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ABSTRACT

ABSTRACT

The onset of a 'Iate' rotating vortex over an otT-centre drain nozzle at 2/3 radius

was studied in an 1160-mm diameter tank. It was found that using a sloped bottom ladle

could be beneficial in tenns of steel yield, provided the exit nozzle is located 'centrically'.

Miner modification of the nozzle (skewed nozzle) to impart a radial component of

velocity to the spinning vortex core was found ta he effective in making AMEPA system

sensitive to early slag entrainment phenomena by diverting the core away trom the central

vertical axis ofthe nozzle.

A 0.75 sca1e water model was construeted to simulate the t10w of liquid steel

through a ladle shroud in the presence of gas infiltration. It was round that the ladle

shroud slag detector could be temporarily 'blinded' by gas bubbles or permanently

blinded by a standing submerged gas jet.
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RÉsUMÉ

L'apparition d'un vortex rotatif 'à retard' au-dessus d'un tuyau de vidange

décentré à deux tiers du rayon du réservoir a été étudié dans un réservoir de 1160mm de

diamètre. TI a été montré que l'utilisation d'un fond incliné et en forme de louche améliore

le rendement de l'acier. Néanmoins, le tuyau d'évacuation doit être centré.

Des modifications mineures du tuyau (filtrage) pour donner à la vitesse une

composante radiale dans le cœur du vortex ont amélioré la sensibilité du système AMEPA

aux phénomènes d'entraînement des premières crasses en éloignant le cœur du vortex de

l'axe du drain.

Le flux d'acier liquide à travers une 'louche filtrante' en présence d'infiltration de

gaz a été modélisé à l'échelle 0,75 avec de l'eau. II a été montré que le détecteur de

crasse de la louche peut être momentanément obstrué par des bulles de gaz ou de façor

permanente par un filet de gaz.
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CHAPTER

1

INTRODUCTION

1.1 INTRODUCTION

The emptying of ladies of liquid steel into tundishes represents a critical operation

in terms of maintaining steel quality and optimizing steel yield versus steel quality. Tests

have shown that steel quality of the last part to be emptied from a ladle is poorer than the

average teemed, owing to increased amounts of slag entrainment. Whether this decrease

in quality is due to an increasing number of micro-droplets of slag entrained within the

steel melt that have not yet been re-absorbed into the upper layer of ladle slag, or is due to

lale rotational vortices setting in towards the end ofteeming, is not yet clear. Certainly the

last few inches of steel to be drained from a ladle will always contain entrained slag

which will originate from a vortex in the presence ofweak rotational flows.

The minimization of slag entrainment during the drainage of various metallurgical

vessels used in the continuous casting of steel bas become increasingly important due to

market demands for higher quality. The advantages of complete slag separation are an

improvement in purity of steel, better yield, and reduced Dozzle dogging and longer life

of refraetory materials through reduced contact with corrosive slag.

In this chapter, the phenomenon of vortex will be introduced, along with its impact

on the continuous casting process. Moreover, introductions to three different subjects

namely, (i) slag entrainment in late rotating vortices, (ii) detection of early slag vortexing

phenomena using AMEPA (Angewandte MeJ3technik und ProzeJ3automatisierung)

system and (iii) shroud gas/steel tlow interaction will be given.

1
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1.2.1 What is the Vortexing Funnel

The premature entrainrnent of any supematant slag layer, that arises from the

formation of what is commonly referred to as the vortex, is known to occur weil before

the vessel is empty of liquid steel. An essential pre-requisite to the formation of a funnel­

shaped vortex is that the liquid being drained out of a holding vessel possesses sorne

rotational motion, whatever the source of such rotation. Haindl l concluded that the

entrainment due to the vortex is not dependent on Froude number but on Reynolds

number.

Vortexing Funnel can be defined as a funnel-shaped vortex fonned from rotational

motion in the liguid.

1.2.2 Stages in the Formation of a Vortexing Funnel

A general consensus among researchers is that a vortexing funnel goes through four

stages of development. These are sketched in Figure 1.1. In the tirst stage, where the

liquid head is very large and/or any residual tangential velocity is low, a tiny dimple is

formed on the surface (Figure I.I(a»), usually centered on the axis of rotation of the

tangential motion. Then, the dimple starts extending down towards the drainage nozzle as

the liquid head decreases, or as the residual tangential velocity increases. It develops tirst

into a tiny surface vortex (Figure 1. 1(b), and then a deeper vortex funnel whose tip

shows rapid rotation (Figure 1.I(c»), as required by the law of conservation of angular

momentum. Finally a fully developed vortexing funnel (Figure l.1(d» that entrains the

supematant air (slag) into the drainage nozzle forms. Often, a discrete stream of air (slag)

bubbles would detach from the tail of the tall funnel (Figure 1.1(c», and exit through the

nozzle, much before the vortexing funnel became fully developed as in Figures l.l(d). In

this Figure, Ber means criticalliquid height for the formation of a vortexing funnel.
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•
Fig. 1.1 Stages in the development of a vonexing funnel, as summarized from the

published Iiterature

•

In the case of a pump-sump, the fully developed vortexing funnel would bend

upwards ioto the vertical intake (Figure 1.1 (e», the first three stages being the same as in

Figure 1.1 (a)-(c). Likewise, the tail of a vortexing funnel could easily bend into the

mouth of a vertical intake tube with a hockey stick shaped into a drainage nozzle located

on the side wall ofthe holding vessel.



It could be seen from the different results ofvarious authors that the rate of progress

through the four stages of vortexing funnel development itself is dependent on the

residual tangential velocity, and its spatial distribution in the holding vessel. The presence

of strong tangential velocity leads to an almost instantaneous progress from the dimple to

the fully developed vortexing funnel, while the residual tangential velocities are weaker,

the dimple would take longer to grow into a fully developed vortexing funnel, and the

diameter of the funnel would be much smaller as weil. After becoming a fully developed

vortexing funnel, further decrease in the liquid head is usually accompanied by an

increase in the diameter of the vortexing funnel, and consequently, an increase in the

amount of supernatant air (slag) entrained. 1

•
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•

•

It must be noted that the sketches shown in Figure 1.1 are simplifications of reality.

Vortexing funnels are rarely as symmetrical as sketched, except in the case of very weak

residual tangential velocities. In the presence of stronger tangential velocities, a helical

spiral-like surface is superimposed on the funnel shape; the funnel also moves laterally

and spatially with time. Finally, the direction of rotation of a vortexing funnel is always

the same as the direction ofany residual tangential mot:on in the vessel.

1.2.3 Characteristic Features of a Vortexing Funnel

With air on top of the liquid as a supernatant fluid, Characteristics of a vortexing

funnel formed in a holding vessel drained through the nozzle on the bottom are sketched

in Figure 1.2. The critical Iiquid height at which the vortexing funnel becomes fully

developed, H er, cao be much larger than the drainage nozzle diameter d. However, the

prediction ofH er for given set of vessel and initial conditions is not possible with present

knowledge. Thus, the minimum residual tangential velocity value, Vo.er, sketched in

Figure 1.2 as necessary for the initiation of a dimple as a pre-cursor to a fully developed

vortexing funnel is merely an as-yet-unproven hypothesis. By the same token, the

existence of unique values of V8,cr for various liquids is open to question.
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As mentioned earlier, the presence of rotational motion in the liquid is a necessary

condition for the formation of a vortexing funnel during the drainage of a holding vessel.

Therefore, the pathline followed by hypothetical particles of primary liquid, Iying on the

primary Iiquid-supematant fluid interface, en route to the nozzle, is sketched as a helical

spiral.

•
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The most important two properties of vortexing funnel formation might be the

discharge coefficient, Cf), of drainage nozzles based on dimensional analysis and the

critical liquid height, Ber. for its formation from the point of view of avoiding the

entrainment of any supematant fluid during the drainage of a holding vessel.

The stronger the rotational motion ID the vessel, the larger is the size of the

vortexing funnel formed; the larger the vortexing funnel, the greater is the volume of air

entrained; and the greater the air entrainment, the lower is the flow rate of liquid flowing

through the drainage orifice. Hammerschmid et aP found that Ber decreased as the

holding time increased; i.e., it was implicitly understood that Ber was directly

proportional to the intensity of the rotational motion possessed by the liquid at the

beginning of drainage. The study of the effect of nozzle size and position on H er revealed

that H er varied inversely with the diameter of the nozzIe and decreased with increasing

eccentricity.4

An interesting result from a comparison of the results of Haindl1 and Daggett and

KeuleganS is that the initiation of a vortexing funneI from a given residual tangential

velocity distribution is time dependent; H er itself is only a secondary parameter in the

process. The presence of a critical tangential veIocity in the liquid as a pre-cursor to

vortexing funnel formation is thus a likelihood that has yet to be weil understood.



1.3 IlAMFUL EFFECTS OF SLAG ENTRAINMENT•
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1.3.1 Metal Cleanness

Oxides of AI, Ca, Mg, and Si with traces of Mn, Na, S, P, etc. are essentiaI

inclusions in continuously cast steel. In order to refleet the dependence of their origins on

both physical and chemical events inherent to various steel processing operations,

inclusions are often classified as being indigenous or exogenous.

Inclusions formed from reoxidation, deoxidization, and desulphurization reactions

are usually considered indigenous to steelmaking while entrained slag inclusions are not.

Considerable knowledge about the prevention of indigenous inclusion formation is

available; for instances, reoxidation of liquid steel streams from the ladle and tundish cao

be prevented to a large extent by effective inert gas shrouding, argon bubbling in the ladle

is effective in floating out a large portion of the deoxidization and desulphurization

products; inclusion floatation can be improved by incre~sing the residence time of steel j.,

the tundish. Modification of flow behavior using dams, weirs and baffles inside r:~'

tundish, with the objective of increasing residence times and inclusion flotatio:

efficiency, continues to be an active research area among tundish metallurgists.

Given that there is not much time for inclusion floatation by the continuous nature

of the casting process, slag entrainment caused by vortexing funnel formation during

tundish-to mould or mould-to-solidifying-steel-strand flow would appear to be the major

source of exogenous inclusions.6 Slag entrained from ladIes and converters does have a

greater chance of being floated out, and until recently was not expected to contribute to

exogenous inclusion formation. However, considerable evidence to the contrary is

available in recently published literature. Cany-over of oxidized ladle slag into the

tundish was identified as a source of casting defects at the Cleveland, OH, Works ofLTV

Steel Co.7
•
S



Slag entrainment is also known to cause reoxidation of the metal, the removal of

which is bound to result in the generation of additional indigenous inclusion. Entrainment

of Iadle slag has been observed to result in a steady increase in the volume of slag in the

tundish, as sequence casting progresses, and it is repol1ed that the inclusion content of the

cast slabs is directly proportional to the tundish slag thickness.9 Moreover, slag

entrainment from a tundish to a mold can be caused by vortex formation, whenever the

steel level in the tundish drops below a critical value, and such slag entrainment from

tundish levels as high as 500-1000 mm lO have been reported.

•
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Clearly, the formation of slag entraining funnels contributes directly, as weil as

indirectly, to an increase in the number of exogenous, as weil as indigenous, inclusions in

cast produets, and must he avoided during ail stages of liquid steel transfer.

1.3.2 Liquid Metal Chemistry

The most important of the refining reactions involved in steelmaking are probably

dephosphorization and desulphurization, apart trom the removal of carbon and silicon.

The detrimental effeets of~ and .s have been known from the early Jays of steelmaking. Il

An embrittling effeet on steel is related to ~ contents in excess cf 0.005-0.02%, while

poor toughness and ductility are associated with S concentrations greater than 0.005%.

Renee it is extremely important to produce steel within required ~ and .s specifications.

The bare minimum of 0, H and N contents is also needed to keep. Carry-over of

converter slag has negative consequences on the I!, .s and 0 contents of ladle steel, while

entrainment of ladle slag to a tundish promotes reoxidization.

Being rich in FeO, MnO, Si02 and P20S which are easily reduced by deoxidants

and desulphurizing agentl~13 added during ladle retining, converter slag carry-over ioto

the ladle is known to result in poor desulphurization kinetics,I2.13 rephosphorization of

steel,14.1S poor yield of alloying additions,16,17 increase in the oxygen content of ladle slag

and Metal, Al IOSS,18 etc. The magnitude of these negative influences is directly

proportional to the amount of converter slag carried over. Dephosphorization in ladIes can



be expensive and requires specialized secondary steelmaking facilities. 19 Mechanical

deslagging devices are sometimes used to remove excess converter slag in the ladle;

however the benefits of deslagging are offset by temperature losses14 and increased

processing time. Reducing the increase of the oxygen content with attendant losses of

dissolved aluminum 7.14 caused by entrainment of ladle and tundish slags invariably lead

to temperature losses.

•
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1.3.3 Productivity and Yield of Liquid Metal

It is a weil known fact that slag carry-over also causes refractory erosion and thus

reduces the life of refraetories. This reduetion in the life of refraetories results in decrease

of produetivity because of increased production costs. Oxidizing converter slags are

known to attack ladle refraetories. 17
.20 In order to minimize attack on the tundish

refractory inserts like dams, weirs, etc., less basic tundish slags than ladle slags are

preferable. Entrainment of ladle slag reduces the life of tundish refractories. Entrainment

of tundish slag into the mould can lead to mould powder deterioratio~ 21 which in the

worst case can rupture the solidifying shell (Plould or strand break out), cause liquid steel

spillage and disrupt casting operations.

100 percent clean separation of steel from slag is not theoretically possible. In arder

to avoid having ta dealwith the problems likely ta be caused by potential slag

entrainment, ten ta twenty percent early closures with most of the remainder being late to

sorne degree would not be unusual. The amount of liquid steel left behind in each vessel

varies from plant to plant depending on specific slag praetices, and the grade of steel that

is being cast, etc. It was reported that yield loss on 290 ton heats could be as high as 20

percent if a full tundish (60 tons) was left after a single heat cast.22 From the conflicting

objectives of no slag carryover and complete liquid steel recovery, increased yield would

not nowadays be sought at the expense of quality (metal cleanness). However, the

minimization of yield losses bas always been, and will continue to be, of importance ta

steelmaker.



1.4 PuRPOSE OF THESIS•
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1.4.1 Slag Entrainment in Late Rotating Vortices

The minimization of slag entrainment without sacrificing yield of liquid Metal is a

primary concem of every quality-conscious steelmaker today. Teeming a ladle can be

improved considerably if slag cao be prevented trom flowing with the molten Metal. The

advantages of complete slag separation are an improvement in purity of steel, better yield,

reduced nozzle clogging, higher sequence lengths and a longer life of refractory materiaIs

through reduced contact with corrosive slags.

The criticaI height, H cr, is the most important property of vortexing funnel

formation from the point of yield of Iiquid metal. Many researchers studied parameters

effecting on the critical height: holding time, nozzle and ladle size, drainage coefficient,

nozzle position in the Iadle, etc. Holding time is usually kept as Iow as possible in

practice, because holding time is inversely proportional to the critica~ height. The nozzle

sizejs fixed dependipg on the produetivity of liquid metal in contir. ~us casting. Based

on the observation taken by Suker, et at, higher eccentricity of nOlzle position led to

lower criticaI height.

Given that the synergistic interaction between downward axial velocities in the

ladle and the tangential velocities present was the motive force for vortexing funnel

formation, the objective was to suppress axial velocities along the nozzle axis so as to

reduce the critical height.

Sloping a ladle bottom surface can be one of the ways to obstruet the downward

axial velocities. In the present work under the title of 'slag entrainment in late rotating

vortices', the influence of a sloping bottorn surface, with the drain set near the bottom of

incline in order to help maxirnize steel yield prior to slag entrainment, without changing

any other parameters, was studied.



1.4.2 Detection of Early Slag Vortexing Phenomena using AMEPA System•
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The reliable and early deteetion of slag in the melt has become increasingly

important due to market demands for higher quality. Successful prevention of slag

entrainment depends on the timing of the decision to stop ladle drainage. For higher

quality and yield of Iiquid metal, AMEPA system, one of the electromagnetic slag

detection methods in the category of detection-based end of drainage methods, is

currently being used~

The AMEPA slag sensor consists of primary and secondary coil system, which are

placed together, concentric to each other (Figure 1.3). An alternating current is fed inta

these concentrically arranged coils of the sensor, thereby inducing eddy currents within

the melt flowing through the nozzle just upstream of the slide gate nozzle and ladle

shroud (Figure 1.4.a). Ifthere is any slag in the mell, the conductivity of the melt changes

•
Primary coil

Primary current

Steel

Secondary coil
./

--"~....,....,.. -.JJ-L-_Secondary voltage

•
+Direction of flow

Fig. 1.3 Schematic diagram ofthe AMEPA measuring system; Julius et al.23
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H-

Electromagnefic Field· Only Steel

H-

EJecfromagnetic Field - With Slag

•

Fig. 1.4 Measuring and sensor principle of AMEPA. system, (a) electromagnetic field ­

only steel (b) electromagnetic filed - with slag

and the eleetromagnetic field increases slightly (Figure 1.4.b). This change is measured

by a secondary coil system. While these electromagnetic sensors offer a remarkable

amount of accuracy, consistency, and reliability in the detection and control of slag

entrainment, they are not yet capable of deteetion slag unless, and until, the steel stream

contains a significant proportion of slag (at present, the figure is 10% slag):m The

~pA system can be insensitive, if the slag goes through as a thin concentric

continuous stre~ which happens at the early stage of slag entrainment phenomena. Such

phenomena can occur when residual rotational flows within a ladle generate slag

entrainment vonices. This implies that a certain minimum of slag entrainment is

inevitable, and that it is very difficult to deteet the entrainment of discrete emulsified slag

droplets that May be produced during the impingement of a Metal stream on a pool of



liquid slag in the pouring box of the tundish or precede the onset of a fully-developed

vortexing funnel formation.•
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As the concentric continuous stream of slag cao cause AMEPA's insensitivity, the

purpose of the present work is to determine how the rotational core of a slag-entraining

vortex can be displaced off the central, venical axis of the nozzle in a simple practicable

way, so as to render the AMEPA system sensitive to early slag entrainment phenomena. It

will be a preferred method if it doesn't change any other imponant parameters in process

metallurgy, such as H er and Q (liquid metal flowrate), because flowrate of liquid metal is

directIy related to the produetivity of liquid metal and critical height is directly related ta

the yield of liquid metal.

1.4.3 Shroud Gas/Steel Flow Interaction

As reoxidation ofliquid steel during various processing stages of continuous casting

has a well-known negative effeet on Metal cleanliness and steel chemistry, another part of

maintaining steel quality is to use ladle shrouds to proteet the killed steel from reoxidation

during traosfer into the tundish.

NozzIe shrouds are used and these fit snugly over the collector nozzles.

Nonetheless, aspiration ofgas into the joint is difficult to prevent, since the static pressure

al the joint is almost zero for a 1.15 m long shroud nozzle filled with liquid steel. It is

common therefore, to protect the liquid steel from air aspiration and consequent

reoxidation, by flooding the joint with argon, or by aetually injecting argon, under

pressure, into a porous refraetory surrounding the joint, 50 as ta force sorne argon into the

steel jet in favor of air. This praetice can lead ta an exposed 'eye' of steel around the

entry point of steel from the ladle shroud iota the tundish, which in tum, can entrain

micro-droplets of tundish slag into the steel within the tundish, that may subsequently

report to the final cast produet.



In order to detect slag carry-over from the ladle into the tundish, Vesuvius is

developing a simple slag detection device that consists of a steel eleetrode wire in direct

electrical contact with the teeming stream. The onset of slag entrainment leads to a

positive voltage signal of about 0.2 V at the steel eleetrode due to ianization of the slag at

the slaglsteel eleetrode interface through formation of an eleetrical "dauble-layer',.24 By

contrast, if the steel eleetrode is contaeted with gas, no current will flow through the

system. Field tests with the Vesuvius ladle shroud slag deteetor have shawn this to occur,

on occasion, leading one to speculate that the detector can become 'blinded' when gas

bubbles pass by.

•
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A fundamental investigation ofair entrainment phenomena associated with teeming

nozzlelladle shroud assemblies had therefore been studied as part of on-going research

into slag entrainment phenomena in liquid Metal transfer operation under the title of

'Shroud gas/steel flow interaction' .

1.5 STRUCTURE OF THE REMAINDER OF THESIS

Chapter 2 is devoted to a discussion of available hydrodynamic theory for vortex

formation, prevention of slag entraining funnel formation and air entrainment and

shrouding of Iiquid steel.

As there are three main objects, i.e., (i) slag entrainment in late rotating vortices, (ii)

detection of early stage of slag entrainment applying AMEPA system and (iii) shroud

gas/steel flow interactions. the experimental apparatus, and the experimental procedures,

used in the present study, will he described under each title in Chapter 3.

Chapter 4 is devoted to the experimental observation and discussion, again under

three different titles. Observations from tlow visualization experiments are presented.

A summary and significant conclusions ftom the study are presented in Chapter 5.



•

•

CHAPTER

2

LITERATURE REVIEW

2.1 INTRODUCTION

An overview of potential flow theory to explain vonexing funnel formation based

on the conservation of angular momentum is provided in this chapter. A large number of

slag control systems developed will be reviewed also, along with air entrainment and

covered shrouding of Iiquid metal.

2.2 VORTEX FORMATION DURING LADLE DRAINAGE

2.2.1 Potential Theory

The principle of conservation of angular momentum was taken into account for the

origins of the vonex since 1936. Andrade25 hypothesized that "when a particle of water

circulating around an axis alters its distance iTom that axis, it must change speed so that

the produet of distance and speed remains the same - the closer to center it cornes the

faster it must move, and, still more, the greater must be the number of revolutions per

second, since, the distance being less, the angular velocity would have to increase if the

velocity had ta remain the same." The principle of conservation of angular momentum

cao be written as follows:

•
m~.r =constant

IS

(2.1)



where m, Vs and r are the mass, tangential velocity and radial position of the particle

rotating about the axis at r =o. Therefore, the tangential velocity distribution of a free

vortex can be written as follows:26
.2

7•
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(2.2)

•

where K is the strength of the vortex. K can be specified from known value of V and r.

The circulatio~ r, usually defined as 21lTV(J for flow around circular paths, is constant, as

long as the path aver which it is measured encompasses the vortex centre. However, as Vo

is undefined at r = 0, the circulation at the center can be shown to he zero. In other words,

the vortex is everywhere irrotational except at the center.

Assuming incompressible and inviscid Iiquid for two-dimensional steady flow, the

line vortex and the line sink can be superposed, based on potential theory. This

superposition result in the potential vortex, the surface streamlines of which are

logarithmic spirals, and the free surface of which is hyperboloidaI in shape. The liquid

head in the infinitely large vessel is assumed to be constant. A line vortex and a line sink

are graphically shown in Figure 2.1.

..m1t
2

(a) Une Vortex (b)UneSlnk

•
Fig. 2.1 Graphical representation ofa line vortex and a line sink.



The radial and tangential velocity distributions for a line sink and a line vortex are

given by•
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V,,.smfc

m
Ve.Sinfc := 0:=- (2.3)

r

V,.voncc = 0,
K

Ve vortlJc =- (2.4). r

where the sink strength m has a negative value and the vortex strength K has the same

units as m. The sink strearnlines flow in towards the central axis. The stream function 'P

and the velocity potential ; for the line sink and the line vortex are given by

'P = m (} , , := m ln r (2.5)

tp= -Kin r, ; =KO (2.6)

•
Bath the sink and the vortex having singularities at the center, the velocities (V, in

the case of the sink and Vo in the case of the vortex) are intinite. The velocity

distributions for the line sink and the line vortex are both incompressible and irrotationaI.

Being a linear property, the solutions for stream funetions and velocity potentials of

superposed plane flow solutions can be added. In other words, the stream function and the

velocity potential of the combined vortex-plus-sink can be obtained by adding together

the individual stream functions of the vortex and the sink. Thus, the stream function and

velocity potential ofthe vortex-plus-sink are given by

tp= mB -Klnr, ;= min r + KO (2.7)

and the streamlines for the vortex-plus-sink are logarithmic, or equiangular, spirals of the

fonn

CI = e 'f 1K =constant (2.8)

•
These streamlines are plotted graphically26 in Figure 2.2, the stream functions of the

vortex-plus-sink lying at the intersection of the individual stream functions of the vortex

and of the sink. Such streamlines, with large mIK ratios, have been observed in the

laboratory as weil as in the vicinity of large turbine intakes located in lakes.
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Fig. 2.2 Streamlines for a vortex plus sink constructed by the graphical method::6

2.2.2 Velocity Distribution and Surface Profile of the Potential Vortex

2.2.2.1 Relative Circulation

Toyokura and Akaike28 observed the variation of the relative circulation~ rr, defined

as the ratio of the local circulation at radius r to the circulation in the free vortex region

far away from the drainage nozzle, with relative radial position in an inner viscous vortex

core at radii similar to that of the drain where the tangential velocity decreased ta zero

(Figure. 2.3).

(2.9)

•

Figure 2.3 shows that the relative circulation decreased rapidly with decreasing

radius in the viscous vortex core and the outer radius of the viscous vortex: core was

always greater than the radius of the nozzle itself, often reaching a value nearly 1.5 times

the noule diameter, depending on the nozzle diameter, d, and the radial Reynolds

number, N = rVr / v.
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Fig. 2.3 Variation ofrr in the vortex core; Toyokura and Akaike.28

Figure 2.4 shows that rr was constant in the outer free vortex region,29 and thus the

tangential velocity distribution was more or less identical to that of the inviscid potential

vortex.

1.$
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1 1 1 1 1

~

!
" Q ~ 0 - 0 • 0
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Fig. 2.4 Variation ofrr in an outer free vortex region; Daggett and Keulegan.29
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•
A similar dependence of rr on radial Reynolds number for viscous liquids was

predieted theoretically by Einstein and Li.30 Figure 2.5 shows the predieted variation of rr

with the radiai Reynolds number, A, which, by definitio~ was identical to Toyokura and

Akaike's28 radial ReYnolds number N. rr for viscous liquids was shown to lie between the

two extremes of rigid body rotation (A = 0) and potential vortex (A = 00). It was found

that measured values ofrr could be matched with the predictions trom theory if, and only

if, the liquid viscosity was assumed to be higher than the laminar viscosity (effective

turbulent viscosity); thus, turbulent momentum transfer in the viscous vortex core was

indicated.
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Fig. 2.5 Variation ofrr ; Einstein and Li.30
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%.2.%.2 Tangential Velocity Distribution

Daggett and Keulegan29 studied the tangential velocity in the outer free vortex

region. Figure 2.6 shows the tangential velocities in the outer free vortex region at various

depths and radii. It shows that the tangential velocity in the outer free vortex region varied

with radial position aJone, with very little dependence on the axial position. Tangential

velocities did not vary with dep~ Z, except very close to the t100r of the vessel. Anwar 1

compared between calculated and measured tangential velocities in the free vortex region

as weil as near the vortex core and found reasonable agreement with the tangential

velocity distribution ofa potential vortex up to the specifie point, from whic~ to air core,

significant deviations were observed. Kimura and Hasimoto32 measured the tangential

velocity distribution with radial position, with no drainage, and found its dependency on

the radial position and the time period over which measurements were made as weil.

•
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Fig. 2.6 Tangential velocities in the outer free vortex region at various depths and radii (A

= nozzle radius); Daggett & Keulegan.29



~2.2.2.3 Radial Velocity Distribution

Figure 2.7 shows the radial velocities in the outer free vonex region at different

depths and radii observed by Daggett and Keulegan.29 They found the presence of

significant radial velocities that are known to increase at smaller radii, and also at lower

depths. As can be seen from Figure 2.7, the dependence of radial velocities on the depth

was stronger at smaller radius than at larger radius. Similar results were obtained by

Toyokura and Akaike.28

However, radial velocities in the inner viscous region are lower at smaller radial

position. This decrease al radii smaller than the nozzle radius was driven mainly by the

predominance of downward axial velocities. Anw~3 showed that the radial velocity had

a maximum at r/d = 0.375; the theoretical explanation developed to account for this

maximum in the radial velocity also indicated that the radial velocity at the axis would be

zero. Daggett and Keulegan29 reponed a maximum in the radial velocity at ,./d = 0.75.

•

•
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nozzle radius); Daggett and Keulegan.29
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Fig.2.8 Sketch ofupward and downward axial velocities near the vortex core; Quick34

2.2.2.4 Axial Velocity Distribution

Measurements have shown the presence of significant axial velocities in the vicinity

of the vortex core,34.35 often in excess of 10% of the tangential 'v"elocities as required by

the conservation of angular momentum. Quick34 observed downward as weil as upward

axial velocities. Figure 2.8 shows upward and downward axial velocities near the vortex

core. Daggett and Keulegan29 also suggested the presence of such upward as weil as

downward velocities by doing numerical computations of the axial velocity distribution,

on the basis of measured tangential and radial velocities. Kamet36 showed that upward

axial velocities were inevitable when the flow through the boundary layer close to the

vessel floor exceeded the discharge capacity of the drainage nozzle.

2.2.2.5 Surface Profile of the Potential Vortex

The surface profile of the potential vortex when the sink strength m is negligibly

small can be determined easily by applying standard Bernoulli analysis. If we substitute

the radial and tangential velocity distribution for the line vortex, Eq. (2.4) in the Bernoulli

equation, we obtain



•
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pK!
p+-~-+pgz=C

2r- (2.9)

where C is a constant. It cm be shown that a surface of constant pressure must therefore

have the shape

C - C-Pl
1-

pg
(2.10)

•

•

Thus, ail constant-pressure surfaces, including the free surface where the pressure is equal

to the atmospheric pressure, have the fonn of a second order hyperboloid; i.e. z varies

inversely with ,;. Figure 2.9 shows a comparison of measured and calculated free surface

profiles carried out by Stevens and Kolf.37 It can be seen from Figure 2.9 that measured

and calculated free surface profiles were in good agreement in the free vortex regions,

while the diameter of the vortex was smaller than predieted by theory at ail depths in the

core region. Similar results were also reported by Anwar,31 however, it was found that at

sorne point close to the vessel floor, the measured profile became wider than the

theoretical profile.
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Fig. 2.9 A comparison ofcalculated and measured Cree surface profile; Stevens and Kolr7



2.3 PREVENTION OF SLAG ENTRAINMENT•
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2.3.1 Introduction

A large number of slag control systems developed and tested can be grouped in the

following four categories, based on analysis oftheir goveming principles.

(1) 'slag-cut' methods,

(2) 'metal-Ievel-control' methods,

(3) 'deteetion-based end of drainage' methods, and

(4) 'vortex suppression' methods.

The principle of each of these categories is briefly described here, with proper examples.

50 as to illustrate as weil as evaluate Methodologies. It should he stated that only one of

the slag control methods Iisted above, vortex suppression methods, addresses the cause of

slag entrainment. It is necessary to highlight the faet that a certain minimum of slag

entrainment cannat be avoided even with the best of existing technology, and that it is yet

impossible ta deteet., let alone prevent, the entrainment of discrete emulsified droplets of

slag.

2.3.2 Slag-Cut methods

Methods under this category of 'slag-cut' take advantage of the density differences

between slag and liquid steel ta physically interrupt, or eut, slag entrainment as soon as it

begins. For the case of BOF converter tapping, slag-cut methods have been largely used.

The principle of using slag-cut balls17 and siphon tapping holes20
•
38 will be addressed

hereunder.

Figure 2.10 shows a slag-cut bail method. With intermediate density between slag's

and metal's, a slag-cut bail would remain at the slag-metal interface, descend into, and

block, the tapping hale when slag flow starts. The effeetiveness of the slag-cut action is

limited by the ability ta position the bail close to the tapping hole axis, and by the extent

to which the mating contours of the bail and the tapping hole match one another.
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Fig. 2.10 Slag-cut ball method; Saigusa et al. 17

Using a siphon tube attached to the conventional tapping hole (siphon tapping hole)

was found to be effective on reducing slag entrainment.20
..)8 The basic assumptions used

in the siphon tapping hole development are that (1) slag flow begins only after ail metal

has been tapped, and (2) the ferro-static pressure of the last of the steel could be used to

overcome the head of slag remaining in the converter, thereby preventing slag flow.

Figure 2.11 illustrates the siphon tapping hole' s principle.

HI HiSh~ YI Plow rat.
S; Cro.s .ectloD ar.1l'fAJ J)enld.'t7 of ••tal
".; 4enalv of .las

Sch...t10 41acram o~ siphon
'tappiDC hole.

Fig. 2.11 Schematic diagram of siphon tapping hole; Ohmori et al.20



Slag flow stoppecl when the ferrostatic pressure in the free arm of the siphon tube

could no longer be overcome by the static pressure ofthe slag, i.e.•
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(2.11)

The necessary dynamic condition that ensured the prevention of slag flow was that the

slag-metal interface did not reach the zero datum shown in the Figure 2.12, i.e.

p",gh3 - Psg(h4 +hs) > ~ (p",V)2 + P SV2
2

) (2.12)

whic~ with due consideration to the equation of continuity, was rewritten as,

B", > Ps (l+a)
H s Pm

(2.13)

(2.14)

•

•

where a. represented a constant containing various slag and Metal heads, cross-sectional

areas, and the densities of the slag and steel, as follows:

(h h P s h SI
2

SI=-
4 - 3 + - J(p", S2 + P s S2)

a = Pm 3 2

PmPs(h.: + h3 )

2.3.3 Metal-Level-Control Methods

Using sensors and appropriate control systems makes it possible to maintain liquid

Metal level above a pre-set minimum value. Being the simplest metal-level sensor, the

weighing scale cannat differentiate between slag and steel. This disadvantage is also

shared by other techniques that use infrared, microwave, or laser optic radiations for level

deteetion. However, the Electromagnetic Metal Level Indication (EMLI) system, an

electromagnetic measurement technique, has shown its capability of giving an accurate

indication ofthe aetual metallevel, that is independent ofslag volume.39
,40.41

Figure 2.12 shows the measuring principle ofEMLI and schematic ofEMLI tundish

level sensor. AC-current is fed into a transmitter coil so as to generate an electromagnetic

filed, thereby inducing an AC-voltage in a second coil used as a receiver.
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Fig. 2.12 The measuring principle ofEMLI systems; Mellberg and Linder.39

Slag responds differently from liquid steel ta the electromagnetic field generated by the

transmitter, which makes it possible ta accurately determine the actual Metal level.

Another metal-Ievel-control method could be ta use ultrasonics, the penetration depth of

which has been reported as 500 mm.42
•
43

2.3.4 Detection-Based End of Drainage Methods

Since there are various manifestations of slag entrainment, for example, the

different spark characteristics of slag from those of steel, visual sighting of slag is the

simplest of ail detection methodologies. In order to get visual access, however, Iiquid

steel has to be poured without any shroud during the last stages of drainage, which results

in the reoxidation of liquid steel.

On the basis of the slag-steel stream possessing lower impact energy than a

volumetrically equivalent stream of liquid steel, vibration sensors mounted on tundishes,
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Fig. 2.13 Schematic illustration of a vibration sensor-based automatic slag detection

system; Itoh et al. 44
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Fig. 2. 14 Change in the tundish vibration signal at the onset of slag flow; Itoh et al.44

and on ladle shrouds, have been used to deteet slag entrainment.~.4S Schematic

illustration of a vibration sensor is shown in Figure 2. 13 and the change of the tundish

vibration signal at the onset ofslag flow is shown in Figure 2.14. Even thought the use of

the vibration sensor rests on empirical observations, the fact that the sensor allows

completely shrouded pouring, to the exclusion of reoxidatio~ is a definite advantage.

Gravimetrie detection of slag entrainment continuously monitors ladle weight

during drainage, the signal ofwhich is continually fed to a computer which performs real­

time computation ofthe first and second temporal derivatives of ladle weight, vi:. Casting



(teeming) rate and rate of change of casting (teeming) rate, respeetively.46.47 With no

change in the volumetrie flow rate, the onset of slag entrainment results in decrease in the

mass flow rate, then the casting rate curve and dramatic increase in the rate of change of

casting rate curve (see Figure 2.15 and 2.16). A slag alarm is usually set up go offwhen

the gradient in the rate of change ofcasting rate exceeds a pre-seleeted value.

•
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Fig. 2.15 Change in the ladle wt. signal, and its derivatives, during the draipl-ge of a 180

ton ladle; Andrzejewski et ai.48
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Fig. 2.16 Change in the casting rate and its derivative during the drainage of a ladle;

Gruner et al.49



Electromalnetic sial detection offers far greater accuracy and reliability than any

other detection method. Electromagnetic Metal Level Indication system (E!vU..I), and

Angewandte Meptechnik und Prozepautomatisierung (AMEPA) will be brietly treated

here. Installation of both of these sensors is so easy that those sensors are quite suitable

for use on converters, ladIes, and tundishes. EMLI slag detection sensors are based on the

same measuring principle as the EMLI metal-Ievel-deteetion sensors. Figure 2.17 shows

schematic implementation of an EMLI sensor on a converter.tapping hole. Variations in

the EMLI signal as a function of the relative amounts of steel and slag in the drainage

nozzle, and in response to the c10sure of the ladle slide-gate are shown in Figure 2.18.

•

•
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Fig. 2.17 EMLI s!ag indication system for a BOF converter; Mellberg and Linder.39

Fig. 2.18 Change in the EMI.l signal as the slide-gate is closed; Mellberg.41
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Fig. 2.19 AMEPA signal change at the onset of slag tlow in proportion with typical noise

levels; Julius et al.2J

As mentioned earlier in chapter one, the AMEPA slag sensor,23.S0 based on the same

measuring principle as the EMLI, also has a primary and a secondary coil that are placed

together, concentric to one another. Variations in the AMEPA signal with the slag content

of the outtlow are shown in Figure 2.19, which also shows that the jump in the AMEPA

signal at the onset of slag tlow is significantly higher in amplitude in comparison with

typical signal noise variations.

2.3.5 Vortex Suppression Methods

Stopper rods were found to have roles of vortex suppression as weil as tundish

nozzle closure and metering of steel flow. However, the use of stopper-rods is often

accompanied by air-core penetration from beneath the ladle, severe flaring of the outflow

stream, and in the case of less than optimum sized stopper-rods, eccentrically disposed

vortexing funnels too. When stopper rods were ineffective at vortex suppression, one or

three different forms of funnel shaped entrainment core were observed,SI which were

shawn in Figure 2.20, V;Z. an air core extending from the top surface of the Iiquid into the

drainage nozzle and either (a) centered on and enveloping the stopper rad or (b) eccentric

to the stopper rod axis, and (c) an air core rising up from below the ladle through the

drainage nozzle on to the lower tip of the stopper rod. Jewasinski et al.'2 found that

stopper-rod can effectively suppress a vortex, especially when the diameter of the stopper
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Fig. 2.20 Vortices that fonn in the presence of a stopper rod above the drainage nozzle;

Dubke and Schwerdtfeger.51

•
rad is at least three times larger than that of the nozzle. A tloating donut centred on the

stopper-rod was found to be effective in suppressing the eccentric surface vortex (Figure

2.20 (b)), in a full-scale water model ofa Stelco tundish.21

•

A "vortex buster"~ was designed to interrupt downward axial tlow and rotational

flow that are the main two component of the potential vortex, based on the critical

tangential velocity hypothesis and the conditions favorable to vortexing funnel formation,

i.e. the downward axial velocities in the vessel and the tangential velocities present was

the motive force for vortexing funnel formation. The horizontal baffle plate that is a

physical barrier to downward axial velocities, and vanes as the essential components of

the vortex suppression device is schematically shawn in Figure 2.21. Vanes and baffles

were so fahricated that different dimensions of the horizontal baffle and the vanes could

he rnixed and matched easily. Sankaranarayanan2 evaluated the ability of each

combination of the bame and vanes to suppress vortexing funnel formation as a function

of initial tangential velocity. The necessary vane height was found to be at least equal to

,if not greater than, half the nozzle' s diameter. Moreover, vortexing funnel suppression

performance improved with increasing baffle plate diarneter, as expeeted.
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Fig. 2.21 A schematic diagram showing the horizontal baffle plate and vanes as the

essential components of the vortex suppression device; Sankaranarayanan2

Figure 2.22 shows critical height versus initial tangential velocity for the "vortex

buster". By promoting radial flows along the vessel floor, at the expense of downward

axial flows along the nozzle axis that are inevitably formed in the presence of strong

initial tangential velocities, the "vortex buster" effectively removes the root cause for

vortexing funnel formation. 2

Even though the vortex buster was successfully tested in water model of a

steelmaking ladle with a incredible results (no vortex at aIl!), this was not implemented in

steel making ladies yet.
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Gas injection stirring, based Of! the limit of formation of vortexing funnel :'

directly proportional to the intensity of residual tangential motion, have long been used tG

destroy residual tangential velocities in the bulk of the liquid.3
•
6

•
S3 The Most popular

method of injection gas has been through a porous plug built into the drainage nozzle. It

was observed that air injection into a water-liquid paraffin model of a tundish

considerably reduced liquid paraffin entrainment (Figure 2.23).6 Considerable

improvements in slag quality were obtained when the porous plug was installed in the

tundish. Based on experiments about gas injection to suppress slag entrainment with

water models of a steelmaking ladle, Hammerschmid et at? concluded that (1) the shape

of the gas plume was important and (2) suppression of the paraftin ail vortex improved as

the gas flow rate was increased. Subsequent adoption of the porous plug ta the tapping

hole of a 120 ton and a 300 ton converter resulted in significantly lower slag thicknesses

in the ladle at the end ofconverter tapping.
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Fig. 2.23 Gas injection into tundish water model; Ichikawa el al. ~

•
2.4 AIR ENTRAINMENT AND SBROUDING OF LIQUI D STEEL

2.4.1 Air Entrainment

•

The entrainment of gas by liquid jets pluoging ioto pools has Lleen of interest ta

chemical and mechanical engineers as weil as process metallurgists. Lin and DonnelyS4

observed that there is a minimum critical velocity for a given jet diameter at the plunging

point over which entrainment occurs. Van de Sande and Smith~~ also observe the

minimum critical velocity. Noting that as the jet velocity is increased, there are three

regimes for entrainment, they suggested two equations, one for short jets and the other for

long vertical jets. Burley and Kennedy~6 used a continuous moving plane tape ta measure

air entrainment into a fluid bath. They observed that the velocity of air entrainment is a

functioo of surface tension and viscosity. The air entrainment velocity tended to be a

constaDt value of9.5 cm/s independent of surface tension when viscosity is over a certain

critical value (4.65 poise). Several equations describing the volumetrie ratio of entrained

gas to liquid, <bAI «I»J. have been proposed by different researchers who used a variety of

experimental conditions. For instance:



Ohyama et al. 57 gives

<1> {V J-<J'447(D V J2..18( Jo.:!11
_A = 0.7 -L. J J Pw -.!::-
<1>J gL '7w DJ

=O.7S(Fr)-G·41(Re)"-1S (~rJl

•
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(2.15)

•

De Frate and Ruch58 give

<1> A = 10-6(PAV)LJ
<l>J "

= 10-6We

Henderson et al.60 derive

Ciborowski and Bin61 suggest

(2.16)

(2.17)

(2.18)

<1> A = 5X10-11D~[(!LJ X(I- 400) + A] o.()()479D

J

-I.603 x(~JI8x(&J (2.19)
<1>J .Jgi We DJ PA

And Van de Sande and Smith55 suggest for short jets

J{
<1> A = 0.027 VJ VJI3 (2.20)
<1>J D~

J

and for long vertical jets

<1> A = 8.5 X 10-6 + 0.105 x 10-3 Pw V}
Cl>J <l>J

(2.21)

•
with these, one May then estimate the ratio of air to liquid steel entrainment, Cl>A 1 <1>1,

using physical variables and conditions. Since the mechanisms of gas entrainment and its



amount, will probably depend on the individual processing operations, these correlations

are so dissimilar that they cannot be combined into a single expression. Of the relations

presented, Eq. (2.17) was derived on purely theoretical grounds, using boundary layer

theory.~9 As it was claimed to be relevant to short coherent streams, its applicability and

concepts in the case ofextended dispersed streams would appear to be questionable.

•
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More recently Choh et al.62
,63,64 have developed a new relationship using water,

ethanol, glycerin aqua solution and liquid tin. And they confirmed that the rate of gas

entrainment can be represented by a model assuming that the gas entrainment does not

occur under the true cylindrical stream but arises by the cavity produced by the collision

between the bath surface and the stream surface protuberances. They suggested

cl» A=O.02{Rc - a}3 (2.22)
cl» J ao

2.4.2 Shrouding of Liquid Metal

In continuoüs casting, the preblem lies in transforming Iiquid metal to solid w:! haut

reoxidation. Reoxidation may occur during the pouring of steel from the ladle t the

tundish and then between the tundish and the solidifying strand. McLean et a/.65 studied

factors affeeting the reo~idation of molten steel during continuous casting. They

concluded that the major ill effeets of air teeming are: (1) oxidation of the stream and

pool by direct contact with the air, (2) oxidation of metal within the pool by air entrained

with the stream, (3) entrapment of nonmetallics, particularly oxide material from the pool

surface, within the solidifying metal and (4) lack of control of flow patterns within the

molten pool.

Based on the fact that the mass of oxygen available fur reoxidation is only a

function of the partial pressure of the oxygen in the surrounding gas.59 inert gas (argon)

was introduced to minimize the partial pressure of oxygen in the surrounding

atmosphere.66
,67 Measuring the average oxyge~ it was found that clean steel inert gas

shrouding system (Figure 2.24) is effective on preventing reoxidation caused by pouring



liquid steel through air.66
•
67 McPherson68 measured nitrogen pick-up, as the extent of

reoxidation between ladle and tundish, and round that reoxidation using physical

(refraetory) shrouds was higher than with inert gas shroud (argon), because of the

difficulty in achieving a tight seal between the ladle nozzle and the inner neck of the

physical shroud. He also round, however, that using the physical shroud and argon ring

system (Figure 2.25) round to be the most effective way, among several systems he tried,

to prevent reoxidation.

•
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Fig. 2.24 Clean cast shrouding system66
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•
Fig. 2.25. Refractory shroud system68



The shrouding of the ladle stream found to be effective on reducing inclusion line

severity and frequency in stainless flat rolled produet69
•
70 and surface quality of cold

rolled steel produet,71.72 as weil as preventing reoxidation.66
•
67 Demasi and Hartmann71

also observed that temperature loss trom ladle to tundish reduced by as much as lOto 15F

by means of ladle shroud.

•
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Since the height of the exposed section of ladle shroud is usually 0.8 to 1.2 meters

above tundish-bath level, the static pressure at the shroudlcollector-nozzle joint

approaches a vacuum, as required by Bernoulli' s equation for conservation of potential,

kinetic and pressure energy. L. Wang et a/.73 studied about pressure distribution in ladle

shroud applying water modeling and numerical simulation and concluded that sub­

atmospheric pressures generated in the slide gate and sm-oud nozzle can lead to the

ingress of a large quantity of air ioto the liquid during ladle teeming. M. Schmidt et al.7~

developed an u argon bayonet" design (Figure 2.26) for shielding joint between ladle ta

collector nozzle and ladle shroud to meet requirements: (1) Argon must be supplied to the

shield in such a way that surrounding air cannat be entrained, (2) The argon supply to the

shield must be sufficient to satisfy the maximum demand from a leak and (3) Argon gas

must not be forced into the bore through ov~rpressure.

Fig. 2.26 Argon bayonet device for shielding joint between ladle collector Dozzle and

ladle shroud; Schmidt et a/.74
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CHAPTER

3

EXPE~ENTALAPPARATUSANDPROCEDURE

3.1 INTRODUCTION

As the title indicates, the experimental apparatus and the experimental procedures

used in the present study are described in this chapter. There are three different subjects,

i.e. (1) Slag Entrainment in Late Rotating Vortices, (2) Detection of early stage of Slag

Entrainment applying AMEPA system and (3) Shroud Gas/Steel Flow Interactions.

Various components of the experimental set-up for those three different subjects are

discussed. Explanations for (1) Iadle and nozzle fabrication, (2) ruler for determining

radial position of surfa,-~e marker and (3) inflow set-up will be given ~n experimental

apparaws. The experimt-ntal procedures presented include those for thn"c subjects along

with the decay oftangential velocity distributions in the ladle.

3.2 EXPERIMENTAL APPARATUS

3.2.1 Ladle and Nozzle Fabrication

The ladle for the experiment of Detection of early stage of Slag Entrainment

applying AMEPA system was made using a transparent sheet of Polycarbonate. The

tubular section of the ladle was built by rolling up a rectangular sheet, of required

dimensions, into a cylinder and joining together the two edges. The joint was either a

continuous seam of glue, or a lap joint with a backing strip of Plexiglas and two rows of

41
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bolts and nuts. A lap joint comprising a reinforcing strip of Plexiglas8 on the outside, and

two rows ofbolts and nuts, was used in the fabrication orthe 495-mm diameter ladle; 3.2­

mm thick Polycarbonate sheets were used, and the ladle measured 620 mm in height.

Three rectangular sheets of 3.2 mm thick Polycarbonate, lap jointed together as

before, were used to fabricate the 1160 mm ladle for the experiment of Slag Entrainment

in Late Rotating Vortices. The height was 1500 mm.

The next step of the fabrication of the ladies for experiments was ta cut a circular

bottom plate to fit snugly within the rolled-up cylindrical tube, and glue it in place. The

bottom plate of the ladle was made out of 6.4-mm thick sheet of Plexiglas~. The 1160­

mm ladle was placed within an existing, square cross-sectioned, steel tank with a

Plexiglas front-wall, and so was provided with a false bottom construeted from 38 x 89

mm and 19 mm thick plywood sheets.

By virtue of the circular shape of the bottom plate, the lower portion of the ladle

was thus perfectly round. However, the upper portions of the ladle tended to become

somewhat distorted. Thus the Iadle, made from 3.2-mm thick walls, needed additional

reinforcement in the forro of a circular, spnng-steel cailar placed on their top rïros. As for

the 1160 mm, which was also made with the 3.2 mm thick walls, a sufficiently large

collar could not be fabricated, and the ladle diameter was large enough to retain a

reasonably well-rounded cross-section throughout.

Hales were then drilled in the bottom plates of the ladies, so that the nozzle holding

adapters could be installed. The 1160-mm diameter ladIes were also fitted with an

additional, off-central nozzle holding adapter at roughly 2/3 radius. The axis of the off­

central nozzle holding adapter was situated 402 mm away from the central axis (i.e.,

eccentricity = 0.7). The ladle was fitted with a nozzle holding adapter on the central axis.

A sketch of the nozzle assembly and the nozzle holding adapter on the floor of the ladle

for the 1160-mm diameter ladle is shown in Figure 3.2. The nozzle was made from

transparent Plexiglas.
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Fig. 3. 1 A sketch of the nozzle, nozzle holding adaptor, and nozzle plug used in the 1160­

mm diameter ladle2



For the experiment of Shroud Gas/Steel Flow Interactions, a 0.75 scale of shroud

was fahricated. Two Polycarbonate pipes were connected to each other; the inner

diameter ofeach Polycarbonate pipe was 53 mm and the length of each pipe was 600 mm

so that the totallength is 1200 mm. A pve (polyvinyl chloride) was attached around the

top and bottom of the lower pipe and a pve was attached around the bottom of the upper

pipe so that these two pipes could be connected with each other using bolts and nuts.

Using an O-ring between the pve at the bottom of the upper pipe and the pve at the top

of the lower pipe, it was possible to prevent any air leaks through the joint.

•
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A hole whose diameter was 4 mm was drilled in the upper part of the shroud with

an angle of 46-, so as to render the length between the bottom of the shroud and the hole

to 1150 mm. Then a transparent Plexiglas pipe of which inner diameter was same as that

of hole was attached at the point of the hale with an angle of 46°, thereby rendering the

angle ofgas injection to 46°. A figure will be given in experimental procedure part.

One wished to simulate a typicalliquid metal flowrate of about 4.0 tons per minute

through an SO-mm diameter shroud, which corresponds to a linear velocity through the

shroud of about ,2 rn/s. However, the maximum flowrate of water available 1 the

laboratory was 265 liters per minute. In order to maintain an equivalent dow,lflow

velocity, the maxjmum diameter of tube was 53-mm instead of SO-mm, althoubh the

length of shroud nozzIe used was typical of a full-scale system (1 ISO-mm). The angle of

gas injection was chosen as e = 46° sa as to correspond ta the angle of gas entry that

might be expected from any air leaks between the collector nozzle and the shroud.

The upper part of this shroud was connected to the water-flow meter that monitored

water flow rate, then ta a pressure gauge that monitored the absolute pressure and finally

to a tap that controlled water flow. In arder to monitor the air flowrate, a set of airf10w

meter was connected to a mercury manometer that was connected ta the gas injection port

and used ta register the gas pressure at which air flowed into the ladle shroud.



3.2.2 Ruler for Determining Radial Position of Surface Markers.•
Ch.3 EXPERIMENTAL APPARArus AND PROCEDURE 45

•

•

The residual tangential velocity distribution in the ladle was deduced from the

motion of Styrofoam markers on the surface of the water. Consider, for example, the case

of a marker rotating around the axis of the ladle. If the radial position of a marker was

known, its tangential velocity couId be calcuIated from the time taken to traverse a known

distance, say one-half or one-quarter of a circle. The time t corresponding to each such

measurement was taken as the time at which the Marker was mid-way through the arc

under consideration, and ail time was measured with reference ta the end of filling as

t = O. Figure 3.2 shows the roler devised to measure the radial position of markers. As

seen, increasing radial distance was marked either side of a zero mark, which in tum was

perfectly aligned with the central axis of the ladle. This radial position-measuring ruler

was mounted on a Plexiglas strip and Iowered to within 5 to 10 mm of the liquid surface

in order to minimize parallax errors.

Fig. 3.2 RuIer to monitor the radial position of markers in the 495-mm ladIe;

Sankaranarayanan2



A cross-shaped ru1er, with radial markings on two mutually perpendicular

diameters, was used in the 1160-mm diameter ladle. Since the radial location of a Marker

could thus be measured four times during each of its revolutions around the ladle axis, the

cross-shaped ruler was more suitable for the larger ladle than a ruler with markers on one

diameter only.

•
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3.2.3 Inflow Set-Up

The arrangement used to fill the ladies with water was probably the most critical

component of the experimental vessel. A unique water intlow set-up was used that was

capable of inducing tangential velocities that were nearly constant throughout the ladle,

irrespective of the radial or axial location.

A copper tubing, of external diameter 13 mm was used to make the inflow tube.

The tube was bent at an angle of 30" at a point lOO-mm from the exit. The bent tube was

c1amped to the ladle wall so that the axis of its straight section was parallel to the ladle

wall. The axis of the straight-section of the inlet tulle was 90 mm closer to the central axis

of the ladle than the ladle wall itself The exit of .he inlet tube was 460 mm above the

bottom of the ladle.

Once installed in the ladle, the inlet tube was rotated 45" in the counter-clockwise

direction about the vertical axis of its straight section, thereby imparting a clockwise

directional motion to the water as it filled the ladle. Thus, the water jet issuing out of the

filling inlet tube entered the ladle at an angle, and impinged upon the ladle wall at a point

which was ahead ot: and to the left of, the inlet tube's tip. The water would then follow

the curvature of the ladle wall, and thus take on a clockwise sense of rotation. As the

water level in the ladle increased above the initial jet impact point on the ladle wall, the

radial and angular position ofthe jet impact point would shift.



As mentioned earlier, the residual tangential velocity distribution produced by this

inflow arrangement was more or less independent of the axial, radial and azimuthal

coordinates, i. e.,•
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(3.1)

where Ve.t denotes the residual tangential velocity at holding time t. The decay in the

tangential velocity was of the following general fonn,

v =C r'"[J,t e (3.2)

•

•

where Ca and Il were constants. The value of n was approximately equal to one. The

magnitude of the tangential velocity at the end offilling (i.e., t = 0) was dependent on (1)

the angle of entry of the inflow jet, (2) the relative position of the initial jet impact in the

ladle, (3) the dimensions of the ladle. (4) the flow rate of filling, and (5) the level to

which the ladle \1?&s filled. For each combination of the above parameters, the tan_:'~ntial

velocity distributien, and its decay with increasing holding time, was determined .- s per

the procedures.

A brief discussion of the reasons for choosing this filling arrangement is in order.

First of a1l, this inf10w arrangement is an exaggerated version of the BOF converter

tapping stream, which when entering the ladle is neither perfectIy vertical, nor perfectly

aligned with the central axis of the ladle.

Secondly, the present filling arrangement permitted the deployment of a unique

dimensionless tangential velocity number without having to reson to similarity with a

potential vortex. While the tangential velocity distributions yielded by the present filling

arrangement as well as the idealized tangential inlet arrangements used by several earlier

workers can both be uniquely defined by a single value of initial tangential velocity, the

present filling arrangement is less restrictive, and thus, more practical. Funhermore, the



present filling arrangement has the potential to yield sorne insights into the existence, or

lack thereof. of a critical tangential velocity associated with the initiation of vortexing

funnel formation.•
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Thirdly, purely radial and purely axial inlets cannot, in theory, produce any

rotational motion. Since tangential velocities produced adventitiously by such inlets

tended to be relatively weak, their usefulness to the fundamental objectives of the present

study was limited.

3.3 EXPERIMENTAL PROCEDURES

3.3.1 Residual Tangential Velocity Distribution in the Ladle

The following was the step-wise experimental procedure adopted to determine the

residual tangential velocity distribution in the ladle.

( 1) Set up the experimental vessel.

(2) Install the radial position-measuring ruler in the ladle.

(3) Set up the video camera above the ladle.

(4) Switch the lighting fixtures on.

(5) Prepare about five Styrofoam markers (say, labeled A and B) and keep them handy.

(6) Start the video camera recording.

(7) Open the nozzle of the inflow set-up - continue filling the ladle until the desired

initial depth was reached, and close the nozzle.

(8) As soon as the filling was completed, gently place two or three markers on the

water surface, weIl separated from one another in terms of radial and azimuthal

locations. In case of 1160-mm ladle, a small vertical tube was used to drop pieces of

Styrofoam markers onto the surface of the filled, and rotating, body of water within

the 1160-mm diameter ladle. Its lime of transit between radially displaced lines

corresponding to an angle of 6f at radial distances of 42-50 cm was measured for



each situation, 50 as to be sure that the same initial starting conditions were set up,

prior to emptying the ladle through one of the two exit nozzles.

Monitor the motion of the markers as a function of holding time. Thus, the radial

and azimuthal positions of each Marker, at all instants of time, became known. The

markers did not always go around in exact circles; elliptical paths were not

uncommon, probably due to the filling-induced eddies they not having been

perfectly symmetrical about the ladle axis. Needless to say sorne disturbances were

introduced by such relocation of markers, but as long as the disturbances were kept

to a minimum, their effects on the overall flow patterns were negligible.

Continue monitoring the markers, and the camera, etc., until the rotational motion

becomes almost imperceptible.

Stop videotaping after ail rotational motion had died down.

Play back the videotape and note down the stopwatch time and the radial and

azimuthal location of each Marker as it crossed one of the leading edges of the

radial position-measuring roler. The distance traveled in a known time interval

could be determined trom successive readings of radial position, and angular

position of a Marker. Thus, it was possible ta calculate an average value of

tangential velocity for the time interval under consideratio~ which could then be

assigned as the tangential velocity at the median time.

Plot ail the tangential velocity data (for ail markers, for ail radial positions, and ail

times) in one graph.Use regression analysis ta establish the relationship between

Vs and the holding time.

•

•
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3.3.2 Slag Entrainment in Late Rotating Vortices

The onset of a 'late' rotating vortex over an off-center drain nozzle at 2/3 radius

was studied in an 1160-mm diameter tank. The critical height of water at which this late

rotating vortex set in for a flat ladle bottom, was compared with the critical height of

water for air (slag) entrainment with a bottom ladle surface, sloped at 3.5°. Identical

starting conditions were used for the two conditions. Figure 3.6 provides an isometric

drawing of the techniques used to study the onset of late rotating slag-entraining vortexes.



•
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Fig. 3.3 Equipment used to study late rotating vortex formation



The following was the step-wise experimental procedure for the experiment of slag

entninment in late rotating vortices.•
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(1) Set up the experimental vessel - install the Ucentric (8 = 0)" nozzle at 2/3~ and an

off-set (e =29) at 1/2R.

(2) Switch the lights on and ensure that the necessary background screens and

retlectors were in place, and verify Iighting conditions with a light meter.

(3) Prepare the cameras for shooting.

(4) Fill the ladle ta the desired initial depth - open the water inflow (simultaneously

starting the hand-held stopwatch), bring the level ta required value. Note down the

stopwatch time at the moment the inflow was closed completely.

(5) Do not stan emptying the ladle until the chosen holding time had elapsed.

(6) Start the video camera recording.

(7) Start drainage by unplugging the nozzle and start visual observation.

(8) Note down the rime at which the ladle became empty

(9) Review the videotape, and note down critical height of the vortexing funnel and set

tÏmes.

(10) Repeat from (1) to (9) several times to make an average value Jfdata.

(11) Tilt the ladle at an angle of 3.f in order to simulate the effet.: of a sloped bottom,

and its ability to improve steel yield prior to the establishment of a late rotating,

slag-entraining, vortex.

(12) Repeat from (1) ta (9) several times to get data for sloped bottomed ladle.

3.3.3 Detection of Early Stage ofSlag Entrainment applying AMEPA System

As mentioned earlier in the Introduction, the purpose of the present work was to

determine how the rotational core of a slag-entraining vortex could be displaced off the

cel1ral vertical axis orthe nozzle in a simple praeticable way, so as to render the AMEPA

system sensitive to early slag entrainment phenomena.



In order to divert the vortex funnel away trom the central axis of the 45-mm

diameter Dozzle centrally placed in a 49S-mm diameter cylindrical ladle, two methods

were investigated.•
Ch. 3 EXPERIMENTAL APPARATUS AND PROCEDURE S2

•

The tirst concept involved putting a thin plate over a nozzle entrance, so as to

partially block the nozzle's aperture, thereby creating a region of under pressure behind

the nozzle plate (Figure 3.4). Due to the pressure difference across the cross section area

of the shroud nozzle, lower pressure behind the plate and higher pressure in the opposite

side of the shroud nozzle, it was probably possible to divert the vortex funnel to the lower

pressure region of the shroud nozzle. The plate covered firstly 50% (Le. a. semi-circular

area) of the nozzle, this coverage percentage was chosen arbitrary. Then 80% of the

nozzle entrance was covered by blocking 3/4 of the nozzle with a thin square plate,

hoping to divert the tip of the vortex funnel more abruptly to the nozzle's sidewall behind

the plate.

... - Fully developed Vortex

Thin Plate

:0.•.
•0·

•
Fig. 3.4 Experimental apparatus orthe tirst method



The thickness of the PlexiglasS can effeet the velocity component of the liquid

metal in the ladle, especially the tangential velocity component. This is discussed in detail

in Chapter 4, along with other experimental observations from the present study. For the

present wodc, it was decided not to disturb the velocity components as possible, and any

other experimental parameters. In order to minimize this effect of the thickness of

Plexiglas~ on the tangential velocity of the liquid Metal, the thickness of Plexiglas~

should be thin enough.

•
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4-- Skewcd Nozzle

Fig. 3.5 Experimental apparatus for the second method (skewed nozzle)
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The scale model water ladle was filled to an initial height of 43 Omm, with a

kerosene (slag) layer 20mm thick on top. It should be noted that if the supematant fluid

was air, the core of the vortex funnel expanded abruptly as it entered the drainage nozzle,

which happened whether or not the shroud nozzle is submerged in the water. But if the

supernatant fluid was oil, this didn't happen, which is true in real system. Such outflow

stream behavior has not been dealt with adequately in the published literature. It might be

a function of the viscosity ofthe supernatant fluid and the pressure distribution.

•
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It is a known faet that the critical height is inversely proportional to the size of the

nozzle. 50, the tirst method could result in a higher critical height than that without any

treatment, which means lower yield of the liquid metal. Moreover, the flowrate of the

liquid metal wouId decrease as the opening percent of the nozzle decrease, which rneans

lower productivity of the liquid metal. Thus these two parameters, i.e., criticaI height and

flowrate, were the main drawbacks of the tirst method.

In order to overcome these difficulties and objections, the second approach involved

redesigning the nozzle so as to generate a radial velocity component in Iiquid metal as it

flows into shroud nozzle without changing the :-lowrate of the liquid Metal. Figure 3.5

shows the experimental apparatus for this appro; .:h. A thick plate ofPlexiglas~ (23.5mm

thick) was drilled at an angle of 30° to the vertical, so as ta have an aperture area

equivalent to that of the 45-mm diameter nozzle on which it was pIaced. It was calculated

that the opening was around 82%. From this, it could be said that flowrate of the liquid

Metal would be less about 18% of the original flowrate. In this case, the re-designed

nozzIe couId effect discharge coefficient in a bad manner. Figure 3.6 shows the re­

designed nozzle for this experiment of the deteetion of the early stage of the slag

entrainment. The thickness of the redesigned nozzle and the angle to the vertical were

chosen arbitrary for the present work However, it can be said that the thickness of the

Plexiglas~ will probably effeet on the tangential velocity of the Iiquid metal near the

nozzle, which results in lower critical height in hope. And the angle is probably related to

the strength of the radial velocity component~ then the length of the sidewall of

impingement below the Dozzle plate.



The following is a typical sequence of actions during diverting the tip of the

vortexing funnel experiment:•
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(1) Setup the experimental vessel.

(2) Fill the ladle to the desired initial depth. Quickly place the thin plate or redesigned

nozzle (skewed nozzle) on the marked position on the ladle bottom. Quickly

transfer the oil from the bucket. Note down the end of tilling time. Make sure that

initial depth did not differ by more than ± 10 mm from the nominal value.

(3) Follaw the procedure from (5) ta (10) in section 3.3.2.

3.3.4 Shroud Gas/Steel Flow Interactions

In order to study the range of flow phenomena associated with the introduction of

gases into the collar ofthe ladle shroud fitting around the collector nozzle of the siide gate

nozzles, measurements of gas hold-up as a function of entry gas flowrate and water

flowrate were canied out. Table 3.1 shows the experimental conditions for the present

work.

Table 3.1 Experimental conditlons for shroud gas/steel reaction

Tube # FLMR. Qaie Qwater

(miIl iliterslmin) (literslmin)

1 FM082-03ST 15 262 265

2 FM082-03ST 25 384 265

3 FM082-03ST 90 1105 265

4 FM082-03ST 150 1682 265

5 N044-40T 25 8680 265

6 N044-40T 45 17305 265

7 N044-40T 47.5 18367 265

8 N044-40T 65 25025 265
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• Fig. 3.7 Equipment used to study air infiltration into ladle shrouds



The condition of non-submerged nozzle was also compared to the submerged

nozzle. A 0.75 scale water model was construeted to simulate the flaw of liquid steel

through a ladle shroud (53-mm ID, 1.15 m long) in the presence afgas infiltration with an

angle of46-. (Figure 3. 7). FLMR in Table 3.1 means Flowmeter Reading.

•
Ch. 3 EXPERIMENTAL APPARATUS AND PROCEDURE 58

The following is an experimental procedure for the experiment of the shroud

gas/steel interaction phenomena.

(1)

(2)

(3)

(4)

(5)

(6)

• (7)

(8)

(9)

•

Prepare the video camera for shooting.

Open the water int10w with a chosen flowmeter reading.

Note down the absolute pressure before introducing air into the shroud nozzle.

Hit the record button on the video camera to start the videotaping at least five

seconds before introducing air or helium into the shroud nozzIe.

Introduce air or helium into the shroud nozzIe with a chosen flowrate.

Note down the Mercury manometer reading; to calibrate the exact air or helium

flowrate.

Measure the time-averaged length and width of gas hold up as a function of gas

volume fraction.

Terminate videotaping, and close the water inflow nozzle and air or helium nozzle.

Prepare for the next experiment.
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CHAPTER

4

EXPERIMENTAL OBSERVATIONS AND

DISCUSSION

4.1 INTRODUCTION

ln this chapter, several observations and data from the experiments are presented

under the three subjects: Slag Entrainment in Late Rotating Vortices, Detection of Early

Slag Vortexing Phenomena using AMEPA system and Shroud Gas/Steel Flow

Interactions.

4.2 SLAG ENTRAINMENT IN LATE ROTATING VORTICES

4.2.1 Decay in the tangential velocity in 116o-mm ladle

The tangential velocity distributions in the ladle was determined according to the

experimental procedures outlined in Section 3.2.1, from the motion of styrofoam markers

on the water's free surface within the ladle. As mentioned earlier in chapter 2, the

tangential velocity distribution was more or Jess constant across the entire surface

(independent of radial position) and at ail depths. The decay in the tangential velocity

with holding lime is shown in Figure 4.1, iTom which the appropriate time 10 begin

draining, could be established. Data are plotted in Figure 4.1 along with a regression

equation (Eq. (4.1».

• v = 47004 . r1.04
8

S9

(4.1)
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Fig. 4.1 Decay in the tangential velocity with holding time in the 1160-mm diameler

ladle; Standard error ofestimate = 6.6243

The paths taken by the markers were not entirely circu1ar, particularly at shorter

holding times when asymmetric eddies from the filling action were still in existence. The

radial positions at the beginning and end of a known arc were used ta calculate the

average radial position of the Marker, from which the distance traveled in a known time

and the tangential velocity were determined. When the eccentricity of the loop, with

respect to the central axis of the ladle, was high the distance traveled by the Marker was

sometimes underestimated, leading ta an underestimation of the tangential velocity. Ali

experiments began with an initial filled height of about 50 cm ± 1 cm, the ladle being

filled with an angled pipe 50 as ta impart rotational flows. Table 4.1 shows data from

present work including residual water volume using Eq. (4.2).

V =Ir D 2 .(H Icosa -Dtana)+ Tf tana.D 3

4 cr . 8



Slope Nozzle Location Initial Drain lIt,,;t Rer Residual

(degree) Tang'tl time (m) (m) Volume (liters)

Velocity (sec)

(m/sec)

3.5 Offset l/2R 0.0240 666 0.51 0.115 84

3.5 Offset l/2R 0.0240 666 0.51 0.115 84

3.5 Offset l/2R 0.0240 666 0.51 0.115 84

3.5 Centric 213R 0.0275 770 0.50 0.078 45

3.5 Centric 213R 0.0266 778 0.50 0.078 45

0 Centric 213R 0.0272 740 0.49 0.080 47

0 Centric 213R 0.0266 736 0.49 0.080 47

0 Offset l/2R 0.0265 783 0.49 0.070 37

0 Offset 1/2R 0.0264 793 0.50 0.065 31

Table 4.1 Critical height data for late fonning rotating vonexes

4.2.2 Change of the Critical Height

•

•
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As seen from Table 4.1, initial tangential velocities at r = 40 cm corresponding to

2.6 ± 0.1 cm/s, were chosen for the four emptying situations modeled. Two sets

corresponded to the ladle being tilted at an angle of3.5°, in order to simulate the effect of

a sloped bottom. The other two sets corresponded to situations, in which the ladle was

flat, and the same "centric" nozzle at 2/3~ and an off-set (8 = 29) al l/2~ were used to

compare the critical heights of water at which a late, slag-entraining, rotating vortex set

in. Ail tests were carried out with a sharp-edged nozzle of 19-mm diameter. Typically, the

Dozzles were positioned at about 2/3-radius of the ladle.

As seen from Table 4.1, Ber for the off-central Dozzle was only slightly lower than

the Rer for central nozzles in the 1160-mm diameter ladle in case of flat bottom system.

The axis of rotation that was initially aligned with the central axis of the ladle was found

to move towards the axis ofthe eccentrically positioned nozzle, and as soon as the axis of



rotation approaehed the vicinity ofthe nozzle axis, the vortexing funnel was formed. Very

often, a dimple was initiated away ftom the nozzle axis, and the growing tail of the

vortexing funnel Ubent in" towards the drainage nozzle; shortly after the onset of air

entrainment, the vortexing funnel quickly aligned itself along the nozzle's axis. The worst

situation corresponded to an otT-set nozzle at r = 0.5 R, for a sloping surface in which air

(slag) was entrained once the liquid level had dropped to 11.5 cm above the drain nozzle.

However, for the nozzle at r = 2/3R and (J = 0°, and sloped ladle bottom, the late rotating

vortex took more time to center in around the nozzle (- 100 seconds longer), by which

time the height ofwater above the nozzle had dropped to about 8 cm. This proved to be

equivalent to the critieal height above the same nozzle when the ladle bottom was flat.

The result shows that in this case more steel can be drained from the nozzle with a

sloping bottom surface.

•
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A similar result was observed for the flat, off-set nozzle, located at r = 0.5 ~ which

suggested that a critical height of about 7 cm could be aehieved before slag entrainment

would be expected. The present data shows that a late rotating vortex produced by weak

rotational flow veloeities in the order of 2 cm/s can be established at critical heights as

high as Il.5 cm for a sloped bottom fitted with an offset nozzle at half radius. This

rotating vortex strengthens and wouId entrain inereasing amounts of slag that would be

entrained in a central core of slag surrounded by a rotating annular column of liquid steel.

As the two-phase flow passed through the collector nozzle, the rapid acceleration of

liquid oil (slag) into the nozzle elongates the entrained oil (slag) into a thin jet or thread.

This thread of oil (5Iag), presumably as a result of Rayleigh instabilities, then breaks

down into a fine dispersion of oil (slag) droplets in water, as the flow pa5sed into the

tundish. The action ofa slide gate nozzle would be to disturb the central, or axial, f10w of

slag and to disperse slag droplets across the width of the shroud nozzle. However, once a

draining funnel is established, the proportion of slag entrained rises practically

instantaneously (- milliseconds), to become a signifieant volume fraction of the liquid.

Again, a partiaUy closed slide gate nozzle would disnapt the central core of slag

surrounded by the annular jet of steel issuing tram the collector nozzle.



4.3 DETECTION OF EARLY SLAG VORTEXING PHENOMENA USING

AMEPA SYSTEM•
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4.3.1 Decay in the Tangentiaa Velocity in 495-mm a.dle

The decay in the tangential velocity with holding time in the 495-mm ladle is

shown in Figure 4.2 along with regression equation (Eq. (4.3».

~ =33211·r1.14S (4.3)
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Fig. 4.2 Decay in the tangential velocity with holding lime in the 495-mm ladle; Standard

error of estimate = 4.4535



In experiments where there was a layer of oil atop the water, it was not possible ta

measure the decay in the tangential velocity within the water due ta the difficulty in

placing markers at the water-oil interface. Typically, the oil was poured from a plastic

bucket immediately after the end of tilling. As a tirst approximation, it was assumed that

the ail layer did not affect the tangential velocity distribution too much, and that the decay

in the tangential velocity within the water layer was identical to that measured in the

absence of ail. As the top surface of the canola ail (viscosity = 50 mPa s) showed

considerable rotation, the ail layer probably had a retarding influence on the tangential

velocity at the water-oil interface (and hence in the bulk of the water) at any given

holding time. Since a greater propensity for the formation of a vortexing funnel was

observed in the presence of an oil layer, campared with the case where the tilling

conditions and the holding rime were identical but the ail layer was absent, the result of

assuming that the ail layer had no effect on the tangential velocity distribution only led ta

an underestimation of the raie of the oillayer on the HeT versus V~i behavior. Thus, it was

a reasonable first approximation to neglect the role of the ail layer in the tangential

velocity distribution in the ladle as a funetion ofholding time.

•

•
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As the residual tangential velocity in the ladle is usually 30-40 mm/sec, 7 minutes

with which tangential velocity in the ladle was 35 mm/sec was chosen as an appropriate

holding time according to Eq. (4.3).

4.3.2 Diversion of the Slag Entraining into the Shroud Nozzle

As mentioned earlier, the purpose of the present work was ta divert the vortex

funnel away from the central axis of the nozzle, so as ta malee it possible to detect slag

entraining in the early stage of slag entrainment. Figure 4.3 shows the situation without

any treatment. Figure 4.4 and 4.5 show the diversion of the vortex funnel away from the

central axis of the nozzle when the thin plate covered the entrance of the nozzle by 50%

and 20%, respeetively. The observation using the redesigned nozzle was shown in Figure

4.6.



Fig. 4.3 Slag entraining into shroud nozzle with no treatment
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Fig. 4.4 Diversion ofthe slag entraining into shroud nozzle with SO % opening
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Fig. 4.5 Diversion of the slag entraining into sbroud nozzle with 20 % opening

Fig. 4.6 Diversion ofthe slag entraining into shroud nozzle with redesigned nozzle



4.3.3 Length of the SidewaU InapiDlelDeDt beIow the Nozzle Plate•
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Without any treatment on the nozzle entrance, the core of slag entraining went

through the center of the nozzle, while the core of slag entraining was displaced off the

central axis of the nozzle and broken into many small droplets after impinging on the

nozzle sidewall when two methods were applied.

Applying the tirst method involving putting a thin plate over the nozzle entrance, it

was found that this simple method was effective in redireeting the vortex core of ~slag'

(kerosene dyed recl) away from the central axis of the nozzle. This can be thought as a

similar case of the action of a slide gate nozzle that would be to disturb the central, or

axial, flow ofslag and to disperse slag droplets across the width of the shroud nozzle. The

second approach using a redesigned nozzle (skewed Rozzle) successfully created radial

velocity component in the flowing fluid. Kerosene oil (slag) redirected its path from

central axis to the wall of the nozzle at it flew out through the nozzle. As this rotating

core of kerosene would impinge on the nozzle sidewall in both methods, the length of

sidewall impingement below the nozzle plate was measured as a main parameter in this

work. (Figure 4.7)
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• Fig. 4.7 Length of the sidewall impingement below the Rozzle plate



In the first approach, the length of sidewall impingement below the nozzle plate

was 78-83 mm when the plate covered SOOIO of the nozzle entrance (i.e. a semi-circular

area), and 73-78 mm when the plate covered 80010 of the opening. It is understandable

from the point of Bernoulli' 5 equation that 80010 covering of the opening generated more

pressure difference across the nozzle than SOOIO covering did, which resulted in shorter

length of sidewall impingement below the nozzle plate when the covering was 80%.

•
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As the path of slag entraining into the nozzle was found to be determined by the

bulk flow in the second method using a skewed nozzle, the angle to the vertical of the

skewed nozzle was important. Changing the angle to the vertical will probably change the

length of sidewall impingement below the nozzle plate. In the present work, the angle was

30
0

and the length was 68-73 mm.

Since the thin concentric continuous stream of slag caused the insensitivity of the

AMEPA system, tirst purpose of the present work was the diversion of the slag

entrainment. However, the lengths of sidewall impingement below the nozzle plate were

ail short enough comparing the thickness of the ladle bottom, and small droplets resulted

afier the impingement of slag to the nozzle sidewall dispersed across the nozzle.

Therefore, it can be stated that the less the length of sidewall impingement below the

nozzle plate, the earlier detection of slag entraining is possible.

4.3.4 Change of the Flowrate

Clearly, the draw back to those two approaches is a lower flowrate of liquid metal,

and also a higher critical height for slag entrainment, owing to increased energy losses in

the entrance region of the nozzle caused by reduced nozzle opening. It is weil known fact

that the flowrate is proportional to the nozzle size. As the flowrate of the Iiquid metal is

directly related to the productivity of the liquid metal, this parameter is very important in

the process metallurgy and was measured. The change of the flowrate of Iiquid metal

depending on two methods was shown in Figure 4.8. The prediction of the flowrate was

aiso calculated using QCakllkII.d =CD· ANo::1• • J2gh .
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Fig. 4.8 Changes in Flowrate ofliquid metal according to the nozzle opening and opening

method.

A pre-determined height was used as a reference height for the measurement of the

flowrate of Iiquid Metal using Eq. (4.4) instead of measuring flowrate of whole liquid

Metal from the ladle, because the ladle would be closed with liquid metal left in the ladle.

(Hi,,;,_ - H nj".).A~
Q__rvd = t _ t. . (4.4)

Nf· '''''

Here, Hinit and Href. is a initial height and referential height, specifically and Alodie is

cross sectional area of the ladle. The drainage coefficient, CD =O.84, for the theoretical

flowrate of liquid metal determined by setting the theoretical flowrate be same as the

practical flowrate when the opening was lOOOA» was used for ail cases.

The flowrate was decreased as the opening of the nozzle decreased. Moreover the

measured flowrate was almost same as the calculated flowrate, when a thin plate was put

on the nozzle entrance, independent of the opening percent in the present work. However,

the measured flowrate trom the second approach using a skewed nozzle was a little bit



lower than the ca1culated flowrate. Drainage coefficient was probably changed to just a

Iittle bit lower value, because of the increased energy losses in the entrance region of the

skewed nozzle though it was not 50 much.•
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4.3.5 Change ofCritical Height

Being directly related to the yield of the Iiquid metal trom the ladle, critieal height

depending on the methods was also measured. It was shown in the Figure 4.9. As

expected, the critical height increased as the opening of the nozzle decreased, when a thin

plate was put on the nozzle entranee. As the increasing rate of the critical height was

much greater than the decreasing rate of the opening, the exponential decay style

relationship between two parameters might he deduced to the certain percent of the

nozzle opening.
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Fig. 4.9 Changes in critical height according to Dozzle opening and opening method.



As the AMEPA is one of the detection-based ends of drainage methods~ it cannot

suppress the vortex formation by itself, which means that it merely address the effect of

entrainment, rather than the cause itself. However~ the use of a skewed Dozzle reduced the

critical height just a little bit, though the opening was reduced ta 82% of the Dozzle

entrance. This phenomenon couId he regarded that ~ntricity of the nozzle entrance led

to a reduced critical height by altering the rotational flow around the nozzle or hindering

the flow flowing in the gravitational directio~ against the increased energy los5 in the

entrance region of the nozzle caused by reduced nozzle entrance.

•
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4.3.6 Sïze of the initia. vortex funnel tip

The charaeteristic diameter of a vortexing funnel at the early stage of the slag

entrainment was defined as the diameter along the interface between the primary liquid

and the supernatant tluid at the very instant that the funnel first became fully-developed.

This critical diameter increased in direct proportion with the nozzle diameter~ as shown in

Fig. 4.4~ 4.5 and 4.6. Since the diameter of vortexing funnels was only of secondary

importance to the overall objectives orthe present 5tudy~ no effort was made to measure

the absolute values ofthe critical diameter.

4.3.7 Effect of the Thickness of the Plate over Nozzle Entrance

It was observed that the center of the vortex on the liquid surface was positioned

over the extended radius perpendicular to the edge of the plate when it became fully

developed vortex. There was no recognizable change to the end of the ladle drainage in

the position with a thin plate over the nozzle. However, the initial position of the center

moved around the center ofthe ladle in the counter-clockwise direction seen from the top,

while the rotational direction of the liquid remained in the ladle was clockwise. When the

center of the vortex on the liquid surface was over the extension of the plate edge, the

fully developed vortex was disappeared. Therefore, there was no slag entrainment at a1l to

the end of the laclle drainage. From this phenomenon, it is clear that the thickness of the



plate over the nozzle is related ta the velocity components of the Iiquid left in the ladle

though nothing was known about tbat relationship yet.•
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4.4 SHRoun GAS/STEEL FLOW INTERACTION

4.4.1 Two Phase Flow Regime with Fixed Water Flowrate

It was found that there was no noticeable change ofreading trom the pressure gauge

monitoring the absolute pressure in the water tlowiog nozzle, whether or not there was an

air introduction into the shroud nozzle. Therefore, the introduction of air into the shroud

nozzle didn't change the pressure inside of the nozzle. The gauge pressure reading from

mercury manometer decreased as the gas tlowrate inereased. The data of the gauge

pressure reading fram manometer was shown in the Table 4.2, along with the volume

percent ofair in the shroud nozzle. At low air infiltration rates, a negative gauge pressure

of-7.65 cm Hg was measured, which is equivalent to (7.65 x 13.6) or 104 em H20. This,

as expected, closely corresponds to the height of the ladle shroud between ilS exit, (where

P = atmospheric pressure) and the gas injection port. The gauge pressure was zero when

there was about 7 volume percent of air introduction into the shroud nozzle, which means

that no air infiltration would occur in this situation. An abrupt increase was found after

this eritieal value by inereasing the volume percent of aif slightly. The real air tlowrate

was caleulated from Eq. (4.5):

Qœr =K,as x Qstd

K = T«t x Po (4.5)
ltu T P

o «t

Where:

Qœr = Equivalent Air Flow Capacity at Standard Conditions

Qstd. = Maximum Flow ofMetered Gas

T«t = Absolute Temperature al Flow Conditions



Tube # FLMR. Q- hUI Qair Qwatcr Volume

(llmin) (cmIHg) (llmin) (llmin) % ofAir

FM082-03ST IS 00.262 -7.7 00.276 265 0.10

FM082-03ST 2S 00.384 -7.6 00.405 265 0.14

FM082-03ST 90 01.105 -7.5 01.163 265 0.42

FM082-03ST 150 01.682 -7.3 01.769 265 0.63

N044-40T 25 08.680 -5.5 09.012 265 3.17

N044-40T 45 17.305 -1.0 17.420 265 6.13

N044-40T 47.5 18.367 -0.5 18.428 265 6.48

N044-40T 65 25.025 8.1 23.789 265 8.63

Table 4.2 Air-Water flow c1ata changing air flowrate•
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Ta = Absolute Temperature at Standard Conditions

PQCt = Pressure at Flow Conditions

Po = Pressure at Standard Conditions

Vertically downward two-phase flow studied in the present work showed a different

flow regime from the preceding experiments carried out by people in chemical process

industry and petro-chemical technology. It was assumed that there would be a three

different f10w regime depending on the volume percent of air in the vertical pipe as the

liquid flow down: bubbly flow, slug-bubbly flow and annular flow. However in the

present work, no slug-bubbly flow appeared at all. Instead, a 4 standing' jet of air at its

point of entry into the water flow was ohserved. It was observed that air infiltration

through a controlled leak lead to the formation of a small-submerged gas jet immediately

below the air' s point of entry. This standing jet broke up into smaller bubbles of about 1-5

mm equivalent diameter, that were carried downstream and became uniformly distributed

across the shroud's cross-section, owing ta the high flow velocity of the water (steel), (­

2 mis). Three pictures taken from the videotape corresponding to air volume percent of 1,

5 and 10 percent were shown in the Figure 4.10 to 4.12.



•
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Fig. 4.10 Pietures taken from the videotape corresponding to air volume percent of 1%



•
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Fig. 4.11 Pietures taken fram the videotape corresponding to air volume percent of 5%



•
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Fig. 4.12 Pictures taken from the videotape corresponding to air volume percent of 10%



These pictures demonstrate that small amount of gas infiltration lead to the

entrainment of small gas bubbles which are dispersed across the cross section of the

shroud nozzle, 50 as ta become uniformly distributed about 0.5 m downstream from the

point ofinjeetion ofgases. Larger amounts ofgas infiltration (5% volume ratio) then lead

to a much larger envelope of gas extending downstream, together with its continuing

break down into smaller bubbles. At very high gas infiltration! blowing rates (9010 volume

ratio) the water flow tended ta become annular with an air core hugging the sidewall,

extending inta the central axis ofthe shroud, and all the way to the shroud's exit.

•
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As the volume percent of air entrainrnent tises towards the 9010 maximum volume

ratio studied in this wode, the bubbles sheared from the submerged, 'standing jet of air at

ilS point of entry into the water flow become larger. At the same time, the submerged jet

extends further into the shroud, and further down the sidewall, such that parts of the

sidewall are not contaeted by the liquid steel jet. This could doubtlessly lead to a frozen

jacket of steel and may account for the occasional loss in electrical contact between the

eleetrode sen50r and the steel stream in real shroud systems.

Similarly, at somewhat higher gas flowrates (- 9010), a central air core tends to

develop with water flowing in an annular fashion down the internai sidewall below its

point of entry. Under these circumstanees, massive amounts of gas entrainment would

still blind the slag detection device. The question of gas hold-up in the column owing to

the bubbles' rising velocities is ignored, since the downstream velocity ofwater, at 2 rn/s,

is significantly greater than the bubbles' rising veloeities ofperhaps 0.1- 0.2 mis.

4.4.1 Submerged and Non-Submerged Shroud Nozzle

Four different water flowrates and eight different standard air flowrates were

ehosen to compare the results from submerged shroud nozzIe with those from non­

submerged nozzle. Table 4.3, 4.4, 4.5 and 4.6, corresponding to the water flowmeter

reading 13', 100, 65 and 55 specifieally, shows the results including standard air

flowrates, real air tlowrates using, pressure gauge readings, volume percent of air and the



size of the standing jet. Time-averaged width and length of the standing jet was used.

When the water flow became annular with an air core, these parameters were not

measured. As the data of the volume percent of air didn't make a noticeable difference, it

was not shawn.

•
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Pressure gauge readings of the non-submerged shroud nozzle when air introduced

into the nozzle generally showed less value than those of the submerged nozzle, except

for the lowest water flowrate (Table 4.6) in this present work. When the water flow

became annular with an air core hugging the sidewall, pressure gauge reading became

positive, and no measurements was done for the width and length ofthe standing jet.

It could be stated from the Table 4.5 that it was less stable when a non-submerged

nozzle was used. Finally, it could be stated that there was no big difference between

submergedlnon-submerged nozzle usage. Although there was a little bit difference in

pressure gauge reading in bath nozzle, the values of the real air flowrate, the width and

length ofthe standing jet and the volume percent of air in bath case was almost same.

Table 4.3 Air-water flow data when water tlowrate is 184 Hters/min

hHg Qair Jet width Jet length

Qstd. (cm/Hg) (ml/min) (cm) (cm)

(ml/min) Non Sub. Non Sub. Non Sub. Non Sub.

1 385 -7.8 -6.2 406 402 0.5 0.0 1 0

2 1105 -7.6 -5.9 1164 1150 1.8 1.8 5 5

3 1682 -7.4 -5.7 1770 1749 2.5 2.1 7 8

4 2744 -7.0 -5.5 2880 2848 2.5 3.3 9 10

5 5734 -6.2 -4.6 5983 5914 4.4 4.0 15 18

6 8937 -5.1 -3.6 9253 9156 4.5 4.8 22 23

7 13153 -3.7 -2.0 13485 13330 5.0 4.8 30 30

8 20247 -0.1 1.4 20260 20063 5.5 5.3 45 45



hUI Qair Jet width Jet length

QIld. (cmIHg) (ml/min) (cm) (cm)

(mVmin) Non Sub. Non Sub. Non Sub. Non Sub.

1 385 -7.8 -6.3 406 402 1.5 1.5 3 3

2 1105 -7.6 -6.1 1165 1152 2.8 2.5 6 6

3 1682 -7.4 -5.9 1770 1751 3.5 3.0 7 8

4 2744 -7.0 -5.5 2880 2849 4.0 4.0 Il Il

5 5734 -6.1 -4.6 5977 5916 5.0 5.0 19 20

6 8937 -4.8 -3.3 9233 9134 5.5 5.2 30 30

7 13153 -2.7 -1.3 13393 13264 5.6 5.3 50 45

8 20247 3.5 6.0 19803 19498 N.A N.A N.A N.A

Table 4.4 Air-water data when water flowrate is 133 literslmin•
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Table 4.5 Air-water data when water flowrate is 83 Iiterslmin

hug Qair Jet width Jet length

Qstd. (cmIHg) (mVmin) (cm) (cm)

(mVrnin) Non Sub. Non Sub. Non Sub. Non Sub.

1 385 -7.9 -6.5 407 402 2.0 2.2 2 2

2 1105 -7.6 -6.1 1164 1152 3.5 3.3 6 6

3 1682 -7.4 -5.9 1770 1751 3.7 3.8 10 9

4 2744 0.1 -5.3 2743 2845 N.A 4.3 N.A 15

5 5734 0.5 -4.0 5715 5889 N.A 5.5 N.A 27

6 8937 1.3 -2.4 8862 9082 N.A 5.6 N.A 40

7 13153 -1.6 -0.2 13289 13170 5.6 5.7 50 60

8 20247 3.5 6.0 19796 19498 N.A N.A N.A N.A



hUI Qair Jet width Jet length

QItd. (cmIHg) (mVmin) (cm) (cm)

(mUmin) Non Sub. Non Sub. Non Sub. Non Sub.

1 385 -0.4 -6.5 386 402 N.A 3.0 N.A 2

2 1105 -0.2 -6.1 1106 1152 N.A 4.0 N.A 7

3 1682 0.0 -5.8 1682 1749 N.A 4.5 N.A 9

4 2744 0.2 -4.9 2740 2837 N.A 5.0 N.A 17

5 5734 0.9 -3.5 5702 5869 N.A 5.2 N.A 35

6 8937: 1.6 -1.5 8847 9027 N.A 5.6 N.A 45

7 13153 2.3 0.7 12963 13093 N.A 5.7 N.A 60

8 20247 3.6 6.1 19790 19480 N.A N.A N.A N.A

Table 4.6 Air-water data when water tlowrate is 68 Iiterslmin.•
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4.4.3 Helium-Water Flow Data

Helium was also used to study the helium-water flow phenomena with a same water

and gas flowrates. As the density of helium is [ess than that of air. the difference caused

by density change could be studied. Data was shown in Table 4.7, 4.8, 4.9 and 4.10

changing the water tlowrate. Standard flowrates of helium were chosen as same amount

of air, in order to compare the results from using helium with those from using air. Real

helium flowrate was calculated using Eq (4.5). Here again, the volume percent of helium

of non-submerged nozz[e was almost same that of submerged nozzle. As the helium

flowrate increased, the pressure gauge reading was a[so increased in both submerged and

non-submerged shroud nozzle, and the size of standing jet became wider and longer. The

width of standing jet cou[d be greater than the inner diameter of the shroud nozzle

because it was measured ftom the outside wall of the Doule whose wall thickness is thick

enough. No big difference in the size of standing jet was measured between submerged

and non-submerged nozzle because of the error in measuring time- average value of

width and [ength. The pressure gauge reading of using submerged Dozzle was a liule bit

greater than that ofusing non-submerged nozzle.



hUI Qh.wm Jet width Jet length

QIld. (cmIHg) (ml/min) (cm) (cm)

(mVmin) Non Sub. Non Sub. Non Sub. Non Sub.

1 390 -7.7 -6.1 411 407 0.5 1.0 1 2

2 1090 -7.5 -6.1 1148 1136 2.5 1.6 6 6

3 1650 -7.4 -5.5 1737 1713 2.8 3.0 8 8

4 2800 -6.8 -5.0 2934 2897 4.5 4.3 15 13

5 5700 -6.2 -4.8 5948 5889 5.0 4.5 22 20

6 8800. -5.4 -3.2 9130 8991 5.0 5.5 30 43

7 13200 -4.4 2.0 13600 13030 5.5 N.A 50 N.A

8 20300 1.6 2.9 20090 19923 N.A N.A N.A N.A

Table 4.7 Helium-water flow data when water flowrate is 184literslmin•
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Table 4.8 Helium-water data when water flowrate is 133 Hters/min

huc Qhclium Jet width Jet length

Qatd. (cmIHg) (ml/min) (cm) (cm)

(ml/min) Non Sub. Non Sub. Non Sub. Non Sub.

1 390 -7.8 -6.3 412 407 1.5 1.5 3 3

2 1090 -7.7 -6.2 1149 1137 3.0 2.0 6 4

3 1650 -7.5 -6.0 li38 1719 3.5 3.0 7 8

4 2800 -6.6 -5.3 2930 2902 5.0 4.7 18 15

5 5700 -6.4 -4.7 5956 5885 5.0 5.2 25 24

6 8800 -4.6 -3.2 9079 8991 5.5 5.5 45 45

7 13200 0.8 2.0 13131 13034 N.A N.A N.A N.A

8 20300 1.6 2.9 20090 19923 N.A N.A N.A N.A



hHI Qhcuum Jet width Jet length

QItd. (cmIHg) (mVmin) (cm) (cm)

(ml/min) Non Sub. Non Sub. Non Sub. Non Sub.

1 390 -7.9 -6.5 412 408 2.8 2.2 4 2
.., 1090 -7.6 -6.4 1139 1139 3.5 3.0 6 3..
3 1650 -7.S -6.0 1738 1719 4.0 4.0 9 8

4 2800 -6.5 -5.0 2928 2896 4.5 5.0 20 20

5 5700 -5.1 -3.9 5901 5852 5.5 5.6 35 35

6 8800 -3.7 -2.5 9022 8948 5.6 5.6 50 50

7 13200 0.9 2.1 13123 13021 N.A N.A N.A N.A

8 20300 1.7 3.0 20077 19917 N.A N.A N.A N.A

Table 4.9 Helium-water data when water flowrate is 83 literslmin•

•
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Table 4.10 Helium-water data when water flowrate is 68 literslmin

hHI Qhclium Jet width Jet length

Q!ld. (cm/Hg) (mVmin) (cm) (cm)

(rnVmin) Non Sub. Non Sub. Non Sub. Non Sub.

1 390 -0.4 -6.5 391 408 N.A 3.0 N.A 3

2 1090 -0.3 -6.4 1092 1139 N.A 3.5 N.A 4

3 1650 -0.2 -5.9 1652 1718 N.A 4.5 N.A 10

4 2800 0.0 -3.9 2800 2875 N.A 5.6 N.A 40

5 5700 0.2 -2.9 5693 5812 N.A 5.6 N.A 45

6 8800 0.5 -1.5 8771 8888 N.A 5.6 N.A 70

7 13200 1.4 2.2 13080 13013 N.A N.A N.A N.A

8 20300 2.3 3.2 20000 19886 N.A N.A N.A N.A



Considering the error measuring time-averaged value, it could be stated that the size

of the standing jet was not a funetion of the gas density. Moreover, the pressure gauge

reading ofusing helium was almost same that of using air. Therefore, two-phase flows in

the shroud nozzle are independeot of whether the gas is air or helium, OMog to the highly

turbulent flow.

•

•

•
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CBAPTER

5

CONCLUSIONS

5.1 INTRODUCTION

A general summary and conclusion of the thesis is presented in this ehapter under

the three subjeets: Slag Entrainment in Late Rotating Voniees, Detection of Early Slag

Vortexing Phenomena using AMEPA system and Shroud Gas/Steel Flow Interactions.

5.2 SLAG ENTRAINMENT IN LATE ROTATING VORTICES

The onset of a late rotating vortex over an off-center drain nozzle at 2/3 radius was

studied in an 1160-mm diameter tank. The critical height of water at which this late

rotatmg vortex set in for a flat ladle bottom, was eompared with the entical height of

water for air (slag) entrainment with a bottom ladle surface, sloped at 3.5°. Identical

starting conditions were used for the two conditions. It was found that the eritieal height

of liquid before air (slag) entrainment took place was about the same for the sloped

bottom situation, and that this translated into an inereased yield of clean steel, thanks to

the sloped bottom. However, the opposite observations were observed for an off-centered

nozzle, located at 1/2R, and off set- ta the sloping central axis of the bottom surface, at an

angle of 29° from the sloping axis. Much lower critical heights of water were obtained

when the bottom of ladle was flat rather than sloped, thereby residual volume was also

lower.
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The results suggest that there is a benefit to be gained in terms of steel yield by

using a sloped laelle bottom, provided the exit nozzle is located other than l/2R, on the

center line of the sloping axis. However, if the maximum slope of the bottom does not

coincide with the position of the (offset) nozzle, then it becomes easier for a rotating

column of liquid ta 'set in' over such a nozzle, thereby compromising possible steel yield

and rendering a sloped ladle bottom counter-produetive. Furthermore, a sloped bottom

ladle could also lead ta an intensification of residual tangential velocities during steel

tapping and argon stining.

•
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5.3 DETECTION OF EARLY SLAG VORTEXING PHENOMENA USING

AMEPA SYSTEM

In arder to render the AMEPA system sensitive to early slag entrainment

phenomena by diverting the rotational core of a slag entraining away from the central

vertical axis of the nozzle, two methods were investigated. The length of sidewall

impingement below the nozzle plate, the cntical height and the water tlowrate were

measured ta compare the results from both methods.

The first concept involved putting a thin plate over the nozzle entrancet so as to

partially block the nozzle's aperture, thereby creating a region of under pressure behind

the plate. The scale model water ladle was filled to an initial height of 430m~ with a

kerosene (slag) layer 20mm thiek on top_ The same initial tangential velocity was used for

two methods. Once draining began, the liquid level would descend until a eritical height

was reaehed for the generation of a rotating funnel vortex. The 'slag' would then be

entrained in this funnel. It was found that this simple method was effective in redirecting

the vortex core of 'slag' (kerosene dyed red) away from the central axis of the nozzle.

Opening percentage was related ta the length of sidewall impingement below the nozzle

plate, as required by Bernoulli's equation. However, as the opening of the nozzle entrance

decreased, the critical height inereased exponentially and the water tlowrate decreased

proportionally.



The second approach overcame these difficulties and objections, and involved

redesigning the nozzle 50 as to generate a radial velocity component. A thick plate of

Plexiglas· (23.5mm thick) was drilled at an angle of 30· to the vertical, so as to have an

aperture area equivalent to that of the 45mm diameter nozzle on which it was placed. It

was found that following the generation of a rotating funnel vortex, and subsequent

entrainment of 'slag', tbis rotating core of kerosene would impinge on the nozzle

sidewall, and then he broken into Many small droplets. The angle to the vertical seems to

be related to the length of sidewall impingement below the nozzle plate; higher the angle,

lower the length. As the critical height decreased with this redesigned nozzle (skewed

nozzle), the yield ofliquid metal would improve. Moreover, as long as the opening of the

nozzle entrance was maintained to the 1()()oAt, the flowrate, direetly related to the

produetivity of the liquid metal, would not decrease significantly. Therefore, minor

modification of the nozzle and weil block to impart a radial component of velocity to the

spinning vortex core, should allow the AMEPA system to detect the resulting field of

fragmented drops of sla& following sidewall impingement. Unfortunately, such a

modification would cause enhanced erosion, but this should be of similar magnitude ta

that created in the ladle shroud by the slidegate nozzle system in the partially open mode

ofoperation.

•

•
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5.4 SHROUD GAS/STEEL FLOW INTERACTION

A 0.75 scale water model was construeted ta simulate the flow of liquid steel

through a ladle shroud (53-mm ID, 1.15-m long) in the presence of gas infiltration.

Helium was introduced into the shroud nozzle for the present work as weil as air. Finally,

the etfeet of submerged and non-submerged shroud nozzle into the tundish was also

investigated.

It was observed that air infiltration through a controlled leak lead to the fonnation

ofa small-submerged gas jet immediately below the air's point of entry. This standing jet



broke up into smaller bubbles of about 1-5 mm equivalent diameter, that were carried

downstream and became uniformly distributed across the shroud's cross-section, owing to

the high flow velocity of the water (steel), (- 2 mis). Larger amount of gas infiltration

(5% volume ratio) then lead to a much larger envelope of gas extending downstream,

together wim its continuing break down into smaller bubbles. As very high gas

infiltration! blowing rates (90./0 volume ratio) the water flow tended to become annular

with an air core hugging the sidewall, extending into the central axis ofthe shroud, and ail

the way to the shroud's exit. As the dye tests indicated that the air jet did not disengage

entirely from the sidewall below ils point of entry, massive amounts of gas entrainment

would still blind the ladle shroud slag detection device under these circumstances.
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No big difference was observed, whether il was a submerged or non-submerged

nozzle used for the experiment, though the use of non-submerged nozzle showed less

stability. However, owing to the highly turbulent flow, the size of the standing jet seems

to be independent ofthe nozzle situation and the gas introduced into the shroud nozzle.
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