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Abstract

The mechanism of bubble generation under turbulent conditions within a
steelmaking ladle shroud was studied experimentally by water modelling, and
mathematically by CFD (Computational Fluid Dynamics) simulation. The sizes of
bubbles generated were quantitatively characterized through optical measurements.
Based on the bubble size distributions, six potentially important experimental parameters
were assessed. The optimal operating condition for the generation of small bubblesin the
steelmaking ladle shroud was proposed, based on combining the experimental data and
CFD results.

To directly produce super clean steel, one key task for the steelmaking industry is
to remove tiny inclusions less than 50um as far as possible. However, due to their low
rising velocity, these tiny inclusions remain in the liquid steel entering into the casting
processes. Small gas bubbles (0.25mm to 3.0mm) could enhance the removal efficiency
of small inclusions from the liquid steel [1-4]. Due to the high surface tension of liquid
steel, and the non-wetting characteristics, traditional gas injection techniques, such as
lances, porous plug, orifices can only produce gas bubbles in the range of 10-50mm
diameters under conditions applying to liquid steel. Nonetheless, the technique of micro-
bubble generation in the ladle shroud is now proposed.

In the water modelling experiments, a new tundish model was built which
provided the possibility to quantitatively characterize the sizes of bubbles generated. Six
experimental factors were studied: the water speed in the ladle shroud model, the air
injection rate, the slide gate opening ratio, the gas injection point distance from the slide
gate, the air injection direction orientation and the orifice size. The experimental results
showed that the water speed and the slide gate opening ratio determined the critical
bubble size of the system. A high water speed and a low dslide gate opening ratio lead to
smaller critical bubble sizes. In general, the bubble size increased with any increase of the
air injection rate and increase in the gas injection point distance from the slide gate.
Therefore, the air injection rate must be kept low and the gas injection point should be
located as close to the slide gate as possible, in order to generate very small bubbles. The
direction of air injection and the orifice size did not show very strong correlations with
the bubble sizes in the current experimental setups and conditions. The smallest bubbles



generated from the experiments were about 0.5mm in diameter, which are predicted to be
the optimum for removing mall inclusions (10-50pum) from liquid stedl.

In the CFD simulation, the commercial code package Ansys Fluent (version
14.5.7) was used. The simulations were carried out using the high performance computer
in the McGill Metals Processing Centre (MMPC) at Stinson laboratory. The simulation
results, particularly the local turbulence dissipation rate values, were used to calculate the
theoretical critical bubble size. The trgjectories of bubbles with different sizes were
studied using the so-called discrete phase modelling (DPM). The mathematical
simulation results were found to match with the experimental results reasonably well.

Finally, a physical model analysis was performed by combining the results from
the water modelling experiments and the CFD simulations. The optimal condition to
produce small bubbles by injecting gas into ladle shroud is proposed in the end of this

research.



Résumé

Le mécanisme qui méne a la création de bulles durant I’ écoulement turbulent de
I’acier liquide dans le canal de coulée entre la poche et le distributeur d’ une aciérie a été
étudié. Cette éude a été divisée en deux volets: un volet expérimental avec des
expériences a I'eau et un volet mathématique avec des simulations en mécanique de
fluides numérique (MFN). La distribution des grosseurs des bulles dans les expériences a
I’ eau a été mesurée visuellement. Six paramétres pouvant influencer ces distributions ont
€té identifiés et étudiés. Les conditions idéales pour produire des petites bulles dans le
canal de coulée ont été proposées selon les résultats des expériences al’ eau et dela MFN.

Une des téches les plus importantes pour produire de I'acier propre consiste a
éliminer les inclusions de moins de 50 um de diamétre. Maheureusement, di au temps
requis pour qu'ils soient éliminés par eux-mémes en flottant a la surface de I'acier
liquide, la plupart de ces inclusions demeurent dans I’ acier méme aprés la coulée. L’ gout
de petites bulles (0.25 mm & 3.0 mm de diamétre) pourrait accélérer I’ limination de ces
inclusions [1-4]. Les méthodes d’injection de gaz couramment utilisées en sidérurgie
(lance, bouchon poreux, orifice) ne sont pas capables de produire des bulles de cette
grosseur. Elles ne peuvent produire que des bulles de 10 mm a 50 mm de diametre due a
la haute tension superfielle de I'acier liquide et de ses propriétés non-mouillantes. Une
nouvelle technique pour la production de petites bulles dans le canal de coulée est donc
proposée.

Pour les expériences a |’ eau, un modéle d’un distributeur a été congu qui permet
I’ observation des bulles produites. Six paramétres expérimentaux ont été étudiés: la
vitesse d’écoulement de I'eau dans le cana de coulée, le taux d'injection du gaz, la
proportion de I’ ouverture du cana de coulée qui est ouverte, la distance entre le lieu
d'injection du gaz et I'ouverture du canal de coulée, la direction de I’injection du gaz
ainsi que la grosseur de I’ orifice d'injection. Les résultats expérimentaux démontrent que
la vitesse d’ écoulement de |’ eau et |a proportion de I’ ouverture du canal de coulée qui est
ouverte déterminent la grosseur critique des bulles. Une vitesse d’ écoulement élevée et
une petite proportion de I’ouverture du canal de coulée qui est ouverte menent a des
bulles plus petites. En général, un taux plus élevé d'injection du gaz et une plus grande
distance entre le lieu d’injection du gaz et | ouverture du canal de coulée étaient liés a une
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augmentation de la grosseur des bulles. Il faudrait donc minimiser ces deux parameétres.
Ladirection de I’injection du gaz n’ avait aucun effet significatif sur la grosseur des bulles
dans les conditions expérimentales utilisées. Les plus petites bulles produites avaient un
diamétre d’ environ 0.5 mm. Il est prédit que les bulles de cette grosseur sont les plus
efficaces pour éliminer les petites inclusions (10 um a 50 um de diamétre) de I’ acier
liquide.

Pour les simulations en MFN, le logiciel commercial Ansys Fluent (version
145.7) a été utilise. Les simulations ont été réalisées sur un ordinateur a haute
performance dans le McGill Metals Processing Centre (MMPC) au laboratoire Stinson.
Les résultats des simulations, en particulier les valeurs pour la dissipation d’ énergie due a
la turbulence, ont été utilisés pour calculer la grosseur critique théorique des bulles. Les
trgjectoires des bulles de différentes grosseurs ont été étudiées avec la méthode Discrete
Phase Modelling (DPM). Les résultats des simulations mathématiques sont semblables
aux résultats expérimentaux.

Finalement, une analyse a été réalisee en combinant |es résultats des expériences a
I’eau et des simulations mathématiques afin de déterminer les conditions idéales pour
produire des petites bulles en injectant du gaz dans le canal de coulée. Ces conditions
sont détaillées alafin de ce texte.
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Nomenclature

p, Density of the fluid, Kg m™

g, Acceleration due to gravity, m s

o, Surface tension, N m*

¢, Rate of dissipation of k, m?s*

k, Kinetic energy of turbulence per unit mass, m*s?
1, Viscosity of the fluid, kgm™ s*

Up, Particle velocity, ms*

Up, Bubble velocity, m s*

Uaggregate, AQQregate velocity, ms*

Puota, Overall probability of inclusion removal, %
P,, Probability of inclusion attach to bubble, %
Pc, Probability of inclusion collide to bubble, %
Pae-a, Probability of inclusion detach from bubble-inclusion aggregate, %
Dy, Particle diameter, m

Dy, Bubble diameter, m

D3», Sauter mean diameter, m

D10, Average diameter, m

Q, Flow rate, m¥/s

Teubbles REStOring pressure, N m?

Trubulences DEfOrmation pressure, N m™

n, Kolmogorov microscale, m

B, Constant

u, velocity, ms*

u, X component of velocity, ms*

v, Y component of velocity, ms*

w, Z component of velocity, m s*

C1, Gy, C,, o, o¢, Empirical constants

a, &, ag, Constants

We, Weber number

We, Critical Weber number



Re, Reynolds number

Eo, E6tvOs number

CFD, Computational fluid dynamics

CAD, Computer-aided design

DPM, Discrete Phase Modeling

EAF, Electric Arc Furnace

PMMA, Poly(methyl methacrylate)

PIV, Particle Image Velocimetry

DNS, Direct Numerical Simulation

LCD, Liquid Crystal Display

LED, Light Emitting Diode

DSLR, Digital Single-lens Reflex Camera
LES, Large Eddy Simulation

SIMPLE, Semi-Implicit Method for Pressure linked Equations
PISO, Pressure Implicit Splitting of Operators
PRESTO, Pressure Staggering Option

RTD, Residence Time Distribution



Introduction

There is an increasing demand for cleaner steels. The cleanness level of steel
largely depends on the inclusions. Inclusion size, volume fraction and composition
heavily influence the final steel’s mechanical properties. For example oxides can lower a
steel’s ductility. Inclusions can also act as stress raisers. Therefore inclusions quantity
must be controlled low to produce clean steels.

Most inclusions are lighter than liquid steel. Therefore the inclusions will
spontaneously float up due to the synergy of the gravity force and the buoyancy force.
However, the size of the inclusion plays an important role in determining the removal
efficiency of the inclusions. Typically, large inclusions (75-150um) have large rising
velocity. Hence, those large inclusions can be removed from the liquid steel through
floatation to the slag surface or sticking to the tundish wall [5]. Small inclusions (less
than 50pm), on the other hand, cannot be directly removed from the liquid steel
efficiently due to their low rising velocity. Instead, the small inclusions tend to follow the
flow of the liquid steel and enter into the casting processes.

Needless to say, it will be hugely beneficia for steelmaking industry, both
economically and technologically, if these small inclusions could be removed directly in
the liquid steel refining processes, which means direct production of super clean steel. In
the past few decades, academic researchers and steelmaking industries have tried to use
gas bubbles to enhance the removal efficiency of small inclusions. Bubbles were
introduced into the liquid metal generally through two approaches: first, to introduce gas
bubbles through a porous media located on the bottom of a tundish; second, to
inadvertently introduce gas bubbles through orifices located at the ladle shroud, where an
inert gasisintroduced to prevent oxygen entering into the liquid steel.

Despite which route is taken, all the studies in both water modeling experiments
and liquid steel experiments reached the same conclusions. 1, gas bubbles can improve
the removal rate of the small inclusions by attaching the gas bubbles with the small
inclusions and increase the rising velocity of the aggregates 2, small gas bubbles (0.25-
3mm) are required to remove small inclusions; if the bubbles are large (3-5mm), it is not
longer beneficial to have them in the liquid metal system [1-4].
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However, there are no studies to date that could quantitatively show how to
achieve the optimal operation conditions to generate the small gas bubbles in the range of
less than 1mm in liquid steel refinement processes. Therefore, the objective of this
research isto perform a quantitative analysis, using both water modeling experiments and
computational fluid dynamics (CFD) simulations, in order to propose the optimal
condition for obtaining the small bubbles in steelmaking tundishes.
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Chapter 1: Literature Review

1.1 Introduction of inclusions

Steel is the most commonly used meta in the world. With technologies end
usages progress, the requirement of steel cleanness level increases dramatically, namely
the impurities such as sulfur, phosphorous, oxygen, nitrogen, carbon, hydrogen and oxide
content (non-metallic inclusions) need to be removed as much as possible during the
steelmaking processes. The cleanness level of steel is directly associated with the

quantity, size distribution and morphology of theinclusions.

Entrainment

) of slag
Exogenous e——
Inclusions Entrainment |
by abrasion of

refractory |

Ladle
refractory

Tundish
refractory

Inclusion

Deoxidation

product
Endogenous —
Inclusion — )
— Oxidation by

air

Figure 1 Possible sites for inclusion generation in atundish [5]

Inclusions can be exogenous and endogenous as show in Figure 1. Exogenous
inclusions can come from the slag entrapment and impurity particles from the refractories
while endogenous inclusions are usually formed in the deoxidation reactions, typically in
the secondary metallurgy processes [6]. The oxygen level is more than 500ppm at the end
stage of a converter or the electric arc furnace (EAF). In order to achieve atarget level of
2-4ppm dissolved oxygen, aluminum, silicon, calcium, and manganese are usually added.
In this process, inclusions could be formed according to the reactions shown below:

2AL+30 - Al,04 (s)
Si+20 - Sio, (s)
Ca+0 - CaO (s)
Mn+ 0 — MnoO (s)
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Inclusions in general are not favored in the steel making processes or in the final
steel products. Inclusions (e.g. Al,Os; agglomerates) may stick to the submerged entry
nozzle (SEN) and lead to a decreased casting velocity. In some cases, they may even clog
the nozzles. Inclusions also act as stress raisers, and lower the mechanical properties of
the final steel products, such as toughness, ductility, formability, welding properties,
fatigue strength and corrosive resistance [7]. Figure 2 demonstrates the fatigue limit for
different inclusion sizes at different strength levels. Clearly, the smaller the inclusions

are, the higher is the fatigue limit, which means more durable steel products.

1200 I | ]
% 1000 ~
%ﬁ 800 tensile strength, MNm 2 —
§ 2500
= 600 \‘ﬁzﬂo -
5 1500
é 400 [~ *‘\x-x,,\n\n&o_o-__

& 200 ﬂh’:"'ﬂ-ég?a-g‘__
0 1 1 |
107 1072 107! 1 10

INCLUSION RADIUS, mm

Figure 2 Fatigue limit for different inclusion sizes at different strength levels (Experimental data
in dots; Prediction in curves) [8]

Industries have higher and higher requirements in the maximum size of inclusions
acceptable in the fina products, as shown in Table 1. Therefore in the processes of
refining liquid metals, various methods have been implemented to remove inclusions,
such as inert gas stirring, filtering, using ultrasonic and magnetic fields. In the later
rolling treatment, some inclusions will break, while other inclusions will end up on the
grain edges, which leads to surface silvers and blisters.

However, there is no available technology in steelmaking processes to effectively
remove small inclusions (<50 pm). This is intrinsically due to the low rising speed of
small inclusions, which is too low to float out by themselves. Small inclusions removal
techniques, using ceramic filter, for example, which is widely used in the aluminum
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refinement processes, cannot be utilized in the liquid steel due to technical difficulties

and cost issues.

Steel Product Maximum Inclusion Size
Automotive and deep-drawing sheet 100 pm
Drawn and ironed cans 20 um
Line pipes 100 pm
Ball bearings 15 pm
Tire cord 10 um
Wire 20 pm

Table 1 Maximum inclusion size in different steel products [9]

Bubbles serve as a promising candidate to remove the small inclusions in the
liquid steel. Namely very fine gas bubbles will be introduced into the liquid metal system,
to collide and attach with the small inclusions and to then float out to the slag surface
together with attached small inclusions. Fine bubbles are chosen as they can provide large
gad/liquid interfacial areas, and a high probability of small inclusions becomes attached.

1.2 Use bubbles to remove inclusions

Among the available inclusion removal techniques, gas stirring is the most
popular method due to its low cost and simplicity of application. Gas stirring promotes
good mixing and enhances the efficiency of the transfer of impurities. Inert gas, such as
argon, isinjected in the secondary stedl refining processes. Examples include ladle argon
gas treatment, RH vacuum degassing and gas injection via SEN. The gas injected
typicaly perform three roles: to improve the homogeneity, to remove inclusions and to
help prevent reoxidation and clogging [10].

The present research concentrated on the ability to remove inclusions by gas
stirring. Gas stirring could enhance the removal of inclusions in two ways: first to help
inclusions aggregate into larger inclusions; and second, bubbles will attach to small
inclusions and float out.

One thing must be clearly understood before a study of the bubble and inclusion
interactions is made. This is that big bubbles/inclusions, and small bubbles/inclusions,
have different flow patterns and physical properties [11-13]. Sinha et al. [5] showed that
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large inclusions (75-150pum) have large rising velocities and therefore would primarily
float up to the slag surface or stick to the tundish wall if no turbulence is present. On the
other hand, most of the small inclusions (<50um) could not be removed by sticking to the
walls or by floating out to the top slag layer due to their low rising velocity.

Severa studies[2, 3, 14-16] showed that small particles that are not wetted by the
liquid could attach to the bubbles to float out to the top surface. As shown in Figure 3, the
following steps are suggested to describe particle and bubble interactions, based on
agueous experiments. 1, bubble approaches inclusion; 2, formation of a thin liquid film
between the inclusion and the bubble; 3, oscillation or sliding of inclusion on the bubble
surface; 4, drainage and rupture of the liquid film; 5 stabilization of bubble/inclusions

aggregates, 6, flotation of bubble/inclusion aggregates.

(iv). (v)

Uy '@
® thin film
Up film rupture
‘ TPC formation
(111)

mduslon (vi)

h Ug o L e
sliding i
Q\lbbk oscill: mon,\/f\\b ( [ >

')

Figure 3 Inclusion flotation process divided into sub-processes [17]

Various factors can influence the performance of an inclusions removal by a gas
bubble. These factors include liquid flow rate, inclusion size and properties, bubble size
and velocity. Wang et a. [2, 3] studied collision, attachment and de-attachment
phenomena, considering the “time” required to complete each step: if the time for rupture
of the liquid film between bubbles (corresponding to bubble coalescence) is less than the
time required to establish bubble/inclusions aggregation, then the inclusion particle will
be floated out to the surface. However, this static aqueous based single bubble analysis
most likely will no longer be valid in a liquid steel system where complex turbulent

conditions are usually present with alarge amount of bubbles interactions.
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The overal inclusion remova performance in genera depends on three
interactions: inclusion and bubble collision, inclusion and bubble adhesion, inclusion and
bubble detachment [10]. Therefore the overal inclusion remova probability can be
measured by Equation (1), where Py is the total probability of the inclusion removal, P.
IS the probability of inclusion and bubble collision, Pais the probability of inclusion and
bubble adhesion and Pyea is the probability of inclusion detach from the bubbles.

Potar = P XPaX(1 = Pge-q) @)

Several simplifications could be made about Pyeoand P.. For small inclusions
already attached to bubbles, the detachment probability (Pyes) Can be neglected according
to Yoon et a. [18]. Based on this simplification, Zhu et a. [1] showed from water
modelling that the removal of inclusions in the range of 20-50um from molten steel
involves three stages: contact, adhesion and flotation. The mechanism is presented in
Figure 4. The same study also showed that bubbles in the range of 1-2mm could improve

the efficiency of small inclusions removal.

B g O

lem T 2 | pa . . | oz

Figure 4 Particle approach a bubble, then adhesion and float with the bubble[ 1]

Pa is primarily determined by the contact angle between the particle and the
liquid. Zheng et al. [19] showed that the adhesion probability is close to 100% when the
contact angle is more than 90°. Inclusions from molten steel such as Al,0zand SiO, have
contact angle with liquid steel of 144° and 117° respectively. Other studies [2-4] further
stated that the adhesion probability also depends on the inclusion size. Inclusions less
than 50pum have P, more than 95%. The inclusions of interest in this research are the non-
metallic inclusions less than 50um. Therefore the P, can be generally assumed to be
100%.

To this point, it is clear that the total removal efficiency of small inclusions by
bubble flotation is dominated by P, the collison probability between bubbles and
inclusions. Y oon and Luttrell [18] showed that the collision efficiency between inclusions

and bubbles varies as the square of the particle size (Dy) and inversely as the square of
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the bubble size (Dy). The bigger inclusions and smaller the bubbles, the easier it will be
for them to collide. The collision probability is shown in Equation (2).

3 4Re%"%] /D\*
p = |24+ 258 (_p) ®)
2 15 [\D,

Several studies [1-4] confirmed experimentally that the collision probability increases
with a decrease in bubble size and an increase in inclusion size. Therefore, for the
removal of small inclusions, where Dy is less than 50um, small bubbles (0.25-3mm) are
required to achieve a high collision probability between bubbles and inclusions.

1.3 Bubble formation mechanism

Sections 1.1 and 1.2 showed that small bubbles are required to remove small
inclusions in the liquid steel. These small bubbles however, are very hard to be produced
in liquid steel using nozzles, owning to the high surface tension of liquid steel and the
non-wetting properties between the nozzle and the liquid steel. Typical injection methods
such as tuyeres, lances and porous plugs will generate bubbles with diameter of 10 to

40mm.

1.3.1Bubble formation regimes in liquid metal

Gas is typicaly injected into the liquid steel through submerged nozzles or
orifices. Bubble formation in the liquid steel can be categorized into three regimes
according to the air inflow rate: the surface tension regime, the inertia flow regime, and
the jetting regimes [20, 21].

Static Regime:

The static regime occurs when the gas inflow rate is very low. Therefore the
acceleration of liquid due to the release of bubble can be neglected. For awetting system,
the bubble size is purely determined by the balance between the buoyancy force of the
bubble and the surface tension forces holding the bubble to the inner diameter of the
nozzle [22, 23]. Hence the volume of the bubble generated in a wetting system, V. wet,
can be calculated by Equation (3).

nD,;o

Vo—wet = g (3)
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Where Vy.we is the bubble volume in a wetting system, D, is the inner diameter of the
submerged nozzle, o isthe liquid surface tension and p isthe liquid density.

However, liquid sted is a non-wetting system, in which the gas injected will
attach to the non-wetting ceramic nozzle surface. Hence, bubbles will form at the outer
circumference of the nozzle. A comparison of the bubble formation in a wetting and non-
wetting system is shown in Figure 5.

Wetting: Non-wetting:
Bubbles formed at the inside diameter Bubbles formed at the outside diameter

Figure 5 Bubble formation in wetting and non-wetting system: bubbles tend to form at the inner
diameter of the nozzle in wetting system and at the outer diameter in non-wetting system [24].

The volume of a bubble generated in a non-wetting system can be calculated by
Equation (4).
nD,,o

Vo—nonwer = 7 (4)

Where Vp.nonwet 1S the bubble volume in a non-wetting system, Dy, is the outer diameter
of the submerged nozzle, ¢ is the liquid metal surface tension and p is the liquid metal
density.

In the static regime, according to Equation (3) and (4), the size of bubbles forming
remains constant, even with increasing gas flowrate through a nozzle. Only the bubble
formation frequency increases with the gas inflow rate. Therefore the static regimeis aso
known as the ‘constant volume regime’. Bubbles formed are approximately spherical in
shape [25]. The bubble formation frequency is low and typically less than 100 bubbles
per minute. [26].
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Experimental results from water modelling tests (wetting system) [20, 27-29]
confirmed that when the gas flow rate is low, the size of the bubble is determined by the
nozzle inner diameter. The properties of the gas injected and the viscosity of the liquid
have no significant impact on the size of bubble generated, especialy for liquids with low
viscosity [26]. Experimental results from liquid metals tests confirmed that the outer
diameter of the nozzle is a dominant factor in controlling the bubble size, for nozzle
Reynolds numbers below 500 [30].

C

A

Figure 6 (A)buble formation at the outer diameter at the nozzle, idea case; (B) bubble form on the
top of the nozzle; (C) bubble move back to attach to the nozzle [22]

Figure 6 shows various bubble and nozzle attachment from X-ray images of liquid
Indium-Gallium aloy (a non-wetting system) [22]. In current pyro-metallurgical
operations, it isstill very challenging to obtain small bubble plumes.

Dynamic Regime:

With increasing gas flow rates, (e.g. 1-1000 cc/sec), both bubble volume and the
frequency of formation begin to change. The frequency of formation will eventually
reach a maximum, as suggested by study [20], and after that, only the bubble volume
increases with increasing flow rates, while the frequency of formation practically remains
constant at about 10-15 bubbles/second for regular nozzles [26]. Hence it is also referred
as “constant frequency regime”. By using Newton’s Law, Iron and Guthrie [24] showed
experimentally, that the bubble volumes in agqueous systems could be predicted as:

V, = 1.378 Q1206 (5)
Where Vy, is the bubble volume, Q isthe gas flow rate and g is the gravity.

Equation (5) confirms that the bubble volume, in the range of middle to high gas

flow-rates range, is amost linearly proportional to gas flow-rate. Studies [27, 31]
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suggested that in this regime the buoyancy force is balanced against the force required to
accelerate the liquid from the expanding gas-liquid interface. Experimental results from
water modeling are in excellent agreement with the theory [32, 33].

With further increases in gas velocity, more circulation and turbulence are
expected [25]. Due to the complex dynamic forces involved in this regime, the bubbles
are very easlly distorted, primarily in four ways [20, 34] : pairing bubbling, double
bubbling, delayed release, and bubble coalescence after release. The first three
mechanisms are due to the fluctuations brought about by the release of the preceding
bubble, while the last one is an intrinsic gas bubble characteristic. Figure 7 shows the
pairing bubbling and double bubbling mechanisms. In pairing bubbling, a small bubble is
formed immediately after the first bubble releases, due to residual pressure. In double

bubbling, two similarly sized bubbles are formed, in sequence, due to reduced static

00000CeecRR
88589

Figure 7 (a) Pairing bubbling due to residual pressure in the gas chamber upstream, (b) Double
bubbling due to reduced pressure in the wake of the first bubble [20]

These bubble distortions preclude accurate predictions of bubble sizes. It aso
limits the precision of experimental results. Studies [28, 30, 34, 35] based on water
modeling and non-wetted nozzles in liquid metal experiments, lead to an empirical
correlation for predicting bubble sizesin liquid metals:

V, = 0.083 Q°867p, 043% (6)
where Vy, is the bubble volume, Q is the gas flow rate and Dy, is the outer diameter of the

submerged nozzle.

21



Equation (6) indicates that at intermediate gas flow rates in a non-wetting system
such as a liquid metal in contact with an oxide refractory, the frequency of bubble
formation is approximately constant, and its size depends on the gas flow rate and the
outer diameter of the injection nozzle.

Turbulent Jetting Regime:

The turbulent jetting regime occurs at high gas flow rates, where irregular bubbles
rise in a swirling motion. This regime is featured by two characteristics: first, bubbles
experiencing extensive coalescence right after release to form very big bubbles;, and
second, these large bubbles generally tend to shatter into smaller bubbles of various sizes,
due to the turbulent created from the high flow rate, just a short distance away from the
nozzles or orifices [20, 28]. At higher flow rates, the bubbles are no longer formed at the
nozzle, instead, a continuous jet of gas was observed at the end of the nozzle. As such, it
is known as the “jetting zone” [29].
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Figure 8 Different regimes of bubbling behavior in liquids based on Reynolds Number[36]

It was experimentally found from studies [37, 38] that the critical value for the
transaction from bubbling to jetting is a little bit higher than, but very close to, the sonic
velocity, regardless of nozzle size, while other study [36] summarized the transition of
different regimes based on Re number, as shown in Figure 8. It worth noticing that the
transition to jetting is gradual, such that more and more jetting is observed and less and
less bubbling is seen, with increasing speed of gas injection. The present research is
interested in how to consistently create small bubblesin liquid metals; as such, the jetting
regime is outside the scope of this study.
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1.3.2 Small bubble formation in turbulent conditions

Turbulence in a flow system can exert shear forces on any gas bubbles existing
within the liquid. There is a maximum bubble size (also called critical bubble size) for a
given level of turbulence. If the bubbles go above the maximum bubble size, the resulting
shear forces will break up the large bubbles towards the maximum or critical bubble size.
The details of the mechanism of bubble break up under turbulent conditions can be found
in Section 4.10 of this thesis. Severa critical bubble size models [39-41] have been

proposed by previous research works as shown in Table 2.

Researchers Equation
Sevik and ox103 \%°
Park [39] Dy_max = Weg, <W> (8X10)_0'4X10_2
Schulze D, _ < 2.11x0x103 )xlO‘Z
[40] —max px1073x(ex104)066

Evanset al. 5 We,,0%x103
[41] b=max =\ 2(px10-3)1/3

Table 2 Maximum bubble sizes under turbulence conditions. [39-41]

0.6
) (ex10)7%4x 1072

The maximum bubble size under turbulent conditions is determined by the critical
Weber number (We), liquid density(p), surface tension(c) and turbulence energy
dissipation rate(e). All models suggest that the stronger the turbulent field, the smaller is
the critical or maximum bubble size.

Martinez-Bazén et a. [42, 43] studied, experimentally, the transient evolution of
bubble size distribution resulting from bubble break up in a fully developed turbulent
water flow. The experimental results showed that the final bubble size distribution
depends on the critical bubble size and initial bubble size.

Tang et a. [44] performed mathematica modelling, based on Sevik’s equation
[39], and showed that small bubbles (1-3mm in diameter) could be generated under
turbulent conditions that are aready available in the current steelmaking ladle and
tundish system. However, Tang's mathematical modelling is only capable of calculating
the average turbulence energy dissipation rate in the ladle shroud, which is not sufficient.
As shown later in Chapter 4, the loca turbulence dissipation energy is the dominant
factor in creating small bubbles.

23



Aral et al. [45] and [46] performed water modelling experiments to study the rate
of inclusion removal in the turbulent conditions by using an impeller-stirred vessel.
However, thisresult is not consistent with those of other researchers; the small inclusions
removal rate decreased with the increase in turbulence energy dissipation rate (smaller
bubble size). This discrepancy most likely was due to the impeller-stirring induced
turbulent flow, which contains strong rotational forces.

Due to the bubbles generated in turbulent conditions are usually small. Therefore,
the shape of these bubbles can be approximately considered spherical as shown in Figure
9, which could validate the assumption of spherical bubbles when performing CFD

simulations.
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Figure 9 Bubble shape with diameter [47]
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1.4 Tundish bottom blowing

1.4.1 Basic concept

It has been shown that small inclusions (<50um) can be removed by using fine
bubbles (0.25-3mm).

Now the question become to where and how to introduce these bubbles into the
steelmaking process. One method isto inject inert gas at the bottom of the tundish, which
is the final liquid metal reservoir before casting starts. The basic idea of bottom blowing
is shown in Figure 10. Bubble generating devices (porous plugs, porous bricks or lances)
are placed in the bottom of the tundish. Then the flow of steel with inclusions will pass
through the bubbling region, where bubbles pick up inclusions.

Steel flow
% from ladle

e

Steel Inlet /Slag Layer
\*v si 4 -— - g
Y B = N
N i N
\ \
\ ‘:Q %
§ aiile 4 MR §
W e ’; H \§
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Inlet Concentration  Porous Plug Gas §§ Concentration
and Size Distribution '} and Size
~ . N N
of Inclusions Steel Outlet ﬁ Distribution of
Inclusions

Figure 10 The basic idea of bottom blowing is shown as above [48, 49]

In general, the bottom blowing method can improve steelmaking process in three
ways: first, the bubbles will form a bubble curtain and enhance the flow pattern in the
tundish; second, the bubbles will help inclusions aggregate; third, the fine bubbles will
help small inclusions float out as previous discussed.

25



1.4.2 Flow pattern enhancement
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Figure 11 Flow enhancement from bottom blowing from tundish [48, 49]

Severa studies [50-56] showed that bottom blowing from tundish could enhance
the flow pattern for a better mixing, especialy if proper impact pads were used to modify
the flow. Thisis generally due to the eddy created from the bubbles plumes. Zhang et al.
[52] performed a mathematical simulation on bottom blowing in a tundish in liquid steel
and reported that gas bubbles could enhance recirculation in tundish and promote mixing
and reduce dead zone. They also showed that the flow rate of gas has significant effects
on the flow pattern, too large a flow rate will create vortex near the slag and cause
undesired slag entrapment. On the other hand, if the flow rate is too small, the flow
curtain cannot form and improvement from the bottom blowing is not that significant and
bubbles may enter the SEN. Meijie Z. et a. [51] showed that by using the bottom
blowing method (porous plug), the RTD is longer and less dead zone would be expected.
By using PIV and CFD, Vargas-Zamora and Morales [53] [54] studied the flow pattern
from bottom blowing and found out that under isothermal conditions, a gas curtain
promotes a fluid flow by large eddies and promotes homogenization. Donghui Li et al.
[55, 56] performed mathematical simulations and discovered that gas injection from the
bottom could improve flow homogeneity and increase the rate of removal of inclusions.
The impact pad and filter dam have minimum effects on the distribution of the gasin the
liquid. However, the more gas that was injected, the more likely was the liquid surface to
fluctuate. Therefore, it is crucial to control the amount of gas injection to avoid slag
entrainment. Feng et al. [57] also did an RTD study and found out that collision
probability is increased if the porous plug is located within the injection flow area, as
shown in Figure 12.
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Figure 12 Tundish constitution and schematic diagram of gas purging sites 1- Impact Pad; 2-
Inclusionsfilter; 3-Big block dam; 4-Small block dam; 5,6-Porous bricks [57]

1.4.3 Inclusions removal performance by bottom blowing

Arcos-Gutierrez [50] performed a purely mathematical smulation of the bottom
blowing approach based on the models proposed by Wang [3]. Together with several
other studies [48, 49] , it was theoretically shown that fine bubbles are required for
removal efficiency to be acceptable. Particularly for small inclusions less than 60um, less

than 3mm bubble is required to achieve aremoval efficiency above 80%.
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Figure 13 Removal rate (Rg) with different bubble sizes and inclusion sizes [50]

Meijie Z. et a. [51] did the only liquid steel experiment in industrial practicein a
30t tundish at Lai Wu Iron & Stedl Ltd., China with argon blowing from the tundish
bottom as shown in Figure 14. It was found that average inclusions of less than 20um
decreases more than 24% and average overall oxygen content decreases about 15% with
controlled blowing parameter. Porous plugs were used at the bottom of the tundish.
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However, the study did not report the actual bubble size in the tundish. The bubble
coalescence effects were neglected as well. The trgectory of flows and bubble
entrapment were not discussed. Despite all the limitations of the study, it showed that

even without a full understanding, bubbles can still improve the steel cleanness level.

Figure 14 Experimental set-up for aliquid steel experiment [51]

1.4.4 Concerns regarding the bottom blowing method

There are three main concerns about the bottom blowing method are: how to
generate fine bubbles, the proper flow rate of gas, and the rising speed of bubbles.

The most important factor is about generating fine bubbles. As discussed in
Equation (2), the bubbles need to be below 3mm to pick up small inclusions. All the
experiments were performed in water with a porous plug, which is only capable of
generating small bubbles in water, not liquid metas. It was shown previously that the
most promising way to generate such bubbles in liquid metal is to use turbulent shearing
forces. However, none of the current studies about bottom blowing successfully utilize
the turbulence from the jetting.

The second concern is about the flow rate of the inert gas issuing from the nozzle.
In order to avoid clogging and attacks from liquid steel to the nozzle, blow speed used in
steelmaking is super-sonic. However, this apparently would not work in the tundish, as
the high-speed flow rate of injected gas will break the slag, create a slag eye, and cause
slag emulsification [55, 56]. Not even to mention the high flow rate will lead to massive
bubbl e coalescence, which loses the whole point of removing the tiny inclusions by using
fine bubbles.
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The third concern is about the rising speed of the bubbles, if the bubbles do not
have sufficient rising velocity they might enter the SEN. Bao et a. [58] carried out a
bubble terminal velocity calculation and showed that bubbles with 1.5-3mm size has
rising velocity of 0.05 to 0.6m/s, which is sufficient large to float out in a 0.8m tundish
within its residence time (5min). Other studies [50, 52-54] state that fine bubbles have a
bigger likelihood to enter the SEN.

1.5 Ladle shroud gas injection

1.5.1 Basic concept

The basic idea here is to inject gas at the ladle shroud, where metal flow-speeds
are high (1-3m/s) and turbulence is assumed to be fully developed. The turbulent flow
will break up the gas into finer gas bubbles. These fine bubbles, dispersed in the highly
turbulent flow, have a high probability of colliding with inclusions. The schematic

approach is presented in Figure 15.
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Figure 15 Schematic representation of gasinjection at ladle shroud [2]

Compared with the bottom-bubbling method, the implementation of this idea to
the system of steelmaking would require a minimum modification to the status quo;
similarly it is more likely to generate fine bubbles consistently.
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In 2005 Wang et a. [59] performed a mathematical simulation to exam the
inclusion removal by injecting gas at the ladle shroud. The mathematical prediction used
the previously determined relationship by Wang et al. [2, 3]. In this model all three
removal methods are included: the simple Stokes flotation, wall adhesion and bubble
adhesion.
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Figure 16 Inclusion concentration with and without bubble adhesion consideration [59]

Figure 16 shows that the inclusion adhesion to rising bubble surface leads to a
significant improvement than only Stokes floatation and wall adhesion mechanisms.
Bubble size is the key factor in determining the performance of adhesion to small
inclusions. The study also stated that when the bubble reaches 5mm or more, the removal
efficiency of small inclusions is very low and in reality, the coarse bubble adhesion
effects are practically negligible.

1.5.2 Slide gate opening ratio, nozzle position and bubble sizes

In practice, the dide gate changes from small to large openings in order to
maintain a steady flow rate of the molten steel. Tang et a. [44] studied the formation
mechanism of fine bubbles in the shroud nozzle of a ladle. Based on Sevik’s equation
shown in Table 2. The results are presented in Figure 17.

The study shows that by using turbulent field already existed in ladle shroud, it is

possible to create fine bubbles less than 3mm in diameter. The results show that the flow
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rate, surface tension and the slide gate opening affect the bubble size. The study also

performed a simple pressure prediction along the shroud. Both predictions are fairly close

to its experimental results.
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Figure 17 Maximum bubble size prediction with different liquid flow rate and slide gate opening

[44]

Cho and Lee [60] studied bubble generation using ladle shroud gas injection with

different nozzle positions and slide gate opening ratios and different air/water ratios using

the experimental set-up shown in Figure 18. The flow rate of water was controlled in the

range of 2-3.2m*h, which is equivalent to 1.77 to 2.83m/s in flow speed. The air/water

ratio is 0-12%. The gate opening was from 0-100%.
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Figure 18 Experimental set-up by Cho[60] to study the bubble formation mechanism with

different nozzle position and slide gate opening ratio
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Cho and Lee found that there was a decrease in turbulence with a increase in the
dlide gate opening, and also down along the ladle shroud. This is due to the flow speed
decrease with dlide gate opening and along the shroud. For fluid flow with a mean
velocity of 2.5m/s at the end of the ladle shroud, the speed at the slide gate could go to as
high as 8m/s. Therefore less dlide gate opening and close to the slide gate can help
generate finer bubbles and improve mixing efficiency. In their study they aso showed
that the wettability dominates the inclusion removal efficiency.

Figure 19 shows the photos of bubble formation with a constant flow rate of
liquid, constant gas/water ratio at gas injection port#1, with different slide gate opening
ratios. It is clear that more bubbles are formed (hence finer bubbles due to the gas
injection rate was fixed) when the slide gate-opening ratio is low. At gate opening ratio of
37%, the ladle shroud was filled with fine bubbles. Cho stated the bubbles are less than
0.5mm in this case. When the gate opening increased to 78%, the bubbles formed were
obviously bigger and the quantity of bubbles decreased dramatically as well.

a) Slide gate opening = 37% b) Slide gate opening = 58% c) Slide gate opening = 78%

Figure 19 Effect of slide gate opening on bubble formation and mixing behavior of the gas and
liquid phases (water flow rate = 3.2m*h, gas/water ratio=10%, gas injection port=#1) [60]

Figure 20 shows the effects of nozzle positions. Due to the flow speed gradually
decreases aong the ladle shroud, the lower position the gas was injected, the less
turbulence there is to break the gas into fine bubbles. As shown from the figure that at
constant water flow rate, gas/water ratio and slide gate opening, port #1 gave the largest
amount and the finest bubbles.
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8) Imection port #1 b) Imjection port #1° c) Imection port #£2 d) Tmection port #3

Figure 20 Effect of injection position on bubble formation and mixing behavior of the gas and
liquid phases (water flow rate = 3.2m%h, gas/water ratio=10%, slide gate opening = 58%)[60]

Li et a. [61] used a similar set up and found that low flow rate of gas could
generate fine bubbles and enhance inclusion removal rate. Figure 21 shows that at liquid
flow rate controlled at 3m*/h, bubbles less than 1mm are formed with low gas injection
rate (0.3L/min). When the gas injection rate increases to 1.5L/min; the bubbles are in the
range of 3-5mm. The study showed that gas injection rate of 0.6L/min gave best inclusion
removal rate.

2§ B " a¥% . Oy
(a) 0.3L/min (c) 0.9L/min

(d) 1-2L/min : (¢) 1.5Limin

Figure 21 Bubble size decrease with decrease gas flow rate [61]

Li et a. concluded that increase the gas injection rate first facilitates bubble
generation and helps improve the inclusion removal. However, further increase the gas

injection flow will lead to fewer contacts between inclusions and bubbles.
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Wang et al. [3] performed water simulation study with the water flow rate from
0.0006 to 0.012m?/s, identical to the flow rate of ladle teeming into a two strand caster
with slab size 1.6m by 0.5m and casting speed of 1.2m/min. They found that with high
flow rates (more turbulence), the bubble created from the shroud pipe is estimated as less
than 0.5mm.

Zhang et al. [62] from Beijing in 2006 showed that fine bubbles in diameter of
0.3-0.5mm can be generated in the shroud. The fluid velocity decreases with distance
from dlide gate. Turbulence reaches maximum just under the slide gate. When the gas
injection rate is too high cavitation is reported. The flow rate effects and nozzle sizes on
the bubble sizes were briefly discussed, namely the less flow rate and less nozzle size, the
smaller bubbles are observed. The author summarized that optimum operation condition
is 0.3mm nozzle size with 0.08L/min gas flow rate. According to their set-up, the bubble
size was between 0.3-0.5mm. The bubbles are very small, therefore alow quantity of gas
can generate alot of bubbles.

a b

(1) nozzle 1 (30mm from low slide)

a b

(2) nozzle 3 (135mm from low slide)

(3) nozzle 5 (255mm from low slide)

Figure 22 Bubble size increases along the ladle shroud by Zhang et al. [62]



In astudy by Zhu et al. [1], bubbles down to 1mm were observed. However, the bubble
Size distribution was not reported. The exact location for bubble observing was also not
reported. The work was aimed at studying single bubble and inclusion particle

interaction.

1.5.3 Flow patterns and bubble trajectories

Chattopadhyay et al. [13, 63] performed a detailed study of inert gas shrouded
ladle nozzles and their role on slag behavior and fluid flow patterns within the tundish.
The key finding from the study was that bubbles in the size range 100-500um, will follow
the liquid flow and will spread out within the tundish instead of forming a rising bubble
column. When such bubbles are dispersed throughout the tundish, it will provide a higher
probability of bubble and inclusion collisions [63]. Too high s gas flow rate will lead to
exposed eye on the slag in the tundish, which will cause more reoxidation. For inclusion
removal purposes, an optimum amount is 6% gas by volume.

Li et al. [61] found that the depth of penetration of the bubble column isinversely
related to the flow rate, the results are shown in Figure 23.

(b) 0.6L/min

(a) 1.2L/min (b) 1.5L/min () 1.8L/min

Figure 23 Gas injection through ladle shroud: Flow rate and depth of penetration [61]
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This is in agreement with other studies [13, 63], whose results are shown in
Figure 24. At low flow rates and low air/water ratios, the depth of penetration and
guantity of bubbles increase with gas injection flow rate. However, when the flow rate or
the air/water ratio goes too high, bubbles coalesce to form large bubbles and the

penetration depth decreases accordingly.

(a) (b) (c) (d)

Figure 24 Bubble plume in the full scale water model for gas injection at (a) 4% (b) 6% (c) 8%
(d) 19% of water entry flows [13]

Zheng et al. [19] showed that the when the aggregate particle /bubble were
discharged into the bottom tank where an abrupt change occurred in their relative
movements, large particles were detached from the bubbles due to high inertia force,
whereas the small particles kept sticking with bubbles.
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Figure 25 Schematic representation of fluid flow pattern in ladle shroud system([2]
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The flow pattern inside the ladle shroud was identified by the back mixing zone as
shown in Figure 25 [2]. The size of the back mixing zone decreases with increase slide
gate opening. An air/water ratio of more than 0.45 will lead to cavitation in the back
mixing zone. The flow pattern is independent of the gas injection ports.

Ba et al. [64] studied bubble formation during horizontal gas injection into a
downward-flowing liquid. They found that in their water model, a low liquid flow speed
and low gas flow rate will cause uniformly-sized bubbles form and detach from the side-
wall. If the flow rate of liquid increases, the injected gas becomes elongated down along
the wall and then breaks into uneven-sized bubbles. If both liquid flow and gas flow rates
are high, the gas elongates over alonger distance down the nozzle walls, forming a sheet
before breaking up into bubbles.

1.6 Experimental Set-up

Zhang and Wang [52, 59] used polythene particles with a density of 1.02g/cm® to
simulate inclusions. Their contact angle is 91° with water. The particle size was from
100-424pum. The study divided the inclusions into three groups: 100-140um; 140-283um;
283-424um. However, the densities of the particles were not identical. The authors
mentioned that density differences between particles was a source of error.

Zhu et a.[1] used polystyrene plastic particles to simulate the inclusions in steel;
the size of those inclusions varying from 20-50um. Those particles are chosen due to the
contact angle of 110° with density of 1g/cm®. The inclusions are kept uniform suspended
in the water by suspension compounds.

Li et a. [61] selected polystyrene plastic particles as inclusions as well. They
reported that the contact angle between polystyrene plastic particles and salt water was
118°. Their polystyrene plastic particles sizes are from 0.6-0.7mm. According to Sahai
and Emi [65], these inclusions can imitate inclusions less than 50um in the steel. The
density of salt water is 1.02g/cm®. In their experiment, they have also used some aromatic
solvents as dispersant. The results are shown in Figure 26.
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3mm
Figure 26 Particles with and without dispersant by Li et al. [61]

Feng et al. [57] suggested to use aniline to simulate inclusions and silicone oil to
simulate slag in water. They argued that this selection could better simulate the possible

aggregation of inclusions than polymers.
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Chapter 2 Experimental Work

2.1 Introduction

Chapter 1 concluded that small gas bubbles could help improve the removal
efficiency of small inclusions. However, due to the high surface tension and the non-
wetting characteristic of liquid steel, small gas bubbles could not be generated through
conventional methods, such as porous media, nozzles, lances or tuyeres. Therefore the
‘bottom blowing method’, though it was demonstrated to be working in agueous models,
most likely would not work once put into areal liquid metal scenario. On the other hand,
the ‘ladle shroud blowing method’ shows a lot of potential as the most promising
candidate to be able to generate small bubblesin liquid metal applications.

However, we till lack the knowledge and understanding of the mechanism of
bubble generation under turbulent conditions in aladle shroud. Severa studieg[2, 19, 60-
62] performed water-modeling experiments on the ‘ladle shroud blowing method’ and
claimed to be able to successfully generate bubbles in the range of 0.5-3 millimeter in
diameter. Unfortunately, none of these studies performed reliable bubble size
measurements. Instead, the size of the bubbles was only ‘estimated” by visua
examination with little justification. Second, each of these studies reached a different
optimal condition for operation that varied due to the differences in experimental set-up
among these studies.

Therefore, the main objective of this research is to have a quantitative
understanding of the mechanism of bubble generation under turbulent conditions in the
ladle shroud, as well as to propose a universal optimal operation condition for bubble
generation in ladle shroud applications.

To experimentally study the mechanism of bubble generation under turbulent
conditions in the ladle shroud, two criteria must be met: 1, precisely controlled turbulent
environments and 2, accurate and precise measurements of bubble sizes. Due to the lack
of transparency of liquid metals to visual light wavelengths, as well as the high
temperature operating environments, one generally looks for low temperature, transparent
models of these pyro-metallurgical processes. As such, a large number of metallurgical
process studies have been made using agqueous systems. It is often legitimate to ssimulate
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gas and liquid metal interactions in aqueous systems, and many studies suggest that
properties such as gas hold up and average rising velocity of bubbles simulated in
agueous solutions match those found in actual liquid metal systems [66-68]. These
studies proposed various bubble formation models and identified parameters including;
inside nozzle diameter, liquid density, viscosity, surface tension, gas velocity and gas
density, to describe bubble size, and bubble frequency, as afunction of gas flow rate [69].

2.2 Experimental set-up

A schematic diagram of experimental set-up is shown below, as Figure 27. The
top tank represents the ladle (referred as the ‘ladle model’ in the rest of this text) while
the bottom tank represents the tundish (referred as the ‘tundish model’ in the rest of this
text). The tube connecting the two tanks represents the ladle shroud (hence referred to as
the ‘ladle shroud model’ in the rest of this text). The red-circled part serves as a function
of the dide gate.

Water Inlet
Thermo Air
Turbine » Flow Meter
Water Flow 7
Meter
Slide Gate Air Inlet
LED
lighting

Il Camera
750 /T\

Figure 27 Schematic diagram of the experimental set-up

Water was directly introduced from the top into the system through a water hose
as shown in Figure 27. A turbine water flow rate sensor was installed in the water line to
measure the flow rate of the water. The turbine water flow rate sensor is equipped with a
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LCD panel, to provide athe digital reading of the instantaneous flow rate. The water flow
rate was controlled by the ball valve of the water hose.

Air was introduced into the ladle shroud model through small size orifices located
beneath the dlide gate. A high precision thermo air flow rate sensor was installed in the
air line to measure the air flow rate. An LCD panel is aso built into the sensor to read the
digital value of the instantaneous flow rate. The air flow rate was controlled by a high
precision needle valve. As shown later in Chapter 4, to generate small bubbles, the air
flow rate needs to be very low and well controlled. Therefore, the air rotameter used in
previous studies [2, 19, 60-62] is not suitable for the current research. Finally, a pressure
gauge wasinstalled in the air line to monitor the air pressure.

Front Direction \:) Back Direction
Position 1
Position 2

Position 3

Position 4

Represents an orifice
Figure 28 Enlarge details for the orificesin the ladle shroud

Figure 28 shows the enlarged details for the orifices design in the ladle shroud
model. 3 sets of ladle shroud with 0.3mm, 0.5mm and 1.0mm diameter orifices
respectively were built for this experiment. All ladle shroud models have an inner
diameter of 21.0mm. In each ladle shroud model, 4 orifices were precisely drilled by
laser near the top region of the tube. This was connected right below the slide gate. The
CAD design drawing for the ladle shroud model can be found in Appendix I. As shown
later in Chapter 4, the turbulence dissipation rate decays quickly aong the ladle shroud.
As such, the orifices were designed to be concentrated in the top part, instead of evenly
distributed down along the tube. Figure 28 also shows that when the slide gate was not

fully open, a back flow would occur. Therefore, the ladle shroud model was designed to
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have a square flange as shown below, in such a way that it can be installed with 90°
rotational ability. By rotating the ladle shroud model, the air can be injected into the
system at the front direction (expected to have high water flow speed), at the back
direction (expected to have back flow when dlide gate is not fully closed), as well as the
side direction.

Air Inlet
]

airiniet [T Front  Back Front Back [ |Airiniet Front Back

Figure 29 Front, Back, and Side Direction

Since the dlide gate can alter the flow pattern of the water in the ladle shroud and
vary the turbulence dissipation rate in the zone concerned, the slide gate opening ratio
must be accurately controlled in order to quantitatively study the effects of the slide gate
on sizes of bubbles generated. A conventional mechanically controlled slide gate set-up,
for example the gear track type slide gate set-up in the MMPC full scale tundish, is not
suitable for the current experiment due to the size limitation and the accuracy of the
controlling lever. Therefore, an auminum plate with 3 sets of drilled and tapped holes
was used serve the function of the slide gate. The holes were arranged as shown in the
Figure 30. The full CAD drawing can be found in Appendix I1.

Each set of the holes was separated by 8.0mm. Once the ladle shroud model was
installed, the water can only go through the overlap area as shown in Figure 31. Depends
on the set of holes chosen, the overlap area, more commonly referred as the dlide gate
opening ratio, varies from 23.8% open to 61.9% open to 100% fully open. The slide gate
opening ratio was cal culated based on the equation below:

Loverlap

Slide Gate Opening Ratio = X 100%

Dladle shroud
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Figure 30 Aluminum plate with 3 sets of drilled and tapped holes
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Figure 31 Slide gate overlap

Most of the experimental equipment parts (ladle model, ladle shroud model,
tundish model) were made of Poly-methyl methacrylate (PMMA), or commonly referred
as the acrylic glass, since PMMA combines the advantages of highly transparent
properties and high mechanical strength. However, PMMA is relatively brittle, which
limits its ability for drilling and tapping holes. Therefore the siide gate was made of
aluminum alloy.

One key innovation in the experimental set-up was the design of the tundish
model, the inclined tank as shown by the 75° remark in Figure 27. The inclined surface
made it possible to accurately observe and measure a monolayer of bubbles, which is
crucial in quantitatively investigating relationships. From experimental observations, the

bubbles generated from the orifices tended to follow the water stream to enter the tundish
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model, hit and then dlide along the inclined acrylic glass wall for a short period of time.
This provided an observation window to characterize the bubble size distributions by
utilizing optical measurement techniques.

On the contrary, al other researchers [2, 19, 60-62] who studied bubbles
generation in ladle shrouds failed to characterize bubble sizes experimentally. In a few
cases, pictures of bubble swarms were presented to estimate bubble sizes with very little
justifications, as shown in Figure 32 a. However, once implemented, the inclined surface
tank (observe only a monolayer of bubbles) provided a drastic improvement in the quality
of the bubble picturesas shown in Figure 32 b. This innovation in measurement
technique sets the corner stone to quantitatively analyze bubble generation mechanisms
under turbulent conditionsin the ladle shroud.

o o
.
©
°
e e
© Q <
o
S o S
- ° —
Jmm
—_ 5mm
Bubble cluster [62] A monolayer of bubbles (current research)

Figure 32 Bubble measurement comparison

2.3 Optical measurement techniques

Optical measurement techniques were used in the experiments to characterize
bubble size distributions. In order to achieve reliable and accurate experimental results,
two factors must be met: 1, proper setting of camera and lighting: to get clear, sharp, well
illuminated pictures of a monolayer of bubbles and 2, image processing: fine tuned image
processing routines to analyze the pictures.

2.3.1 Settings of camera and lighting conditions

A professional Digital Single-lens Reflex (DSLR) camera, model Canon 50D,
was used to capture bubble images. This model is capable of taking photos with a
maximum 4752* 3168 pixel resolution with highest 1SO (a measurement of the camera
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light sensitivity) of 3200 while the fastest shutter speed is 1/8000 second. In the
experiment, the picture format was set as ‘large’ to get maximum resolution pictures. The
SO was set to 200 to avoid over-exposure and ‘noise’ in the pictures. The shutter speed
used usually was in the range from 1/4000 to 1/5000 second.

Ideally, a macro lens should be used in this experiment since a macro lens is
usually equipped with a bigger aperture that can provide better focus for near objectsin a
fixed picture frame. However, the cost of a macro lens is amost triple that of a normal
lens. After testing both a macro lens and a normal lens, it was found that the
improvements brought from the macro lens were not very significant. Therefore, a
normal 50mm lens with a 5.6 aperture was used in the experiment.

A professional photography level LED light was installed on the back of the
inclined tank to provide consistent and bright lighting conditions. It is worth pointing out
that when the experimental equipment is largely built usng PMMA materials, high
power light sources should be avoided. Because the heat from high power light sources
could easily build up and soften, or even melt the PMMA.

Both the camera and the LED light were supported by tripods, so as to avoid any
vibrations. A remote shutter line was used to take images without physically pressing
buttons on the camera. Due to the high shutter speed, even the dlightest shake of the
camera body can lead to blurry images, these are useless as they cannot be processed |ater
in the computer.

2.3.2 Image and data processing

In the first step, the program ‘ImageJ was used to process the pictures of bubbles
taken from the experiments. For each set of experiments, one random picture would be
chosen to fine-tune the process routine parameters. Once the parameter values were set, a
macrocode was written (see in Appendix I11) to batch process the set of images to record
size of each bubble into atext file.

In the second step, the text files would be imported into Excel to perform
statistical analysis. Due to the extremely high volume of data from the text file, an Excel
macrocode (see in Appendix 1V) was also written to automate the importation and
statistical analysis procedures. Finally the processed data would be imported into a
program called *Origin’ to produce graphs.
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2.3.3 Image processing routines

1. Get the scale factor: A ruler image (as shown in Figure 33) was imported into

Imagel. The pixel quantity across a certain physical distance was reported from the

program. For example in Figure 33, 2617 pixels represent 35mm distance, which means
74.86pixels/fmm. This ratio was used in ImageJ as the scal e factor.

Figure 33 Ruler Image
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2. Convert picture to 8-bit format: A random picture was chosen to convert the
origina RGB (24-bit) format to a new 8-bit format. This conversion is necessary asin the
next step: threshold set-up can only work properly with limited colors. The 24-bit photo
contains 2**= 16,777,216 colors while the 8-bit photo only contains 2= 256 colors. The

conversion is shown in Figure 34.
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Figure 34 24bits photo would be degraded to 8bits photo

3. Threshold set-up: The 8-bit picture then went through a manual threshold set-
up process. The optimal threshold limit was found through trial and error. As shown in

Figure 35 a, the red contour was used as an indicator for the threshold limit selected.

Once the proper threshold limit was confirmed, one can apply the threshold and get a
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black and white image as shown in Figure 35 b. One should avoid the use of the built-in
automatic threshold function, in the ImageJ, for air bubble analysis. This follows because
through dozens of tests, the automatic threshold function always failed to properly
identify the optimal thresholds.
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Figure 35 Threshold optimal value search

4. Particle analysis. The black and white image then went through particle
analysis in Imagel. Several parameters were carefully tuned such as minimum and
maximum circularity, minimum and maximum areas, edge particles selection conditions
etc.. Once these parameters were optimized, the processed image showed the bubbles

identified (as shown in Figure 36) and also recorded each bubble size into a datafile.

Bubblesidentified Enlarged details
Figure 36 Particle analysis results
5. Final check of the parameters: In this step, the identified bubbles were masked
in black as shown in Figure 37 b, while the original RGB (24-bit) photo was shown in
Figure 37 a. One can exam the results visually to make sure the bubbles identified from

the program were proper and accurate.
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Figure 37 final checks of image process results

2.4 Bubble Size Controlling Factors

As discussed earlier in the experimental set-up part, six factors were identified as
potentially influencing the size of bubbles generated. Therefore, six controlled
experimental factors. Here is a short summary of the 6 factors and their corresponding
values used in the experiments.

1. Water speed in the ladle shroud: the water speed in the ladle shroud model can
influence the turbulent conditions in the ladle shroud model. The water speed was
calculated based on the equation:

Qwater

Vwater -

Arealadle shroud
Three average water speeds were tested in the experiments; 0.5m/s, 1.0m/s and 1.5m/s.

2. Air inlet rate: the air inlet rate plays an important role on the sizes of bubbles
formed through an orifice. The air inlet rate in the experiments typically varied from
0.04L/min to 0.25L/min with four increments.

3. Slide gate opening ratio: the side gate opening alters the flow pattern in the
water within the ladle shroud model. Three slide gate opening ratios were tested in the
experiments: 23.8% open, 61.9% open and 100% open.

4. Distance from the dlide gate: the turbulence dissipation rate usually decays
quickly along the ladle shroud model. Four positions were tested with distances: 3.0cm,
6.0cm, 8.0cm and 10.0cm.



5. Direction of the gas injection point: when the slide gate was not 100% open,
back flow will occur opposite the entry point and the water speeds vary from the each
side. Four orientations were tested: front direction, back direction and two side directions.

6. Orifice Size: From bubble formation studieg70-72], in static system orifice
size can influence the bubbles generated. Three orifice sizes were tested: 0.3mm, 0.5mm
and 1.0mm in diameter.

A full factorial experimental design showed that 3*4*3*3*3*4 = 1296 sets of
experiments were required. During the study, it was found that the orientation of the gas
injection point and the orifice size did not have a strong influence on the bubble sizes
formed. Therefore, in total, around 800 sets of experiments were performed.

2.5 Experimental Procedures

The procedures for experiment preparation, performing experiments and post-
experiments are summarized and presented below:
1. Experiment preparation:

e Choose a set of the 6 factors: water flow speed,
air inlet rate, slide gate opening ratio, orifice

size, injection orientation
conditions

e Set-up the equipment accordingly

e Test and control

m the light intensity
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2. Perform experiment:

S-ter -2 e letthe system run for half a minute to reach
T steady state

¢ Adjust the focus and take a photo

Insert ruler for the ruler to use as scale

—_

Take

e Remove the ruler
U T and take 50 to 100

Wile0i0lslollesl | photos for each set

3. After the experiment

 Process the photos and get bubble size raw
Image] data

 Consolidate the raw data and
perform statistical analysis

Excel

0)dlahil o) * Draw graphs for
presentations
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Chapter 3. Computational Fluid Dynamics (CFD) Work

3.1 Introduction of CFD

Computational fluid dynamics (CFD) uses the modern computer’s strong
processing power to numericaly solve fluid mechanics conservation equations.
Compared with physical modeling, which usually requires costly equipment and long set-
up time, CFD has the ability to simulate complex fluid flows and to quickly provide key
information to characterize the fluid flows. Several CFD codes, either free or
commercial, are available. In this research, we used the commercial CFD code package
by Ansys Fluent (version 14.5.7). The Ansys Fluent code uses the finite volume method
(FVM) approach to solve the conservation equations.

For instance, in the current research, it is believed that bubble formation in the
ladle shroud is heavily influenced by local fluid dynamic properties, such as the local
instantaneous water speed and the local turbulence dissipation rate. However, to
physically measure those local values, usually one needs to rely on complex and
expensive equipment such as. wire anemometers, laser Doppler anemometers or PIV
(Particle Image Velocimetry) [73].

Another problem is that the conservation equations are highly non-linear partial
differential equations, so it is amost impossible to achieve analytical results. For
example, one important factor in this research is to find the local turbulence dissipation
rate. Tang [44] and Evans [41] proposed some semi-empirical equations to calculate the
turbulence dissipation rate in a mixing zone, but those equations are highly dependent on
geometry. Not to mention those equations also need some experimentally determined
values, which are not easy to measure.

However, once CFD has been implemented to simulate the ladle shroud flow
process, the local speed and local turbulence dissipation rate can be readily obtained. As
such, the CFD simulation results together with the water modeling experimental results
can then be used to perform a quantitative analysis of bubble generation mechanisms in
turbulent flow conditions specific to ladle shrouds.
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3.2 CFD Procedures

3.2.1 Four steps of CFD
Generally there are four stepsin a CFD simulation, as shown below. The software

used for each step is presented below each flag.

e SolidWorks, e Workbench e Ansys Fluent e Ansys Fluent
° DesignMode]er Meshing 14.5.7 14.5.7
e CFD-Post

1. Geometry:

The 2D/3D geometry must be constructed first in order to start a CFD simulation.
For fast and robust CFD calculations, the geometry needs to be built as ‘clean’ as
possible. Namely the geometry should only reflect the most important features. Too much
geometry details do not necessarily lead to more accurate results. On the contrary
redundant details make it harder to produce good meshing, which actualy limits the CFD
performance.

When constructing a multi-body geometry, it is always suggested to keep the
geometry conformal. Otherwise, the non-conformal surfaces can easily cause the Fluent
calculation to diverge. The Ansys DesignModeler program is highly recommended for
constructing multi-body structures, as the program will always keep the geometry
conformal. If the geometry was built by other CAD programs (e.g. AutoCAD,
Solidworks), clean up of the geometry before meshing is required.

2. Meshing:

Meshing means to discretize the fluid domain into finite volumes, or cells.
Conservation equations will be solved from cell to cell. It is important to keep the
meshing fine at regions where one expects large gradients (velocity, pressure, etc.).
‘Ansys Workbench Meshing’ program was used in all the CFD models meshing process

for this research.
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When the turbulence wall function is activated, it is also suggested to ‘inflate’ the
geometry. This will make the layers of cells near the wall finer. The Figure below shows

the inflation function.

S
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Figure 38 The wall getsfiner

Typical meshing quality metrics include element quality, aspect ratio, skewness
and orthogonal quality. In order to get fast and robust convergence calculations, the
skewness must be keep low (<0.8) and orthogona quality should be kept high (>0.7).
Most importantly, one has to make sure that the minimum cell volume has a positive
value; otherwise the mesh contains degenerate cells. However, it worth pointing out that
the meshing can only influence the efficiency of the CFD calculation and speed of results
convergence to a solution. The final CFD results should be mesh independent [74].
Meshing independent tests were performed in this research.

3. Fluent solver set up:

The typical Fluent solver work flow chart is shown in Figure 39. Two types of
solvers are available in the Fluent code: pressure-based and density-based. The pressure-
based solver is the most widely used solver, as it mainly targets ssimulating flows with
Mach number less than 3. The density-based solver is normally used for >3 Mach number
or for some very complex flows, such as shockwave interactions. All the CFD
simulations performed in this research used the pressure-based solver.

When the Fluent pressure-based solver is selected, one must specify the pressure-
velocity coupling scheme. The four available coupling schemes and their uses are
presented in the table below.
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Table 3 Pressure-velocity coupling scheme] 74]

Pressure-velocity coupling
U%\ge
scheme
SIMPLE Day-to-day incompressible flow applications
SIMPLEC Only for CFD academic interest
PISO Suitable for transient calculations
Coupled Good for applications with strong body forces resulting
from rotation
| Set the solution parameters |
Y
| Initialize the solution |
Y
| Enable the solution monitors of interest |
Y
| Calculate a solution | e Modify solution.
7 parameters or grid

A

J
Check for convergence }1

Check for accuracy

Figure 39 CFD solver process[74].

4. Post processing:
Once the CFD calculation is complete, the final data file can be imported into post
processing programs to extract the information desired. Vector, streamline and contour

graphs can be generated for presentation purposes.




5. Parameterize:

v A v B v C v D

2 i) Geometry  ———M2 (i} Geometry ‘/02 @ setup v ‘—/02 @ Results v
—= 3 |[pd Parameters 3 @ Mesh v 4 3 GE Solution v o4 Results
Geometry >4 |[pd Parameters >4 [pd Parameters

Mesh Fluent

‘ [pd Parameter Set

Figure 40 Parameterize of Workbench

It is highly recommended to use the Ansys Workbench scheme, as shown in the
figure above. Besides the excellent file organization, and seamless connection between
different components, the Workbench allows the user to parameterize their model. The
same parameter set can be used through the whole cycle of CFD calculations, which

makes it extremely easy to try different set-ups.
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3.2.2 Governing Equations and Models

Conservation eguations (mass, energy, momentum) and other fluid flow
governing equations (turbulence model, discrete phase model) are solved using the finite
volume method in Fluent. In this research, there is no heat exchange; hence the heat
conservation equation was not included.
1. Mass conservation:

dp +6(pu) +0(pu) d(pu)

at | ox dy oz 0

for incompressible fluids: % =0

2. Momentum conser vation:
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3. Turbulence model

There are three basic approaches to calculate a turbulent flow: Direct Number
Simulation (DNS), Large Eddy Simulation (LES) and the Reynolds Averaged Navier-
Stokes Simulation (RANS). RANS model is the most widely used model in industrial
turbulence simulations due to this method offers reasonably accurate turbulence results
together with affordable computational costs.

Ansys Fluent offers several RANS based turbulence models such as: standard k-¢,
realizable k- ¢, standard k-o etc.. In this research, the standard k-¢ model was chosen to
solve the turbulence as the flows involved in the experiments are relatively simple flows
(no presence of strong rotation or massive separation) and this model is robust and widely
used.
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3.2.3 Current CFD set-ups

Figure 41 and Figure 42 show the 3D and meshing results for two of the CFD
models studied in this research.

Set-up to study the ladle shroud

Full 3D Geometry 3D Fluid domain Meshing
Figure 41 CFD setups to study the flow in ladle shroud

Set-up to study the small bubble trajectories

3D Geometry Meshing
Figure 42 CFD setups to study small bubble trajectories
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Figure 41shows that the full 3D geometry was simplified to get the fluid only
domain for more robust and faster Fluent calculation. Wall inflation is shown in the
meshing results. Figure 42 shows the finer mesh and gradual transition of mesh around
close edges.

For all the CFD models in the present research, mesh independence was tested
through three Ansys Workbench automatic meshing quality settings: coarse, medium and

fine.
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Chapter 4. Results and Discussion

4.1 Introduction

The six controlled experimental factors were assessed experimentally and the
results are presented in this chapter. For each set of experiments, the fluid flow patterns
and the turbulence conditions were simulated through CFD modelling.

The sizes of bubbles generated were found to be smaller than the predicted bubble
birth size but larger than the theoretical critical bubble size in turbulent conditions. This
indicates that bubble break-up occurred.

Finaly, a quantitative physical model anaysis was performed. The optimal
conditions to generate small bubbles within ladle shroud are presented at the end of the

discussion section.

4.2 Visual Observations

First, two regimes of bubble formation were observed: 1) when the water speed
was high (1.5m/s) and the air injection rate was low (0.05L/min), small bubbles were
generated as shown in Figure 43 a. Most of these bubbles were less than 1mm in
diameter. 2) when the water speed was low (0.5m/s) and the air injection rate was high
(0.25L/min), mostly big bubbles larger than 3mm were generated from the ladle shroud
asshown in Figure 43 b.
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Figure 43 Two regimes of bubble formation: a. small bubbles less than 1mm formed when the
water speed is high and the air injection rate is low; b. big bubble more than 3 mm formed when
the water speed islow and the air injection rate is high
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Second, it was obvious that the bubble trajectories depended on the bubble size.
As shown in Figure 44, big bubbles tended to hit the wall and quickly rise up to the
surface. This is due to the larger buoyancy force of the big bubbles. The small bubbles,
on the other hand, tended to follow the water streams and to fill the tundish model as
shown in Figure 45. The DPM simulation results matched reasonably well with the
experimental results. The differences in trajectories of bubbles of different sizes are in

good accord with literature results [13, 63] [61].
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Figure 44 Big bubbles trajectories (Experimental results and CFD results): big bubbles hit the
tundish model wall and quickly rise up

I 1.00e-02

Particle Traces Colored by Particle Residence Time (s) (Time=2,0000e+01)

Experimental Results CFD simulation results

Figure 45 Small bubbles trajectories (Experimental results and CFD results): small bubbles
follow the water flows and fill the tundish model



The trajectory results for the small bubbles further justified the choice of small
bubbles to remove small inclusions. Now there are two reasons: first, small bubbles have
higher a probability to collide with and to attach with, small inclusions (as explained
earlier in Chapter 1) and second, small bubbles are better dispersed in the tundish model
(as shown from the trajectory results). This would increase the probability of bubbles and
inclusions meeting.

It worth mentioning that no significant bubble coalescence was observed in the
current experimental set-ups and conditions. This was due to the water speed vs. air inlet
Speed ratio being relatively high. Hence, the system stayed in the ‘bubble’ regime as
shown in Figure 46. Once the small bubbles enter into the tundish model, they quickly
dispersed hence there was very little chance the bubbles could collide and coalesces with
each other.

When the air inlet rate was set to very high values (e.g. 2.0L/min comparing with
the 0.25L/min, the maximum experimental condition), massive bubble coalescence was
observed. The water flows in the ladle shroud model were then in the slug/churn flow

regimes.
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Figure 46 Generic regimes of gas and liquid interactions: from left to right, the liquid speed vs.
gas speed decrease [75]

However, it would impossible to completely eliminate bubble coalescence.

Therefore bubble coalescence is a source of error in bubble size characterizations.
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4.3 Water speed vs. Bubble Size

Among the six controlling experimental factors, water speed was shown to have
the strongest impact on the size of bubbles generated. In general, the higher the water
speed in the ladle shroud model, the smaller were the bubbles generated. This trend is
shown from Figure 47 to Figure 52.

Take Figure 47 for example, the three lines represent three sets of experiments
with identical conditions except the water inlet speed. The X-axis shows the bubble size
in diameter (unit: mm), and al three Y-axes are bubble counts. It is clear that the bubble
Size peak shifts with water inlet speed. High water inlet speed (blue line: 1.5m/s) has the
bubble size peak around 0.5mm; medium water speed (red line: 1.0m/s) has the bubble
size peak around 1.5mm; low water speed (black line: 0.5m/s) has bubble size peak
around 2.5mm.

For afixed air inlet rate (in this case it is 0.04L/min), if individual bubbles were
smaller, there would be more bubbles in total. Thisis why there are three Y-axes: when
bubble size peak (blue line) was around 0.5mm, the peak bubble count (blue Y -axis) went
as high as 1800; when bubble size peak (red line) was around 1.5mm, the peak bubble
count (red Y-axis) dropped to 200; when bubble size peak (black line) was around
2.5mm, the peak bubble count (black Y -axis) dropped below 100. If only one Y -axis was
used, then the peaks of the red and the black line would not be seen.

Bubble Size Count vs. Water Inlet Speed
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Figure 47 Bubble size vs. water inlet speed. Orifice size: 0.3mm,; Air inlet flowrate: 0.04L/min;

Slide gate opening ratio: 61.9%; Position 1

62



Bubble Count

60

40

20 +

Bubble Size Count vs. Water Inlet Speed

—u—0.5m/s
—o0—1m/s
—u—1.5m/s
Orifice Size = 0.5mm

| ] Air Inlet Rate = 0.15L/min
Slide Gate Openings =23.8%

| ]
\. Orientation = Front Direction
] \ Air Inlet Position 1
|
| |

. \
= “CO0DnoooEgmooO0oo000000000
L]
LU TT T T [T T I T T]

T T T M 1 N I N 1 ' I ' I

1 2 3 4 5 6
Diameter (mm)

- 1500-

- 1000+

- 500 [

~ 3000

~ 2500

~ 2000

~ 1500

~ 1000

~ 500
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Figure 52 Bubble size vs. water inlet speed. Orifice size: 0.3mm,; Air inlet flowrate: 0.05L/min;
Slide gate opening ratio: 100%

4.4 Air Inlet Flowrate vs. Bubble Size

In general, the bubble size increased with the air inlet flowrate. Figure 53 and
Figure 54 show the results of two sets of experiments with same set-ups and conditions,
except for the air inlet flowrate. Figure 53 has low air inlet rate of 0.05L/min and Figure
54 has high air inlet rate of 0.15L/min. If one compares the blue lines (1.5m/s water) in
Figure 53 and Figure 54, it is obvious that the right tail is bigger in the high air inlet rate,
which means more big bubbles generated and an overall increase in the average bubble
size. If one compares the red lines (1.0m/s water) in Figure 53 and Figure 54, it is
obvious that the bubble size peak shifts to the right, which indicates less small bubbles
generated and overall larger average bubble size. If one compares the black lines (0.5m/s
water) in Figure 53 and Figure 54, it clear that bubble size peak shifts to the right as well,
and the bubble size peak increased from 2.5mm in the low air inlet rate to 3.0mm in the

high air inlet rate.
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Figure 53 Bubble size vs. water inlet speed. Orifice size: 0.5mm,; Air inlet flowrate: 0.05L/min;

Slide gate opening ratio: 61.9%
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Figure 55 to Figure 58 provide an alternative comparison to verify the effects of
air inlet flowrate on bubble size. From Figure 55 to Figure 57, it is obvious that the
distribution of the bubble size gradually shifts towards to the right with an increase in air
inlet flowrate. This confirms that the bubble size increases with increase in air inlet
flowrate. It is noticeable that there is a small peak on the left side of the distributions,
which means a small quantity of small bubbles less than 1mm were created in the
environment, where the majority of the bubbles generated were in the range from 2mm to
4mm. This most likely was caused by a small portion of the big bubbles breaking up into
small ones. The exact bubble break-up process will be discussed later in Section 4.10.

In Figure 58, it is clear that the right tail increases with the air inlet flowrate. This
means more big bubbles were generated with an increase in the air inlet flowrate, which
leads to an overall average bubble size increase. The distribution shape in Figure 58 is
different from the ones in Figure 55 to Figure 57, since the water speed was higher and
the dlide gate opening ratio was lower. High water speeds and low slide gate opening
ratios are required for small bubble generation.
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Figure 55 Bubble diameter frequencies vs. Air inlet rate. Orifice size: 0.3mm; Water
speed:0.5m/s, Slide gate opening: 61.9%; Air injection at Position 1.
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Figure 57 Bubble diameter frequencies vs. Air inlet rate. Orifice size: 0.3mm; Water
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Figure 58 Bubble diameter frequencies vs. Air inlet rate. Orifice size: 0.3mm; Water
speed:1.5m/s, Slide gate opening: 23.8%; Air injection at Position 1.

4.5 Orifice size vs. Bubble Size

Three orifice sizes were tested in the experiments. 0.3mm, 0.5mm and 1.0mm (all
in diameter). As presented in Chapter 1, studies [20, 27-29] showed that for wetting
systems, the size of bubbles generated through an orifice is positively related to the
orifice size. However, from the current experimental results, the role of orifice size is
more ambiguous, as shown in Figure 59 and Figure 60.

In Figure 59, where both water inlet speed and air inlet rate were low, the orifice
size did not exhibit a strong correlation with the bubble size. In Figure 60, where the
water speed was high and air inlet rate was low (this combination is most interesting in
current study, as it can generate bubbles less than 1.0mm), the 0.3mm orifice generated
smaller bubbles. The inconsistency of the role of orifice size was very likely caused by
the complex interactions between experimental parameters and the bubble coalescence
and break-up processes in turbulent conditions. However, to create small bubbles less

than 1.0mm, asmall orifice sizeis still recommended.
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Sauter Mean Diameter (D,,) vs. Orifice Size
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Figure 59 Bubble sauter mean diameter vs. orifice. Water speed: 0.5m/s; Air inlet rate: 0.05L/min
(Positions 1-4 are demonstrated in Figure 61)
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Figure 60 Bubble sauter mean diameter vs. orifice. Water speed: 1.5m/s; Air inlet rate: 0.05L/min
(Positions 1-4 are demonstrated in Figure 61)
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4.6 Slide Gate vs. Bubble Size (CFD and Experimental Results)

The dide gate, when partially opened, can ater the loca flow patterns
significantly and create flow velocity gradients around the slide gate, as shown in Figure
61. A high flow velocity gradient means high turbulence dissipation rates. As
demonstrated in Section 4.10, a high water speed (1.5m/s) and high turbulence
dissipation rates can help generate small bubbles. In general, it was found that smaller the
slide gate opening ratio, smaller were the bubbles generated.
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Figure 61 back flows and velocity gradient caused by partially opened slide gate

Figure 62 to Figure 74 present the CFD simulation results for 23.8% and 61.9%
slide gate opening ratio with inlet water speeds of 0.5m/s and 1.5m/s. All graphs focus on
the top 10% part of the ladle shroud model, where the gas injection orifices are located.
The remaining 90% of the ladle shroud model are not presented because the flows
practically reached steady state. Nearly zero velocity gradients and nearly zero turbulence
dissipation rate existed below the top 10% part of the ladle shroud model. For the same
reason, the 100% slide gate opening ratio results are not presented. Flow velocity contour
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graph, flow velocity vector graph and turbulence dissipation rate contour graph are
presented for each condition.

First, it was found that when the slide gate was not fully open, there were always
back flows. The fluid low velocity decreased in the back flow region. For a fixed inlet
water speed, the smaller the slide gate opening, the stronger the back flows. For a fixed
dlide gate opening ratio, the higher the inlet water speed, the stronger the back flows.

A second observation is that turbulence dissipation rate increased with water inlet
speed and decreased with the slide gate opening ratio. The turbulence dissipation rate
value was higher around high velocity gradients. The highest turbulence dissipation rate
was achieved when the water was 1.5m/s and the slide gate opening was 23.8%. High
water speed and low slide gate opening ratio are required for small bubble generation.

Finally, the turbulence dissipation rate was found to decay quickly along the ladle
shroud.
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Figure 62 Velocity Contour. Water speed: 0.5m/s, slide gate opening: 61.9%
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Figure 67 Turbulent Dissipation Rate Contour. Water speed: 1.5m/s, slide gate opening: 61.9%

4.95e+00
4.70e+00
4.46e+00
4.21e+00
3.96e+00
3.71e+00
3.47e+00
3.22e+00
2.97e+00
2.72e+00
2.48e+00
2.23e+00
1.98e+00
1.73e+00
1.49e+00
1.24e+00
9.90e-01

7.43e-01

4.95e-01

2.48e-01

0.00e+00

Contours of Velocity Magnitude (m/s)

ANSYS Fluent 14.5 (3d, dp, pbns, ske)

Figure 68 Velocity Contour. Water speed: 0.5m/s, slide gate opening: 23.8%
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Figure 69 Velocity Vector. Water speed: 0.5m/s, slide gate opening: 23.8%
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Figure 70 Turbulent Dissipation Rate Contour. Water speed: 0.5m/s, slide gate opening: 23.8%
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Figure 71 Velocity Contour. Water speed: 1.5m/s, slide gate opening: 23.8%

1.70e+01
1.61e+01
1.53e+01
1.44e+01
1.36e+01
1.27e+01
1.19e+01
1.10e+01
1.02e+01
9.35e+00
8.50e+00
7.66e+00
6.81e+00
5.96e+00
5.12e+00
4.27e+00
3.42e+00
2.57e+00
1.73e+00
8.81e-01

3.40e-02

24

Velocity Vectors Colored By Velocity Magnitude (m/s)

Jan 13, 2015
ANSYS Fluent 14.5 (3d, dp, pbns, ske)

Figure 72 Velocity Vector. Water speed: 1.5m/s, slide gate opening: 23.8%
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Figure 73 Turbulent Dissipation Rate Contour. Water speed: 1.5m/s, slide gate opening: 23.8%

The CFD results showed that a small dlide gate opening ratio promotes the
generation of smaller bubbles by altering flow patterns and creating velocity gradients.
Experimental results were in good accord with this conclusion.

Figure 74 and Figure 75 showed the results of two sets of experiments with the
same set-ups and conditions apart from the slide gate opening ratio. Figure 74 has high
dlide gate opening ratio of 61.9% and Figure 75 has a low dlide gate opening ratio of
23.8%. If one compares the blue lines (1.5m/s water) in Figure 74 and Figure 75, it is
obvious that the right tail is smaller in the low dlide gate opening, which means more
small bubbles and overall smaller average bubble size. If one compares the red lines
(2.0m/s water) in in Figure 74 and Figure 75, it was found that the bubble size peak
significantly shifts (from 1.5mm to 0.5mm) towards the left in the low slide gate opening,
which indicates overall smaller average bubble size. If one compares the black lines
(0.5m/s water) in Figure 74 and Figure 75, it is clear that a new peak was formed on the
left side, which means smaller bubbles.
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Bubble Size Count vs. Water Inlet Speed
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Figure 74 Bubble size vs. water inlet speed. Orifice size: 0.3mm,; Air inlet rate: 0.05L/min; Slide

gate opening ratio: 61.9%
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Figure 75 Bubble size vs. water inlet speed. Orifice size: 0.3mm; Air inlet rate: 0.05L/min; Slide

gate opening ratio: 61.9%
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4.7 Air Injection Orientation vs. Bubble Size

Due to the existence of back flows, air was injected from three different
orientations: front, back and side. From the CFD results shown in Section 4.6, it was
shown that the front direction had the highest flow speed; the back direction had the
lowest flow speed; the flow speed was medium in the side direction.

At this point, it has been demonstrated that the water speed, the slide gate opening
ratio and the air inlet rate can affect the bubble size. Therefore 4-D graphs as shown from
Figure 77 to Figure 88 could be used to more effectively study the air injection
orientation. Take Figure 77 for example, the water speed, the slide gate opening ratio and

the air inlet rate are presented on the three axes. Each ball position represents an
experimental set. The corresponding bubble size is represented both by the ball size and
the color-coding. Both Sauter mean diameter and average bubble diameter were reported.

Figure 76 summarized related graphs shown from Figure 77 to Figure 88 for

easier comparison purposes. The three columns from left to right are the front direction,
the back direction and the side direction. The top row is the Sauter mean diameter and the
bottom row is the average bubble diameter. Figure 76 shows that the bubble sizes are
about the same in all three directions. Therefore, in the current experimental setups and

conditions, the air injection orientation does not affect the size of bubbles generated.
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Figure 76 Air Injection Orientation Comparison 0.5mm orifice, Position 1.
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Figure 78 D32 graph 0.5mm Orifice, Front Direction, Position 1
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Figure 79 D10 graph 0.5mm Orifice, Front Direction, Position 2
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Figure 80 D32 graph 0.5mm Orifice, Front Direction, Position 2
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Figure 81 D10 graph 0.5mm Orifice, Front Direction, Position 3
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Figure 82 D32 graph 0.5mm Orifice, Front Direction, Position 3
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Figure 83 D10 graph 0.5mm Orifice, Front Direction, Position 4
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Figure 85 D10 graph 0.5mm Orifice, Back Direction, Position 1
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Figure 86 D32 graph 0.5mm Orifice, Back Direction, Position 1
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Figure 87 D10 graph 0.5mm Orifice, Side Direction, Position 1
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4.8 Distance from the slide gate vs. Bubble Size

As shown in the CFD results (Section 4.6), the turbulence dissipation rate decays
quickly down the tube. Four orifice positions were tested in the experiments to study the
air injection point distance from the slide gate. As shown in Figure 89, from position 1 to
4 the distance from the slide gate is: 3cm, 5cm, 7cm and 9cm. The exact dimension can
be found in Appendix I.

Figure 89 summarizes related graphs shown from Figure 77 to Figure 88 for
easier comparison purposes. Clearly the bubble size increases with the distance from the
dide gate as the ball size (represents bubble size) increases from position 1 to 4.

Therefore, the air injection point should be located as close to the slide gate as possible in
order to utilize the turbulence dissipation rate.
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4.9 Bubble birth size in a cross flow
Marshall [76] proposed a semi-empirical model to predict the air bubble birth size
(the initial bubble size right after generation) formed from an orifice with water

horizontal cross-flow, as shown in Figure 90.
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1. Schematic diagram of the liquid cross-flow bubble
formation system.

Figure 90 Bubble birth size in a cross flow [76]
The semi-empirical equation for bubble birth radiusis:

U ] 0.36
R, = 0.48R3520., (U ar )
Liquid

where Ruyirice IS the radius of the orifice, Ui is the superficial air inlet speed, and Ujiquid IS
the speed of the cross flow.

Qair
TR?

Orifice

Though this study was semi-empirical, the experimental conditions (orifice size,

Ugir =

liquid velocity, air inlet rate) are very similar with the conditions carried in the present
research. Liu [77] showed that the horizontal bubble formation mechanism (as used in
Marshall[76] ) does not vary too much from the vertical bubble formation mechanism
(the method in the current research). Therefore, it is reasonable to use this model to
calculate the predicted birth size of bubbles (shown in Figure 91).
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Figure 91 Bubble size comparison: Experimental results vs. Theory prediction. The solid line is
1:1 line.

Figure 91 shows the bubble size comparison between the present experimental
data and the theory prediction based on Marshall’s equation [76]. The black solid line is
the 1:1 line. When data points lie on the 1:1 line, it means the experimental data matches
well with the theory prediction. When the data points fall below the 1:1 line, it means the
bubble size got from experimental results are smaller than the theory predicts.

From Figure 91, it is obvious that for a 100% slide gate opening (red dots), where
there was nearly zero velocity gradients and zero turbulence dissipation rate, the data
points fall nicely around the 1:1 line. This indicates the model from Marshall [76] is
suitable to estimate the size of bubbles generated.

However, for a 23.8% dlide gate opening (black dots), where there were usually
strong velocity gradients with an accompanying high turbulence dissipation rate, a large
portion of the data points fall below the 1:1 line. This means the bubbles went through

break-up processes after being form.
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4.10 Critical bubble size under turbulent conditions

Severa studies have shown that bubble break-up depends on the turbulent
dissipation rate [39-41]. The mechanism is explained as below.

Figure 92 Schematic diagram of an air bubble in water

Bubble break-up fundamentally is caused by severe bubble surface deformations.
Two forces determine the degree of bubble surface deformation: a confinement force
provided by the surface tension and a deformation force provided by the turbulence
stresses.

Martinez-Bazén et al. [42] showed that the surface tension of the air-water

interface acts as a confinement force. The minimum energy required to deform a bubble

of sizeDis:
Ein = moD? (7
Therefore, the surface restoring pressure according to [42] is:
6E i 60
Tpubble(D) = ng;n = ) (8)

Under turbulent conditions, where the Reynolds number is large, viscous forces
can be neglected. The determining factor in bubble break up is the dynamic pressure
caused by the velocity changes over distances in the order of the bubble diameter [39].
The deformation pressure can be calculated as [42]:

Ly ©
Trurbutence (D) = E,DAU
In turbulent conditions, when the bubble is larger than the Kolmogorov

microscale of turbulence (defined as n in following equation), Kolmogorov [78]
summarized that the eddies causing the bubble splitting are isotropic and that the kinetic
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energy is independent of the viscosity and follows the energy distribution law of

S\ 4
=|— (10)
=(2)

Due to the kinematic viscosity of water being very low, 1.12E-6 m?/s, even with a

Kolmogorov.

very small energy dissipation rate, the Kolmogorov microscale (n) isin the order of afew
microns. This is much smaller than the bubbles observed from the experiments.
According to the energy distribution law of Kolmogorov [78], the velocity fluctuations
between two points can be estimated as:

Au? = B(eD)?/3 (11)
Plug Equation(11) into Equation(9), the deformation pressure can be expressed as.

1 — 1
Tturbulence (D) = E,DAU,Z = Ep'g(gD)ZB (12)

When the confinement force and deformation force equal each other, the critical
bubble diameter is reached. Namely for any cases where the deformation force is larger
than the confinement force, the bubbles will breakup towards the critical size.

By equating the restoring pressure equation (Equation(8)) and the deformation
pressure equation (Equation (12)) the following equation can be derived:

D, = (12—0)3/5 £2/s 13
pB
From Batchler [79], the 8 valueis 8.2, and the equation above can be written as:

D, =1.26 (—) g2/5 (14)
p

An alternative approach is to solve the critical bubble diameter by invoking a
critical Weber number. The Weber number (We) measures the ratio of the inertia forces

to the surface tension forces of abubblein aliquid.

2
we = PV (15)
o

When an air bubble is in aturbulent water condition, the turbulent stresses around

the air bubble will deform the bubble surface. When the turbulent stresses are strong

enough, namely when a critical Weber number is reached, the bubble will be distorted
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and will then break. The critical bubble diameter (D¢) can be calculated from the critical
Weber number [41].

A study by Sevik et al. [39] showed that the critical Weber number is 1.26. This

agrees with the previous equation derived.

3/5 5/3
We)e = [DB (g) sz/sl =1.26 (16)

Now we can calculate the critical bubble size in water for a given turbulence
dissipation rate based on Equation (14).

Figure 93 and Figure 94 show the calculated results for the critical bubble sizesin
water for different turbulence dissipation rates in water. In Figure 93, the turbulence

dissipation rate (¢) varies from 0 to 30 m?/s>. In Figure 94, the turbulence dissipation rate
(¢) varies from 100 to 1600 m?/s’.
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Figure 93 Critical bubble diameter in Water vs. Turbulence dissipation rate (¢ from 0 to 30)

As shown in Figure 93 and Figure 94, the critical bubble size decreases with an
increase in turbulence dissipation rate within the liquid. As discussed above, for a given
condition of turbulence, any bubble with a size larger than the corresponding critical size,
will break up to approach the critical bubble size. This explains why the data points fall
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below 1:1 line in Figure 91 for the 23.8% dide gate opening. Namely, the turbulence

dissipation rate was high and the bubble birth size was larger than the critical bubble size.

This causes the original birth size bubblesto break down into smaller bubbles.
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Figure 94 Critical bubble diameter in Water vs. Turbulence dissipation rate (¢ from 100 to 1600)
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Figure 95 Critical bubble diameter in Liquid Steel vs. Turbulence dissipation rate
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The critical bubble diameter in liquid steel (density: 7000 kg/m?, surface tension:
1.8 N/m) was calculated using Equation (14) and the results are shown in Figure 95.
Because of the high surface tension of liquid steel, comparing with water system, it is

clear that higher turbulence dissipation rate is required to achieve low critical bubble size.
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Figure 96 Turbulence dissipation rate contour. Water speed: 1.5m/s Slide gate opening 23.8% the
red region are above 200.

Figure 96 shows the turbulence dissipation rate contour graph for experimental
conditions of high water speed (1.5m/s) with a low slide gate opening ratio (23.8%),
which is the optimal condition to generate small bubbles. The turbulence dissipation rate
is higher than 200 m?s® in the red marked region.

From Figure 94, one can read that the critical bubble size for a turbulence
dissipation rate of 200m?/s® is 0.45mm. Theoretically, any bubble size larger than the
critical value, if it staysin the turbulent condition long enough, will be break down to the
critical size.

However, Figure 77 shows that the final bubble size did not reached the critical
bubble size of 0.4mm. This is because the bubbles were not to exposed to the high

turbulence dissipation rate region long enough. Especially considering the water speed
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was as high as 1.5m/s and the 200+ m%s® turbulence dissipation rate region was less than
10cm in length.

To quantitatively predict the final bubble size generated from break up of birth
size bubbles caused by turbulence will be extremely hard, as the bubbles can break down
into any size between the critical size and the birth size.

Now we can answer the question of how to make target size small bubblesin the
ladle shroud:

1. Use a high fluid flow, and a low slide gate opening to create high turbulence
dissipation rate.

2. Usealow airflow rate, and asmall orifice, to maintain alow bubble birth size.

3. Inject the air close to the side gate to use the local high turbulence dissipation rate
there.

4. Make sure the target bubble size value falls between the critical bubble size and the
birth bubble size.
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Chapter 5. Conclusions:

The following conclusions could be drawn based on the current study:

1. Small bubbles in the range 0.5mm to 4.5mm diameter can be generated by injecting air
into the ladle shroud, immediately below the slide gate.

2. The water speed in the ladle shroud and slide gate opening ratio, determined the
turbulent conditions, which in turn determined the critical bubble size. High water speeds
and low slide gate opening ratios are recommended for generating small bubbles.

3. The turbulence dissipation rate increases with the water speed in the ladle shroud and
decreases with the slide gate opening ratio.

4. Since the turbulence dissipation rate decays quickly down the ladle shroud, the gas
injection point should be set close to the slide gate.

5. Bubble size increases with air injection rate. A small air injection rate is crucia in
order to create small bubbles.

6. Orifice size does not exhibit a very strong correlation with the average bubble size.
However, a small orifice is recommended when the water speed is high and air injection

rateislow.
7. Despite the speed of water in the backflow region caused by the partially opened slide
gate is lower than the mean water velocity, the orientation direction of the air injection

point does not a show strong correlation with the average size of bubbles generated.

8. Thefinal average size of bubbles generated is a function of the initial bubble birth size

and the turbulent conditions it then experiences.
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Appendix |

1. Tubesfor the ladle shroud model
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3. Connectors for the ladle shroud model
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4. Final assemble for the ladle shroud model
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Appendix Il

Slide gate plate design
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Appendix Il

KARRKKK KKK R RRRHHX XA THiS |5 the | MAGE] MACTOCOLEH * ¥ ¥ %%k k*kk kx4 %4k kK% %
/I Author: Roger Ren
/I Last Edit Date: 2014-June-01
/[ Macro Purposes: This Macro is designed for analyzing photo data in batch
automatically.
/I Contact Info: xinyu.ren@mail.mcgill.ca
Dir_w = "F:\\Experiments Photos\\Data Process\\Results\\";
extension = "JPG";
Mother_Folder = "F:\\Experiments Photos\\Good 752_1110\REP 768 783\\"
function BBB () {
Xx=S Num ;
y=E Num+ 1,
for (z=x; z<y; z++) {
Dir_r =Mother_Folder + z +"/";
/I Get folder name from directory
n = lastindexOf (Dir_r, "/");
dir = substring(Dir_r, 0, n-1);
m = lastindexOf (dir, "\\");
TestName = substring(Dir_r, m+1, n);
//Process Photos
run("Clear Results");
j=0;
list = getFileList(Dir_r);
for (i=0; i<list.length; i++) {
if (endsWith(list[i], extension) == 1) {
open(Dir_r + list[i]);
run("8-bit");
setThreshol d(0, thold);
if (j==0){
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run("Set Scale...", "distance=" + Ca + " known=1 pixel=1 unit=mm
globa");

=1

}

run("Set Measurements...", "area centroid center fit circularity display
invert redirect=None decimal=3");

run("Anayze Particles..", "size=" + min_area + "-" + max_area +
"circularity=" + Circ + "-1.00 show=0utlines exclude clear include in_situ");

close();

}

}

saveAs("Results’, Dir_w + z + ".txt");

}

T
S Num = 115;
E_Num = 126;
Cal = 72.50;
Circ=0.70;
min_area= 0.1;
max_area = 29;
thold = 170;
BBB ();
T
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Appendix IV

**************************This Isthe Excel m&rocode***********************

Author: Roger Ren

Last Edit Date: 2014-June-01

Macro Purposes: This Macro is designed for analyzing photo data in batch automatically.
Contact Info: xinyu.ren@mail.mcgill.ca

Sub Button1_Click()

Dim FilePath As String

Dim strLine As String

Dimi AsInteger

Dimj AsInteger

Dim k As Integer

Dim rogerArray() As String

Worksheets. Add().Name = "Summary"

Sheets(" Summary").Range("A2").Vaue ="D32"
Sheets("Summary").Range("A3").Vaue = "D10"
k = Sheets(" Start").Range("B2").Vaue

| = Sheets(" Start").Range("B3").Vaue

l=1+1

yu=1

mi =2

Whilek <1

FilePath = "F:\Experiments Photos\Data Process\Results\" & k & ".txt"
Open FilePath For Input As #1

i=3

Worksheets. Add().Name = k
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While EOF(1) = False
Line Input #1, strLine
j=1
rogerArray() = Split(strLine, vbTab)

For Each roger In rogerArray()

Cdllg(i, J) = roger

j=j+1
Next roger
i=i+1

Wend

Range("O3").Select
ActiveCell.FormulaR1C1 = "Diameter"
Range("P3").Select
ActiveCell.FormulaR1C1 ="D2"
Range("Q3").Select
ActiveCell.FormulaR1C1 ="D3"
Range("O4").Select
ActiveCell.FormulaR1C1 = "=(4* RC[-12]/PI())"0.5"
Range("P4").Sel ect
ActiveCell.FormulaR1C1 = "=(RC[-1])"2"
Range("Q4").Select
ActiveCell.FormulaR1C1 = "=(RC[-2])"3"

Dim lastRow As Long
lastRow = Range("A" & Rows.Count).End(xIUp).Row
Range("Q1").Value = |lastRow - 3
Range("P1").Vaue = "Count"
Dim youbetl As Range
Set youbetl = Range("04:0" & lastRow)
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Dim youbet2 As Range

Set youbet2 = Range("P4:P" & lastRow)
Dim youbet3 As Range

Set youbet3 = Range("Q4:Q" & lastRow)

Range("04").AutoFill Destination:=youbet1
Range("'P4").AutoFill Destination:=youbet2
Range("Q4").AutoFill Destination:=youbet3
Range("N1").Select
ActiveCell.FormulaR1C1 = "D32"
Range("N2").Select
ActiveCell.FormulaR1C1 = "D10"
Range("02").Vaue = WorksheetFunction.Average(youbetl)
Range("0O1").Vaue = WorksheetFunction.Sum(youbet3) /
WorksheetFunction.Sum(youbet2)
Sheets(" Summary").Cells(yu, mi).Value = k
Sheets("" & k).Range("01:0" & lastRow).Copy
Sheets(" Summary").Cells(yu + 1, mi).PasteSpecial Paste:=x|PasteVaues
Close #1
m=mi+1
k=k+1
Wend
Worksheets(" Summary").Activate
Dim LastC AsLong
LastC = Cells(1, Columns.Count).End(xI ToL eft).Column
Cells(2, LastC + 2).Vaue=0
ij=3
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Whileij <15

Cdlg(ij, LastC + 2).Value = Céllg(ij - 1, LastC + 2).Vaue + 0.5
ij=ij+1

Wend

Dim BinArray As Range

Set BinArray = Range(Cells(2, LastC + 2), Cells(14, LastC + 2))
Dim Tile AsRange

Set Title = Range(Cells(1, 2), Cells(1, LastC))

Title.Copy

Cedlg(1, LastC + 3).PasteSpecia Paste:=xIPasteValues

rr=2

reslCol = LastC + 3

Whilerr<LastC+1

Dim lastRow2 As Long

lastRow2 = Cells(Rows.Count, rr).End(xIUp).Row

Dim Data As Range

Set Data = Range(Cells(5, rr), Cells(lastRow2, rr))

Dim Results As Range

Set Results = Range(Cells(2, res1Cal), Cells(14, res1Col))

Results.FormulaArray = WorksheetFunction.Frequency(Data, BinArray)

m=rr+1

reslCol =reslCol + 1

Wend

Dim FinalCopy As Range

Set Final Copy = Range(Cells(1, 2), Cells(2, LastC))
Final Copy.Copy

Cellg(16, LastC + 3).PasteSpecial Paste:=x|PasteVaues
End Sub
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