, 

this intersection always corresponds to a negative value of T and so
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Figure 6.5
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Chapter 6

has no physical meaning.

The solution technique outlined above is essentially a trial and

error technique in which several different curves are plotted from

the small inclusion results, each with a different trial value of R.

Carrying out this procedure graphically for all the experimental

results that had been obtained would have been prohibitively

laborious. A computer programme was therefore written in Turbo Basic

to evaluate functions (6.32a) and (6.32c) with different values of R,

and find those values that gave T values between 1 and 2 for the same

value of 0^. The programme then displayed on the screen the range of

D , T and d values within which the solution had been found so that P P
a visual check could be made of the accuracy of the resulting values

of D and R.P

The programme is listed in Appendix 2 and Table 6.3 is the screen 

print of a typical output screen, actually for the results plotted in 

figure 6.5. The values tabulated under 'm' are the values of T, and 

it can be seen that the two roots for T are tabulated throughout - as 

a check that the root derived using the negative sign in equation 

(4.69) is always negative.

The results determined as described above for the experimental 

results at different submerged depth, as reported in section 5.2.6, 

are listed in table 6.4. The relationship between the SEN submerged 

depth and R is shown in figure 6 .6. The changes of the average 

equivalent particle diameter in the meniscus region with the SEN 

submerged depth are given in figure 6.7. These results show that 

average inclusion diameters are greatly affected by the SEN submerged
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Figure 6.6
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Figure 6.7
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Chapter 6

depth. It is thus the increase of the average particle diameter with 

the increase of the SEN submerged depth, resulting in a rapid 

increase in the stokes' rise velocity, that causes the efficiency of 

inclusion removal in the sump to be increased as the SEN is lowered 

into the sump.

6.3.4. Sensitivity to changes in the mixing parameter values.

Let us now use the above information to explore inclusion removal 

sensitivity to changes in values of the mixing parameter. For the 

purpose of exploration, we may suppose that:-

for the bloom mould model:-

r  =  r  =  rJR JM
f - 0.9, e = 1 and a - 0.44.

Substituting (4.47) into (4.52), gives:-

(1 +  r / a * )  
1 + --------------------

(r + 0 .44u)u ( r  +  v) + -------------

(6.33)

( i  +  n

From the above assumption and equation (4.60) and (6.30), we have:-

v = 11.89 D2 (6.34)

a* = efv = 10.701 D£ (6.35)

Substituting into equation (6.33), we obtain:
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1
rj =

1 +
(1 + r/10.701 D*2)

( r  +  1 1 . 8 9  D 2 )  +

1 1 . 8 9 ( r  +  5 . 2 3 1 6  D 2 )  D 2  
____________________ E___ E

P ( l  +  r )
(6.36)

For the comparison reason, the curves in figure 6.8 have been 

calculated for four different T values, namely T equals 1.5, 2.5, 5.0 

and 10. It can be clearly seen from the figure that the inclusion 

removal efficiency is rather insensitive to changes in the values of 

T, which explains why the value of T can be chosen fairly 

approximately without to much lack of precision. For instance, the 

values of T derived in appendix 1 could be used for the corresponding 

cases of bloom and billet mould, i.e.:-

For the bloom mould model

For the billet mould model 

rjR " 1 '10 (6.38)
"JM " n -°

6.3.5. Sensitivity to changes in the value of 0 .

Let us now use the information about jet entrainment fluxes presented 

in appendix 1 to explore inclusion removal sensitivity to changes 

in the value of /S.

As derived in section A1.6 in appendix 1, the dimensionless 

interchange mass fluxes between the jet entrainment zone and
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Figure 6.8
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surrounding zones can be expressed as follows:-

_ ^entrain 
JR 1 + fi

and

Pr  *. -

rjM " -  ” ln (6-40)1 +

where Y ^ . is the dimensionless jet entrainment flux, whichentrain J

has an average value of 3.0, and this value will be used in this

section. For the reason of clarity, T will be used to
en

represent T  ̂ . in the following discussions,entrain °

For the purpose of exploration, similarly as the previous section, we 

may suppose that:-

$* = 0.9, e = 1 and a = 0 .44.

Thus equations (6.34) and (6.35) are also valid.

Substituting equation (4.47) into equation (4.52) and rearranging it, 

gives: -

( i  +  r  / o * )
l + ---------------------

(r + 0.44U)« 
<rjR + + — -----------

+ rjM>

Substituting equations (6.37), (6.38), (6.39) and (6.40) into the 

above equation, we have:-
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1
n -------------------------------------------------------------------------

(1 +  r  /(l+j9)/10.701 D - 2 ), . en ^ pX  +  " ' - - ■   ~  “

1 1 . 8 9 ( r  /(1 + /3 )  + 5.2316 D2) D2 
T / ( 1 + / 3 )  +  1 1 . 8 9  D2 + ----------— -------------------E---2—
621 p (i + p r e n / {!+ & ))

(6.41)

For the comparison reason, the curves in figure 6.9 have been 

calculated for five different ft values, namely equals 1, 2, 0.5, 4 

and 0.25. It is clearly shown in the figure that the inclusion 

removal efficiency is slightly affected by the changes in the value 

of /3. Decreasing (3 from 1, which corresponds to employing an SEN

with an upward port angle, causes inclusion removal efficiency to

increase slightly, and on the contrary, increasing from 1 , 

corresponding to the case of employing an SEN with a downward port 

angle, slightly reduces inclusion removal efficiency.

6.3.6. Sensitivity to changes in the value of the inclusion mass 

transfer coefficient.

Now let us explore inclusion removal sensitivity to changes in 

the value of the inclusion mass transfer coefficient. For the 

purpose of exploration we may assume that:-

for the bloom mould model

a = 0.44

T = 0.9

v = 11.89 D2P
and
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Figure 6.9
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Substituting equation (4.47) into (4.52), gives:-

(1 + r/a*) 
1 + --------------------

(r + 0.44v)v 
(r + v) + -------------

(i + r)
or

(1 + r/a*) 
1 + --------------------------------

11.89(r + 5.2316 D 2 )  D2
(r + 11.89 D2) + ----------------------E--- E-

P (1 + D

(6.42)

where a*, according to equation (4.60), could be expressed in term of 

v, i.e. a* = e£u.

The effect of changes in the value of a* is shown in figure 6.10.

The curves in the figure have been calculated by using equation

(6.42) with the values of a* equal to $*v, 1.5fu, 2fu and 3$*̂ , i.e. 

enhancement factor "e" equals 1, 1.5, 2 and 3 respectively.

It can be seen from the figure that the changes of the value of a* 

affect more on inclusion removal efficiency when the inclusion 

particles are small in size than when they are large. This is because 

when the inclusion sizes are large, the removal process is dominated by 

Stokes rise, hence turbulent diffusion plays a very minor role in 

this kind of situation.

These curves also suggest that the interpretation of the experimental
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Figure 6.10
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results could be affected, especially for the inclusions from the 

small nozzle, if the enhancement factor 'e' was as high as 1.5. 

However, as will be seen from section 6.4, table 6.6, the value of 

'e' can be shown to be no more than 1.10 so that there is virtually 

no effect.

6.3.7. Effects of the operation practice on inclusion removal.

6 .3.7.1. Effect of SEN geometry.

Three nozzles were employed in studying of the effect of nozzle 

geometry on inclusion removal in the billet mould sump. The 

experiments were conducted with different SEN submerged depth for 

each nozzle, the results being shown in figure 5.14. As expected, 

inclusion removal ratio was higher when the small outside 

diameter nozzle, Nozzle 1, was used. There are two reasons for this. 

In the first place, the small nozzle corresponds to higher values of 

a and $ and, in the second, the small nozzle gives rise to flow 

pattern in the upper region that are more favourable to the inclusion 

agglomeration process. Figure 5.14 shows that inclusion removal 

ratios with Nozzle 1 are nearly twice those with Nozzle 2 under 

otherwise identical conditions. The effect of increases of the 

values of a and f with Nozzle 1, only increases inclusion removal 

ratio by 11%. Thus the increase in the inclusion removal ratio shown 

in figure 5.14 is mainly due to the modified fluid flow patterns 

produced by the small nozzle. Section 6.2.1 referred to the 

observation that the rising velocities in the recirculation zone were 

higher when using Nozzle 1 than when using Nozzle 2. It is these 

higher rising velocities that promote the exchange of fluid between
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the jet region and the recirculation region, and hence affect the 

inclusion removal in the sump.

Nozzle 1 and Nozzle 3 have the same outside diameter, but the inside 

diameter of Nozzle 3 is greater than that of Nozzle 1. Thus, at the

same casting speed, the exit velocity of the stream from Nozzle 3 is

less than that from Nozzle 1, and hence the exit momentum from 

Nozzle 3 is less than that from Nozzle 1. Other factors being equal, 

this will cause less movement of the fluid when using Nozzle 3. So 

the values of the inclusion agglomeration rate for Nozzle 3 were less 

than that for Nozzle 1, and therefore inclusion removal ratios 

for Nozzle 3 should be less than those for Nozzle 1. Figure 5.14 

shows that this was the relationship found experimentally.

6.3.7.2. Effect of SEN submerged depth.

The effects of the SEN submerged depth on inclusion removal are

very similar for all the nozzles used, Nozzle 1 to 11, see figure 5.3 

to 5.13. Just as expected from the fluid flow analysis, the 

inclusion removal ratios increase with increase in the SEN submerged 

depth. This is because the increasing rising velocities with the 

increase of the SEN submerged depth helped to promote the exchange of 

the fluid between jet region and recirculation region and also the 

inclusion agglomeration. But as the SEN submerged depth exceeds a 

certain limit, some where between 150 mm and 175 mm in the billet 

mould model, inclusion removal ratio is not further improved, 

figures 5.3 and 5.4. This is because that the increase in the jet 

penetration depth is not proportional to the increase in the SEN 

submerged depth and because the fluid flow patterns in the upper
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recirculation zone are less and less affected by the vortices in the 

jet region as they were further and further away from the meniscus. 

Further increase in the penetration depth causes the inclusions from 

the entry stream to be carried more deeply into the sump. The 

inclusion removal ratio therefore tends to decrease as the SEN 

submerged depth further increased. This tendency, however, is not so 

marked for Nozzle 3 as it is for Nozzles 1 and 2. Even when the SEN 

submerged depth for Nozzle 3 is 175 mm, inclusion removal ratio 

shows no sign of decreasing, as shown in figure 5.5. This is 

because the lower momentum of the stream from Nozzle 3 allows it to 

penetrate less strongly into the sump at any given casting speed and 

SEN submerged depth. However, if the SEN submerged depth of Nozzle 3 

had been further increased, inclusion removal ratio would 

eventually start to decrease.

In the case of Nozzles 4 to 11 in the bloom mould model, the 

inclusion removal ratio has been shown to increase as the SEN 

submerged depth increases even when the depth had reached 175 mm. In 

fact, as shown in figure 5.21, inclusion removal ratio shows no 

sign of decreasing for the SEN submerged depth up to 220 mm when 

employing Nozzle 4.

Recently, Hoshikawa et a l . ^ ^ ^  have reported comparable results in 

their paper on the effects of longitudinal stirring, with a linear 

motor in-mould electromagnetic stirrer (M-EMS). Their results are 

shown in figure 6.11, a schematic view of M-EMS stirring directions 

being shown in figure 6.12. Figure 6.11 shows that stirring inclined 

upward towards the SEN had no positive effect on inclusion removal,
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Figure 6.11
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and may even decrease inclusion removal ratio. Horizontal 

stirring towards the SEN exhibited a wide variation of effects, both 

beneficial and detrimental. Downward stirring, in contrast, showed 

consistent and positive effects on inclusion removal.

6 .3.7.3. Effect of SEN port angle.

The experimental results, figure 5.15, showed that the use of an SEN 

with large upward port angle, at deep SEN submerged depth, is 

beneficial to inclusion removal. As the SEN submerged depth is 

reduced, however, the use of this type of nozzle turns to become 

detrimental.

There are a number of reasons for the effect of SEN port angle on

inclusion removal efficiency. First, changing the port angle from

zero in either direction increases the length over which the jet can

entrain fluid, and therefore results in larger values of T . and& entrain

of T. This also increases the time that the inclusions can

agglomerate in the turbulent region of the jet, resulting in larger

inclusions in the meniscus region, and therefore higher values of

stokes rise velocity. Second, employing upward SEN port angles

decreases the value of /? as well as increasing T which, as figureJ R
6.9 shows, results in a small increase in inclusion removal 

efficiency. This also increases the flow intensity and hence the 

turbulence at the meniscus, hence increasing the value of the 

enhancement factor "e".

The results given in figure 5.15 show that inclusion removal 

efficiency is increased as the port angle changes in either direction
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from zero, but that the improvement is more marked when the port 

angle is positive upward. These findings are in keeping with the 

points discussed above except for the situation at very shallow SEN 

submerged depths. Here employing the upward port angle results in a 

stronger flow at the meniscus - sufficiently strong to sweep the slag 

towards the SEN and resulting in an obscuration factor that is 

significantly less than 1.

Therefore, it is anticipated that, as the SEN submerged depth 

decreases, the best inclusion removal ratio should be achieved by 

using a SEN with a port angle shifted towards a small upward angle 

and further towards a downward angle. And this is the case shown by 

the experimentally measured results, see figure 5.15. At SEN 

submerged depth of 175 mm, the best inclusion removal ratio was 

achieved by using Nozzle 5 (25° upward). However, when the SEN 

submerged depth reduced to 75 mm, the best inclusion removal ratio

was achieved by employing Nozzle 4 (0°). When using nozzles with

large downward port angle, inclusion removal ratio will not be 

affected very much by the SEN submerged depth unless the depth is 

very small, for example, less than 100 mm. Generally speaking, 

employing a nozzle with the port angle other than 0° will give a good 

inclusion removal result unless the SEN submerged depth is very small 

(<100 mm).

6 . 3.7.4. Effect of gas bubbling.

Although argon gas introduced into the tundish nozzle stream offers

protection from nozzle blockage, figure 5.16 shows that it is not 

beneficial to inclusion removal in the billet sump. This is because
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the presence of argon gas in the tundish nozzle reduces the 

values of a and f , as well as interchange mass flux between the jet 

region and the recirculation region. These effects are illustrated 

in figure 6.13. Experiments on the bloom mould model showed 

that the introduction of argon gas into the SEN stream had no or a 

little positive effects on inclusion removal, see figure 5.17 to 

5.19.

The reduction in inclusion removal efficiency is because of the 

reversed flow near to the nozzle. The gas bubbles leaving the nozzle 

created an upward flow close to the SEN, which was against the 

downward flow induced by the flow in the recirculation zone. Thus 

the area of the surface in contact with the recirculating flow 

bringing inclusion from the jet entrainment zone to the surface is 

reduced. This reverse circulation produced by the gas bubbles does, 

of course, bring inclusions to the surface but these have come from 

the jet region close to the nozzle. Inclusions from this region will 

be smaller in size, having been less exposed to the agglomeration 

processes in the jet. These smaller inclusions will give a lower 

mass transfer coefficient over the portion of the surface exposed to 

the bubble driven reverse circulation.

Therefore, if the introduction of argon gas was sought to be employed 

with the intention to promote inclusion removal, the SEN employed 

should be one with downward port angle with small amount of argon 

injection at a deep SEN submerged depth.
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Figure 6.13

Slag layer
Stokes' layer

• • • •

##ul • •• •
*•••

• • y ' *  • \ * k y•* M 0 9Gas bubble 
region Recirculation

region

Jet region

Schematic view of the flow pattern developed in the mould 

with gas bubbling.
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6 .3.7.5. Effect of casting speed.

As can be expected from the fluid flow pattern analyses, increasing 

the casting speed causes inclusion removal ratio to decrease.

This is mainly due to the decrease that occurs in the values of v and 

a*. However, the inclusion agglomeration rate increases with casting 

speed, and this effect reduces the overall influence that casting 

speed has on inclusion removal. Figure 5.20 shows that when the 

casting speed for the billet caster increases from 1.00 m.min-1 to 

2.00 m.min-1, for example, the removal ratio decreases from 6.5% to 

5.0%. There would be little to be gained, therefore, if an optimum 

casting speed were sought with the intention of maximising the 

inclusion removal rate.

6.4. Estimation of the values of the diffusion mass transfer

coefficients from the experimentally measured inclusion removal 

ratios.

As a result of the theoretical development, Chapter 4, the inclusion 

removal ratio has been derived as expressed in equation (4.52), which 

will be rewritten here:-

1
r , ------------------------------------------------(4.52)

i + U  + rJM)(i + rJR/a*)/$

where $ - (1 + rJM)(rJR + v ) + (rJR + au)u

The subscript 'inclusion ' has been omitted in equation (4.52) mainly 

for the reason of clarity.
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Therefore, the effective dimensionless inclusion mass transfer 

coefficient a* could be expressed as:-

(1 + rjM)rjR ,
a *  --------------------------------------  (6.43)d/rj - i )$  - ( i  + r JM)

Now let us use the experimental results listed in table 5.18 to find 

out the values of a* for the bloom mould model.

The values of and can be chosen as follows according to the 

foregoing discussions:-

rjR " rjM - 1 -45
The values of u can be calculated according to equation (6.30), which 

is rewritten here:-

v - 11.89 (D^/mrn)2

where the values of D could be obtained from table 6.4 for differentP
SEN submerged depth.

The value of a has already been determined in section 6.3.1 with a 

value of 0.44 for the present case.

All the calculated results are listed in table 6.5 for different SEN 

submerged depth.

Now let us make our estimation one step further. In the following 

discussion we will try to estimate the value of turbulent 

diffusivity from the a * values obtained above, table 6.5.

From equation (4.33) we obtain a as:-
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a*V
a ------ —  (6.44)

where is casting speed, = 0.55 m.min-1, the value of f could be

found in table 6.1 with a value of 0.95 for an SEN submerged depth of 

220 mm.

From equations (4.26) and (4.59) we have:-

° = vst(1 + 1 / T V  = e,vst (6>45)

where V = u.V = 0.107 (D /mm)2 (m.s-1)j U C D

where is the inclusion particle diameter,

Thus

e -------  (6.46)
Vst
where e is the enhancement factor.

Therefore,

r * ----------------------  ( 6 . 4 7 )
(e - 1)

And according to equation (4.13),

<VSt)2rer * -------------  (6.48)
DX
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So the turbulent diffusivity could be expressed as:- 

(VSt)2TeD „  — --- —  (6.49)
T*e

where is the total time for which a fluid packet is exposed 

to the liquid meniscus, its value has been estimated in section 

4.1.5 as 0.32 for the present case.

The calculated results are listed in table 6.6 for the bloom mould 

model. It can be seen that the result obtained for D̂ , is the same 

order as that proposed in section 4.1.5, and that the enhancement 

factor "e" has a value of 1.083.

6.5. Role of inclusion agglomeration in the sump flow patterns.

As discovered in the foregoing sections, inclusion agglomeration in 

the sump fluid flow field play an important role in inclusion removal 

in the sump. The deeper the SEN submerged depth, the bigger the 

average inclusion diameter in the meniscus region, as shown in figure

6.7. The flow pattern from either injection nozzle to the exit 

nozzles of the SEN is the same irrespective of the SEN submerged 

depth so the average diameter of the inclusion particles as they 

enter the sump is independent of the submerged SEN depth. The 

difference in the inclusion average diameters in the meniscus region 

is thus solely due to the phenomenon of inclusion agglomeration. The 

inclusion agglomeration process will be discussed in the next 

section, but, here we notice, from figure 6.7, that the average 

diameter of inclusions generated by the large injection nozzle always 

increases more rapidly than that of inclusions from small injection
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TABLE 6.6. The value of estimated.

Inclusion Removal Ratio 17 : 0.76

Inclusion Diameter D^, (/im) : 418

Dimensionless Effective Inclusion 
Mass Transfer Coefficient a *  : 1.94116

Meniscus Obscuration Factor f : 0.95

Effective Inclusion Mass Transfer 
Coefficient a , (m.s*1) : 0.02043

Inclusion Relative Rising
Velocity V (m.s^) : 0.01887

Enhancement Factor e 1.083

Dimensionless exposure Time r* : 24.1444

Turbulent diffusivity D^, (m2.sAl) : 4.7e-06
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nozzle.

Thus, as shown in figure 6 .6, the deduced values of R are all less 

than the ratio, 0.635, of the diameters of the orifices where the 

inclusion particles were generated. The fact that large inclusion 

particles agglomerate more rapidly than smaller inclusion particles 

is compatible with mechanisms discussed in the next section.

6 .6. Prediction of inclusion agglomeration rates due to turbulent 

shear and gravity field flow.

Inclusion particles in the continuous casting mould sump may be 

brought into proximity with each other or may collide due to several 

processes:- Stokes rise, turbulent eddy diffusion, Brownian motion 

and local fluid flow gradients (turbulent shear). Turbulent eddy 

diffusion, however, only becomes important if the turbulent 

accelerations are of the same magnitude as gravity acceleration.

This is usually not so^^*^ in the case of liquids. For the 

inclusion particle size considered in this work, the Brownian motion 

is not very important either. Thus Stokes rise and local fluid flow 

gradients (turbulent shear) are the only processes to be considered.

Let us now consider pairs of particles of radii r1 and r2 within unit 

volume of the flow field. The number densities of these particles 

are n x and n2 respectively. An r 1 particle collides with an r2 

particle if its centre arrives onto a spherical surface of radius 

(rx + r2) around the r2 particle - see figure 6.14. Depending on the 

collision mechanism in operation, a unitary collision volume will

Page 6:57



Chapter 6

Figure 6.14 Generic slice of the unitary collision volume

Direction of flow 
or buoyancy rise

hem i-spherical capture 
surface of radius ri + r2. centre of 

r2 particle.

Collision
m echanism x (length of slice) remark

Buoyancy
rise 2Apg(rf - r|)/(9̂ s) independent of Y

Velocity
gradient

(dU/dy)Y
linear funcition of Y with a 
similar volume in front of r2 
particle, but below equator’.

Slice at height ’Y’ of the ri + r2 unitary collision volume behind 
a particle of radius r2. All the particles of radius n  with centres 
inside the unitary collision volume at the start of a unit time 
interval will collide with the r2 particle during that time interval.
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abut this spherical capture surface such that all the r 1 particles 

whose centres lie within this volume at the start of a unit time 

interval will collide with the r2 particle before the end of that 

interval. (The actual size of this unitary collision volume is 

proportional to the magnitude of the time interval chosen, so that 

its dimensions are those of volume per unit time.)

Representing this volume as we can see that the rate at which rj 

particles collide with the single r2 particle is n ^ .  Since there 

are n2 of r2 particles in unit volume of the flow field, the rate of 

rj/r2 collisions per unit volume of the flow field is n ^ ^ .  As 

discussed in the next two sections, it is the shape, size and the 

position of the unitary volume, that depends on the collision

mechanism, so that it is through that the collision mechanism

controls the rate of collisions.

A generic slice of the unitary collision volume is shown in figure 

6.14 at a height Y above the 'equator' of the r2 particle. The next 

two sections show that all the tc1 particles with centres in this 

slice travel at the same speed relative to the r2 particle. Thus the 

length of the generic slice is the same across its surface and its 

shape is that of a rectangle with a semi-circular indent in contact 

with the capture surface and an identically shaped semi-circular 

protuberance at the other end. The area of the slice is thus equal 

to its common length times its width - that is, it is equal to the 

area of the rectangle. It is the length of this rectangle and its 

variation with the height Y that depend upon the collision mechanism.
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Agglomeration due to Stokes rise:- 

Figure 6.15 shows particles of two different sizes rising under the 

action of buoyancy forces and Stokes drag. According to equation 

(4.1) the velocity difference between particles is:-

Au - CS(; |rf - r|| (6.50)

where

2( Ps - PD )g
cs t  ----------!

9 ",

It is known from equation (6.50) that the velocity difference is 

independent of locations of the particles. Thus all the generic 

slice are of the same length and the unitary collision volume is a 

circular cylinder with a height of Au. Thus the collision rate 

due to Stokes rise collision is:-

— n^jC^lr^ - ■r%\n(r1 + r2)2 

- 7m 1n2C5t |r1 - r2|(rx + r2)s (6.52)

Obviously, when Tj = r2 , the collision rate N - 0. ThereforeJ L
Stokes rise will not cause particle collisions between particles of 

equal size.

Agglomeration due to velocity gradient:- 

Consider a velocity gradient 3u/3y, represented by U^, existing over 

a finite distance 8 in the fluid flow direction, with two particles 

of radii r 1 and r2 moving with the fluid a distance Y apart normal to 

the fluid flow direction - see figure 6.16. The velocity difference
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Figure 6.15

Diagram of particles rising under Stokes Law.
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Figure 6.16

unapter o

Diagram of particles moving with fluid 

in a velocity gradient field
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between the two particles, their relative velocity, is U^Y. The 

faster moving particle will catch up the slower particle if the 

distance between their centres measured along the flow direction is

not greater than U^Y. This therefore is the length of the generic

slice of the unitary collision volume.

Thus the length of the unitary collision volume behind the r2

particle varies linearly with height. As we have seen, the cross 

sectional area of each generic slice is equal to that of a rectangle, 

so that the unitary collision volume behind the r2 particle has the 

same volume as the diagonally cut half cylinder shown in figure 6.17. 

Reference back to figure 6.14, shows that:-

width of the generic slice = 2 ( r 1 + r2)cos$

thickness of generic slice - (rx + r 2 )d<f>cos<f>

length of generic slice - U^(rx + r2)sin<£

Thus the volume of the generic slice is 2U^(r1 + r2)3cos2^.sin^3^ and 

the total size of the unitary collision volume behind the r2 particle 

is: -

p7r/2
2U^(r1 + r2)3cos2^.sin^S^ - (2/3)U^(r1 + r2)3

• 0

Since the r2 particle is moving faster in the shear flow than the r x

particles 'below' it, a similar section of the unitary collision

volume exists in front of the r2 particle, but below its 'equator'. 

Thus the total unitary collision volume for the gradient collision 

mechanism is:-

# - (4/3)UA (ri + r2)3 (6.53)
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Figure 6.17

b

Collision volume involved in the gradient collision, 

a: Collision volume (two truncated half cylinder) ; 

b: Collision volume projected area.
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and we can write:

Ngrad “ + r2) (6.54)

Saffman and Turner [105] obtained a similar expression for the case of

three-dimensional turbulent flow, which are used by L i n d e r ^ ^ ^  to 

study the collisions of small particles in a turbulent metallic melt 

during deoxidation of steel. The velocity gradient in the turbulent 

metallic melt within a small eddy could be expressed as: -

U,
L 15u

(6.55)

where e : energy dissipation in turbulence, the values of 

€ for the nozzle outlet could be obtained from 

the computer simulation of Thomas, Mika and
m  • •  t983Najjar1

v : kinematic viscosity of the fluid.

Therefore, equation (6.54) could be written in the following form for 

the turbulent fluid flow inside the mould sump:-

*grad "  ~  n ‘ n * ( r i  +  r*)3 15u
(6.56)

Agglomeration due to simultaneous Stokes rise and velocity 

gradient:-

When the particle relative velocities due to Stokes rise and due to 

velocity gradient are of the same order of magnitude, there might be
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a mutual interaction effect of the two actions in such a manner that 

the collision rate is not just the sum of the collision rates due to 

the two actions considered separately. In this case, generally 

speaking, the inclusion particle collision rate N has a value of:-

Ns t (or W  - N < + V « d  (6-57)
So the particle collision rate under this condition could be 

considered according each of the two actions. If the relative 

velocity of the two particles due to Stokes rise is much bigger than 

that due to velocity gradient, the contribution from the latter could 

be neglected. Hence N = N . But as mentioned earlier, the Stokesu u
rise will not give the collisions between particles of equal

diameter. Therefore in such a case, N = N ,.
grad

Thus we can see why deep submersion of the SEN increase the 

efficiency of inclusion removal in the sump. The initial jet 

entrainment region where the inlet streams enter the sump is a region 

of high shear rates. Thus gradient collisions will occur in this 

region and will rapidly widen the distribution of inclusion sizes. 

Once this widening has occurred, the Stokes rise mechanism becomes 

effective and is able to take over from the turbulent shear 

mechanism. As the liquid flows out of the immediate jet entrainment 

zone and the shear rates drop, the agglomeration mechanism changes 

from shear agglomeration to Stokes rise agglomeration.

When the jet entrainment region is at an appreciable depth within the 

flow field, considerable time is available for the Stokes 

agglomeration mechanism to occur as the flow moves up against the
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solidification front. Equations (6.52) and (6.54) show that the rate 

of agglomeration is proportional to the third power of the sum of the 

radii of the agglomerating particles, so the Stokes agglomeration 

mechanism occurs with greater and greater effectiveness as the liquid 

in the sump moves up towards the meniscus region.

Shallow submersion of the SEN does not allow time for Stokes 

agglomeration to take place so that the mean inclusion size in the 

region below the meniscus and, therefore, the inclusion mass transfer 

coefficient, are both small. As a consequence, the inclusion removal 

efficiency is low. Increasing the SEN submerged depth allows more 

and more time for Stokes agglomeration to occur leading to a larger 

average inclusion size in the meniscus region. This larger size 

gives higher mass transfer coefficients and thus higher removal 

efficiencies.

Particle collision efficiencies.

As observed by many researchers m ]  ̂ when two particles are 

brought to proximity of each other * a collision may be not always 

resulted. Figure 6 . 1 8 ^ ^ ^  shows what happens when a large particle 

approaches a small one. At first, it would appear that a collision 

will take place if the distance between the smaller particle and the 

centre axis of the larger particle is smaller than the sum of the 

radii, but as the two particles come closer, the smaller one will be 

pressed aside by the flow around the larger one. Only particles 

coming from a distance less than the sum of the two radii will 

collide.
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Figure 6.18

/ /

stream lines

Step 1 Step 2 Step 3

Illustration of the approach of 

a larger particle to a smaller one.

The efficiencies for particle collision have been studied by several

authors  ̂ Figure 6.19 gives some of their predicted results,

as the collision efficiency E as a function of a , where a is the

Stokes number, the velocity ratio of the two particles

2

9 i/ P.

r r.
(6.58)

r r.

L r.
(6.59)

The average velocity along the narrow faces in the mould sump can be

taken as 0.2 m.sec-1, this number having been obtained from water
f 1131modelling results of Wang1 J. For the case of w - 0.4 and r 1 - 150 

fim, we obtain the values of a as 3.5 and 1.5 for the water-paraffin
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Figure 6.19
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Figure 6.20
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Grazing particle trajectories for values of a - 0.2, 0.7, 5 . 0 . ^ ^ ^
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model system and steel-inclusion system respectively. Therefore, 

according to figure 6.19, the collision efficiencies of two systems 

are 75% and 60% respectively. Hence the collision process takes 

place in the mould sump efficiently. Figure 6 . 2 0 ^ ^ ^  shows the 

grazing particle trajectories for different values of a. It is shown

that only 95% of particles coming from the target area actually

collide even when a is as high as 5.

6.7. Prediction of *1 i 12Ci u ±± k f°r steel casting system (prototype)

The values of inclusion f°r t h e  steel casting system (prototype) can 

be predicted by applying the present theory with the following 

parameter values of bloom and billet casters and the properties of 

liquid steel and inclusion particles

1) Mould section sizes

bloom caster : 425 mm x 305 mm;

billet caster : 140 mm x 140 mm.

2) Submerged entry nozzles

bloom caster : 0° bifurcated nozzle, nozzle outside

diameter of 90 mm, port diameter of 30 mm; 

billet caster : vertical outlet nozzle with nozzle outside 

diameter of 50 mm and inside diameter of 

15 mm.

3) inclusion particle density “ 3 g.cm-3 .

4) liquid steel density * 7 g.cm-3 .

5) dynamic viscosity of the liquid steel -  7 x  10-2 g.cm-1s-1.

6) dimensionless liquid metal flux between zone:-

bloom caster : r T_ = r_w = 1 .5 ;JR JM
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billet caster : I\ = 1 .10; r TX, - 11.0 .JR JM
7) fractional jet projected area 'a'

according to equation (6.18) and (6.23) and the data given 

above the values of a are:-

a = 0.1 for bloom caster and 

a = 0.5 for billet caster respectively.

8) turbulent diffusivity:-

bloom caster : = 1 x 10*6 n^.s-1;

billet caster : = 1 x 10-7 n^.s-1.

9) total exposure time of the liquid packet at the steel

meniscus:-

bloom caster : r = 0 . 3 2  seconds;e ’
billet caster : r = 1 . 5 0  seconds.

The calculations were done by using equation (4.52) and (4.47) for 

different sizes of inclusion particles. According to the data given 

above and equation (4.33), (4.34), (4.1), (4.19) and (4.13), two 

undetermined variables in equation (4.47) and (4.52) can be expressed

e

as functions of inclusion particle diameter and casting speed 

as follows:-

1) bloom caster:-

v = 18.6858 —  
V

(6.60)
c

(31.143D2) (1 + (2/r*)erfU
V

(6.61)
c

where r* = 31036 D4e P
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2) billet caster

v is the same as that for bloom caster, equation (6.60)

0.6f
a * --------(31.143D2)

V p
(1 + ( 2 / r * ) e r f ( i y r * ) l  ( 6 . 6 2 )

where r* = 1454829 D4 e p

where, in the above equations,

: inclusion particle diameter in mm;

: machine casting speed in m.min-1;

S' : obscuration factor of the upper surface of the

meniscus, which is affected by the SEN submerged 

depth and the gas injection practice. Different 

values as proposed in table 6.1 and 6.2 will be 

used in the prediction.

The results for different sizes of inclusions at different casting 

speeds in the bloom caster are given in table 6.7 and shown in figure 

6.21. The same results for the billet caster are given in table 6.8 

and shown in figure 6.22. The effects of f on inclusion removal are 

shown in figure 6.23 and 6.24 for the bloom caster at a casting speed 

of 0.55 m/min and for the billet caster at a casting speed of 1 m/min 

respectively.

It can be concluded from the results obtained here that the removal 

of inclusions of size smaller than 40 /xm (final size) in the sump is 

impracticable for nozzles of this type in steel continuous casters. 

However, as shown by Duncombe, Jiang and Preshaw^^^ recently, the
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inclusions of size smaller than 45 jum will be uniformly distributed 

across the thickness direction of the cast products, and will 

therefore be less harmful to product quality.

Page 6:73



Chapter 6

p*» Ov O ©
00 VO in r*»

o • • • • •
o «o St VO o m
CM VO in St 'O CO

rH o r* rH
o Ov CO O m
00 • • • • •
rH r* 00 o in ©

in *d- «o CO CO

00 VO vo o *d-
O o CO r* StVO • • •
iH H CM St ov m

in St CO CM CM

s
a.

o CO St vo
O M3 'O m 00 St
St • • • •

a H co in 00 CO O*Q •d- CO CM CM CM

(Q
0)

H OV o CM St OV
O O VO CO St in

•»H CM • • • •
4J rH m 00 CM 00 inU co CM CM rH rH
CO
a

<4-1
0 CM n* St Stvo St r̂ » VO
to o • • • •
u o r» rH vo co rH
o *—4 CM CM rH rH rHu
a>a
a

•rl in rH 00 VO CO
Q CM in OV r̂ » CM

o • • • •
ao o in rH ov 00

CM rH rH

OV CO O CM St
o co OV 00 r*.
VO • • • • •

s t o 00 vo in
rH rH

o VO o o m
o o m 00 n*. ov
'd' • • • • •o n* in St CO

rH

O 00 St r>. •d*o o CM o CM n»
CM • • • • •

r>* m St co CM

•d
0)
a>
0* *4
w 1

C in in o in obO in r>. o CM inc B • • •
«H o o rH rH rH
U Bn
(0
u

Page 6:74



Chapter 6

Figure 6.21
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Figure 6.22
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Figure 6.23
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Figure 6.24
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Chapter 7

7. CONCLUSIONS.

A theoretical model has been formulated which relates the inclusion 

removal 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 sizes less than 40 /xm 

from the sump of billet caster is less than 5% using an SEN that 

directs the steel stream downwards.

The inclusion agglomeration or collision plays a very important role 

in the mould sump in the removal of inclusions. By using a 

bifurcated nozzle and a deep SEN submerged depth, the inclusion size 

can be doubled or even tripled from its size at the entry ports of an 

SEN.

An experimental method has been devised to simulate the behaviour of 

inclusions in the sump during continuous casting. The use of a 

colourless paraffin layer on the top of the water in the model mould 

together with the injection of fine droplets of coloured paraffin 

into the nozzle entry stream gives a good simulation.

The use of fine aluminium flakes or small air bubbles together with a 

plane light source has been found to be useful in studying the fluid 

flow patterns developed in the three-dimensional continuous casting 

sump model. Using this method, the fluid flow patterns developed 

within the model mould have been viewed and recorded photographically 

on different planes. These photographs of the fluid flow patterns 

help to explain the results for the removal of inclusions.
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The fluid flow patterns developed when small outside diameter nozzles 

with deep SEN submerged depth is employed are beneficial to the 

removal of inclusions.

Reducing the nozzle outside diameter increases the inclusion removal 

ratio. When the nozzle is submerged deep enough, over 175 mm, the 

SEN port angle has a little effect on inclusion removal in the mould 

sump.

Increasing the SEN submerged depth promotes inclusion agglomeration, 

and therefore increases the inclusion removal ratio. But when the 

SEN submerged depth exceeds a certain limit, the inclusion removal 

ratio in the billet mould tends to decrease. The optimum SEN 

submerged depth for the separation of inclusions in the sump is 125 

—  150 mm for the present billet mould. In contrast, the inclusion 

removal ratio in the bloom mould showed no signs of decreasing even 

when the SEN submerged depth had reached 220 mm.

Reducing the casting speed increases the inclusion removal ratio in 

the sump, but the influence of the casting speed on the inclusion 

removal in the sump is not very strong. Control strategies for the 

control of casting speed can be left to satisfy other constrains on 

the casting process.

Although argon gas introduced into the tundish nozzle stream offers 

protection from nozzle blockage, it will not be beneficial to the 

removal of inclusion in the sump unless the injection rate is very 

low and an SEN with large downward port angle is employed.
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8. FURTHER WORK.

a) Experiments should be further carried out on the determination 

of the agglomeration of inclusion particles in relation to the 

SEN and mould geometries and SEN submerged depth.

b) A study should be undertaken to elucidate the inclusion size 

distribution after agglomeration.

c) The theoretical model should be refined by incorporating an 

appropriate inclusion size distribution function obtained from 

experiments described in a) and b ) .

d) The experiments on the water model should be continued by 

including a simulation of the solidification front in the mould, 

to investigate the effect of the solidifying shells on inclusion 

removal. Inserting layers of gauze in the position of the 

solidification front provide a good initial basis for further 

investigation.

e) Plant trials should be undertaken to compare the effect of SEN 

submerged depth on the inclusion removal efficiency in the mould 

sump.

f) A comparative analysis of the behaviour of different type of 

inclusions in the sump under different fluid flow conditions can 

be undertaken by employing the theoretical model developed in 

the present thesis with the property data of inclusions 

available in the literature.
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Appendix 1

ESTIMATION OF THE VALUES OF THE MIXING PARAMETERS BASED ON JET 

ENTRAINMENT THEORY.

Al.l. Velocity profile in a round submerged jet.

The mixing parameters of the SEN stream mixing with the surrounding 

fluid in the mould sump can be estimated by using the theory of a 

submerged free jet. The submerged free jet is the type of turbulent 

jet spreading through a medium at rest.

Figure Al.l shows a diagram of a submerged free jet together with the 

velocity variation along the radius direction at several locations, 

Figure A 1 . 2 ^ ^ ^  shows a universal profile of the dimensionless 

velocity at any cross section of the jet. The dimensionless velocity 

is expressed as a function of r/rc :-

u r
- f( ) (Al.l)

um rc

where u : local velocity;

: axial velocity (velocity on the jet axis); 

r : distance from the jet axis;

r^ : distance between the jet axis and the point at which 

the velocity is equal to half of the axial velocity;

i.e. 0.5u .m

According to figure Al.2, we know that:-
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Figure Al.l

u.
{5L__

Diagram of a submerged free jet.
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Figure A1.2
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r r
f( ) = f( ) (A1.2)

r rc c

f( 0 ) - 1 (Al.3)

f( 1 ) = 0.5 (A1.4)

and

f( 0.5 ) - 0.84 (Al.5)

Therefore the function describing the velocity profile in a given

cross section of the jet can be expressed as:

-a£2e ? (Al.6)
u

m

where a : constant, a = 0.693 

r
Z   (Al .7)

r

Al.2. Velocity variation along the axis of a round submerged jet,

As shown by numerous experiment, the pressure in the jet is virtually 

invariable and equal to the pressure in the surrounding space. On 

account of this the total momentum flow of the fluid mass in the jet 

should be the same in all the cross section of the jet:-

m
udm = Const. (A1.8)

0
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where dm : mass flow through an element of the cross section of 

the jet;

m : total mass flow through cross section of jet; 

u : velocity at the centre of the element.

or in another form:-

p u 2dF = Const. (A1.9)

where dF : area of the element;

p : density of the fluid in the jet; 

F : total jet cross section area.

For a round jet:-

dF = 27rrdr (Al.10)

where r : distance from the jet axis.

Substituting into equation (A1.9), we obtain the constant total 

momentum for the round jet as:-

00 u -
U 2X 2 —
m

• 0 L u J m

r dr
Const, (Al.11)

x x

in which is the axial velocity of the given sections, x is the
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distance between the given section and the jet pole

According to jet theory [102]

r *= b.x c (Al.12)

where b is a constant,

Therefore, from equation (Al.6),(Al.7) and (Al.12), it is concluded 

that the dimensionless velocity (u/u^) at a selected point is a 

function of only the dimensionless coordinate (r/x), i.e.:-

u
  f(r/x)
um

(Al.13)

Hence,

oo «- u i 2 r dr

0 *- u -* x x
Const.

m

(Al.14)

As a result of the equation (Al.ll) the velocity in the centre of a 

given section of a round submerged jet is inversely proportional to 

the distance from the pole:-

const,
m

One of the most commonly used expression for the part of jet in

the main region is:-

u r
—  «= 12.4 (— — )

x
(Al.15)
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where r is the nozzle radius o

A l .3. Momentum conservation.

As mentioned in the previous section, the total momentum flow of the 

fluid mass is the same in all the cross sections of the jet:-

pu2dF = Const. (Al. 16)

Total momentum flow through a jet at a distance x from the jet pole 

may be expressed as:-

m pu2 27rrdr

2?rpu2r2
m e

00 - u

0 u J221

2 r dr

r r c c

Let --- - £, therefore
r

d£2 - 2£d£

r dr
= 2

r r c c

So

Page Al:7



Appendix 1

mx 7T/JU2r2 
m c

e_2a£2 d ^ 2)

And e"2a^2 d(£2)
2a

So that

m 7rpu2r2m e 2a
(Al. 17)

The total momentum flow of the fluid mass at the jet mouth is:-

m p u 2 7 r r 2o o (Al.18)

Hence:-

7 r p u 2 r 2m e 2a
pu2 7rr2 o o (Al.19)

or

m 2 r -i
= 2a o

r
(Al.20)

Substituting equation (Al.12) into equation (Al.20), we have:-

r U 2 2a r rm o

L u b 2 X
(A1.21)
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or in the other form:-

u J l &  m  ___
u bo

From equation (A1.15) we know that:-

J2&
------- 12.4 (Al. 23)

b

Therefore

Jlk
b -------

12.4

A1.4. Jet entrainment.

As mentioned in section Al.2, there is virtually no pressure 

variation in the jet, and the present experiments were carried out at 

a constant temperature. We can therefore assume that no thermal 

expansion or contraction occurs within the fluid. The amount of the 

fluid liquid entrained into the jet can therefore be worked out by 

determining the difference between the volume flow through a given 

cross section of jet and its initial volume flow.

Volume flow through a given section of jet:-

J 2 x 0.693
----------------  0.09494 (Al.24)

12.4

r
( -2 ) (A1.22)
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Vx udF

27rrudr

u r2 
m c

r u dr
2n

r u r 
c  m c

Let

r dr
so d(f 2) - 2£df = 2

r r c c

Therefore,

V - u r27r x m e
- a< 2e d(£2) (Al.25)

Because

oo 1
e"a d(?») ---

0

the volume flow through a given cross section is:-

V - u r2?r --- (Al. 26)x m c

The initial volume flow from the jet:-

Page Al:10



Appendix 1

V_ « u 7rr2 (Al.27)J o o v '

Therefore the jet entrainment volume flow is:-

V _ . - V - V_
e n t r a i n  x J

u 7rr2 o o
u r Tt n o 1m c l i- i
u - r J aL o o J

(Al.28)

A1.5. Jet entrainment flux

The dimensionless jet entrainment mass flux from its surrounding zone 

could be expressed by:-

PV _ . V - V T entrain----- x --- J_
entrain ^

Substituting equation (A1.27) and (Al.28) into equation (A1.29), we 

have:-

u r 2 1
r „ . ------     1 (Al. 30)e n t r a i n  0 v

u r 2 ao o

According to equation (A1.12), (A1.15) and (A1.24), we can rewrite 

equation (Al.30) as:-
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x
r entrain 0.161 ( ) - 1 (Al.31)

ro

In the case of bloom mould experiment employing SEN with horizontal

outlets, r = 6.5 mm and x - 130 -*■ 200 mm. Therefore the Fo entrain
for this situation is:-

T . « 2 -> 4entrain

A1.6. The values of r,n and T,w .-------------------------------------- JR----------  JM

Assuming that the total dimensionless interchange mass fluxes between

the jet entrainment zone and its surrounding zones are in the same

order as the jet entrainment flux, the values of r__ and r_„ could be J JR JM
estimated as follows.

The assumption leads to the following expression:-

and according to equation (6.23), we have:-

entrain

or

r entrainTJR (Al.33)

In the bloom mould model:-
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The experiments revealed that the jet from the bifurcated nozzle 

penetrated a distance equal to 20 to 30 times of the nozzle radius, 

i.e. x/rQ “ 20 -*■ 30. Therefore, according to equation (Al.31),

r „ . - 2.22 -> 3.83e n t r a i n

The value of f) can be taken as 1 in the case of employing bifurcated 

nozzles. Therefore, for the bloom mould model is about 1.11 to

1.92, i.e.

Tj r  - 1.11 - 1.92 (Al.34)

and

rjM " ^ J R  " 1 '11 " 1>92 (Al.35)

In the billet mould model

The experiments revealed that the jet from vertical outlet nozzles in

the billet mould model penetrated a distance of 600 mm to 675 mm.

Comparing with the nozzle radius of 7.5 mm, this distance is equal to

80 to 90 times of the nozzle radius, i.e. x/r = 80 -*■ 90. Therefore,
' o

from equation (Al.31), we have:-

I' . = 11.88 - 13.49
e n t r a i n

Because of the characteristics of the fluid flow field revealed from 

the billet mould model, the interchange mass flux between the jet 

entrainment zone and the mixing zone is much higher than that between
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the jet entrainment zone and recirculation zone, giving a possible 

value of fi of 10. Therefore, for the billet mould model is about 

1.08 to 1.23, i.e.

Tj r  = 1.08 1.23 (Al. 36)

and

rjM " ^ J R  = 10<8 " 12'3 - (Al.37)
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PROGRAMME LIST

'Programme to explore the values produced by the equation for mixing 
'in the liquid sump during continuous casting
i

'The equation being explored is the equation (4.65) in Chapter 4.
0

DEFINT J,K,F,I 
DEFDBL E,D,V,A,B,C,M
DIM E(2), DP(IOO), V(100,2), A(100,2), B(100,2), C(100,2), SIG$(100,2)

, M(100,2,2), DETV(100, 2) , DET(2), FF(100)
CLS
PRINT "This programme finds the values of capital gamma, represented" 
PRINT "by m in this programme, from the equation:-"
?
?"A*mA2 + B*m + C = 0 where:- 
?"
?"A - p*beta*v*(eta - 1) + eta*beta
?"B — p*v*(eta - 1)*(1 + v*(beta + 1)) + eta*(beta*p*v + 1)
?"C - p*v*(v*(l+a*V)*(eta-l) + eta)
?"
?"where: beta - mJM/mJR; m - mJR; a - A(J)/A(B)
?"v - v (STOKE)/v(CAST) - gamma(Dp/mm)A2 ; alpha = p*v(ST0KE)
?"eta = fraction of inclusions removed 
?"p represents zeta in the mixing equation"
?
?"Values of m are calculated for 100 specified values of the diameter" 
?"of droplets from the larger nozzle and for 100 values of the"
?"corresponding droplet diameter from the smaller nozzle - ie R times" 
?"the value from the larger nozzle"
?"
F - 1 0 0 : I - 1 : B - 1 : G -  11.89 : A = 0.44 
E(l) - 0.76 : E(2) - 0.18 
R - 0.32 : p - 0.95: CRT = 0.15: LF =1.5
PRINT "The current first value of the larger diameter is ";
PRINT USING "#.### mm";F/1000 
CALL signal
INPUT "Enter a new value or press return ";QFE
IF QFE = 0 THEN F = F ELSE F = INT( (QFE + 0.00045) * 1000)
FFV = F

PRINT "The current last value of the larger diameter is ";
PRINT USING "#.### mm";LF 
CALL signal
INPUT "Enter a new value or press return LFE
IF LFE = 0 THEN LF = LF ELSE LF = LFE
again:
?
PRINT "The preset parametric values for the calculations are:-"
PRINT " beta gamma a eta (large) eta (small) R p CRT"
? using " #.## # # . #  i h m
B,G,A,E(1),E(2),R;

Page A2:l



Appendix 2

? USING "
P, CRT 
?
?"You may change them if you wish by entering a letter at the next " 
?"prompt. Please enter the relevant letter at the prompt, "
?"or press return."
?
?"b for beta, g for gamma, a for the jet subtended area ratio, "
?"e for eta with the larger nozzle, s for eta with the smaller "
?"nozzle, f for the first value in the range of larger particle "
?"diameters for which calculations are done, or i for the increment "
?"[NB both in mm], p for the ratio of alpha/v(STOKES), r for the ratio"
?"of the diameters, L for the last value in the range of larger "
?"particle diameters for which calculations are done, and C for CRT."
$

values:
CALL signal 
?
INPUT "- Enter the first letter of your choice or just press return 
CHOICE$
CHOICE$ - UCASE$(CHOICE$)
SELECT CASE CHOICE$
CASE "F"

PRINT "The current first value of the larger diameter is ";
PRINT USING mm";F/1000
CALL signal
INPUT "Enter a new value or press return "; QFE
IF QFE - 0 THEN F - F ELSE F - INT( (QFE + 0.00045) * 1000 )
FFV - F 

CASE "L"
PRINT "The current last value of the larger diameter is ";
PRINT USING "#.### mm";LF 
CALL signal
INPUT "Enter a new value or press return LFE
IF LFE - 0 THEN LF - LF ELSE LF - LFE 

CASE "I"
PRINT "The current increment in the values of the larger";
PRINT "diameter is
PRINT USING "#.### mm";1/1000
CALL signal
INPUT "Enter a new value or press return "; QIE
IF QIE = 0 THEN 1 = 1  ELSE I = INT( (QIE + 0.00045) * 1000 )

CASE "R"
PRINT "The current value of the diameter ratio is ";
PRINT USING "#.### mm";R 
CALL signal
INPUT "Enter a new value or press return "; RE
IF RE = 0 THEN R = R ELSE R = RE

CASE "B"
PRINT "The current value of beta is ";
PRINT USING " # . #  " ;B 
CALL signal
INPUT "Enter a new value or press return "; BE
IF BE = 0 THEN B = B ELSE B = BE

CASE "G"
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PRINT "The current value of gamma is ";
PRINT USING "##.# ";G 
CALL signal
INPUT "Enter a new value or press return GE
IF GE = 0 THEN G - G ELSE G - GE

CASE "A"
PRINT "The current value of the fractional jet area, 'a' is "; 
PRINT USING ";A
CALL signal
INPUT "Enter a new value or press return "; AE
IF AE = 0 THEN A - A ELSE A = AE

CASE "E"
PRINT "The current value of removal efficiency for the";
PRINT "larger nozzle is ";
PRINT USING "#.## ";E(1)
CALL signal
INPUT "Enter a new value or press return "; EE 
IF EE - 0 THEN E(l) - E(l) ELSE E(l) = EE 

CASE "S"
PRINT "The current value of removal efficiency for the";
PRINT "smaller nozzle is ";
PRINT USING "#.## "; E(2)
CALL signal
INPUT "Enter a new value or press return "; EE 
IF EE - 0 THEN E(2) - E(2) ELSE E(2) - EE 

CASE "P"
PRINT "The current value of the alpha/v(STOKE) ratio is "; 
PRINT USING " ;P
CALL signal
INPUT "Enter a new value or press return PE
IF PE - 0 THEN P - P ELSE P - PE

CASE "C"
PRINT "The current value of the CRT is ";
PRINT USING "#.//# " ;CRT 
CALL signal
INPUT "Enter a new value or press return "; CE
IF CE ■= 0 THEN CRT - CRT ELSE CRT = CE

END SELECT
9

?"
PRINT "The present parametric values for the calculations are:-"
? " beta gamma a eta (large) eta (small) R p CRT"
? USING " /M/# ////.//# # . #  #.1Hf
B,G,A,E(1),E(2),R;
? USING " i h M  
P , CRT 
?
CALL signal
INPUT "Do you wish to change any more values? Y/N ", MORE$
MORE$ - UCASE$(LEFT$(MORE$,1))
IF MORE$ = "Y" THEN GOTO values 
CALL signal 
?
INPUT "Do you wish to use auto-choosing procedure? ", Auto$
Auto$ - UCASE$(LEFT$(Auto$,1))
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IF Auto$ - "Y" THEN Auto% - 1 ELSE Auto% - 0 
twomore:
F - F - I
FOR J - 1 TO 100

F - F + I: FF(J) = F
DP(J) - F/1000 : V(J,1) - G*DP(J)A2 : V(J,2) - G*(R*DP(J))A2 
FOR K = 1 TO 2

A(J,K) = P*B*V(J,K)*(E(K) - 1) + E(K)*B 
B(J,K) - P*V(J,K)*(E(K) - 1)*(1+V(J,K)*(B+1))_
+ E(K)*(B*P*V(J,K)+1)
C(J,K) - P*V(J,K)*(V(J,K)*(1+A*V(J,K))*(E(K) - 1) + E(K)) 
DET(K) - B(J,K)a2 - 4*A(J,K)*C(J,K) : DETV(J,K) - DET(K)
IF DET(K) < 0 THEN

SIG$(J,K) = "Imaginary’1 
GOTO contl 

ELSE
SIG$(J,K) - ""
END IF

M(J,K,1) - 0.5*( - B(J,K) + SQR(DET(K)))/A(J,K)
M(J,K,2) = 0. 5*( - B(J,K) - SQR(DET(K)))/A(J,K) 

contl:
NEXT K 
NEXT J
9

IF Auto% - 0 THEN 
JST - 1: JSTE =17 
GOTO morepr 
ELSE
JSTE =13

9

FOR J=1 TO 100 
IF DP(J) >= LF THEN GOTO big
IF SGN(M(J,1,1)) + SGN(M(J,2,1)) = -2 AND SGN (M(J+1,1,1)) + 
SGN(M(J+1,2,1)) O  2 THEN GOTO oncemore 
IF SIG$(J,1)="Imaginary" OR SIG$(J,2)“ "Imaginary" THEN 
GOTO oncemore
ELSEIF M(J,1,1)<=0 OR M(J,2,1)<=0 THEN 
IF J = 100 THEN GOTO oncemore

IF M(J,2,1) <= 0 THEN 
IF M(J+1,2,1) < 0 THEN GOTO oncemore 
IF M(J+1,2,1) < M(J,1,1) THEN 
GOTO maybe0 
ELSE
IF M(J+1,1,1) > 0 THEN 
IF M(J+1,1,1)< M(J+1,2,1) THEN MM = 0.5*(M(J,1,1)_
+ M(J+1,1,1)) ELSE MM = 0.5*(M(J,1,1) + M(J+1,2,1)) 

GOTO maybe 
ELSE 
GOTO maybe0 

END IF 
END IF 
ELSE
IF M(J+1,1,1) < 0 THEN GOTO oncemore 
IF M(J+1,1,1) < M(J,2,1) THEN
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GOTO maybe0 
ELSE
IF M(J+1,2,1) > 0 THEN 
IF M(J+1,1,1)< M(J+1,2,1) THEN MM - 0.5*(M(J,2,1)_
+ M(J+1,1,1)) ELSE MM = 0.5*(M(J,2,1) + M(J+1,2,1))

GOTO maybe 
ELSE 
GOTO maybe0 

END IF 
END IF 

END IF

ELSE
IF SGN(M(J + 1,1,1)) = -1 OR SGN(M(J + 1,2,1)) - -1 THEN 
IF SGN(M(J + 1,2,1)) ■= -1 AND SGN(M(J+1,1,1)) - 1 THEN 
MM *= 0.5*(M(J,1,1) + M(J+1,1,1))
GOTO maybe
ELSElF SGN(M(J + 1,1,1)) = -1 AND SGN(M(J+1,2,1)) - 1 THEN 
MM ~ 0.5*(M(J,2,1) + M(J+1,2,1))
GOTO maybe 

ELSE 
GOTO maybe0 

END IF 
maybeO: 

els
?"There may be a solusion in the following table. ";
?"Please check yourself"
?"The current values are as follows:"
?
GOTO maybel 

maybe: 
els
JSTE = 12
?"There may be a solusion in the following table. Please check." 
? "i.e. the value of the large diameter is 
7USING"#.### mm and M = DP(J),MM
?"The current values are as follows:"
?

maybel:
IF J>7 THEN JST = J - 7 ELSE JST = 1 
F = FF(J + 1)
GOTO morepr
ELSEIF ABS(M(J,1,1) - M(J,2,1))/M(J,1,1) <= CRT THEN 
IF ABS(M(J,1,1) - M(J,2,1))>ABS(M(J+1,1,1) - M(J+1,2,1))_
THEN GOTO oncemore 
els
IF J > 7 THEN JST = J - 7 ELSE JST = 1
?"The solusion for M can be found in the following table." 
?"i.e. The value of the large diameter is 
PRINT USING "#.## mm"; DP(J);
7USING" and M =#//.###"; 0. 5*(M(J , 2,1)+M(J , 1,1) )
7 it ii .
?USING"Diff - #.### ABS(M(J ,1,1) - M(J,2,1))’
F - FF(J+2)
GOTO morepr

Page A2:5



Appendix 2

ELSE
IF M ( J , 1 , 1 ) > 1 0 a 1 0  OR M(J,2,1)>10A10 THEN 
els
?"There is no suitable solusion. The M values are too big." 
?"The current values are as follows:"
?
IF J > 7 THEN JST - J - 7 ELSE JST «= 1 
F «= FF(J + 1)
GOTO morepr 

END IF 
END IF 

END IF 
oncemore:
NEXT J
IF F/1000 < LF THEN GOTO twomore

9

big:
els
?"No suitable solusion for the particles of diameter 
7USING"#.### mm to # .# # #  nun"; FFV/1000,LF 
?"The current values are:"
?
IF J > 7 THEN JST = J - 7 ELSE JST - 1 
F - 100 

END IF
9

morepr:
moreprl:

PRINT "Parametric values for this set of calculations:- 
PRINT " beta gamma a eta(large) eta(small) R p CRT" 
PRINT USING " //.#
B,G,A,E(1),E(2);
PRINT USING " #.### i h M  
R ,P ,CRT
?" For large nozzzle For small nozzle
?"Dp m (+ sign) m(- sign) Dp m (+ sign) m(- sign)"
FOR J - JST TO JST + JSTE
IF SIG$(J , 1) ■= "" THEN
print using n$.m # . # # AAAA y///.y///rAAA
DP(J) ,M(J ,1,1) ,M(J ,1,2);

ELSE
PRINT USING "#.### "; DP(J);
PRINT "DETERMINANT -
PRINT USING DETV(J.l);

END IF
IF SIG$(J,2) = "" THEN 

DSM - R*DP(J)
print using ”#.m ##.###—  y/y/.«AAAA
DSM,M(J ,2,1) ,M(J,2 , 2)

ELSE
PRINT USING "#.## "; DSM;
PRINT "DETERMINANT •= ";
PRINT USING "y/#.y/////AAAA»; DETV(J ,2)

END IF
IF J - 100 THEN GOTO setval

i
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NEXT J *
9

IF Auto% - 0 THEN
INPUT "Enter 'M' if you wish to see more values ",M$
IF UCASE$(LEFT$(M$,1)) *= "M" THEN JST - J : GOTO moreprl 
?
CALL signal:
?"********** YOU DO NOT WANT TO SEE MORE VALUES ********************** 
?"**** BUT IF YOU WISH, YOU CAN CARRY OUT SOME MORE CALCULATIONS ****» 
GOTO wish 
END IF 
setval:
CALL signal
?"************* THE END OF THIS SET OF CALCULATION ****************" 
wish:
CALL signal : SOUND 600,3
INPUT "Do you wish to carry out some more calculations? ",m$
IF UCASE$(LEFT$(M$,1)) O  "Y" THEN END 
?
?"Do you wish to start at the present value of the larger diameter" 
PRINT USING "which is #.##// mm"; F/1000;
CALL signal 
INPUT CHN$
IF UCASE$(LEFT$(CHN$,1)) - "Y" THEN 

?
PRINT "OK - but how about the last value of the large diameter?" 
GOTO last 

END IF 
CALL signal
INPUT "Please enter the start value that you require then ", QFE 
IF QFE - 0 THEN F - F ELSE F *= INT((QFE + 0.00045)*1000)
9

last:
FFV - F 
?
?"Do you wish to end at the present value of the larger diameter " 
PRINT USING "which is #.### mm"; LF;
CALL signal 
INPUT CHN$
IF UCASE$(LEFT$(CHN$,1)) - "Y" THEN 

?
PRINT "OK - but you have the choice of changing any other";
PRINT " parametric values anyway"
GOTO again 

END IF 
CALL signal 
?
INPUT "Please enter the end value that you require then ", LFE 
IF LFE - 0 THEN LF - LF ELSE LF = LFE 
GOTO again
9

SUB signal 
SOUND 600,1 
END SUB 
END
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