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ABSTRACT

Lt

A production basic oxygen furnace installation at Dominion Foundries
and Steel Ltg,, Hamilton, Ontario was used to develop and evaluate a method
of measuring the rates of materials ejection during steelmaking., These
rates are determined by periodic sampling at the mouth of the BOF with a
tubular sampler during-the oxyg;n blow,

Ths materials ejected are classified into_two categories, sloppipg
and metal ejection. From thg nmeasured rates and analyses of ejected materials,
combined with the composition of the slag and metal bath as obtaine& by direct
sampling, certain insights are made about the mechanisms of materials ejection.
Among the process vafiables examined, the metal bath level, oxygen flow and

course of slag development showed the largest influence on ejection rates.
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1. INTRODUCTION

Since its inception in the early fifties, the basic oxygen ‘steelmking
iarocesa h_aa been applied worldwide to the point where today it accounts for
the majority of steel production. Its phenomenal growth is attributable to
the speed of the refining reactions. The process reaction scheme is very
complex since it involves rasa and heat transfer t{otween several phases.

The rapidity and complexity of the process make it difficult to control,
occasionally resulting in such untimely problems as slopping and metsl
ejection. These two interfering factors are of industrial importance because
éhey contribute to loss in yield. They also intensify such operating problems
as lance failure, veasel refractory wear, and gen~era1 furnace mechanical
maintenance. These problems all signify 'a decreased steel productivity. Tor
this reason the abatement of slopping and metal ejection is a major concern in
all modern ateolworka; In this ‘theaia. the nature and causes of these inter-
ferences in the process are examined.

In this thesis "slopping" corresponds to the physical ejection from
the basic oxygen furnace (BOF) of the gas-metal-slag emulsion formed d;u-ing
the course of refining. The force of ejection comes from the e_xploaivc evolu-
tion of CO gas in localized areas. Slopping generally occurs c'inring the first
half of the blow. Slopping repregents an out'o't control state in the furnace.
Certain changes of oporating perameters may alleviate. slopping while it is
happening, but cannot complotciy eliu.ﬁnte it until the process is once Q.ga'in
stabilived through its natural coursé. The octurrence of slopping is dependent
on many factors; the more important oxx_ia'élro ti:ou'ght to‘bQ lance operation, ,
vessel size, slag dovellbpuont‘ and raw mtér‘hl quality. The exact qmtiéatin

. ¢
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influence of these parameters in commercial furnaces has not been determined.
Even the cause of slopping and its dependence o; the interplay of physical
and chenical phenomena are highly debatable subjects.

If the BOF is operated properly at its design capacity slopping will
only occur sporadically., The degree of slopping when it occurs varies from a
"light" slop where only s=all fragments are thrown out to a “heavy™ slop where
large pools of emulsion are ejected, In';;ny steelplants where the need arises
for increased production, the BOF's are overcharged since efficiency and opera-
tion stability are easily sacrificed for the want of a larger installation.
These types of operation are subject to pore peraistent slopping, both in terms
of ita.duration during a heat and its frequency of occurrence. In some steel~
plants that work in the upper ranges of furnace loading (maximum is about 50%
above design capacity), alopﬁing recurs in every heat to different degrees.
The reduction in metal ;1eld that results froi slopping normally ranges from
0.% to 1.0%, but can rise in cases of high overloading to 5%.1-} The need
therefore exists to minimize slopping since the financial benefits are
remunerative. |

Metal ejection from the BOF exists in two forms, either as molten metal
splash or as fine metal (iropleto entrained in the off gases by drag forces.
The more common industrial ternminology for metal ejoction is "sparking" since
‘this material burns brightly as it oxidizes in the eurrounding air atmosphere.
Any petal ejection or fine enu}aioh par@iclos from gfopping can be carried into
the operation's dust cleaning qyston'if,it is Iinealnough to be entfained’in the
gas strean.. However the majority of metal ojoctibﬁ and alo§ falls over the
sides of the vessel into the surrounding slag pit (See figures 1 and 2).

.Metal ejection ariges from the combined physical and cgemical action of

the oxygon‘jot on the motal bath., Depending on the extent of control a furnace



Fig. 1. A view of heavy slopping at the 10 minute mark
from the back of the furnace at Dofasco.

Fig. 2. A view of metal ejection at the 18 minute mark
- from the back of the furnace at Dofasco.
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operatorlhas on the process, the yield losses by metal ejection can vary from
0.2 to 1.8%.“ The previously mentioned parameters which were said to affect
slopping are also the main factors deternmining ejo;tion rates, but their exact
inflngncc is again unresolved. The main reason for this is that these phenomena
are not well pnderatood since they have not been studied in great detail im
5-29

cozzercial vessels., Very many codel studies have been conducted on this
subject using low temperature liquid mediums with the belief that physical
forces were predominsnt, The contributions due to chemical reactions .were
neglected. A greater understanding of the mechanical parameters affecting
ejection has resulted féoa these studies, but they canﬂot simulate all the

conditions giving rise to metal ejections in commercial furnaces. Even hot

. .
NS

wmodel siudiouBo'BB using iron-carbon baths have proved inadequate since their _é
operation was under idealized conditions of very.thin sl;g'cover. Such axatate k
is present in real BOF's only in the initial -segments of the blow.

These two phenomena - slopping and metal ejection - Eonprise a large
part of the ua@érial losses from the BOF mouth during a blow. They can account
for large metal yield loaqea, up to a maximum of 5%, and thus must be minimized. -
Bé?;ro any improvement can be achieved,. their nature ﬁnd causes must be id;nti-

fied. Very little useful information, particularly of the industrial variety is

n e v, e e A

pre;;ntL; available. For this reason, this investigation was limited to studies
of a commercial BOF operation. The extent and nature of these material losses
from one particular inatallati;n - Doninion ronndrioa and Steel Ltd, - was
studied by direct sanpling during the blowing process, Techniques and instru-
menta of sampling were devdloped to carry out this work. Im an effort to .
further the nnderatanding of the causes of these phenomena. simultaneous sampling

s

. of the alag and metal bath was undertakon.




2. LITERATURE SURVEY

Since there are no generally accepted explanations for slopping or
metdl ejection, it is necessary to examine the main factors that pay bve
responsible. In this survey, these variables are reviewed both in the
manner that thay can cause these phenomena to occur and their actual quant-
itative offects based primarily on cold model atudiQa since actual furnace
data is lacking. Current explanations for the cause of these phenoﬁ;na and

possible methods of their control are also examined.

3
;

The process variables that are ghoight to exert the greatest‘influence
on slopping and metal ejection include lance practice, vessel size and i
geometry, and raw mterial quality., Slag development39"107 during th; blow
- is another major factor, possibly .the most impo?tgn@. but it cannot rightly

paraméter since it is entirely controlled by the

be conqidereﬁ an indepen

prior three e 3 Showa schematically the inter-relationships that exist

between these variables, their spheres and aagnitudpé of influence, and th&ir
net effects. Stabiiity of operation and refining efficiency are seen to be

the main process goals,




B o e A T Z

*S80T [WII93®W JO SINULPA® BNOTIBA 93

pue uoyjesado Jog uy eITqerIeA Ssavoxd uyem Iy 798A39q BATUSUOTHUTOIXINUT  °¢ B4

_llm«m%.l

AON3I0I433
ONINI43Y

M "NOILI3r3 |
' VN3V |

—— e GELL  GEmes s . cw—

ALITIGVLS
- T13SS3A

SHOLOV4 IF1aVYHiS3q =
SHOLOV4 IWYMSIANN - —-
NOLLYZIWILO HO4 SHOLOW —
3ON3MIINI 40 NOLLO3HIQ =—

ININDOT13A30

~ 9v1s
e
_ ONINNA TN
T |

ONIHSV1dS NOLLYHN9IINOD

e _uaw P 13SS3A
3 CI N e NOLLYY3dO
; ONIddO1S ; ke,

|

ll@'l.lll.-l.WL.L..

NOLLVINJNIO H1vE
NOILVHY13N3d 130

°




2A. SLAG DEVELOPMENT

Slag evolves.dynamically during the blowing process as the various '
elements in the hot metal are oxidized an@ the differént flux additions
dissolve to form the slag. A stable refining operation fre; of slopping ean
only be achieved if the slag is formed in a proper way. Though the importance
of slag d;volopuent has been realized, the question of optimal compositional
course to minimize slopping is highly debatable>® 39~*7, The slag, if it
provides a good cover over the metal bath, will substantially minimiz; tl;e extent’
of metal ejéptioﬂ since it'vill serve to physically entrap this material. In
addition the slag contains metal droplets in its normal course of development
as has been'discovered by various authora“6-755 These metal droplets are the
basis for the alag-metal-gas emulsions formed in the furnace during the blow
agd it is their reaction with the glag to generate large amounts of gas that‘
can cause slopping. Metal droplets are always present in the slag to differ-
ent qxgggya and their role in the refining reactions is discussed later.

The course of slag development can be altered b; chang&a in blowing
‘ prgc%ico, hot metal and scrap chemistry and flux additions. 'Since steelmakers
must accomnod;to their operation to theae.different conditions, there are many
eatabliehed slag evolution patha considered to be acceptable. Figures 4, 5 and
6 show the 'mormal’ courses of slag development at three BOF shops. They are
" similar -in post respects,. but intrinsic differences sxist due to varied opera-
tion. A general outline ofltheéo slag courses and ‘the accompanying proposed -

reaction méchanisms 1s now given,’
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At the beginning of the blow a’small-amount of slag rich in iren,
sllicon and manganese oxides is produced beneath the lance by direct oxida-
tion of the bath. The metallic iron content in figure 6 illustrates that as
this slag is being formed, metal droplets (.1 to lmm. radius>®® 57 ©3) ape -
ejected into it by the mechanical action of the impinging oxygen jet. These
droplets that form the slag-metal emulsion initially contain all original
impurity elements. The silicon and manganese in these droplets is freferen-

tially removed by reaction with FeO or Fe contained in this highly oxidiz-

2%
ing slag. A continual cycle of droplet formation, reaction ana\settling to

the bath because of its higher density takes place. These refining reactions
alao occur simultanecusly by different mechanisms in the jet impact area and

at the slag-metal bath interface; The partition of the total extent of

e
.y,

individual reactions among these sites cannot'be determined yQt. The lime
added to the furnace is seen tq diqsolvg,very rapldly in the initial acidic
slag, but thereafter the dissolution rate slows down. This is considered to
be due to the formation of an impervious calcium orthosilicate aheil (15-70n
éhick#s) around the lime and dolomite particles. As blowing proceeds, this
layer is gradually infiltrated by ferrous and manganese oxides65. This brings
about the degradation of this barrier and allows further‘lime dissolution.
During the early stage of the blowing period Aecarburization proceeds slowly

cause it is hindered kinetically by the low hot metal temperature and oxygen

*

. ayailability for carbon. It is thermodynamically more favorable for certain
other 1npurity elomonts above certain concentrations to be oxidized.

All the silicon is ouaentially removed in the first quarter of the

e P wr. - il

blowing time. The bath manganese concentration reaches a minimum at. the end

of thia firat quarter. This correspondu to a maximum in the 8102 and Mno content

-~
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3

of the slag. This point/is further marked'by a minimum in the dissolved iron

;xide content of the slag. The decrease is brought about by the rise in the *

decarburization rate, Carbon in the emulsion droplets and at the slag-metal

_ bath interface reacts with iron oxides in the slag, thereby expending it.

The pariod of constant iron oxide level represents a balance between the

rate of iron oxidation by the jet and the rate of consumption by the refining

reactions. During thia period lime slowly dissolves increasing the slag volume

and thereby gradually diluting the slag to give lower SiO2
!

The MnO concehtration is seen to decrease noro‘rapidly because of the mangan-

and MnQO levels.

ese reversion to the metal bath in addition to slag dilution. The decarburi-
zation rate, gfter gradually buflding up in the early blowing period, reaches
its highest level during the middle segmwent of the blow., A typical pattern
for the decarburijgtion rate is giveﬂ in Figure 7. At the maximum the
efficiency of oxygen utilization for decarburization is around 100%. The
circumstances g}vi;g‘rise to this rapid reaction rate are the higher metal
bath temperatures (above 1400°C) and the beneficial mixing b;tween slag and'
metal phases as promoted by the fast CO evolution rates. Decarﬁu}izapisn
occurs in inestimable proportions at all these reaction sites: directly und;r«
the jet, in the siagbmetal-gas emulsion, along the trajectbry of CO.bubbles
within the bulk metal, and at the slag-metal bath interface.

- The last stage of slag development is marked by an increase in. the

-
lime dissolution rate causing ‘the MnO and SiO levels to fall off rapidly

2

The decarbprization rate tapers off as carbon content decreases. _ The oxygen
that is still supplied‘at Q constant raute nowjéerves primarily to oxidize the
iron in the metal bath, thereby increasing the dissolved iron oxide contenf of
the slag. The emulsion decarburization mechanism has been reported to slow

down considerably in this fime .period. The primary @echanism of carbon monoxide

»
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Fig. 7. Schematic diagram of a typi;:al decarburization rate
curve for a BOF heat. (after Okano (66)).
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rig. 8, Relationship between ferrous oxide content of slag
and carbon content of metal of a BOF bath.
(after Didkovskii (136)).
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evolution would be direct jet impingement on the bath. The actual concen-
trations of slag components at turn down are dependent on the extent of
dilution by iron‘?xide.formation which is directly dependent on the final
bath carbon concentration (Figure 8).

The evolution of the BOF slag mass can be calculated on the basis
of a silicon balance. The curves for two operations are given in figure 9,
The slag weight is almost constant for the major portion of the blow., A
rapid rise in slag weight occurs at the end of the decarburization period
due to iron oxide formetion and residual lime dissolution.

The slag-metal-gas emulsion that serves to enhance the refining
reactions will vary in amount during the blowing process. In the main decarb-
urization period this emulsion can occupy a large fraction of the furnace
volume if the proper stabilizing conditiWe met, A schematic of °the -
measured emulsion height during a blow in an experimental furnace is given
in figure 10, The d:?truotion of the emul.ai:n is caused by the goalescence
of the liguid meth’dropleta. and the subsequent gravity separation of the
larger units, Th; durability of emulsions is therefore enhanced by any
condition that hinders droplet coalgacenoo. One obvious stabilizing factor
is a high viscosity of the slag medium. The viscosity of a homogenb;us
slag increases with silica content (see Figure 1l1) at a éiven tenperature.
However, BOF slage normelly contain lees than 25% silica and in this range
one would not expect slag viscosity to be much of a stabilizing factor,

’If a s0lid suspension is present in the Blag, its apparent viscosity will
increase. Undissolved lime and calcium orthosilicate (Voratio = 1.75) found
in ‘slags could act in this manner. Indirect evidence of this effect is:
available from an experimental uotk?s measuring the capability‘of commercial

furnace slags for foaning (See figure 12 when gaa is bubbled through them.
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Figo 11.

rig. 12,

Iso viscosity lines for the system FeO-Ca0-SiO
at 1450°C. Compositions in mole percent;
FeO in equilibrium with solid iron. (after Geiger (75)).
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The highest values were reached ia the middle of the blow with a slag
basicity of 1.5 - 1.7, which is close to that of calcium orthosilicate.
Emulsions can also be stabilized by the adaorptibn of certain solut;s at

the surface of the dispersion. S10, and P OB are two such aurface active

2 2
components which lower the interfacial tension by forming monomolecular
films of high viscosity around the droplotsl’ 61. Gas bubbling through an

emulsion may also stabi%éze it by attaching iteelf to a metal droplet and
thereby acting as an aerostat. In addition, the gas through its buoyancy
effect supplies the mochanical force necessary to support a foaming emulsion.
Rapid CO evolution would thus be amenable to emulsion formation. The metal
droplets present in the emulsion are created by a variety of mechaniams (See
Figure 13), but fﬁe pre&oninant.onea are considered to be ahea;ing of the metal
bath by the jet and metal being carried across the metal bath~-slag interface

as a coating on the rising CO bubblesGB.

Any condition that causes extremely fast decarburization rates to take
place in the emulsion or at the slag-neéal bath interface will increase the
chances of slopping. Furthermore if such a situation materialises when the em-
ulsion volume is large or the furnace is overcharged slopping will beafurtber
enhanced since the trajectory distance is shortened, This allows a greater
proportion of the disturbed material in the furnace to escape without being -
~collected on the 1nuar§ sloping walls of the vessel cone. One conditioé that .
_can precipitate rapid uncontroliable decarburiza§ion in the first half‘of the
blow when slopping norgally occurs is an overoxidized slag. Reporéod slag

analyaes indicate a slag PeB*.to ?°2+

ratio lying in the 0.1 to 0.5 rangesl'73
throughout the blow. The corresponding slag oxygen‘potontial is about 10'5atm..
coqaiderably above the equilibrium oxygen partial pressure of the metal droplet

of 10'8 atn.?l; 2 1¢ the droplet carbon concentration is high, rapid CO
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Fig. 13. Foam and erulsion formation in a top-blownm converter.
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Fig. 14. Proposed slag paths by lﬂ.l].o-‘@‘o (Path A) and Blk,ax'39 (Path B) to
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evolution u:?ally results under these oxidizing conditions.

Two optimal slag paths have been suggested in literature to prevent
’sloppin339' ho. One consis?u of maintaining a constant manageadle slag iron
oxide level during the entire blow (Path A) and the other recommends a
continually decreasing iron oxide content as the blow proceeds (Path B),
(See Figure 14), Both recognize the importance of preventing an overoxidized
slag condition. Both slag paths terminate in the heterogeneous region so
that a dry, lime saturated,unreactive slag is present at the end of the blow.
In this way, endpoint metal specifications are more easily achieveﬁ b&
a!syenting any untimely slaé;metal reacti;ns. The wain difference in the
" proposed paths is the ipportance ascribed to the presence of a slag-metal
emulsion, Path A is supposed t? form an early stable emulsion by passing
through the precipitation region of calcium orthosilicate early in th; blow.
The stabilizing mechanism is the increase in the slaé's apparent viscosity.
Path B, though not neglecting thrtant refining contribution of emulsion,
favors a pat§ where the iron oxid; level decrea;es in the critical period
'where the decarburization rate peaks so that the metal will be in contact
with a less oxidizing slag. The emulsion can still be created in this latter
operating condition through other stabilizing mechaniams.v In order to force
slag development along these courses, some method oé.dyhalic control is
necessary to mqnitor the partition of auyplled oxygen between slag oxidation
and the refining reactions. Adjustments could then be made in blowing prac£ic9
to achieve one of these deasired slag.patha.

While these twé recommendations differ in their efforts to control
albfping. both emphasize the necesaity ;o prevent an underoxidized slag.
This aitua%io; 1% characterized by low iron oxide levels and high slag silica
39-4h

contents . Tﬁis_type of slag is very viscous and dry and has poor lime
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dissolution capabilities, It has a.tendency to coagulate and is readily
pushed aside by the oxygen jet towards the furnace wallslg' h6. This
condition is generally referred to as "slagless" blowing since the jet
acts directly on the metal~bath. Metal ejection in the form of fine spray
and splash occurs in this state due to the ahea.ring action of the jet on
the metal bath, It will persist as long as there is uo slag cover. This
slagless state can be detected using audiometric measurements of furpace
noiaeuz’ 86. Through this means it has been determined that the total irom

loas by ejection is proportional to the total time period that this state

exists (See Figure 15)., A fluid foaming slag richer in iron oxides can prevent

this from occurring but must be controlled since excessive levels can enhance
slopping. ' 0

Decarburization patterns that signal the presence of slopping in tﬂo
;arl; slag formation periods have been identifiedeo. Figure 16 11lustrates
how erratic decarburization rategprofileu, that exhibit plateaus vhere the
imput oxyged accutulates in the ai(E?“{ead to heavy slopping conditions. The
optimum path to avoid slopping is to have a smoothly %ncreaaing decarburiza-
tion rate (Figures 16 and 17) after the silicon and manganese have been
removed. This can again be achieved by controlling lance practice in conjunc-
tion with continui;g monitorigg'instrﬁments that measure the descarburigzation

rate through off-gas analysis and flow measurement78'88.
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Relationship between yield of good metal (P) and
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(after Meyer (77)).
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2B. JET PROPERTIES AND INTERACTiON WITH THE METAL BATH

Jet nozzles used in basic oxygen steelmaking operate primarily at
anﬁersonic velocities so discussion is limited to them'O7-111,

A convergent-divergent nozzle (Figure 18) is employed to achieve
supersonic velocities. In the convergent section, the gas velocity cannot

v

exceed the apeedvéf sound. In the second stage further aécoleration is
achieved through adiabatic, isentropic expension. There is an optisum
ratio of throat area to exit area that allows the gas to expand to a pressure
at the exit section equal to thg surrounding proelureloa. Thus a nozzle is
rost efficiently operated at its deaigned flow rate. Undqrblouing or over-
'blowing will result in decreased conversion of pressure energy to the kinetic
’form! with-"the excess going to shock Qave formation. As the gas exits from
the nozzle, it spreads in the surrounding atmosphere. This interaction is
‘one of tangential shear such that the overall jet momentum is conserved.
In the control core of the jet the supersonic velooity persists for a dist- .
" ance that is dependent on the exit velocitylog. Very little spreading occurs
ﬁf to this point. Once subsonic velocities are reached t£o Jet decays at an
included apreading angle of 18°. In BOF practice, aince lance heights are
usually in the range of 30 to 40 times the throat diameter, ;ﬁ: jet will
impinge on the metal at uubsopiquélocitic;. The slag also &io%a down the
oxygen jet but it is presumed this effect is negligible"”, Most lances
. presently used have three n;zzlou. In this case the individual gas joets
will not interact with‘each other:at.any distance unless their nutu;l

inciipation angles are less than 10 108;_
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Fig. 18. Correctly designed Mach 2 nozzle with a 25mm throat diameter.
(after Chatterjee (109)).
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Since the most comprehensive studieas'z9

of jet liquid interaction
have been conducted using aqueous media and mostly non-assimilable gases,
it is best to review their findings before further discussion of systems
under consideration. These are model studies and can provide a clue to
the operation of steelmaking.

There are three main modes of jet impingement characterizable by
the central impact velocity of the jet (See Figures 19 and 20). For impact
velocities lower than 15z/sec a stable surface depression termed "dimpling"
is forqed8. This depression oscillates slightly in the vertical direction.
As the jet momentum incrcaso;\the indentation becomes deeper and at a certain
-critical dimension the cavity becomes unstable. At this point there is some
entrainment of the liquid phase in the deflected gas stream leading to splashing.
A small portion of this splashed material is captured in the incoming gas stream.
Splashing is seen to occur by three randomly occurring, independent mechanisms
that can be categorized according to their cavity motion (See Figure Zi). In
the stretching mode the cavity tapers. in and out with splash- forming when there
is an overhang%ng lgp., in the bending and rotating modes, material is ejected
from the p?otruding cavity edge. There.is considerable energy absorption -
involved in maintaining these cavity motions.

The critical cavity depth at which splashing begins has been experi-
mentail& identified as being a function solely of the liquid propertieag' l“.

Using dimensional analysis in conjunction with the laboratory findings, the

following ;elationahip was developedlhg
\ e 10" By (en ) 7
B, & 4.3 x 1077 Exp| b3y CBPLY T (2.1
- ’ (T
R b

This equation has been éxperimentally verified over a wide range of media

including some liquid metal baths., It preaumﬁbly is applicable to steel

~
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Fig. 21. Modes of indention instabilify leading to splashing

(after Rosler (7)).
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c
Fig. 22, Regions of fluid flow in a

water bath for a single noszle

aystem. Regions I, II and III
have decreasing velocities.
Region IV is a dead zone.
(dfter Mathieu (9)).
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by an impingement jet.

© M = 14700 dyne, h = 17cm;

Fige 23, Measured fiow pattern in liquid caused
Top figure, .
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(after Davenport\TEIJ).
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. TABLE 1
PROPERTY VALUES OF STEEL AND A

BASIC SLAG AT 1550°C (CHATTERJEE' ")

Density ’ Surface Tension

Viscosity
- 3 - - -— _.2
(gm cm 3) (ergs ‘cm 2) (gm ca b gec™ x 10 )
Steel 7.20 1200 6.0
Basic Slag 3.0 500 0.0
™

s
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and slag systems, Using the property values at 1550°C of steel and a basic
slag (liasted in Table 1),_the critical cavity depths for aplashing to commence
are respactively 2 cm. for steel and 3 cm. for the slag. As will be shown
later, cavity depths in BOF eystems exceed these values by far.

With increasing jet impact velocities the amount of spray continually
increases. Another critical point is reached at about 75 zVaecg’ 10‘ whereupon
much deeper penetration of the bath takes place accompanied by a reduction in
the amount of outwardly directed splash. In this mode (Figure 19C), the jet
splits into two streams of unequal but interchanging magnitudes. The whoﬁ&
cavity again oscillates in the vertical direction and rotates about its central
axis. Splashing occurs through the shearing of droplets at the cavity 1lip.

iﬂowevor. because of the steeper profile of the cavity, more droplets are
captured by the incéming gas stream, These droplets are impacted on the
crater bottom and thus contributé to the vertical oscillation. This entrain-
ment is also responsible for the reduced amount of splash in this "penetrating"
mode. In determining the mode of jet-bath interaction, it was found-C~2> that
diffe;ept gases produce 'the same effects as long as the jet momentum is kept
constant., Even assimilable gases:‘such as in the Coe—water system, behave in
the same manner as long as the impact area is not too large. The presence of
a foam cover on the liquid leads to a diatribﬁtion of larger and fewer droplets
in the splashing mode when the jet impinges directly on the liquidlh‘ 23,

Thin foam covers offer very little resistance to the jet motion so the .different

podes of inmteraction can still be characte§izod by the same impact velocities.

The cavity dopti in the splashing and non-eplaehiné liquid ranges can
be determined by balancing the hydrostatic force of the liquid with the central
Jet i;pact pressure. The equation that results hae'been experimentally verified

for a number of cold model uyetemaZI:
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2y T _[_] (2.2)
pLgh3 260k h

A k value of 7.6 has been found to fit very well for a number of tested
systems using different liquids and both asaimilable and non-assimilable
gaaoc21. Besides forming a cavity the jet interaction also causes fluid
motion in the bath since the deflected gas streams run along the side walls
of the depression exerting a shear stress on the liquid. The resulting
fluid motion is upwards at the centre and down at the walls,

Fluid flow in the bath is maximized when the jet interaction is in
the- splashing ranEe. In the liquid bath there are four distinguishable
regions of fluid flow for a single nozzle system (See Figure 22). Region
I is an area of fast circular flow. In region II, flow is still rapid but
somewhat elliptical., In region III the flow varies between being very fast
. in the top section and somewhat slower in the wider bottom section. Region
IV is essentially a dead gone where very littlévmixing takes place. The
exact dimensions of each zone are depond;nt on furnace geometry, blowing
rate and lance height. Some actual measurements of the velocities encount-
ered in these flow patterns with cold models are given in Figure 23. A note
should be made on the flow pattern of thick foams~"above the liquid. For
levels below the lance height, Fhe exit gas stream forces the foam aside
and through ite frictional action it causes an upward motion in the centre
(See Figure 24), 'For foam levels exceeding lance heights, the jet acts like
a pump imparting a downward motion in the centre. The exit gas flow in the
converter‘(rigure 25) is seen to be Qainly uniform except in the region
_ surrounding the lance where slight suction effecta are present.
The nature of the impingement zone has also been studiea’21%3 on
hot metal in models of the BOF by using a transparent quartz mediuﬁ to view

the steelmaking bath under certain corresponding operating conditions.

These results are discussed below. For soft blowing conditions, a parabolic
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FIEY. NWE Py TN



Fig. 24. Diagram showing the flow set up in a foaming slag by a gas jet,
‘ a) lance above and b) within the foam, (after Krainer (73)).
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Fig.\ e Heasnrod gas flow velocities ab:\é the bath in a BOF.
(aﬁ:er Redchmayr (126)). . \ -
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open crater is formed in the impingement area. Waves of metal appear at the
surface of the cavity and move upwarés with the deflected gas stream. Wwhen
these waves reach the edge of the cavity, droplets of diameter between 0.5

to 1.0 mm. Sreak away. These dropleté are eiiher ejectedjﬁnto the outer
furnace regions or they are entrained in the incoming oxygen stream where

they burn. At faster blowing rates the movement at the depression edge )
becomes more turbulent with more metal expulsion occurring randomly.
Periodically, wmetal is expelled in the form of larger splash from the central
impact area., This material is broken up by the jet into a stream of finer
droplets, similar in dimension to those mentioned previously. At very high
blowing rates a deeply sunken é}ater with a metal c;p is forned., The rate

of metal ejection to the exterior is then decreaged. Under all blowing
conditions there are some droplets entrained in the oxygen stream which burn
to form iron oxides or if they still contain sufficient carbon, they will boil
and explode to much finer fragments due to CO evolution. Thus it is seen that
the behaviour of the metal bath is quite similar to that of aqueous systems
when acted upon by a jet. The delineating central impact velocities which
characterize the different modes of interaction are thought to apply to this
system as we118.

For all the different blowing conditions, a two-structured reaction
zone is always observed (See Figure 26). In the high temperature primary
reaction area (1), entrained groplets are combusted together with its compon-
ents and carbon mono*ide in the oxygen Jjet. In the cooler outer secondary
zone (II), carbon-and any other of the remaining impurities in the hot metal
are_oxidized'by the p&qducfa of the primary re;ction zone., Th; GO libergte&
rises along the e&ge.of zone I and reactg pgrtiélly with ;he'oxygen Jet to

form CO,. For fast decarburization rates, an alternate hole (Figure 26a)

-
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1, level of metal in a quiescent state, 2, leved of nozzle supply:ng

oxygen

FPig. 26,

r%g. 27.

Diagram of reaction zone when injecting pig iron (a) and steel
containing 2%C (b), 1%C (c), 0.5%C (d), and less than 0,1%C (e)
with oxygen. I is the primary reaction zone and II is the outer
secondary zone. IIY is an alternate gas hole that can form with
fast decarburization rates. (after Okhotskii (112)).

.31

.Slag and metal ejection from the central cavity region in a small scale

BOF. (after Yamada (46)).
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through which gases and dust pass is formed peyond zone IT1. This gas hole
moves randomly about the periphery of the cavity due to the instability of
the main reaction zone. Tuis is accompanied by furtﬁer metal expulsion.
The outgoing gases from both the centre region and the auxiliary gas-hole
can also cause slag ejection through their shearing action (See Figure 27).
The depth'of the overall reaction zone decreases marginally with an increase
in the decarburization rate. This is caused by the counteracting force of the
rising carbon monoxide éaa, thereby reducing the effective oxygen driving
pressure,

The cavity depth under different blowing conditions has been measured
experinentaliy in a hot model BOF ueing a single holse lanquz. The equation

for jet penetration obtained based on empirical studies of the data is:

=2
n, = 5.741 x 10 ,1Vj + - %.81 (23)
- ‘1 N

Using appropriate values of blowing rates and lance heights (See Table 2),

it éan be shown that the ;avity depth as predicted by this equation is roughly
twice that using the hydrostatic pressure ﬁalanpe as in equation 2.2. The
increase can be explained by the marked expansion of the oxygen jet as a result
of combustion and by éhe added impingement onto.the cavity bottom By those
droplets entrained in the gas stregm. ﬁowever, eimilarll9 and even céntra-

115 where the cavity depth was measured in comparison to that

dictory evidernce
pfedicted by eq;ation 2.2 has been presented for hot model systems. The
question of cav1t§ depth in BOF's therefore still remains in doubt.

The liberated gases iupartla shear force on the metal bath-along the
surface of the cavity crégting a fluid motion similar to that described
previously., Bulk metal m&vga up in thg centre yhere~the 1dpuribies react and

then flows down the wall area. Evidence of this occurring in metal baths has

-
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TABLE 2

COMPARISON OF CAVITY DEPTHS
FOR HOT AND COLD MODEL STUDIES

Q h no- Hot Model no— Cold Model
(gm sec™) (em) (cm) (cm)
2600 80 62,4 33.6 ,
120 51.6 21.6 ¢
160 bs, 2 14.3 ’;
200 40.8 9.9 2
5200 80 86.6 50,7
120 71,4 35.7 !
200 56,2 18,2

[
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been gathered in a variety of ways: actual mechanical measurement”’-,

concentration and temperature gradient meaeurementslo% and visual observa-

tionlla' 113 No velocity profiles have been established but the motion

should be similar to that depicted in figures 21 and 22,

34
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2C. [EFFECTS OF LANCE OPERATICN ON REFINING PATH AND MATERIALS LOSS

The general purpose of controlling lance operation is to produce
a jet ponetratiné sufficiently to get good refining, but not enough to
cause. refractory wear. The lance practice must also be amenable to slag
development. The slag should foam sufficiently to obtain good metalloid
removal through reactions in the emulsion and to reduce the ejection of metal
from the vessel. The two lanc; parameters which the furnace operator controls
are the oxygen flow rate and the blowing height. Adjustmente of the:ce

parameters during the blow will seriously affect the refining path.

""«.—k“’ Bl 4 At
A i qur ! T

Under véry soft blouiné conditions attainable with small flow rates
or high lance heights, the jet will mot penetrate deeply or possibly not at
all into the metul bath if the'slag‘cover is too thick. The supplied oxygen
in this case serves primarily to oxidize the metal bath, thereby increasing
the iron oxide content in the slag to very high levels (greate;' than 30%).

Any unabsorbed oxygen burns CO to CO, above the bath, The overoxidized slag

2
can react violently with the emulsion droplets to cause slopping. Similarly,

e e

~

a hard blowing operaéio? with high flow rates and low lance heights may not
supply sufficient iron Sxide to the slag, causing it to become dry and viscous.
In this condition the slag can be pushed aside by the jet, thereby a11ow1n§
metal splash to escape from the impingement area. Thejefficigncy of oxygen '
utilization in this case is high since decarburization will be the primary
reaction in the impact zone. However,material losses may b; to& great to be

accepf;able. _A balance l?etv;een decarburization efficiency and slag development °
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must be achieved by compromising the blowing practice iﬁ order to get faat
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refining and high metal yield. Th; optimum slag paths previously mentioned
are obtainable by using a soft blowing practice in the early segments of
the blow to produce a well conditioned slag and later switchiné to a harder,
blowing practice so that rapid,.controlled decarburization occurs.

’ Examinations into lance parameters, critical in determining the amount
of metal splash when a slagless state ex}sts, have been carried out with water
modelss-zg. Single hole cylindrical noz;les were used to blow gases ;n water
baths contained in.vessels that were scale models of BOF's., Material loss
rates were measured by collecting the ejected water splash. Some results
from these studies are given in Figures 28 and 29. Figure 28 shows that as
the gaé flow rate increase; for any particular lance height, the material loss
rate increases to a maximum and then subsides. For conastant flow rates, an
increase in lance height causes more material loss dp to a peak level after
which there is a steady decline. The maxima all occur when the central jet
impact volocisy is around 70 Qéaec. This was previously describgd as being
the demarcatioh between "splashing" and "penetrating'" modes of interaction
between a jet and a liquid bath. Thus the maxima are the boundaries between
these two modes, It would/be best then to have a lance operation far removed
from this 1mpact condition. For increasing lance diameters, the maximum
quantity of ejections remained the same but higher flow rates were required to

10. Ejection rates in hot model BOF's also displayed a

achieve this maximum
similar tendency to attain a ﬁaximuu (See Figure 30) at certain blowing

hoightalo.

s

Experiments of a similar nature were carried out with different types L

of lance nozzles to determine the effect of lance ﬁoight oh'splaehing‘rateals.

The results are given in Figure 3l. The gas flow raté through each nozzle

was kept constant and the laicd'hpights were always such that the jet inter-
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action was of a penetrating mode, As can be seen the three hole nozzles
with a divergence of 10° or greater behave differently, having substantially
smaller rates of material loss. The reason for this.is that these nozzles
produce non~interacting jets, thereby avoiding a high central impact velocity.
Alsoc more spraX.is directed towards the vessel walls rather than straight
upwafde where it can escape. Tests with supersonic and sonic jets operated
at the same flow rate (Figure 32) showed there was no variation in splashing
between the two. The Jet impact on the bath must therefore have been quite
similar.

For the case of bath circulation under different blowing conditions,

o

it has been observed in studies with water that mixing is optimized when

splashing just commencecg. This is due to a maximum in the translation of »

shear energy to bath motion in place of any dissipitation by droplet formation

or citi:y‘notion.

[



2D. EFFECTS OF VESSEL CONFIGURATION AND SIZE ON MATERIALS LOSS

Furnace volume plays an important role not only in determining the
limits of vessal charge but it also influences the occurrence of slopping.
Present BOF's have a productivity, expressed in the inverse form, ranging

from 0.6 to 1.1 m° 1’1‘%. The metal itself, with an average density of

7.2 gm.cm‘B, will occupy 0.1k mt . The remainder of the furnace volume
is available for slag and gas containment. A aurveylzh of existing BOF
operations where the occurrence of slopping is infrequent 5&5 shown that
the top blowing rate is limited by the speed of removal of the gases formed.
The data used to substantiate this finding is presented in Table 3, It was
assumed that all the aupplied oxygen goes to decarburization and the off’
gas is entirely CO at a temperature of 1500 C and a pressure of 1.5 atm.
Based ontirely'on.free volume,conniderationa tht minimun calculated gas
residence time before slopping occurs is 1.3 secondelau. Shorter residence
tizes indicate 'iaatei' ~gh‘put‘ of the gas. The free volume in which the
gas circulates can be thought of as a collaction chamber for any sprayed
matorial. It the gaa flows quickly it can naturally entrain more sprayed
material oauaing an undue anount of slag and metal to ve ejectod. Any_
condition in wh;ch‘the slag foams excessively uill also decrease the
available gas reaidencg tin;‘mnking it easier for slag Qjection.

The veaéol configuration will determine the diameter to depth ratio
of the metal bath, ' For circulation considerations, a certain bath depth

125

{1:6 to 1.7m)""" must not be exceedod if irregular and incomplete refining
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due to large dead zones is to be avoided. Thus as vessel size increases
this ratio must become higher, Cold model inveatigationslo vhere the bath
to mouth height remains constant have been conducted to determine the effect
of bath depth on splashing rates. These result; are given in Figure 33.
¥With increasing bath depth the splash rute also increases but asymptotically.
This asymptotic behaviour is due to the combined action of cavity formation
and bath circulation. Wwith increasing bath depth past a certain point, bath
circulation will not change; only the size of the bottom dead zone will
increase. For industrial practice where the bath level increases through
larger metal charges, the bath . to mouth height decreases allowing more
material to escape because of the shorter trajectory and because of the taster'
gas velocities which can entrain more splash.\ The base profile of the BOF
can also influence the ejection rates. In water model studies, it wza
determined éhat a dished shaped base produces less splash when compared with
a round base profile (See Figure 34).- The increase arose from periodic
oscillations causing splashing of the bath in the latter vesaelsm

.The furnace mouth diameter is go;erned by metal and slag splashing
and by the exit gas velocity; Ir tﬁe hole is made too large, too much
material will be ejected from the }umace. Likewise, if the mouth is too
small the waste gas velocity will be high enoﬁgh to grag droplets of slag
and steel into the cleaning system, With higher gas‘:elocitiea, larger steel
particles can be .carried in the ;as stream by drag forces, possibly leading
to erosion problems of the furnace cone. Metal yields also decrease under |
these circumstances. o

A furnace lining should gradually erode during a cumpaign. As it
does, the interior volume 1ncr;asea thereby reducing ploppiﬂg'and splashirig

rates since the metal bath is shallower and the gas residence time is longer.
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2E. EFFECTS OF SLAG DEVELOPMENT ON MATERIALS LOSS

The BOF metallic charge generally consists of 70 to’80% hot metal
with the remainder comprising of iron ore pellets, cold pig ironm and
various types of scrap. The silicon and menganese levels in the hot metal
will vary depending on b;aet furnace operating practice and the type of ores

used. A generally quoted127

ideal composition is 0.7 - 0.5% silicon and
similarly for manganese., Changes in the hot metal composition alter the
chemistry of .the slag and its physical properties if there are do flux
changes. The slag viscosity as well as the emulsion stability vary with
"the slag composition. Higher silicon levels lead to a gre;ter slag mass
(ahout 5 kg. per ton steel per 0.1% Si maintaining same basicity) with an
increased chance of slopping since the foam level at its peak will be higher.
Correspondingly highgr ranganese levels also increase slag volume (about
1 kg.t™" steel per 0.1% M). MnO in the slag scts in a similar panner to
FeO increéaiég the slagt!s fluidity. For hiéh hot metal manganese concentra-
tions an ovaroiidized slag condition may resultj. In such a state the slag
can react errafically with the bath and droplet carbon generating large amounts
of CO. Slopping may thus occur.

Lime is added to the furnace charge to form the necessary basic slags.
Its physical and chemical prop;rties must bs such that i;‘dissolvos as rapidly
as pSaaiblé. Otherwise a heterogenecus alag'nore ;mcndablo.to slopping will
resultlzs-lzgl Burned dolomite_agditionstare generally ;nde to ch} down on

brick erosion by suppiying MgO to the élag. The proper quantities must be

.




used to avoid MgQ precipitation in the slag in the form of periclase.
If this occurs the slag viscosity increases becoming unsuitable for fast
refining. I

Slag conditioners such as fluorospar and pellets are employed to
prevent slag coagulation’wiich can be accompanied by the forﬁation gf metal
splash, If spar is added to early slags it is not too effectivegs. It will
only make the dry slags that form later in the blow less viscous. Pellets
can be added if a dry slag low in iron oxides is present., The oxides supplied
will partly dissolve in the slag with the remaining fraction reacting with
the bath carbon. If the pellet addition is made when the slag iron oxide
level is adequate, rapid decarburization due to the large amount of available
oxygen will result. This may thereby lead to slopping.

All the different flux additions will influence the course of slag
development. In this manner, they also affect bath circulation since the
slag condition will partly determine the mode of jet-liquid interaction.

Bath circulation, however, is more directly influenced by the type of scrap
addition. Light scrap will result in greater bath chilling with a conse-

130-135 -

quently slower bath motion Heavy scrap will not dissolve as rapidly

and may thereby interfere physically with bath circulation.
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3, THE DESIGN AND EVALUATION OF SAMPLERS

Recognizing the need for further study in the area of material
ejections from basic oxygen furnaces, it was felt that the best course of
action would be to conduct the work with actual production equipment,’

" sampling under regular operation conditions was carried out at the melt shop
of Dominion Foundries and Steel Ltd., Hamilton, Ontario.

In order to measure ejection rates from the BOF during the blow a
sampling technique had to be develaped. In order to prove the worth of this
method, many testa‘were carried out juai to measure the efficiency of
sampling for ejections. The course followed in the deasign of the sampler and
ite evaluation is given in this section. In order to study the process in
- greater depth, auxilisry equipment was devised to obtain slag and metal
samples throughout the blow. The construction and evéluation of thig sampler
for slag and metal is also reviewed. The chemical analysis methods used to study
all these different materials are also given.

In order to provide a complete picture of this investigation, a brief

outline of Dofasco's blowing practice is first given,
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ZA. DOFASCO BLOWING PRACTICE 9

Dofasco's melt shop incilude'a three vessels originally designed for
80-95 ton‘ steel heats., The current vessels have an intem‘l volume of 77:::3
with a new lining and produce 147 tons steel on the average. This corre‘aponds
,‘to a working volume of only 0,52 mot~l, The blowing rate is typically 21000m°h
:f and the quantity of slag generated is around 150 kg t-l steel. The gas residence

time can be calculated for these conditions as was in Table 3 for other

b
|
!
|
I

'operations. The slag density is taken from Table 1 to be 3.0gm cm . The

computed gas residence time is 0,97 seconds which is considerably smaller than
| the recommended 1.3 secondalzu. In this overcharged condition the furnace’a‘
are more s\iaceptiblc to slopping and metal ejection. Indeed this is the case

f - since elobping is observed in every heat with normal operating practice.

Metal ejection also usually occurs but at a different time period in the blow.

The extent of these material losses varies from heat. to heat.

Scrap is charged first into the furnace and then topped with the hot
metal. The average m'otallic charge is 165 - 170 tons. A three nozzle lance
is then lowered to 3 meters above. the bath whereupon the oxygen is delivered
at around 17000 moh As.soqn as ignition iz achieved the lime and dolomite
addition is started. Lime conmi:tion is around S0 - 60 kg per ton steel and
the calc.*,.ned dolomite used is rou@xly’half 'tliia value, The exact rate is
dependent on hot metal chemiatry and the aim MgO content of the slag at turn-
down, S‘!le;e; flux additions are made continual'l,y over the first 7 minutes of

T . .

_*. Ore ton a 1000 kg., oxygen flow given at STP
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the blow. Fluorospar is also added with tyeso fluxes when a fluid slag is
required, at a rate of 1 - 1.5 kg tr. e oxygen flow rate is gradually
built up to, 21000 woh~) during the firet few minutes of the blow. During
this time the lance is lowered at a controlled rate of 0.3 . win~l untl

it is 1.4 m above the metal bath (based on the initial static bath). It

is left at this height for the remainder of the blow. The oxygen flow rate
is kept constant at 21000 zh™t throughout the blow except when slopping
occurs. Slopping typically occurs between the seventh and fifteenth minute
of the blow. An adjustment is madehto cut back the flow rate to 17000 won~t
during this interval. H;tal splashing generally takes place after the
slopping period. The ateels pfoduced in the melt shop are blown to less than
0.2%C. The average blowing time is 24.5 minutes. A schematic of the blowiﬂg
practice for a typical heat is given in Figure 35.

_ .A diagram ghowing the dimensions and configuration of the furnaces in
the melt shop is given in Figurg 36. Because of the slanted cone design of
the vesael, slopping and metal ejection material normally falls behind the
furnace into the slag pit. Only the finer pnrtfclee are carried along by the
waste gas. The gas velocity increases in the: furnace cone because qf area
constriction. The waste gas consists basically of CO, but there is a small’
fraction of CO,. Inme&intoly above ;he fur¥ace mouth this gas burns in the
surrounding air to produce tenpefaturos exceeding 1600°C. These product gase;
and a certain agount of air are sucked into the gas cleanigg qysteg through a

water cooled hood located 2 meters directly above the vessel mouth.

. S
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3B. SAMPLING LOCATION AND CABLE CONSTRUCTION

The furnace mouth represents the source point for any material

. ejection. Anything exiting fros here may be entrained in the waste gases or
may fall behind the furnace. Occasionally if the size and trajectory of the

e jected materiil is sultable, it may return into the furnace. In order to
sample the full stream all tests were conducted at the tip of the furnace mouth,.
It could be accessed in two directions, vertical or horizontal. The horizontal
point of entry was the gap between the furnace mouth and the hood. A swing arm
mechanism would have to be employed to sample througﬁ this route. However

this would not be convenient since it would cause too mucp interference with
the movement of prodﬁbtioa'gquipnent in the plant. Only one vertical point of
entry was available, this being the unoccupiod portion of the lance hole in

the furnace'bood. This area is roughly annular with a width of about 0.2 m
(See Fiéure 37). It can be reached by standing on the scaffolding’ surrounding
the gas cieaning system and ausp?nding the sampling device on.a cable. The
d?atancg between this position Pnd'thp lance opening is rou@hly 16 m, and can
be reached. u;ing a steel cabdle, Whenéver sanpling was carried out, the lance
clampa had to be opened to allow eaqy access. ‘

To support a device at the furnace mouth, a second cable had to pass
through the 3 meter gection uhe;e the uaate gases are combusted. In this area
the temperatures are at tires during the blow high enough to meit steel. Since
samﬁling timeo of about one minute were anticipated. ahpporting cables c;pable
of lasting a few minutes were "ol necesaary 8 man diametar steel strand

cablos were originally toeted but could only withstand those tempcratures for
\
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Fig. 37. Lance hole opening for entry
metal samplers,
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periods generally less than one minute. Steel bar sections of 13 mm diameter
lasted for a;ound two minutes. However this proved to be too cumbersome to
work since the bar was withdrawn from the furnace at red hot temperatures.

An insulated cable was constructed using asbestos tape, coarse Mg0O
powder and 8 mm diamet;r steel strand cable., 1Its construction is depicted in
Figure 38, The different layers were applied in the form of tape by rotating
the steel cable at one end using a pipe threading machine. The cable was kept
taut by applying a force at the other ondvuaing a freely rotating supply crane.
Insulation_waa applied to a 3m section of cable measuring 4 m. in total length.
The iﬁaide asbestos cover only served to isolate the steel cable from the MgO
powder. This powder was applied dfy by supplying it with the exterior asbestos .
tape (4 om wide) layer. The MgO powder was an industrial ramming mixture
(Permanente 165 Periclase) on non-uniform sizing having particles up to severai
millimeters in di:hetcr. Several t¥i§15 testing this cable's durability in
the atmosphere above the furnace mouth were carried out. Déadveighta of 5 kg
mass were attached to the bottom end to keep the cables motionless in the rapid
waste gas stream. The results are given in Table 4. The shorter endurance time
betweon the 10 to 20 minute mark is due to the higher gas temperatures arising
from peak CO evolutian rates. The cables always failed by melting about 1 m ,
above the furnace mouth, 1ndicatinglthis is the hottest point in the combustion
zén;t If suspended in the furnace for one minute periods the cables could be

safely used twiée, therqaftef\the asbestos flaked off expoaiﬂg free steel surface,
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Fig. 38. Schematic of the insulated cable used for supporting the
ejection sampler in the off gas streanm.
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Fig. 39, Schematic of the diffsrent devices.tried in ejection sampling.
OMaterial entered through. the bottom opening. BN ~

N ¢ o, s -
N .
. . -
’ . -
N s - .
- - v%‘

\ N

Bt o e i g TN Ly

o mr———— -



s

¢

Time ipto Blow

TESTS ON DURABILITY OF
INSULATED CABLE

TABLE 4

Number of Cables

Time Before- Fallure

(nin) Tegted (min)
5 - 10 ' 3 >5
10 - 15 4 2 -3
15 - 20 2-® 2-~-3
20 - 25 2 7 b
v L8
S e )
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3C. 'SAMPLING DEVICES
v

In order to measure ejection rates, the sampling device had to havg
a controlled entry area and all the material’coning into this area would have
to be collected by some means. A variety of sampling devices were examined
by suabonding them at the furnace mouth before a su}tablo one was found. ; -
The different devices are presented in Figure 39. All the samplers were j '
constructed of 3.2 mm thick low carbon atogl. /

The basic concept behind sampler A was to deflect the ejected ’f %
particles on the inclined plate into the horizontal collection chamber. ‘
Tests with this device showed no deflection at all. Slop material and metal

|
!

droplets were collected on the vertical surfaces and on the deflection ‘plate

by welding and adhesion but none was carried over*to the horizontal chamber.
Modifications in this sampler's dimen;ionb and the provision of openings for
gas escape through the end plato also produced the same results. The idea
behind device B was to have an entry port with a larger collection chgmber for

the settling out of any eJected materiai:jiSoma material was collec ed on the

S ——a—— gt

inside walls of the entry chamber, again by yglding and adheaion./put very
little actually e;tered th; main collection chanber.. Modifications .in the sam-
pler's dinenaionu sinilarly produced negative rosults. - //7n

The results from teating with the two previous devicgé indicated that
metal ejections ;Lre still uolten upon reaching the furnace mouth and could bo
collected on vartical surfaces by welding. Siadlarly 11 slop material uould
atick'by surface adheq;on as it was. quenched by the co erlaanplcr Q;llq.

If the vertical surface area is substantially larfjﬁ}thap the entry area,

.
,
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most of the particles should be collected since the probability of not
contacting a surface on which they can freeze is very a;all. Material

also stuck té the outside walls but as this did not pass through a controlled
area its quantitative significance would be difficult to assess. Tube
samplers depicted in Figure 39-C and D were found to give good ejection
samples. The open ended device (D) allowed the waste gas to pass through,
thereby causing less disturbance in the waste gas flow. Various tube lengths .
of each type were tried ,but material was generally collected onﬂ( on the first
25 cm length of the inside surface for the size of openings used. A tube
length of 38 cm was found to be adequate for efficient sample collection.

The exterior sample walls were norzmally coated with slag or metallics along
the whole iength. Photos of two such samples are given'in Figufa ho, 'Further

evaluation of the two tube samplers, open ended and closed, was conducted and

will be discussea later (Section 3F).

-
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Fig. 40. Appearance of sampler D after 1 minute sampling period: f
(A) slop at ? minute mark in blow, (B) metal ejection ;
at 18 mimute merk, -

Fig. 41. Complete nupling m.n'bl,y with opon cndcd tubo device
. (Sanpler ”)0
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3D. SAMPLER PAINTING

The tests with the tube samplers indicated that metal ejections could .

be collected by welding onto the steel surface. However this made their
removal very difficult. To avoid this sticking problem an insulating paint
of Ca CO3 was applied to the szampler walls., A suspension was prepared by
dissolving finely ground industrial lime in water. Lime was added until a
thick colloidal mixture of Ca(OH)2 particles in water resulted., This paint
was applied on the tube samplers which were first heated in a natural gas
flame and then dipped into the colloidal solution. The samplers were then-
dried by reheating in the flame for half an'hour.v All the excess water evap-

orated off and the Ca(OK)2 combined with the CO, in the oxidizing flame to

2
form CaCO,. A firebrick furnace (i1m x 1m x 1lm) equipped with a natural gas

3
burner could heat simultaneously sixteen samplers.

Bince it was the igfention to gtrip the tube's interior completely
after sampling to get a réﬁresentative sanmple weight, the inside coating
weight had to be kmown to avoid any further chemical treatment to dissolve
out the paint. The weight of‘the total coating was determined by weighing
the samplers before and after application of the paint. Thojuniforndty of
the coating between the inside and outside tngc walls wvas checked by stripping
ten samplers separately on both sides. The two weights were then compared,
The.reeulta are given i; Table 5. The hvérago‘rat;o of inside weight to out-
side weight was 1.91 which clearly demonstrates the evenness of the coating.
‘The standard deviation of this ratio wae 0,175, Thiscwas rather high since
..for an outside coating weight of 50 gm, one would have 95% éonfidence-linigp
ot.SO & 17.5 gm on the inside coating \;eightt However, as ;ill be .demonstrated
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TABLE

TESTS ON COATING EVENNESS
WITH OPEN ENDED TUBE SAMPLER

Inside Coating Outside Coating

Test Number Wzésg‘ ”z;g?t In8$d§a?18utaide~
1 " 8 75 : 1.07
2 b3 68 0.63
3 57 48 1.19
L 62 55 1.13
5 61 | 68 6.90
6 63 8 1.09
? 2 . 62 1:13
8 26 - 66 1.15
9 56 .t 57 O.'98

10 - 45 s - 0.83

mean rat:i.o = 1,01

' standard deviation = 0,175
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later, this error can be accounted for in another manner (Sectiom 3F).
This method allowed the inside coating weight to be taken as one half the
total paint weight,

&he coating weight could be varied by two methods. The tube sampler
could be heated-up to a Highgr temperature before dipping or the paint could
be thickened with lime addition in order to increase the coating weighé.
When taking slop samples only thin coatings were required since the material
st#ck by adhesion and could easily be removed. For metal ejection samples
thicker coatings were required to prevent excessive surface welding.
Generally, samplers with inside coating weights of %0 - 5Q gnm. were used.for

slop and those Q} 70 - 100 gm for metal ejection.
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3E. * TUBE SAMPLER EVALUATION

I; testing the open ended and closed tube devicgg a standard length
of 38 cm was used. The open endedgdevico was qonatructed\gith a top plate
spacing of 1.7 cm, This plate prevented an& slop i&féri;i\}tom entering
the bamplor 5y falling into it on a downward trajectory., Some excess
material could still come in through the vertical opening but this is
considered to be negligidble. The top piati also served to collect any
material that n&y have passed ‘through the whole tube length without sticking
to the side wtllq. This is possible if the particle is minute and fully
entrained in the gaa stream. The closed pubg device was éémpletely aﬁut of?
at tho top with a Qaldcd plato. Both devices were supported by 1.3 cm
disameter rod fixtur?a welded to the tube walls.ﬁnpor both devices the ratio
of vertical collectipu area to horizontal entry area was 22, For the open

ended device the ratip of exit area to entry area was roughly 0.9. A photo

of the complete asaembly,with the open ended device is given in Figure Ll,

A U-bolt clapp-was-used t6 atthch the samplers to the 4m insulated cable.

K the second loop to a 10m steel strand cable
used to manual oue e device into place above the furnace. Markers on
this cable allowed the deiﬁces.to be accurately positioned (£.0.3m) at the

tip of the furnace mouth.

'Aa.statad before, thede two types of tube devices gave good ejection

samples. As a method of cé

:taneonaly lowared on separat cablea 1nto the furnace mouth for a one minuto

period, - Altqgnthor 25 co" ioqn tasts were conducted with the two aamplero

at différent tinns durins tha blouz The sanplora were 5tripped on the inside

) iéon. the two painted tube devices were simul-

4 tra—
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and the ejection sample weights were dd}ermined by subtracting the éoating
weight. Depending on the time period of the blow during which the sample
was taken; a different type of ejection natéri&l was norﬁally collgqted..
All the results of the comparison tests are given in Table é. Oniy in 5
of the 25 cases did the closed device collect nﬁro material than'the.opén
ended sampler. For those instances (Tests iO, 17 and 24) where there was
an extremely large deviation SQtwoon the two sample weights, it was observed
that the samplers were not placed correctly at the furnace mouth, This
problem was eliminated by taking extra care in positioning tho aampler.

This data in Table 6 was tested statistically for its goodnces of
‘fit. According to the Central Limit Thoorem. any natural process that is
‘neasurablo will have a spread in the data_that comes from errors in data
gathering. If the error is the sum o; nnnj component errors which may ho£
necessarily be normal, then their sum will ténd towards a nor;al or Gauss
distribution. A statistical test determining the dogrée to which ?hn aﬁ!}le
_‘dgta ;oprpbenté the total ?opulatign (ievel of—signitiqgnco) can be carried
out using the Chi-Square method. This method is 1_11%«1 4in Appendix I.
Norsally a minimum of 20 data points is necessary. For iidustrial data, a
30% level of aignificanco is generalls acceptable..(Lov significance 16Veis
indicate the presence of some exterior 1nterfering factor. This data analysis

mothod is used extensively in this thesis since it gives a good indication of

whether a natural process is Sging accurately measured. The data distribution.

of the ¥ weight difference for the ompurison studies and the accompanying
12 teat is given in Table 7. The thres excess pointa (Tests 10, 17 and 2#),

‘wéro ignored. The mean weight difference was 28.7% iu favor of the open ended

device with a standard deviation of L40.5%. "The lavel of significance at >30%

_ qu scceptable. S
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COMPARISON STUDIES OF
OPEN ENDED AND CILOSED TUBE SAMPLERS

Time Type o Il Open Closed

‘Test Into Sample  Sample % pif ferencez

Number B%ow Sample Weight  Weight
(min). (gm) (gm)
1 1:30 M 20 12 67
2 4330 M 22 19 33
3 18:30 M 114 T 62 8l
b 16300 M 132 68 9l
5 18:00 M 181 . 109 66
6 0:30 SeM . hy - 58 -29
7 3:00  S+M 59 59 0
8 . 5330 5, 38 . 54 . =30
9 8530 S . 86 90 -l
10 0230 S+M © 198 66 200
11 %130 . M 25 25 0
12 8:00 S 383 232 65
13 1:30 S+M 66 100 -3k
1k 6:00 S ‘35 31 13 -
15 8:30, S, 518 392 32
16 1100 S+M 47 37 7
17 . 1:00 S+M . 66 - 10 560
18 1300 S+M 101 61 66
19 1:00 SeM— 87 65 - 34
20 1300 - S+M Y3 Ly 12
21 1:00 - 8S+M- . 66 ? 8o -18
22 © 1300 S+M 87 .79 - 10
23 1:00 S+M 132 90 47
2h . 1:00  S+M 79 . 15 433
25 1300 S+M 73 37 97 -
1 s « slag : . Lo
M = metallics

« ‘ "' N

. . 2 .’ . . " ¥ - . +
% Diff.. = 502311 Wt - Closed Wtz
’ ) © 7, Closed Wt , .x 100%
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" COMPARISON STUDY DISTRIBUTION

ARD X2 TEST

Range of ¥ Difference

X~ Test
Range fi
40 -0 6
0 -l 8
-8 5
80 -~ 120 3

-0 to O

0 to 40

40 to 80

80 to 120 .
22

28,727
4o, 490

o X =
H i

U Pc
-0.7095 0.2391
0.278%  0.6097
1.2663 0.8973
2.2542 0.9879

. Degreen,of;freedom
Level of significance =,

!

2

a l’-}:]:

30%

Number of
Observations
6
8
5
3
Pi NPi x°
0.2391  5.260  0.10%
0.3706 -8.153  0.003
0.2876  6.327  0.278
' 0.,0906 _1.993  0.509
0.9879 21.733  0.894
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It was evident from these studies that the open end;d device was
much more efficient in collecting ejection samples. The explanation for this
behaviour is as follows. The ciosed'device was cbmpletaly sealed with no
possible place for gas exit other than the gctual antry pgint. Any particles
coming into the device first had to ové;come this gas back preassures, Not all
the material aucceeded’in qoihg 80. Proof of the existence of back pregsure
was given by the‘opeervation that no material reached the end plate of the
closed device whereas moderate amounts of both slop and metal ejection were
found on the open ended device's end plate. With the open ended dovice‘thenp
was no auch ‘interference force so it collected a representative aamplo.

The presence of some material on the end plate of the open ended
device suggested the possibility that some material escaped through the verﬁical
gap. Random particle trajecforiea make it possible for some material to pass
throhgh the device Qith;ut sticking ;o the walls., To determine how much
material eeoape&.‘h double ?ube device was constructed. A diagram of this :
device is giv;n in Figure 42, Any material not collected in the first chamber
should be accumulated in the second tube. To facilitate sample weight meagure~
ment in bm,, only the first chamber was coated. 15 tests in which this
device was aﬁapended at the furnace mouth for one minute were conducted.
The result of these triila is given in Thble 8. Photos looking down into the
second. chamber after samples were taken are given in\figure k3, The amount of
material collected in the second chamber varied from as little as O.#% to a
maximum of 4,0% based on thc total sample weight. No mateqial_was collected
on the second end plate indiégti#g very 1little further material loss from the
device; The averaqa sgnpng}oii tbat,coq;d be expected froin a one chamber
d;viéi wvas 1.8%. Thi; wﬁp acoeptable considering the sampler's simplicity.

]
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Schematic of double tube device used to measure material.loss
through the top opening. All measurements are in cm.
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Fig. 43. Second chubor uppunnc. nftcr unpnng aho\d.ng the small mount
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TESTS ON 10SS OF MATERIAL

TABLE

.

FROM THE OPEN ENDED TUBE SAMPLER

Tine

1
Type

lst Chamber

Test Number ;?;: of Sample 2ngaggi:ber % 10532
(min) ‘Sample Weight Weight
1 1100 M. 30 0.6 1.96
2 7300 S 31 0.9 2.94
3 1:00 - S+M 238 2.5 1.0k
4 12:00 . S 145 2.0 1.36
5 12300 S 274 h,s 1.62
6 18500 M 625 18.5 2.87
? 7:00 S . 282 2.4 0.84
8 1:00 S+M 228 4.9 2.10
9 ~ 7100 s 112 2.6 2.27
10 12:00 S 219 1.7 0.77
11 18:00 . M 202 1.4 0.69
12 18:00 M 134 2.8 " 2.05
13 7300 s 290 . 1.2 0.4 )
b 12:00 8 168 4,6 2.67
-15 1:00 M 17 0.7 3.96
1S aslag .
M = metallics :
2‘% Loss = ( 2nd Chawber Wt. )

. (ToF Chamber We. + 2nd Chamber:We.) *

Q
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The question of whether any material was loatVBy falling out the
entry port could not be adequately answered. However, s;nce the sampling
Jocation was at the tip of the furnace cone, the off gas velocity ;ould be at
its highest. Any materisl trying to exit through the entry area would have
to pass through a positive velocity gradient. This is unlikely since the
material reaches the sampler with the assistance of the gas stream. Further
work dealing Q!tp /th’:i.}s subject is presented later (Section 3F).

Based on EH; favorable comparison and material loss studies, the one
chamber open ended device was chosen for further testing of sampler

reliabilsty.

™\,
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3F. TUBE SAMPLER RELIABILITY

..\\

J
To test how relisble the sampler and sampling procedures were, two

identical tube devices (coated) were sirmltaneously suspended at the furnace
mouth on separate cables for one minute intervals. The height deviation during
sappling between the two devices was about 2 0.lm. The distance separating
the two devices was at most O.4m. Both samplers were manually lowered and »
raised vo their position 51;@1taneotlal¥ with time differences of leas than ’
3 geconds, Since the sampling conditiohs were nearly identical, only em‘n ;;,%
differences in the ’aanpio weight would be expected. This testing was carried
out only at two time intervals in the blow, ‘the first being the 7 min. mark

and the second at 18 nin. These periods were chosen because examination of

the previous studies (Tables 6 and 8) showed that slopping always occurred
at about ? min. whereas only metal ejection occurred at about the 18 min, mark, x
In this l;annpr, _sepafate checks on sampling reliability for slop and metal |
ejection could be obtained.

A

Altogether 31 such tests were carried out at the -7 min, mark and 30

tests at 18 min. The results of these studies are given in Tables 9 and 10.

' 8ince the sample weights vary quite subatnm. the variance for any test
is expressed as an absoluto:,porcont difference based on the average test

weight of the two umi,xoa.' 1f 1t is assused that the discrepancy vas caused
by randomised bohav:lour in the fnrnnoe and in aanpling the error variations

-

ewpirically expreued as p.roentfdiffcrance should pattem thmelvoa to L e
fonov-r normal distribution, Chi-Sqm.ro testa on theae data eets are given
1n Tabln 11 md 12, For .J.oppins nta:m. the, m-pling acouracy was = 9.3%7

vith a ntandard dev:htion of 5.93 I‘ito J.eul of signincaneo 15 acceptnblo

Gam ot
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SAMPLING RELIABILITY FOR

TABLE 9. -

71

- SLOP MATERIAL
Weight Weight 1 ]
Test Number Sample 1 Sample 2 % Di;f;::zce :
(gn) (gm) .
1 305 307 0.33 :
2 75 89 9.88
3 55 75 15.38 j
i © 450 535 8.63
2 510 615 9.33 5
6 75 97 12.79 a
7 98 137 16.60 :
8 168 201 8.94 :
9 58 63 4,13 ‘
10 255 - 290 6,42
1 28 S ! 18. 84
12 496 620 11.11
15 324 361 | 5.40
2 583 587 0.3
15 287 m ¥,0r 3
16 287 432 20,17 |
19 395 508 12,51
.20 & 105 13.51 ;
2l 113 142 . 11.37 ‘
22 186 208 5. 58
23 318 191 10.30
2k - 257 328 12,14
25 289 322 5.40
26 522 592 6.28
28 204 226 5.17 ;
29 235 238 0.63
% 1737 =LY 17,42
n 54

10,20




TABLE 10

SAMPLING RELIABILITY FCR
METAL EJECTION MATERIAL

Weight Veight 1
Test Number Sample 1 Sample 2 % Difference
(gm) (gm) .

1 565 568 0.26

2 350 450 12.50

3 89 9N 1.11

4 131 138 2.60

5 85 106 11.00

6 103 116 - 5,94

? L1 177 11.32

8 60 67 5.51

4 25 29 7.41
10 14 193 18.04
1 139 156 5,76
13 208 226 4,15
14 155 183 8.28

L 112 124 5.08
16 215 224 2.05
17 218 269 10,47
18 320 351 h.62
20 . 914 1014 5. 05 ’
21 b2 534 11.95 "

- 22 27 N 6.90.
23 34 b2 10.5%

2 65 78 9.09
25 281 330 8.02
26 194 - 201 1.77
28 32 4o 11.11
29 131 170 12.96
30 84 92 4,55
1 . L

% Differsnce on Mean = (Wt.2 - Wt.1) x 100,

»

L (WEZ e WE1)
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////TABLE 11

X2 TEST ON DISTRIBUTION OF SAMFLING
ACCURACY FOR SLOP

Range fi u Pe

0-4 5  -0.9097  0.1815

L.8 8 -0.2277 0.4099 " -

B-12 8 o.454k  0.6752

12-16 5 1.1364  0.8721

16-20 3 . 1.8184-  0.9655

20=24 .2 2,500k  0.9938

Degrees of freedom =
* Level of significance 2
s
Na3
5:' = 90335 Vv

Pi NPL X

0.1815 5.627 0.070 -

0.2284  7.080 0.119

0.2653  8.224 0,006
0.1969  6.104  0.200
0,093  2.895  0.00%

‘ o.62§u,_o.822‘ 1.437
0.9938 30,807 ™ 2.836 -

6-3=3
50X .

i
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Range i
0=l 5
4.8 11
8-12 10

12-16 3
16-20 1

. N 30
' i" 70577

8= 4.218

p—

TABLE 12

.Xz TEST ON DISTRIBUTION OF SAMPLING
ACCURACY FOR METAL EJECTION

-0, 8480
0,002
11,0484
1.9967
2,949

0.1983

045399
 0.8527 .

0.9771
0.998k

Degrees of freedom

'Level of significance

z

Pi NPi

0.1983  5.949

0.3416 10,248
0.3128.. 9,384
0.12uh 3,732,
"0.9984% 29,952
o 5-3=2

2 708

x2
0.151
0,055

0,040
0.144

- 0.204
0.5%% ‘
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at >50%. For metal ejection material, the sampling accuracy was & 7.6% with
a standard deviation of 4.2%., The level of significance of the data distri-
bution is >70%. The sampling errors were rather high for both cases but are
tolerable since‘the experiments were bging conductedlon an industrial process
where all the parameters are not controllable.

There was a slightly greater sampling inaccuracy for slop samples
because of ‘the lower density of this material, The slop could constrict the
entry Area to a larger degree than the metal ejection, thereby creating a source
of sampling error. Included in tﬁose digcrepanéy teats waa”apy variance in
the coating evenness on one sampler or between two samplers since the inside
paint weight héa already been shown éo'be. to certain extent, én uncontrollable
variable, | |

The most égaily accessible vertical éntry port ior ;ampling va; the
lance hole opening. This area represented only a_small bortion of the furnace

mouth. The aamp%os obtained from this area may not have been representative of

R R ST P JUNEE

vhat was being ejected from the entire furnace uouth.. Tests were therefore
conducted at two dit{grent.uampling positions. This was made poaai&ie by
partitioning the two water cooled panels of the gaa'cleaning qyatené whose '
Junciipn was.aé the lance opening (See Figure 37). A 30 cn‘widi‘gap thereby
ran along the whole furnace diameter. Two samplers were 9tnuitanoouul§ sus-
pended at the tip of the fuinaco pouth for one minute 1nterval;; one ;aupler
was located at the furnace cenéro—througn the lance hole and the other was

ponitioned 1z auay. near thc edge of ﬁhe louth. The aeparntion of the devices
was kOpt vithin linits of Oaan. All aanﬁling vas again carrie& out at tbo
, ,-pﬂriodu in the blow, nt 7 nin.«tor alop»and ad 18 nin. for- natal ejcction.

A

'V‘J,'ino porlitted only 25 such tem o e conducted. 13 for nlop and 12 for. mtal
a,jccﬂ.on‘ e remm. of thoae atudiu&a given in ’I'able 13. “The weight -

P *’*‘"‘ . ¢
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TESTS ON REPRESENTATIVITY OF SAMPLING

Time Sample Weight Sample Weight

Test Number ;gz: Mouthagontre - HoutgtEdgo % Differencol
(min) (gm) (gm)
1 7300 - 339 - 292 ~13.9
2 7:00 259 253 - 2.3
3 7300 117 121 + 3.4
4 7300 37 .55 +48,7
5 7:00 236 197 =16.5
6 - 7100 359 470 +30.9
? 7300 387 316 ~18.4
8 7300 bs0 269 40,2
9 7:00 17 10 -4, 5
10 7:00 66 _ , 123 - 486.4
11 7300 . 65 . 110. - +69.2
12 7100 409 . 304 -25.7
13. 7300 395 235 -40.5
14 18:00 . 28 206 - S,
15 18:00 3O -, 30 + 8.8
16 . 18§00 584 434 -25.7
17 . 18:00- 378 292 - -22,8
18 18300 290 - 321 +10.7
19 18:00 205 145 -29.3
20 18:00 b3z - 3 - 538 +24,3
21, '18:00 172 v 343 +99. 4
22 18:00 88 : . 103 +17.1
23 18300 8 33 -61,2
2 18:00 91 . 88 - 3,8
25 18:00 - b 23 +643
. 7‘ ( 5; e)
Differeﬁcg . Ht. Ut. Centr
Wt. "Cent!'e :‘ - lm'




Range

-25 .3 25

25 s 75

75 1 125

N =25

i

= B ~

s = 42,270

TABLE 14

X2 TEST ON DISTRIBUTION OF
SAMPLING .REPRESENTATIVITY

v Pec

-0.7005  0,2418
0.4852  0.6862
1.6708  0.9526
2.8565  0.9979

b
Degrees of freedonm

Level of significance

L NP4 “
0.2418  6.045  0.151
0.L4lh 11,110  0.071
0.2664 6.660 1.062°
0.0453 — 1.133 0,66k
0.9979 24,948  1.948
= b3
2 15%
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difference i1s expressed as a percentage based on the centre sample weight.

The slop samples obtained from the two positions appeared quite
similar and were not tested for differences in chemistry since their source
poipt, the slag-metal-gas emulsion, was relatively homogeneous as will be
shown later (Section 3). Likewise, the metal ejections at both locations
were the same, being composed almost entirely of iron as will be demonstrated
later (Section 4C. 5), The weight differences between the centre and outaside .
positions were quit variable ranging from -61% to 99%. The data can be
analyzed separately/ for both typeu of material. The mean weight difference
for slop was' 2.82% with a standard deviation of 43.00%. Similarly for metal
ejection the mean was 6.4% with a standard deviation of 43,08%. A t-test of
these values shows they are statistically similar at a 99% significagoo lgvel
and so the data chn be treated together. The x2 test on the data diatribution
given in Table 1’} shows a>15% level of significance. This is a rather low )
valuo ,but could poaeibly‘have been improved had further testing boon carried\
out. All in all, this study ahowe@ that slopping agd metal ejection were
generally unithi over thg furnsice mouth but large deviations wore.poaaiblg. f
Thie variatiogycoulg be egglained by th#tféht éhat the off-gas flow was not

uniform over the whole furnace mouth area. There was a gertain amount of air

intake around the edges which di'sturbq the flow. The cone constriction could _

also cause a‘velocitges to ‘vary across the furmace mouth, The asymmetry of

the cone copld also have an effect. - .
A \lgh measure of thé 'e‘ffi’c:tency o'f sémpio' ooliection could be madé.

'mo influe co of auch extenior mublu as sampler dimenaion, losa of mterial

/
h the entry pbrt, offccttvenosa qt dcposition. and aaquentul layer |

' j‘ Butldup' f ejéctad mterm could be notgd. ‘1‘0 teat the mpling efriciency b

Y P .,',,,.., ,\-,.4..,. - oy
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-

inserted simltaneously into the furnace mouth through the lance hole for 3
one minute periodé. The ratio of the';ntfy areas between the two devices was
1.85. Under ideal sampling conditions the ratio of the material collected
in the two devices should be directly proportional to the ratio of the entry
areas. For non ideal conditions the rate of deposition should be higher in
the larger sampler. Altogether 11 runs with both devices were made. The

. toaté were conducted randomly during the 7 to 20 min. mark of the blow. The -
results are preasented in Taple 15. In Table 15, the coéfficient R marks the' ) ?
deviation between actually obsefved sample weight ratios and the.theoretically
predicted value based on the area ratio., R should approach unity under ideal

conditions. In the tests conducted an average R value of 1.25 was obtained.

A

o

If the one excessively large value from test 5 is eliminated, the average i;

ay

>

1.17. The cause for R value being greatdr than unity is considered due to the

et

diminished accuracy of measurement with the smaller tube. Here sampling was

more easily interfered with by such factors as the reduction in dntry area

v e o

due to materisl deposition and the greater ce of the waste gas flow

creating more back pressure and caus e defl¢ction of incoming material.
Though the larger sampler proved to be more ;fricient, it was considerably )
bulkier and could h;t be handled as easily. For'this'ragson, the smaller 1
aampler was employed in the 1nvestigation,of commercial hcata.

Tha sampling error of the opgn ended tube device wags shown to
be ‘between 7 and 9% on tho averago. The central sampling,location also proved
'to be roughly repweuantative of the uhole fumace mouth. The eampling time of
one minuto htd tlius fhr bcen found to bq adequate in getting repreaentative samples
and wag emplqud in an further cxperimtal wrk. 'l‘he tnbe probc after amnpling
c(mld s namully changed in two nunutes 0 ejpction salplas could be tafken,

1f ncccsaaxy, at‘erery ﬁhrce ndgute inter!al 1n theghlaw.

.
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Fig. 4. Coated ejection sanplers used in the sampler evaluation study.
(A) Regular open ended device ' - B .
(B) Larger entry area for efficiency studies ‘ !
(C) Double tube-device for material loss studies. :
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TABLE 15

TESTS ON SAMPLING EFFICTIENCY

Time Sample Weight Sample Welght

Test Nusber ;x]l;: Larng'rube Sml;.f‘rubo Rl

(min) (gm) (gm)
1 7200 . 462 212 1.18
2 10300 . 520 319 0,88
3 13:00 . 126 106 0.64
b 7:00 583 254 1.24
5 13300 695 183 . 2.05
6 7:00 3k 117 1.40
7 17100. 513 [/ 235 1.19
8 19100 un S04 1.26
9 7500 98 61 0,87
10 11:00 520 176 1.60
11 15500 235. 87 1.50

. .

R = (Wt. Large Tube)

Entry area ratio = 1,85

X 1.85

81



3@. CORRECTIONS IN SLOP SAMPLING

Because of th; low density of BOF slop, continual slag accumulation
in the probe during the one minute sampling period could substantially reduce
the entry area. Slop samples greater than 300 gm coul& effectively block off
one third the area. Therofore the measured slag ejection rat; was a low . |
estivate of the true alopping rate. To account for this area change g/gggpl
was set up. Several assumptions ere mde: first, that the elopping rate
was constant during the one minute sampling period, second, that only material
entering through the free area would be collected, and third, that there
existed a linoar relationship betvean the final sampla weight and its hicknesa.
The firat two aasunptions were Bimplificationa that could not be verified.
The third aaaumption was checked out by meaauring gome average slag thick-
nesses and correlatins them to the. sample weights. Altogether 2L such data
points were accumulated. The regression coefficient between the slop weight
and its averaéo thickness was'0.826,.giving‘str0ng evidence that a linear
relationship was present, The data is plotted in Pigure 45 along with the.
loaat'aquaros régresaion line of the formh = b x ¥, uhego ¥ is the wéight \‘
and h is thc thicknesa. Tha'cllculated bﬂvnlue'wﬁs 4,382 x 1072 c:}gm'l ' %
The nltho-lticnl nodel devised in Appendix 2 conbinea this relationship along

Q&

with the- pzevious anaumptions to produco an incremental qpalogy of the colloctins

- process. Using differentinl calculua. it was poasible to predict the corrected
alogping raee on the buail ot the final sanple uaignﬁ by uping it as the inte-
gruticn liuit. The relationdhip developod is given hy the, oquationx

.13

M 2 SR N




83

2.00
© 0
1.75F
150}
2 o)
@)
G- 1.25F O ¢
u ok
< o
LE) I.OOP % O
- o o
" 0.75F , Ko
a O]
&
Y asoF © o
<
. Y=438X1G 2 X
o2s5r /O R=0.826 N=24
1 i 1 ) 1 i
0 00200 300 400 500

WEIGHT OF SLOP (GM.)
Fig. 45. Relationship between slop ssmple weight and sample thickness.
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where E is the corrected ejection weight in grams and Vf is the final slop
sample weight expressed in units of grams, All the measured slop weights
were normalized using this equation.

The metal ejection samples also accumulated in auccessive layers on
the tube walls but their overall thickness, due to the higher density, was
generally leses than 0.2 cm. Any errors due to this smsll area reduction

were neglected.
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3H. SLAG AND METAL SAMPLER

To get further information about the yrocesses giving rise to
e jections, a2 method was developed to simultaneously obtain slag and metal

~
samples while the ejection probe was in position., Chemical analysis of all

this material would hopefully serve to point out any deviations or causes -

for ejection. There was no interruption of the blowing process during
sampling. The slag and metal sampler could only be dropped into the BOF
}rom the same scaffold location used for the ejection probe. Passage through
the gas cleaning system was again via the lance hole opening., Preliminary

tests with simple steel péts, welghted down 80 that they could pass through the

slag layer, showed that a 15 second time period was sufficient to drop and re-

trieve the.uampler from the BOF, Steel strand cablos'wgre‘originally uced to
suspend the device but they proved to be undependable. They frequently burned
off when coming in contact with the oxygen jet. Rubber cables, taken from
sinker thermocouples used for BOF end-point control, were found to be more
durable in the very oxidizing furnace atmosphere. The rubber burnt more
8lowly and was not sheared by direct oxygen jet ippingement.

The weighted steel pot was adequate in obtalning slag and metal
samples., It would sink through the slag layer and penetrate into the metal
bath sufficient enough to obtain’'a sample. On withdrawing the device, slag
would f1il]1 the empty portion of the pot and also coat the outside walls.

The metal contained in the pot had a tendency to we;d onto the surface and
thereby was difficult to remove, This problem was eliminated by coating the
sgmple? completely with the lime paint used for the ejectiqn sampler. ’The

coating was applied by dipping the heated pot in the colloidal solution and

P i
pd :"‘:ﬁag .
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drying it in the gas fired furnace. The metal specimens were quite porous
because of the high oxygen content of the molten metal bath. Aluminum was
therefors added to the pot to deoxidize the metal. The aluminum was
contained in two square, coated, steel tubes wedged into the pot. The
pot and the tubes were sealed with masking tape to prevent the aluminum %
from falling out before immersion. The smaller metal specimens obtained
from these tubes were more easily cut for analysis. A photo of the completed
assembly 1s given in Figure 46, ‘
" The sampling pot weighed around 4 kg with the attached weight. Metal
specimens obtained with thig device generally weighed between 1 and 2 kg.:
The 10 gm of aluminum added would be sufficient to kill this msterial. Slag
samples of around 0.5 kg were normally secured. However at times, particularly
in the lasé stages of the blow, only a metal sample was obtained. The reasons
for this behaviour are given later. Only large chunks of slag free of any
paint coating were selected for analysis.
Vhen immersed in the metal bath, the sampling pot was in the vicinity
of the oxygen jet. Questions were raised as to whether the oxygen jet might
refine the metal sample while it was being taken during the blow. - To check
for this poasibility. metsl samples were taken simultaneously at two different
positions in the furnace., This was carried out when the panels surrounding
the lance were opened. A re;gular samples was taken through the lsnce hole and
another was obtaineq‘at a distance lm away. Tﬁie gsecond position was roughly
half the distance between the lance and the furnace walls.
One heat was sampled at these positions at different times during the {
blow, One further test was carried out auring another heat. fhp results of
the chemical analysis of those metal apecimens are given in Table 16. These

compositions essentially represent the top layers of the metal bath. With
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Fig. 46. Coated slag and metal sampler with (A) aluminum inserted in tubes,
and (B) attached to.rubber cable, ready for sampling.
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TABLE 16

STEEL COMPOSITION IN DIFFERENT AREAS
OF THE BATH

i

Sample %C ‘H’ 9%_1( . $Mn
Time into Blow| Centre | Outside || Centre |Outside [{Centre [ Outside
{min)
b 3.60 3.36 || .187 | .053 . .20
, 7 2,94 | 280 ff w010 | woob fl s | a6
10 - 2.30 - |€.001 - .16
13 1.67 164 |€.001 | .002 .27 .29
.16 1.23 1.14 {iK,001 | .001 .30 32
19 0.41 - Jle.oor | - .33 -
4 3,70 3.42 || 02 | .01 H .13 .08

1 ooy aici 6EM a4 -

- q.
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rqa§ect to-carbon analysis, the outside reg@on consistently had a lower
value. Silicon followed a similar path while it was still present in the metal
bath. For manganese, thie early blowing periods had higher levels in the centre
but this reversed itself later in the blow. The differences in the various
elemental compositions gave no indication of enhanced refining in the sampling
pot around the oxygen jet region. Rather, the higher central concentrations
gave clear evidence of metal circulation in the molten bath., Bulk metal of
higher impurity concentration was delivered by a central upward flow to the
jet region. 1In the impingement area and in the cour..e of the outw;rd metal
flow, direct and indirect refining reactfone reduced the impurity concentra~'
tions. The case of mahganese was unique in the ;ater stages of the blow.
The slightly higher c;ncentrationa in the outer regions were due to the
manganese reversion as the metal contacted the slag. The slag rejected
manganese into the bath for a number of reasonpss, i.e. increased basicity
and decreased iron oxide concentration. The composition differences between
the two locations were small enough to ignore, but as demo;strated. they can
serve to give further information on circulation patterns. The metal sample
could be taken to represent the overall bath concentration. |
Since slag could only be readily ;ampled around the lance region,
questions regarding slag‘homogeneity had to be answered., Previous studioalBh
had been conducted at Dofasco in this area, so these results are quoted, The
method of testing was to aamﬁle the furnace siag about the lanceiby the faﬁiliAr
pot method, then gquickly turn down the furnace and rotate it to a different
position so th;t a slag sample could be taken from the vessel edge. The major
inaccuracy of such a sampling meéiod w;a that the slag immediately began to
aubside when the oxygen flow was atopped: Chemical reactions between slag and

metal did not stop and the emulsion droplets began to settle out. Some of the
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results are presented in Table 17, As/éag be seen, there were no great

1

variations in CaO, Si0,, MnO and éetalliciFo analysis between the two

2'
locations. On the other hand there was a greater relative variance in

divalent and trivalent iron concentrations. However this is due mainly to
their extremely low ranéea and to difficulties in actual chemical analysis.

These errors will be discussed further in the next section.
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TABLE 17

.

TESTS ON 5LAG HOMOGENEITY

* Fe3+
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31. SLAG SAMPLE PREPARATION AND CHEMICAL ANALYSIS

The presence of metal droplets in the sample presents problems in
slag analysis. These droplets cannot be discounted for they form an integral
part of the slag-metal emulsion. An often encountered probleﬁ is that these
droplets are snalyzed for as ferrous iron, leading to dubious slag analyses
in which the iron oxide levels are quﬁted to be very high. A qgthod to cir-
cumvent this problem and to actually measure metallic iron concentration§ in
the slag has been develop;d at Dofasco. The methods of sample preparation
and anaiysia are b}iéfly reviewed as follows. ‘

SAMPLE PREPARATION

A general outligo of the procedure ig ‘given in Figure &7.‘ This
method will produce a fine -35 mesh powder free of most extraneous metal and
unreacted CaO.

Material foreign to the slag such as irregular shap;d iron and 1émps
of unreacted limQ are removed by Hand. Part%gle size i8 reduced first by a
. Jaw crusher and plate grinder, then with a disc mill assisted by screening.
Slag samples of 250 - 500 érame are generally prepared to insure homogeneity,
Analysis of several + 35 mesh portions, generally a small fraction of the
total sample weight, has_ahown.i; to be consistently greater than 90% metallic
iron., It is therefore accounted fof in the slag analysis as pure iron. |

EXTRACTION OF UNREACTED CaO- K E A

‘Siﬁce free lime is not an actual component, it nuaf be retoved befare

analysis proceeds., The =35 mesh material obtained after/sample.preparation

L,
is used {n this extraction. . (
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SLAG PREPARATION

JAW CRUSHER

PLATE GRINDER
(2-3 TIMES)

q SCREEN ON_35 8 100 MESH

+35 FRACTION

.

GRIND 5X -
IN DISC MILL

+35_MESH

WEIGH AND
ACCOUNT AS
METALLIC Fe

N\

Fig. 47, BSlag (as emulsion)

1—— -35 MESH ——
' v

+100 MESH . =100 MESH

. GRIND IN LARGE
DISC MILL 2 MiIN.

-

MIX AND RIFFLE"

WEIGH

SUBMIT TO ANALYSIS
LABORATRY

preparation techniques employed in this astudy.
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A 20 gram riffled sample is mixed with hot ethylene glycol (70°C),

stirred for a 30 minute time interval and filtered. The sample is washed
. A

free of glycol with isopropyl alcohol and dried. The dry material is

crughed and mixed to produce a fine, homogeneous sample containing no

unreacted lime. Generally the free lime content of the slag is less than 15%.

510., ANALYSIS

A 0.5 gm portion of ground sample obtained ufter free lime extraction

io used for this analysis. All the major slag components other then silica

are leached out using hot hydrochloric acid. The residue is collected by

filtering. This is transferred with the filter paper to a previcusly ignited’

and tared platinum crucible. This crucible is heated slowly in a puffle

furnace to 900°C. When ignitiorn i complete, it is removed from the furnuace

an? cooled in a dessicatrr. The crucible together with its contents 1:qw015hed.

3ilica is then dissolved by adding a HF - HESOh solucion, The liquid 1s evopnr-

ated on & hot plate un¥11 “eavy fuming starts. The pravious furnace procedw e
"is then repeated. Cn reweighing the cooled crucible, the loss in weliht marks

the slag's silicu content.

Ca0, MgQ, MnO AND TOTAL IRON ANALYSIS

The filctrate from the hydrochloric acid leach used in SiO2 analysis
is employed to measuce these ma jor slag components. Additional hydrochloric
wcid 15 poured into the filtrate to ensure that ull éhe material is disuolved.
Ditutions with water in the proper quantities allow clemental antlysis for the
metal ions to be carried out using automic absorption methods. By toling into

)

account the dilution fuctorsg, the correspoading oxide and totlul iron concen-

Lratlons can Le Jdelermined.

FETALLIC IRON ANALYSIS
. "‘ . W
Another 0.5 gr sample of ground material, already leached to remove

any free lime, is used for this analysis. A bromine-methanol colution ic
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added to dissolve the metallfcliron. Once dissolution is complete, the

mixture is filtered to separate out the residue which contains the ferrous

95

N
and ferric iron, derochloric acid is then added to the solution, followed .

by drying tq evaporate off the bromine and methanol. Further acid addition
engures complete iron dissolution. Stannug chloride is used to reduce all
the iron to the ferrous state. Mercufous chloride is alsoc added to tie up
any excess tin, The golution is finally titrated with potassium dichromate

to analyze for iron content. This represents the metullic iron content of

¥

the ground sample. It is added to the +35 mesh portion to get the total slag

metallic iron content,

FERROUS IRON ANALYSIS

.

The residue from the bromine-methanol leach is used for ferrous iron

z

analysis. To prevedt any oxidation of this materisl, the chemical ﬁnquaia
ié carried out in a nitrogen atmosphere. Hydrochloric acid is added to the

residue to.dissolve the ferrous iron. The resulting solution is toppea off

with distilled water and mercurous chloride solution. Meréuroua'chloridg is-

added to replicate the same conditions for redox titration. Potassium di-"
o

chromate is again used in this titration.

FERRIGC IRON CONTENT

Ferric iron can be analyzed for using a wet chemical method but the
procedure is time consuming. For this reason the ferric iran content s
obtained directly by subtract#ng the ferrous and metallic iron portion from

the total iron. Though'this method is Quitelinexact, it does provide some

[

usefuluinformation.

ACCURACY OF ANALYSIS ' . - 3

S ¢

-~

To measure the experimental error in slag analysis, a standard eiag

t

sample was routinely analyzed for some of its components. The staqéarq

g & i R s = o

—.r

e NS e .

——r— .




-

deviations for the major slag components obtained in this manner are given

in Table 18, The experimental error for ferrous and metallic iron analyses
wae'meanured by doing duplicate analyses on several samples. The standard
deviation for ferric iron was determined by combining the variances of the
totel, ferrous and metallic irons, For the major slag components, the stand-
ard deviations were relatively low., However for the different iron constit-
uents, these values were considerably higher because of problems with sample
oxidation., To minimize this interference as much as possible the slag samples

were gtored in a freezer in sealed plastic envelopes.
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Comggnent

Ca.Ol

Mgo™

510

Total Fe

Mno!

Metallic Fe®

2
Foz +

3
Fe5 *

1

TABLE 18

ACCURACY OF SLAG ANALYSIS

Standard Deviation

0.16
0.10
0.10
0.1e
0.07
0.50
0.30

0060

obtained from analysis of standard

2

obtained from duplicate analyses

3 obtained from calculation
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3J. METAL SAMPLE PREPARATION AND CHEMICAL ANALYSIS

Bulk m;tal samples were obtained in the sampling pot. The metal
specimen was first rough cut to expose an inner surface. Grinding was
then carried out on a lathe, The clean surface was then analyzed for Mn
snd 81 using opticsl emission spectroacopy. The specimen was then drilled
to get finer material for carbon analysis on a Lecgﬁ)analy;er. The ostandard
errors of analyais were obtained by repeated testing of ateel standatds.

These standard deviations are given in Table 19.
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Component

Q.

TABLE 19

P2

ACCURACY CF FMETAL ANALYSIS

Standard Deviation

C.C175

0.0125

1% ~f measurement for

0.005 for levels<0.2%"

levels >0,2%C

» - -
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3K. FURNACE SAMPLING
» Se—

Random heats were gelected for sampling. 1In each heat eight
ejection samples were taken. The sampler for ejected materiuls was suse-
pended in the BOF for one minute intervals starting st the one minute mark
of the blow. Thereafter, with new samplers, sampling proceeded after every
three minute interval. Slag and metal bath samples were simultansously
obtained starting at the 4 minute mark. A slag and stesl sample wns also
taken at the first vessel turndown. The blowing practice was recorded through-
out the heat. Altogether 30 heuts were sampled. The physical condition of
the furnace varied during the s;mpling period. 1In recording these changes only
measurements of the furnace bottom depth could be taken. Bottom buildup or
erogion could be noted., GZrosion along the side walls could not be measured.
Changes in the furnace mouth area were evident but again could not be
meaaured.

After sampling,the interior of the sampler for ejected materials was
stripped completely and the sample weight was obtained by subtracting %pe
recorded co;ting weight from the measured weight. The physical appearance of
‘each ejection sample was noted, ZEjection sampling was successful in all but
a few cases where the cable was burned through. In sampling the slag and metal,
the rubber cable used was not as sturdy, leading to a success rate of about 80%.
Frequently no slag sample was obtained in the later stages of the blow. For -
thece two reasons and also because of the lengthy period required for slag

analysia, énly four or five slags (alwsys including the turndown slag) were

analyzed per hest. Generally those samples from the 4, 10, 16 minute and first

turndown perlod were used. All the metal samplea taken were analyzed.

L N
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L, EXPERIMENTAL RESULTS

LA, SAMPLING PERIOD

Sampling was conducted over the course of one and & half furnace
canpaigns. As the service time of the lining increased, there was a
gradual accumulation of germanent buildup on the vessel bottom. This
accuhuiation was measured using an instrument available at the plant.
The buildup reaulte@ because of the practice of making viscous turndown
slags high in MgO content for extended lining 1ife. Combined with other
factors such as slow tapping rates and large slag volumes, this allowed
gradual glag buildup on the vessel bottom and on the lower furnace side-
walls. Buildups as great as lm were noted. In the region of active slag

and metal contact, the refractory lining eroded substantially along both

-

sides of the trunion area. The region between the trunions had less erosion

becaug:iof slag coating during tapping and slag dﬁmping. The cone area

accunulated material much more rapidly due to the buildup of slop and metal

ejections. However this buildup was cleared regularly so an essentially

constant mouth area was maintained. Of the 30 sampled heats, 23 were taken

during one entire furnace campaign: 8 in the first third of the campaign,

8 in the second third and 7 in the last period. Sampling days wére evenly

spaced with two back to back heats always being tested. Two of these heats

had special acrap charges (about 40% of metallic charge) and were blown under

different conditions. They will be discussed later (Section U4F). The
remaining 7 heats were sampled in the latter third of another campaign on

the same furnace,
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There was no standardization of blowing practice in the heats which
were investigated. Most operators followed a similar course to that out-
lined in Figure 35, but the actual time period of reduced oxygen flow,
during slopping, varied considerably, A maximum time length of 11 minutes

of reduced oxygen flow was observed. On a few occasions no reduction was

applied because slopping was very light.
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4B. QUALITATIVE PRESENTATION OF .EXPERIMENTAL RESULTS

All of the 28 regular hezts sampled exhibited a similar ajection
pattern. Various stages of material ejection could be categorized according
to the sample's visual characteristics. A photograph of the exterior
appearance of the samplers at different times during the blow is given in
Figure 48, The appearance of the interior of the sempler was the same as
that shown in the picture but could not be readily photographed. Close up
shots of the variocus sample material from two typical heats ure given in Figure.
49 and 50, The BOF blowing period could be roughly categorized according to
the types of ejection samples obtained. They were as follows: 0-6 minutes,
fume and fine slag and metal gjections; 6~15 minutes, slop; 15-21 minutés.

metal ejection; 21 minutes - turﬁdown, metal ejection or light fume.

(1) 0-6 MINUTES
In the early stages of blowing most of the samples comprised of
various shades of reddish powder sometimes combined with varying quantities
of ejected slag‘an§ metallics. The red powder was fumes (F0203) that had
collected on the device's paint coating, The sample's colour intensity -
depended mainly on the relative weights of fumes und paint. The quantibioa-
of powder collected were generally lesc then 20 gm, representing an overall
" svolution rate of 20 kg of fumes ‘per minute across the furnace mouth., This
evolution rate was too lo; to account for all the fume losses from the furnace.
Approximately 0.8 tons of fgmcs are generated in the first 6 minute period.
This figure is based ;n the quantiéy of fuﬁes collected in the dust cleaning

‘Aégsyétem. Most of the fumes were therefore not collected in the sampler,

S
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- Fig. 48. Exterior appearance of samplers at different times during the blow,

A) 1 Min. - Fume and fine metal ejections.

B) 7 Min. - Fume and light alop.

C) 10 ¥in. - Heavy slop.

D) 16 Min. - Metal ejection. -

E) 22 Min, - Negligible material. Dark appearance
because of burnt coating.
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B ¢
Fig. 49, Ejection meterial from heat 17 at % mmgnification.
1) 1, 4, 7 min. - fume and fine metal and slag ejectiona.
i1) 10, 13 min. - slop.

i;i) 16, 19 min, - metal ejection.
jv) 22 win, - fume and fine metal ejections.
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Fig. 50. Ejection material from heat 30 at % magnification.

1) 1, % min. - fume and. fine metal and slag ejections.
1) 7?7, 10 min. - slop.
i14) 13, 16, 19 min, - metal ejection. :

iv) 22 min. - fume and fine metal ejections.
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This discrepancy will be discussed later., The sample obtained at the one
minute mark often contained an abundance of ejected slag and metallics
(between 50 to‘2OO gm) so that the fume weight could essentially be

discounted. -

(11) 6-15 MINUTFS

Slop was often present at the 7 minute mark, always at the 10 min-
ute point, and most times at 13 minutes. Rarely was there any slop at the
16 minute m;fk. The sample's appearan;e was generally dark and glassy with
gas holes, and weighed b;t sen 50 to 500 gm. Frequently, abundant quanti-

A\
(Figure 50d) were present in the slop. Sometimes only fine metal droplets

ties of metal droplets of various sizes (Figures 49d and e) and free lime

occurred (Figure 50c) and.in other cases they weren't even visible by naked‘
eye (Figure 50d). All the slop material was easily friablé because of its
slag matrix. Trace amounts of fumes were collected in the top sections of
‘the sampler where there wes no slop coating. This quantity wase insignificant

in comparison to the slop weight.

(111) 15-21 MINUTES

Metal ejection samples were £ormally obtained at the 16 and 19 minute
sampliqg of the blow, but occasionally, such type of material was collected
at the 13 and 22 minﬁib sampling. This material could be identified visually .
by its greyiah colour. The samples varied in thickness ranging from about
0.1 to 1.0 cm. Onl& the thin material could be fractured by hand. The
metallics ﬁrosent varied in appesrance from accusmulations of fine droplets
in the light samples ( 100gm, e.g: Figure 49g) to combinations of large splash

material (diametor less than lcm) and finer droplets for the heavier samples

+

(Figures 50f and g). The splash portion did not retain a spherical appearance,

y——
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indicating that the material was molten when it struck the sampler's surface.
The dlameter of ;his splash material could be roughly estimated from its

width perpendicular to the direction that it originaily struck. Transverse
fractures of deveral samples exposed a bright shiny metal surface composed

of layers of droplets and splash. Only the exterior surface had a greyish
appearance, presumably due to surface oxidation. The metal ejection-gggﬁi%s
varied in weight from 50 to 1500 gm, indicating the possibility of enormous
metal loss rates of 1500 kg. per minute. However for the most part the sample
weights were less than 500 gm. 1In other cases emall fume samples, present

as surface layors of reddish powder on the pailnt coating (Figures 49h and 50h),
or nogligibie quantitieas of ejection material were fouﬁd at 22 minutes. In some
cases blowing was terminated before,thianpoint 80 no ssmple was obtained. .
Some samplers were suspended in the period of carbon reblow. The material

collected was always of the fume or red powder variety but again only as a

surface layer over the paint coating.

(iv) RESULTS OBTAINED FOR SIMILAR HEATS ' N
Two consecutive heats were normally sampled on one furnace. Since
this inyolved the same operator, the blowing practice would normally be uniform

in the Y{wo heats. The hot metal chemistry and other operational parameters

could differ, but in Wost cases these were quite similar. The measured

ejection weigﬁta and blowing practice of two very similar hLeats are given in
Figure 51. It is evident that the rates of slopping and metal ejection were
quiie different. This behaviour is typical., This discrepancy indicated that
ejection rates Eould pot be pinpointed as being functions of certéiﬁ'variables.

but rather, they were determined by a complex interplay‘ of parameters that

could not be readily observed. The BOF process is essenéially metastable with
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small differences in chemistry or blowing performance leading to major

variations in ejection rates and patha of refiming. Though such deyiatione

were seen to occur, it should be possible to characterize the ejection rates
- {

at any one time period on the basis of a Gaussian distribution if the para-

meters and errors involved were random., This is explored in subsequent

sections.
.
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LC. QUANTITATIVE PRESENTATION OF RESULTS

The different types of ejection material collected were examined
both chemically and microscopically in an effort to clasgify the material
more concretely than just by its physical appearance. These examinations
and the resulting insights into BOF furnace behaviour are presented in
the following sections. Each clase of waterial previously described is

treated separately.

R W SIS
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4Cl. SAMPLES AT ONE MINUTE MARK

There were two classes of material obtained at the one minute mark
with certain similarities. Both types of sample contained metal droplets
and red fumes but the one with slag was much higher in ejection rate.
However all the metal droplets had relatively low concentrations of carbon.
The droplet size distributions of these two classes were quite different,
the slagless one having a mean ofzjlp and the other a mean of 99m. The
quantity of fumes vresent varied as indicated by the different sghades of
colour, The fumes were not the prime object of thig study and it has been
already shown that the fumes were not being collected representatively.
They were of small amount in most cases (less than 10%¥ of total ejection

weight),

(1) METAL EJECTIONS WITH SLAG
Of the 28 regular heats sampled, 16 (or 57%) had abundant fire

ejeciions consisting of slag and metal droplets combined with varying

quantities of red fume powder. These samples typically had a weight greater .

than 30 gm. The fine ejections are shown in Figure 52&.. This is similar to
that material on top of the powder in Figures L49a and S50a. A close examina-
tion of éhia material in a scanning electron microscope exposed them to be
accretionsa of fine droplete‘(Figure 52b) and stringers (Figure 53). The
surface layer was broken on a few droplets, exposing a bright inner sphere,
These spheres were identified as being mainly iron through metallographic

examination (Figure 53). The surface c£oating was.therefore partly an iron

oxide iayer of 3pu to 154 thickness that formed while the device was stationed

in the furnace mouth or when the hot sampler was exposed to the air after
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Metal droplet ejections with slag from 1 minute merk of blowing period.
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withdrawal., This oxidation could not be avoided. Etching of mounted
specimens with 2% nital solution revealed that the metal had very little
carbon since the structure was either ferrite (Figure 54) or ferrite with
small amounts of pearlite,

As 18 evident from the metallographic photos, there ia some sort of

slag matrix encompassing the metal droplets. This material was examined by

making some X-ray maps of a polished surfaeg using an elegtron probe analyzer.
The elements considered were Ca, Fe, Si, Mg, Mﬁ—EEH—KiJ:;ijh are the main
components of steelmaking slag., These maps are presented along with an

outline of the studied erea in Figure 55. The Fe map indicated a rather

even distribution throughout the whole matrix. This component is presumably
pres;nt as both ferrous and ferric oxides, The Ca and Si levels were generally
uniform except for localized regions of high concentrations. These areas
indicated that the 'slag coﬁpoaitiop was not uniform. Though the metal drop-
lets appear to contain some silicon, this would be highly unlikely because of -
the very low carbon levels in the metal., Silicon is pfererentially oxidi;ed

80 its concentrat%on levels would be even lower. The siiicon most probably

arose from metal surface contamination during grinding of the very porous

PRy

material, The Mn and Mg concentrations were essentially constant along the
whole matrix. Some contamination of the metal surface by these components
was also observed. The Al map showed isolat;d regions of high concentration ' E
in areas different from those of other ﬁeakllevels. Certain aluminum based
’compounds co;ld be present in these areas. Because of the fragmented qature
of the slag matrix, the peak concentrations of the components cannot be
attrib#ted‘to aegregation occurring on freezing. Rather,tﬁe slag matrix

formed through rapid quenching of various bits of heterogeneous components

along with the metal droplets., This slag matrix was almost continuous in
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Electron probe studies of metal droplet ejectibns with slag
taken at 1 mihute mark of blow.
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the inner sections of the layered ejection material except for the void
regions. On the exposed sampler surface (Figure 52), these slag components
could only coat the metal droplets or fill any empty voids. This made it

possible to do a size distribution of the metal droplets.

(1a) METAL DROPLET SIZE
’ Because of the fine size of the metal droplets, geneXAlly less than

200u, any method of grinding usedlto separate the droplets would alter the
size distribution ol the sample because ;f unavoidavle comminution. This
problem was overcome by employing microscopy methods, combined with manual
sizing using a Zeiss Particle Sizer instrument. Scanning electron micro-
scope photos were tak;n of the ejection material at a magnification of 20.
The metal droplets were then manually counte; and sized usiné the Zeiss
1inetrument. This machine could separate the particio slzes into 45
different ranges. It involved lining up each particle with a circular
light beam, upon which a switch was depressed, and the particle size was
recorded on a couhter. About a thousand counts were made for each sample.
The final number of particles in each size range was used in determining
the number distribution. The mean size and weight distribution were further
ogtained from this number d;étribution by taking into accouAt the proper
geometric factors. The percentage standard error of the mean size in = '
number distribution is 1004/;; where n is the numbet of particles sizcdlés.
In the case of a 1000 counts the error is qpite acceptable at 3.2%.

A histogram of one number distribution and the corresponding weight
distribution is given in Figu}e 56.' The number distribution was Eypically
gkewed in the positive direction but the calculated weight distribution

normally followed a Gaussian curve, Altogether five separate size counts

[NE USRI |
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were performed on thé ejection material obtained at the one minute mark
from different heats. The results are presented in typical fashion in

Figures 57 and 58 as curmlative percent passing vs. size plots. Both the

R

number and weight distributions are presented. As can be seen, there was
little variation gith the different samples. Certain pairs of samﬁlos ;
" (14-19 and 17-18) of similar heats were almost identical in the number
distributioh for the lower size ranges. All the drdplets were less than
300m in diameter, with the ﬁéan size varying from 75 to 115um for the five
different distribut}ons. The largest proportion of the droplets (between
60-80%) in each number distribution luy between 60 and 130p. The welght
diastribution followed a different pattern because of the cubic scale up

term used to calculate these values from the number distribution with an -

N

assumption of constant density. In determining all these size distributions,

the surface layer of the metal was ignored and the particle size wis taken

R R W Ot

to be thﬁtivisually observed. Because of the thickness of this layer (less’

than 15u) the expected error is small.

(1b) RATE OF EJECTION

The 16 heat samples had a mean weight of 83.6gm with a standard
deviation of S5k,Ogm. These were combined with 15 other samples tak;g-at the
one minute mark during the previous stages of sampler testing. This distri- .
- bution is presented in Table 20. The mean was 89.5 gm with a standard
deviation. of 5§.9 gm., Thia distribution had an exterior interference at
the high ranges. It was due to the excessively long ignition times in those
thres case?. A X2 test, porformed'dn'the dat; in the first four ranges,

(Table 20), indicated a greater than 40% level of significunce. Thus these

Ao epupiar e S 2RSS
3

ejection weights were relatively predictable. These 16 heat samples were also

N
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Fig. 57. Size distribution of metal droplet (wit-h slag) ejections
from 1 minute mark based on the number distribution.
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¢joations from 1 minute mark. . .

o




&
122
TABLE 20

» FINE EJECTICN WEIGHT DISTRIBUTION
/ AT 1 MINUTE MARK

!
{

weight Range (gm) . Number of Observations
0 - 50 ' 7
50 - 100 - 15
100 ~ 15C 5
150 - 200 1l
200 - 250 >
N =31
x = 89.433
8 = 590%8
2
X TFST %5
Range £i u P Pi . NPi e
0-50. 7  -0.6310 0.2640 0,260 7,392  0.021
50-100 15 0.6758 0.7504 0.4864 13,619 0.140
100-150 5 . 1.,9827 0.9763 .0.2259 6.325 0.278
150-200 1l 3.2895 C.9995 0.0232 0.650 0.189
0.9995 27.986 0.628 N
Degrees of freedom s 4 -3z ™~

Level of significance £ 40% .
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analyzed for their metallic iron content using the standard method of slag
analysis. The average metallic iron weight was 41.4 gm with a standard
deviation of 25.7 gn. Therefore roughly half the &jection material was

iron droplets. The remainder consisted of the slag metrix,

(i4) METAL EJECTIONS FREE OF SILAG

In the remalning 12 regular heats investigated, the one minute mark
sample consisted of rad powder with no visible ejeé‘ion material. The
colour intensities of this material varied from dull to bright red. The
nature of this material was not readily apparent from direct visual observa-
tion. Fxamination under a atereoscope exposed the presence of fine droplc@s
of material in conjunction(with the fume. These droplets were found to be

magnetic and were separated using a wet Davis Tube arrangement, A photo of

this concentrated droplet material is given in Figure 59, As in the cose of

the previous ejection material, many of the droplets were attacpod to one another,
Presumably thig occurred becauae the droplets were molten priorfto being
quenched on the sampler's surface, All the dropleta were osaontially.spherical,
with no stringers, indicating instantaneous solidification on contact. These
droplets also appeared to have a surface layer of some material as indicated

by their faceted, porous appearance. Metallographic examination of these
droplets indicated that they were predominantly composed of iron (Figure 60);
The ‘thin surface layers, 1:28 tha? S5u, presumably consisted mainly of iron
oxide. Some of the finer droplets were c;mposed entirely of oxides. A nital
etch of these specimens generally revealed a ferritic structure combined with
varying amounts of pearlite (Figure 60). _A low carb;n level is thereby
1ﬁéicated. The levels of Mn and Si in the metal were not examined but they
wouid be very low since these elements are more easily oxidized than carbon.

The oxides of these elements could be present in the surface coating of the

droplets.,
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.Figa 60.

X200

SEM phote of metal droplet (free of slag) ejections
obtained with fume at 1 minute mark.

X 1000

Metallographic examination of metal droplets (free of slag)
from 1 minute mark showing a ferrite with pearlite structure.
(Etched in 2X nital solution). _ p
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(1ia) METAL DROPLET SIZE

These iron droplets were photographed and counted using the Zelss
instrument in order to get the size distribution. Three samples were
examined. The number and weight distributions are presented in Figures 61
and 62 in the form of chmulative percent passing versus particle size.
The size distributions of these three samples were very eiéilar. The
largest fraction of droplets lay between 15 and 45M. The largest observed
particle diameter was 100M. The mean particle sizes obtained from the number
distribufiona were 29.7, 29.8 and 32,94 . It was evident from this that this
material was quite similar in all these heats. The expected standard error
of the mean particle size was again based on a 1000 counts, giving a value of
3.2%.

(1ib) RATE OF EJECTION

In the samples free of slag taken from 12 heats the actual sample
weights could not be easily measured. As mentioned previously, the weigﬁt
of the coating on the sampler was aseumed to be one half the.total paint
weight, This could deviate from the real weight by about 20 gm. Since
the ejection sample normally weighed less than 20 gm itself, the sample
weights determined by subtracting the ccating weight were not very accurate.
The fume present, in the powder wss a contaminant that could not supply any
information for our purpose. For these reasons, the samples together with
the paint were chemically analyzed for metallic iron. The total quantity of,
fine metallic droplets ejected could thus be accurately determined. For the

12 cases, the mean weight of metallics was 4,0 gm with a standard deviation

of 2.6 gn., These values are roughly one tenth those recorded for the other

class of material obtained at the one minute mark.
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Fig. 61. Size distribution of metal droplet (free of slag)
ejections from 1 and 4 minute marks based on the number
distribution.
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(111) STEELMAKING PRACTICE AND DIFFERENCES IN EJECTION AT ONE MINUTE )
In an attempt to determine what parameter differencea'cause these

two classes of material to exist at the one minute mark, all the measurable

BOF process variables were examined. These included hot metal chemistry

and temperature, blowing rates, furnace bottom buildup, lgnce heights,

flux addition times and scrap charge. There was no noticeable correlation

between the patterns of ejection and any of the above mentioned variables.

Thus the differences might have arigen from certain variations which cannot

be characterized in the present work such as blast furnace slag carry-over,

scrap positioning, bath chilling, slag development, etc.
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keo. SAMPLES AT 4 MINUTE MARK

In all but a few cases, the material collected at the 4 minute
point in the blow consisted almost entirely of red powder and metal
droplets. Various shades of material were found because of the differing
quantities of fum; present. Stereoscopic examination of this material at
higher magnification agsin indicated the presence of fine droplets
together with the fume. These droplets were isolated using a Davis Tube
magnetic separator. Metallographic examination revealed that the d}oplets
were.iron with thin surface oxide films. The finer draplets were sometimes
completely oxidized. Etching of these épecimens again indicated a low carbon
content because of the presence of ferrite and small gquantities of pearlite.
Two samples of magnetically separated droplets were examined, using
the previously described techniques, to obtain their ‘size distribution,
The reaults of these counts are given in Figures 61 and 62 in combination
with the size dist¥ibutions of the similar droplet material from the one
minute mark. The size distributions of the different samples were quite
similar. The mean particle sizes calcuiated from the number distributions
were 32.4 and 34.6u. This was very close to the mean size of the droplet
material found at the one minu?e mark when the ejected material was free of
slag. Because of the physical aqd chemical simila;ities of these two classes
of droplets, the same mechanism of formation could be thought t6 exist in theae
two moments of sampling. N )
The fume present with the fine metaliic éropléts again did not mer%é

sufficient cause for study because of its presence on the sampler as a

contaminant only. To determine the quantitfies of metsllic iron present in

the ejection samples accurately the material was chemically analyzed uas in

ORI O
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the previous case. Altogether, 23.auch samples were examined. The mean
weight of metallic iron present in these powder samples was 6.8 gm with
a standard deviation of 5.4 gm. The distribution showed no signs of
normality as the level of significance was less than 1%. The operating
practice at the 4 minute mark was quite similar in all these heats, so
there was no obvious explanation for this lack of normality.

In the other 5 heats of the 28 sampled, the material collected at
the 4 minute mark consisted of he;vy accumulations of slag and metallics.
The weighta of these samples varied from 50 to 300 gm. Chemical analysis
of these materials showed that they coneisted of roughly 50% metallic ironm,
the remainder being slag. The cause for these heavy ejections was found to
be a surge in the oxygen flow. Normally the oxygen flow rate was increased
gradually over a 3 minute period from an initi;l 17000 mBh—l to an operating
level of 21000 m’h™>, However,in 4 of these 5 special cases, the flow rate
was increased in one quick step (less than 15 seconds) at the 3 minute mark.
In the one other case, the main difference was that the lime addition was
started late, around the 5 minute mark. The slag in this heat was thorefore
much lower in CaO content in the first two .time periods of ejection sampling
( 1 and 4 minutes). Both samples taken in this heat consisted of fine

ejections of slag and metallics.
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Le3, SAMPLES AT 7 MINUTE MARK

At this time there were again two classes of material collected,
1.e. metal ejection without slag and slop ejection.
(1) METAL EJECTION

In 9 of the 28 heats, msamples of red powder and metal droplets were
obtained. Thesme metallic iron droplets were gimilar to the droplets free of
slag previously described. The droplets appeared to have a similar size
distribution so this was not determined. The droplets again contain;d little
carbon as indicated by their metallographic atructure, The 9 samples were
analyzed chemically for their metgllic iron content in order to get an
accurate sample weight since the previously described problems of paint coating
weight and fume contamination were again preaent.‘ The mean weight of metallic.
iron wag 5.3 gm with a standgrd deviation of 2.2 £m.
(11) SLOP EJECTIONS

In the other 19 cases, the materials col)lected were eibp together
with trace quantities of fume. 'I‘he weight of slop varied from LO to 550 gm.
The mean sample weight was 225 O gm with a standard deviation of 145,3 gm.
In all the previous cases during sanmpler-testing, there were 49 additional
slop aamples taken at the 7 minute mark, Combination of the two groups of

data was justified because the additional group (with a mean value of 246.9 gm.

and a standard deviation of lél.? gm) was statistically similar to the original

data as indicated by a t-test. The énlargad group with 68 samples had a mean
Alop weight of 240.8 gm and a standard deviation of 155.4 gm. The data
distribution is presented in Table 21, There appeared tq be a iarge

negative skewness in this distribution, but this wee found to be caused by a
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TABLE 21

SLOP WEIGHT DISTRIBUTION
AT 7 MINUTE MARK

v

?

Weight Range (gm) Number of Observations i
3

4

0 - 100 19 %
100 - 200 .10 K
200 - 300 16 1
300 - 40O 13 ]
400 - 500 5 3
500 - 600 5 ;
]

!
: s

= 68 .

240.8
155.4

o X1 =
[}




Weight Range (jzm)
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SIOP WEIGHT DISTRIBUTION
AT 7 MINUTE MARK FOR
SAMPLE WEIGHTS LESS THAN 100 gm

Number of Observations

&8 &8

n =

Lo 3

60 4

80 8

100 b
. g

=19

= 65.2
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bimodal behaviour. The 19 data points in the firat‘weight range (0-100 gm)
could themselves be broken down to form another Gaussian type distribution
as seen in Table 22. The measured slop weights, and nﬁt those.obtained using
the normalizing equation developed in the experimental section (Equ. 3.1),
were used in formulating these data distributions. Though the normalized
values would give a better acproximation of the true slopping rates, they
would not fit a Gaussian distribution because the equation automatically
skews the data to the positive range. By examining the slopping rates in
their raw state, the degree to which the sample data represented the total
population could ba measured.
The data in Table 21, minus the fiégt grouping, and in Table 22

were tested by the x2 method using appropriate mean and stagdard deviation
values, This is presented in Tables 23 and 24, The first mode (mean =
63.2 gm, standard deviation = 19.1) had a low level of significance (220%)
while the second mode (mean = 309.7 gm, standard deviation = 129.5) was just -
slightly better with a 230% level of significance. There was only some
degree of predictability then in the slop weight at the 7 minute mark.

\ In predicting an average slop weight at the 7 minute mark, the

normalized values could be used since they eliminate certain previously

Sl L

described errors. For the first mode, the average slopping rate was not
changed substantially from the measured mean since the low slopping ra£es
could not effectively reduce the Bahpler's entry area. The new normaliszed
mean for the first mode was 69.1 gm with a standard deviation of 27.) gm. !
For the second mode of data (> 100 gm measured 516p weight),the average slop
weight changed drastically to 628.8 gm with a corresponding standard' deviation
of 506.4 gm. The data in this range was more clearly affected by the

normalizing equation.




Range

20-40
Lo-60
60-80
80-100

X% TEST ON DISTRIBUTION OF
SIOP WEIGHT AT 7 MINUTE MARK

TABLE 23

(FIRST MODE)
) 2
£1 u P, P NPi X
3 -1.2179 o.11i6 ' 0.1116 2.120 0. 365
A -0,1685 0.4331 0.3215 6.109 0.72
8 0.8810 0.8109 0.3778 7.178 0,094
b 1.9%06 0,9732 0.1623 3,084 0,272
0.9732 18.491 1.459
N =19
x = 63,21
'B = 19 . 05?
Degree of freedom 2 4.3l
Level of Significance 20%

N
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TABLE 24

x% TEST ON DISTRIBUTION OF
SLOP WEIGHT AT 7 MINUTE MARK
(SECOND MODE)

Range fi u p Pi NPi X

100-225 13  -0.6539  0.2566  0,2566 12.573  0.01h
225-350 18 0.3117 0.6223 0.3657 17.919 0.000
350-:;2/]‘ 12 1,2773 0.8992 0.2769 15.568 0.181
b7s- 6 2.2429  0,9876  0.0884 4,332 0,643

0.9876 48,392 0.838

309.65
129.450

B K =

L3

Degrees of freedom = 4 -3z
Level of Significance 0%

v
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The distinction of these two modes was seen to be statistical{y

acceptable because of the ability to represent the data by two Gaus

curves. This indicated that there must have been some sort of disti

uishing marks that could characterize the data into these two grougings. (j//,

All the lmown operating variables were examined. No identifiable ca
for such differences between the two classes could be establishéd. The
differences would therefore have to be some parameters inherent to the
operation but not readily observable under the conditions of the preseﬂt
wark.

Actualiy three different classes were present if the samples with
only red powder and droplets are considered. These red powder containing
samples accounted for 9 of the 28 cases (32%¥); the light slop of the firat
mode represented another 19%, with the heavy slop of the second mode
accounting for the éemaining 49¥. There were no observable differehtiating

points in BOF operations which resulted in three diffcrent patterns in

materials ejection.

(iia) SILOP COMPOSITION

Of the slop samples taken during 19 heats, only 2 proved unsuitable

for chemical analysis because of tﬁcir small sample weights. The slop material
was separatéd from the granular paint coating by using & fine wire mesh screen.
This slop was then prepared for analysis by the method described in Figure 4?

with one basic difference. The flat pieces of metal were not discarded since

" they composed part of the sample. They were not extraneous material as in
the case of slag samples wiiere only metal droplets were acceptable. The
flat metal pieces were combined with the 435 mesh fraction. The already

verified assumption tha% thiaJmategial was iron was again made. The method
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of chemical analysis was identical to‘that described for slag samples. |
Free lime extraction was carried cut, followed by snalysis for CaO,

SiO2 and iron in different oxidation states. The +35 mesh fraction wes

combined with the metallic iron analysis to give the total elemental content,

The mean values, standard deviations and ranges of all these components are

given in Table 25. By eliminating the metallic iron fraction, it was possible

to get the composition of the slag mwatrix in the slop materisl. These values

are also given in Table 25, The major component of the slop was metallic

Adron, Th; ferrous and ferric levels in the slag matrix were relatively low,

AY
The slop material was quite acidic as evidenced by the low V-ratio. This

further indicated that only a fraction of the lime added to the BOF had

PR

disgolved up to this point. The matallic iron content of the light slop
material from the first mode was greater than that of the other slop samples.

It averaged 43.1% whereas the heavier slop range had a mean metallic iron

o R et 2

content of 28,9¥%. Differences were also noted in the ferric iron content

R

of the two classes of elop. The light slop had a mean content of 3.9% whereas
the heavier slop's average was 2.1%. - The concentration levels of the other

slag components were relatively similar for the two classes of slop.
o

[T N v

By multiplying the individual, normalized slop weights by their

respective total iron contents, it was possible to obtain a measure of the
;ates of iron loss at the 7 minute mark., For the slop data of the first modé,
the average iron loss was 30.2 gm with a standard deviation of 21.7 gm. For
the second slop mode, the mean iron loss was 162.0 gm with a standard deviatipn
of 107,7 gm. For the case of droplets with fume, the mcan weight of metallic

iron was 5.3 gm with a standurd deviation of 2.6 gnm. :

-




SLOP ANALYSIS AT 7 MINUTE MARK

(N = 17)

3
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COMPONENT TOTAL SLOP ANALYSIS V SLAG FRACTION ANALYSIS®
Mean | Standard Range Mean |! Standard Range
Deviation | low | High Deviation | Low |High
Ca0 23,3 4,0 16.7 29.3 || 33.9 2.6 29.8 {39.9
510, 18.3 4,1 10.3§ 23.4 || 26.2 3.1 20.4 {29.9
Total Fe | 35.6 10.8 23,31 S9.4 - - - .-
Metallic Fe| 31.4 10.3 20.0} 53.6 - - - -
Felt 1.8] 0.8 0.6] 3.6 2.7 1.1 0.7 ] 5.1
Feo' 2.4 1.3 o1 b.s|l 3.8 2.5 0.1} 9.6
V-ratio! 1.3d  0.18 122l .74 1.% 0.18 1.12 1.77
=
1 V-ratio =« Wt. z Ca0
wt. % Si0,
2

iron fraction.

Obtained by discounting the metallic
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LCch, SAMPLES AT 10 MINUTE MARK

In all the 28 regular heats sampled, the ejected materials collected
at the 10 minute mark consisted entirely of slop. The sample weightas varied
from 40 to 500 gm. Two other samples taken at the 10 minute mark during the
sample-testing period were combined with this data to form one distribution.
The mean slop weight was 258.3 gm with a astandard deviation of 116.2 gm.

The XZ test on this weight distribution is presented in Table 26. The level
of significance at Z50% is quite acceptable. Upon using the normalizing

equation to obtain a better measure of the slop rate, the mean value changed

to 447.7 gm with a standard deviation of 335.7 gm. ¢

i

A Gaussian data distribution was found because of the random heat
sampling method. The cases of large slopping rates were observed to differ
from the others in one operating practice. Those heats with larger slop
samples had a corresponding large bottom build;p in the furnace., This was
to be expected since the bﬁildup caused a reduction in available furnace
voluﬂotv This has previously been shown to increase the frequency of .
slopping. This subject will be discussed later in greater detail (Section 4D).

Only two of the 28 slop samples had insufficient material for
chemical analysis. The oﬁhore were prepared by the method described in the
previous section and were chemically analyzed for the same components. The
results are presented in similar fgahion in Table 27. The major slop
component was agein lron, principally of the metallic form. The ferrous
und ferric contents were'abill low. The CaO content increased slightly
from the previous concentratiﬁn in the slop at 7 minqtei. thereby causing the

average V-ratio to increase to 1.48. 'The SiO2 level was approximately the




Range

25-125
125-225
225=325
325-425
425-525
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TABLE 26

XZ TEST ON DISTRIBUTION OF

SIOP WEIGHT AT 10 MINUTE MARK

ri u Pc Pi NPi X

-1.1477  0.,1256  0.1256  3.768  0.830
-0.2869 0.3871 0.2615 7,845 0.170

11 0.5738  0.7170  0.3299  9.897  0.123
1.4346  0.9243  0,2073  6.219  0.008

2.2954  0.9892  0.0649  _1.947 0,001

0.9892  29.676  1.132

L R .

N = 30
X = 258.33
8 = 116.18

Degrees of freedom 5«32

&

" Level of Significance

o s v A
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SLOF ANALYSIS AT 10 MINUTE MARK

(N = 26)
COMPONENT TOTAL SLOP ANALYSIS SLAG FRACTION ANALYSIS

Mean | 3tandard Range Mean | Standard Range )

Deviation { low | High Deviatior} Low | High

Cao 26.7 6.3 | 18.2] 35.1] 36.5 4.9 29.3 | W6.2

810, 18.1 2.8 10.5} 2.4 § 25.5 3.0 17.9] 33.0
Total Fe 33.3 ?OO 19.7 "*8.1 nd - - - i

Metallic Fe| 28.6 7.1 i€.of b2 | - - -1 - ;-

H
Feo* 2.3 1.0 0.6 4.8}] 3.2 1.4 0.7| 6.3 .
Feo' 2.4 1.5 0.3] 5.3 3.5 2.3 o.+| 8.8 ;

V-ratio | 1.48 0.23 1.04 2,14 1.48 0.23 1.01 2.1k




Component

CaC

SiO2

Metallic Fe

x° TESTS ON SLOP COMPOSITION

TABLE 28

AT 1O MINUTE MARK

Degrses of
Freedom

ro

X~ Value

0,750
0.214

0.2k40
.1,263
0.736

Level of
Significance

270%
2607,

143
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same as that at the 7 minute mark, A comparison of the two different slop

sapples has been presented using the average values. This marked the

general behaviour in the heats sampled. A more detailed study of individual .

heats is presented later along with the slag analysia (Section 4G).
With these materials there was sufficient data to carry out a X2
test on the representativeness of slop composition. This statistical test

2+

wags conducted for the CaQ, Si0 and F03+ fractions.

> metallic iron, Fe
The results are given in Table 28. All the components had a greater than
S50% level of significance, attesting that the sample data represents the
total population quite well,

The normalized slop weights were used in conjunction with the total

iron content values to measure the rate of iron loss in the slop. The

average iron loss was 135,1 gm with a standard deviation of 91.5 gm.

—
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Les. SAMPLES AT 13 MINUTE MARK

Two different classes of material were collected at this time
period. In the samples of 28 heats, 70 ylelded slop, ? ylelded metallics

and one was lost,

(1) SLOP EJECTIONS ) !

P

The slop weights varied from 4O to 270 gm. A mean value of 159.3 gm
with a standard deviation of 69.0 gm was obtained with 25 measured points.
The additional 5 came from early w?rk during sampler-testing. AAX2 test on
this data (Table 29) gave a reasonable level of significance of 240%. This
data showed little evidence of the effect of bottom buildup on slop weights.
This pr?aumably was due to the small scatter of the data in comparison to
the wide range obaserved at the 10 minute mark. Upon normalizing the ejection
rates using equation 3.1, the mean slop weight inérea;ed to 210.4% gm with a
standard_deviétion of 111.5 gm. These slop weights were considerably.smaller
than those measured at the 7 and 10 minute mark., At both 10 and 13 wminutes,
the oxygen blowing rate was normally 4000 m3h~1 lower than that at 7 minutes
as'a corrective measure to reduce slopping.

Only one of the 20 slop samples proved unsuitable for cheﬁical
analysis, fhe results are given in Table 30, The iron coméonent accounted
for a large fraction of the slop ‘composition. The metallic iron con;ent was
larger tﬁan tﬁa% of slop taken at the 7 and ld'minufe periods. The ferrous (
content ;as similar to other slop. samples but the ferric content roughly
doublo&. The Ca0 and SiO2 content of the slop dropped, but the V-ratio

neverthelesgs increased. X2 tests were carried out on the data distributions °

.o

NN

——



Range

0-75
75=150
150-225
225-300

Vi WO O W

m Kl =

1}

X° TEST ON DISTRIBUTION OF

SILOP WEIGHT AT 13 MINUTE MARK

-1,2218
~0,1350
0.9517
2.0384

1]

25
159.32
69.01

Degrees of freedonm
Level of Significance

L/

Pc

0.1109
0.4463
0.8293
0.9792

Pi NP1 ¥
0.1109 2,773 0.019
"0.3354 8.385 0.018
0.3830 9.575 0.035
0,1%99 3,748  0.M19
0.9792 28.431 0.h491

= '4 - } = l
z hox
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TABLE 30

SLOP ANALYSIS AT 13 MINUTE MARK
(N=19)

f

147

COMPONENT TOTAL SLAG ANALYSIS SLAG FRACTION ANALYSIS
Mean | Standard Range Mean | Standard Range -
Deviation | Low | High Deviation | Low | High
a0 21.9 3.b 15.8 | 27.5 |34.9 2.4 31.1 | 39.1
3102 14,0 4,0 9.4 | 22.5 }22.7 L,8 15.5 | 79,2
Totul Fe "‘207 809 ?3‘6 58.1 - - - -
Met‘lllic Fc 3607 8.6 1709 52.2 - - - -
Fea’ 2.0 0.6 1.2 3.6 2.1 0.9 1.6 4,7
Feot 4.0 2.3 1.6 | 7.9 | 5.3 3.6 2.3 | 14.3
V-ratio 1.64 0.38 1.22| 2.412 ) 1.64 0.38 1.221 2.1

P >

o~
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Component

Cal

SiO2

Metallic Fe

Fe2+
Fe3+

AN
2

TABLE 31

X~ TESTS ON SLOP COMPOSITION

AT 13 MINUTE MARK

Degrees of
Freedom °

S AT

X2 Vafuo

1,258
0.418
0.563
1.157
0,640

148

Level of
Significance

z20%
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for the various slop components. The results are presented in Table 31.
8102, metallic Fe and F03+ all had acceptable levels of significance.
The Ca0 and Fe2+ distributions, with a level of significance of 220%,
were not that representative of tﬁe total population. This discrepancy
could not be explained.

The normalized slop weights were employed_as previously described
in measuring the rates of iron loss in the slop. The average iron loss was

89.6 gm with a standard deviation of 61.6 gm..

(11) METAL EJECTIONS

Th; seven heats which ylelded metal ejection samples at the 13 minute
point in the blow had no evident differences in operational parameters. The
phenomenon cauéing this behaviour must ha?e arisen due to some differences
in unobserved farameters. The 7 metal ejection samples varied in weight
from 70 to S00 gm. The mean weight was 237.3 gm with a standard deviation
of 155.4 gm. These samples varied from accumulations of fine droplets for
the small weights (Figure 63) to combinations of fine droplets and larger
splash material for the heavig;/ﬁﬁﬁﬁlea (Figure 64). 1In those samples
composed entirely of fine droplets, the particle size was typically less
than 300an. Some size distributions of this class of metal ecjection are
preéented 1at;r (Sections 4C6 and 4C7). For samples with mixtures of drop-
lets and sp;ash. the maximum particle size was around one cm. This could
only be estimated since the iarge droplets, which gave rise to the splash
appearance, spread on contact with the sampler, The stated diametef was
gstimgt;d from the width of the splash séctiops. The size distribution of
this mixture of droplets could not be obtained because of the welding together

of the material. The surface was also too uneven to employ a counting method.

W Y

s



63-

X 80

Metal ejection material from 13 minute mark
containing only fine droplets,

nso 6’*.'

L X 20

Hetal ejection material from 13 minute mark conaisting
of splaah and fine droplets.
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Metallographic examination of the metal ;joction samples indicateQ
that they were almost entirely composed of 1.ron.‘ Chemical analyses for total
iron content were performed on 5 metal ejection éamples taken at random from
the 13 to 19 minute mark of the blow. The results are given in Table 32,

All these samples had iron contents greater than 95%. No further analyses
were performed on metal ejection samples. The reasonable assumption that
they were composed entirely of iron was made. Metal ejection samples were
clearly distinguishable by their physical appearance and their high density
in comparison to the other classes of material,

Etching of mounted specimens with 2¥ nital solution revealed the
presence of carbon. The carbon content varied throughout the sample, ranging
Irom mixtures of pearlite, cementite agd ferrite in the various splash
portions to mixtures of pearlite and ferrite in the sm;ller droplets (Fiéures
65a and b), DBecause of the mixed nature of'this material, the carbon content
wag not further analyzed. The observations indicateéd that the splash and
fine droplets were both generated from the metal bath in the BOF. The finer
material however had some of its cerbon removed by some mgchaniam before it
was collected on thre sampler. The larger droplets that gave rise to the splash
had a csrbon content more coﬁﬁarahle to that of the bath.

‘ ﬁThe exposed surface of the metsl ejectiog samplba gave clear indica-
tion of tgo presence of an oxide film over the droplets. Fractured areas
showed that the film thickness varied from 3 to 154 (Figure 66), " The thicker
layer was observed on the 1arge; droplets and epiash portions. The inner
layers of the ejection samples contained no observable surface oxide, Thus
the film must ﬁ;ve been iron oxide that had formed upon oxidation ;r the hot

material after the samwpler had been withdrawn from the furnace.
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TABLE 32

TOTAL IRON CONTENT OF
METAL EJECTEON SAMPLES

o,
Heat . Time into Blow % Total Iron1
(min)
5 19 5.8
8 - 13 ° 100.0
11 16 97.7
2% 19 971

24 16 . 96.1

1 determined bty wet chemical analysis .-
using method described for slag
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(B) .. X200

Fig, 65. Metallographic examination of etched.metal ejection specimens
from the 13 minute mark., (A) Splash and droplets ~ ferrite
and pearlite (B) Droplets - ferrite. (Etched in 2% nital solution).



Fig. 66,

) ' (B) "X 200

Oxide films on metal ejections for (A) droplet and,
(B) splash mmterial.
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4C6, SAMPLES AT 16 MINUTE MARK

0f the 28 regular heats sampled, 26 yielded metal &jection samples
and 2 produced slop samples. The metal ejection weights varied from 30 to
1500 gm. The mean weight of metallics was 361.4 gm with an extremely high
standard deviation of 384.2 gm. This discrepancy was evident in the data
distribution presented in Tahle 33, The six points above 500 gm caused the
high standard deviation, The data below 500 gm could be fitted to a
Gaussian distribution. A bimodal behaviour similar to that present at the
7 minute mark might have been found had more observation points been available,
The distribution of the data below 500 gm was tested for its representative-
ness by the xz method (Table 33), A low level of significance of 220% was
found, The larger weights ( 500 gm) were encountered only in those heats
where the bottom yuildup exceceded one meter. This could be taken as the
delineating mark between the ;up behaviour modee,” The 20 points in the first
range had a mean of 184.7 gm with a standard deviation of 121.0 gm. The 6.
remaining points had a mean of 950.5 gm and a standard deviution of 375.8 g,
For these metal ejection samples, there'waa some apparent correlatioﬁ between
sample weight and extent of bottom buildup; This ic examined later in conjunction
with similar observations made on.slop sampleé (Section 4D),

These metallics could again be classified into two different types.
For the lightgr samples only fine droplets were present. Heavier camples
hore more qp}nah material in conjunction with the fine droplets. Fipally,
for the extremely heavy ones, only splash_was ohgerved. Twu ziig/;intribut{ona
of the finer material Are preaented in Figures 67 and 68, These wer. obtained

by taking stereoscope photos and then size counting using the Zeiss inctrument,



TABLE 33

METAL EJECTION WEIGHT
DISTRIBUTION AT 16 MINUTE MARK

Weight Range (gm) Number of Observations
0 - 125 7
125 - 250 7
250 - 375 b
375 - 500 2
500" - 1000 3
1000 - 1500 2
1500 - 2000 1
N =26
i x 361.1*
5 = 38“.2
X° TEST
Range  fi u Pe Pt NPi x°
0-125 7 -0.493%  0.3109 0.3109 6.218  0.098
125-250 7 . 0.5397 0.7053 0.3944 7.888 0.100
250-375 4 1.5727  0.9421  0.2368  4.736  0.11k4
375-500 2. 2.6058  C.995% 0.0 1.066  C.81h

0.9954 19.908 1.126

Degrees of freedom a b .32
Level of Significance = 20%

B prem et - A N
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Fig 67. Size distribution of metal droplet ejections from
16 and 19 minute marks based on the number diatributiou
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The maximum droplet size was 300a, and the two average sizes based on the
number distributions were 123u and 106su. The oxide film thickness was

ignored in these cslculations and a2 constant density was assumed in
determining the weight distribution. The splash material again connisted
of leveled droplets of less than 1 cm width. Surface oxide Filrs similar’
to those described in the last section were again present.

K™

Metallographic studies of some samples gave similar results to thosce— N\\ '

F

of the metallicg at the 13 minute mark. The splash material conpgiﬂgg rge
amounts of carbén as evidenced by the presence of cementite a‘gﬁ;earlite or
pearliQe rlus some ferrite. The finer droplets had redﬁced corbon contenta”
as inayLated by their mainly ferritic structure.

The two slop samples obtained at the 16 minute mark had weights of

63 and 250 gm. Their composition was determined through chemical analysis

L B L

and is presented in Table 34. No concrete statements could be made on the

basis of just these two samples, Nevertheless it was ovident that the Ca0

[T—

and 5102 levels were similar to those at the 13 minute mark, Thgﬂmatefial
still had a low average V-ratio of 1.68. The principal component of the slop,

as always, was metallic ironm.




SIOP ANALYSIS AT 16 MINUTE MARK

(N=2)
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Component Total Slop Analysis Slag Fraction Analysis
Sample 1 | ‘Sample 2 Sample 1 Sample 2
Cal 22,1 15.1 35.6 35.1
Sio2 16.4 7.5 26.4 17.5
Total Fe 40.9 62,2 - - *
Metallic Fe 38.0 - 57.1 - ‘ -
Fet* 2.8 1 0.9 4,5 Y 2.0
Fet 0.1 4,2 o1 L} 9.9
V-ratio 1.35 2,01 1.35 2.01 N
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L¢7?. SAMPLES AT 19 MINUTE MARK

In all the 28 heats sampled, the ejected materials collected at
‘the 19 minute mark consisted of metallics. The weights ranged from 40 to
llOQ‘gm. These data points were combined with the metal ejection samples
taken at the same approximate time after the beginning of the blow during
stages of sampler-testing., Altogether 71 saﬁples were obtained. The
distribution of this data is ‘preasnted in Table 35. A small bimodal type
behaviour was observed. The mean: weight of metallics was 239.2 gm with a
atandard deviation of 196.7 ém. A X° test on the data in the lower ranges
(Table 35) showed it to have a small level of significance (>5%). As was
the case with the aémples obtained at the 16 minute mark, the weight of metal
ejection was seen to increase with the extent of bottom buildup in tholfurn;cg.
This is discussed iater in greater detail (Section 4D),

These metal ejection samples were identical in almoat_all respects
to those obtaiqe& at the 16 minute mark. The fine droplets presant in the light
samples had a similar size distribution as indicated by Figures 67 and 68.
The mean drcélet sizes were 116, 122 and'IZZﬂ. The heavier samples had large
accretions of splash material. The metallograpbi; atrn?turg of this splash
was typically ferrite plus pearlite. " The finer droplets were almost entirely
composed of ferrite. Figure 69 éhow; the metallographic structures of metal

.eJections obtained from one heat at the 13, 16, 19 and 22 minute marks,

FEERE
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TABLE

METAL EJECTION WEIGHT
DISTRIBUTION AT 19 MINUTE MARK

R a am RS g

Weight Range (gm) ' Number of Observations
0 - 100 19 j
100 - 200 . 20 - . :
200 - 300 12 4
300 - 400- 8 !
40O - 500 5 g
500 - 600 2 1
600 - 700 A
> 200 1
N=71
x = 239.2
8 = 19607
x> TEST I
i . . . i
Renge ' fi u Pe Pi NP1 X2

0-100 19  -0.7522 0.2259 - 0.2259  14.909  1.122
100-200 © 20  -0,0071  0.4972  0.2713  17.906  0.245
200-300 12 0,7380  0.7698  0.2726 17,992 1.995
300-100 8 1.4831  0.8310° 0.1612 10.639  0.655
400-500 5 2.2282  0.9870  0.0560 3696  0.460
500-600. - 2 2.9733 © 0.9985  0.0115 0.759  2.029

‘ ' 0.9985  65.901  6.506

f
i
& .

Degree of freedom = 6-3=23
Level of Significance Z 5%




X200

Metallographic examination of metal aplash from heat 27:

(A) 13 min. -~ cementite and pearlite

(B) 16 win, - pearlite and ferrite

(C) 19 min. - pearlite and ferrite

(D) 22 min. - ferrite and some pearlite.
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4LCc8, SAMPLES AT 22 MINUTE MARK

The ejection samples -obtained at the 22 minute mark were quite
complex. Nine heats yielded metal ejection samples. In 4 heats, a light
red powder material was obtained., Two heats were_bhlown iﬁ leas than 22 minutes
8o no sample could be taken. The 13 remaining heats ylelded negligible
quanéitios of ejections. »Only specks of dark matter could be seen on the
sampler's paint coating.

The 9 metal ejection samples had welghts varying from 20 to 340 gm,

The mean value was 157.3 gm with a standard deviation of 123.0 gm. As always,
the lighfer samples consisted of fine droplets whilé the heavier ones contained
mixtures of droplets and splash. Both types of material had a similar
metallographic structure, It was composed almost entirely of ferrite with only
small quantities of pearlite. The heats having metal ejections occurred

when the bottom had built up past 0.5 m.

The 4 red powder samples were found to contain fine netal-dfop v ts
along with the fume. Analysis of this material for its metallic iron centent
gave an exact measure of the welght of droplets., The mean metallic iron
weight was 1.1 gm, which was rather small. Because of the small weight, it
was not possible to secure a large enough sample for size distribution studies.

The 2 heats blown in under 22 minutes deviated from the others in that
the operator did not reduce the oxygen blowing rate at any:tihe during the blow.
Cnly light slopping had’bcen present s0 the operator by-paese& tﬁis normal
corrective action.

The 13 heats where no naterial was céptured did not have any disting-

uishing characteristics in terms of operation parameters. They occurred both

o S o

L VY PPV
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with a new furnace lining and when the bottom had built up past the 0.5 m
level. The "red powder' heats also bore no distinguishing characteristics.
The only clear observation was that metal ejection was more prevalent when

there was moderate bottom buildup in the furnace.
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¢
469. CARBON REBLOW SAMPLES

-

Three ejection saméles were taken during periods of reblow for
further carbon removal. The reblow lasted for twenty seconds in two
casea‘and for 50 seconds in the other at Qxygen flow rates of 17000 to
21000 mjhpl. Red pow;er ;jection samples were obtained in all these cases.
However, the quantities present were very small. Fine metal droplets were
again present in this powder. Chemical angl?a{g/ahowed, however, that the
weights of droplete wefe rather small since the largest sample con;ained

only 0.4 gm of,iron.
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4C10, PREDICTION CAPABILITIES OF RESULTS FOR BOF OPERATION

As was shown in Section 3F, the central sampling location proved to
be roughly representative of” the whole fuina;e mouth., It was therefore
reasonable to calculate overall ejection rates of slop and metal at the
sampling times based on the measured specific rates, subject to the errors
in sampling and the measurement of the cross sectional area'at the furnace
mouth,

As mentioned previougly ejection sampling was conducted om a random
basis in the selection of heats for invéetigation. If the ejection rates
measured in these sampled heats are to be adequate in predicting general BOF
operation, at least in this melt shop, i; must be substantiated that the collected
data represented the total population of heats. This could be determined by
‘ testing'for.an expected Gau;s distribution of some random variable which may
be used to characterize individual heats, using the X° method. The various
impurity concentrations in the blast furnace hot metal are among such variables.
For those heats tested, the Si and Mn levels were always measured, x2 tests
were therefore coﬁductod on these two-§aria£loa (Tables 36 and 37). Both levels
of significsnce were quite acceptable - 70% for, Mn and 50% for Si. The distri- -
bution of hot metal temperature, ancther random heat va}iable, had a lower
significance level (210%) because of its dependence on non-controllable exterior
éarametora such as transport time from the blaét furnace and.torpedo car lining
* thickness. Anothqf-varin£le.~acrap percentage in the metallic charge, had an
adequate level of gigniiicanca (z30% from Table 33), Thé lime and dolomite
chargo.additions h;d low Gaussian gigniticgnce levels (éi%) becuuse, the additions

were altered freguently for furnace liﬁing maintenance. For those variables that
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Range

0.58 - 0,68
0.68 -~ 0,78
0.78 - 0.88
0088 - 9198
0098 - 1008
1.0% - 1.18

o X1 =

X2 TEST ON DISTRIBUTION OF
51 IN HOT METAL FOR SAMPLE HEATS

fi u
4,5  -1.0089
9 -0.2967
5.5 0, 4154
7 . 1.1276
3 1.8397
1 2.5519
= 30

= 0.822

= 0,140

_Degrees of freedom =
Level of Significance 4

Pe

0.1562
0,3821
0.6628
0.8708
0.9671
0.9946

Pi NP X
0.1562 h.686 0,007
0.2259 6.777 0.729
0.287  8.421 1013
0.2080 6.240 0.093
0.0963 2.889. 0,00k
0.0275 0. 825 0.037
0.9946 29.833  1.883

6-3=3.

50%
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Range
Oc 82 - Oo 98
0.98 - 1.14
1.14 -« 1,30

1.30 - 146

1.6 - 1,62

s Table 37

XZ TEST ON DISTRIBUTION OF
¥n IN HOT METAL FOR SAMPLE HEATS

3 u Pc
1.5 -1.5906 0.0559
.8 -0.4920 0.3121
11.5 0.6065 0,7291
8 1,7050 0.9554
1 2.8035 © 0.9974
N =z 30
X = 1,212
8 = 0,143

‘Degrees of freedom

Pi NPi

0.0559 1.677
0.2562 7.686
0.4170 12.510
0.2263  6.789
0.,0420 1,260

0.019
0.013
0.082
0.216
0,054

0.9974 = 29,922

= 5-322

_ Level of Significance ' 2 70%

0.384

p—,

—
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Range
1?75 - 20-0
20.0 - 22.5
22.5 - 25.0
25.0 - 27.5

27‘5 - 3000 .

1 only 28 heat values were uced because 2 heats had

TABLE 38

¥° TEST ON DISTRIBUTION OF
% SCRAP IN THE SAMPLE HEATS

i u Pc ri Npi X
2 -1.83%2 0.0332 0.0332 0,920 1,233
~~0.9096 0,1815 0.1483 4,152 0.320
8 0.0170 0.5068 0.3253 9.108 0.135
10 ., 0.9k37  0.8273  0.3205  8.97%  0.117
5 1.8703  0.9693 0.1420  3.976 0. 264
: 0.9693 27.140 2,069
N - 28 Tl
x = 24,954
6 = 2,698
Degrees of freedgm S «3=272

Level of Significance

L4

special scrap charges.
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were essentially random, the 12 levels were'alllacceptablg. For this reason i
it could be assumed that the test heats were }epreéentativo of the population
of all furnace heats. The measured ejecéion rates cdﬁid therefore be used in
predicting overall furnace behaviour.

No exact measure of the overull sampling error has been given till now

because of the lack of a method of comparison, On the basis.of the lLieats sampled,

At

the predicted average rate of metal loss by ejection was 2,0 tons per heat. ,
This figure can be employed in a yield inventory of allxmetql units, This is |
supplied in Table 39. The "Unaccountable" category sas obtained by halancing
the imput and ouipup units. This value, 0.53 toqa per heat; if ascribed to

errors in ejection sampling, can serve as a rough measure of Lhe oVerall mampling

e~

error. The error, measured on.the busls of measured ejection rute, was 26.5% on
the negative side. That is, not all the ejections were collectsd, This could be \

caused by the already described errors in sampling: i.e;, lower.sample collec-

tion éfficioncy with the small ve large sampler, and large deviations in the

representativeness of the central sampling location of the whole furnuce mouth.

+

A




No.

YIELD "INVENTORY

L4

Actual Weight Portion of
Category Per Charge Metallic Charge
) o (tons) (%) .
Ingots 146.12 84,88
Non-ferrous elements in
hot ‘metal and scrap 11,63 6.76
removed in refining reactions
Fe in slag 2.99 1.74
Ingot butts and untapped steel 6.32 3.67
" Fuming 1.27 0. 74
Stool cavitioa. runners, )
skulls 1,28 0.74
Slopping and metal ejeétion, x 2,00 . 1.16
Unaccountable 0.53 S 6,31
Total Metallic Charge 172,14 100.00
o —_
. \ g
K
&
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4D, EFFECT OF FURNACE BOTTOM BUILDUP ON EJECTION RATES

As noted previously on several occasions, bottom buildup during the <,

course of a furnace campaign increased the slop and metal ejection rates.

To present these findings in a more convenient manner, the measured bottom

/

buildups were used to calculate the metal bath-to-mouth distance. For é new

T etk Yol

furnace with a stafidard charge, the bath to mouth height was 4.8m. In these

O

simple calculations of changes in working volume due to buildup, it wus
asgumed that ihere wag no erosion of the sidewall in the furggce brickwear.
This aseumptidﬁ was based on several actual bath-to-mouth measurements taken

in conjunction with bottom buildup measurements. These tests showed that

Q

: . 5
the bath wag elevs Eh furnace bhottom buildyp in about the same propor- I

tions. Buildup on hwer s.dewalia.muat have compensated for any erosion

sampling ia nuﬁe;ically equa. o the ejection rate in Kg min~l for ‘the furnace
since the area of the furnace mouth is approximately 1000 times tha£ of the
sampler, In all the heats, only 2 or 3 samples of each type of material (slop .
or metallic) were coilccth. Since eacﬁ ejection sample taken was represent- .
ative of a 3 minnte'é;riSd, 1t~ués'possiblo'?o predict oéerall material lose
rates from the furnace. The slop weight, iron weight in .the slop, metai e jec~
tion'weight and combined ifon loss were treated as sepirate variables. In
calcuiitihg the totéi iron loss, it was assumed that wetal ;jectioga conéiated
gf 100% iron. In determining the average aioﬁ weight, the normalized values

were used. By sultiplying the nofhalizéd alop,wggghtafﬁy their total iron
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content, as ostained from their individual analyses, it was possible to
d;termine an average iron losas rate in the alop for each heat. For the
metallics collected between the 13 an& 22 minute Qark. an average mgtal
ejection raté was calculatgd. |

Altogether, 28 observations were available from the heats stuQied.

The minimum bath-to-mouth .height was 3.7m, A linear least squares regression -

analysis was performed on all the 7 ejection variables'deécriqu to test for

correlation with bath-to-mouth height., The results are'présented in Table 40,

The correlation coefficients and T2 values for all the regressions were
statistically acceptable, The dependency of ejection rates on bath-to-mouth
heighi was always negative, This was to be éxpecked eince a decrease in this
‘ height cauaed a reduction in the gaé roéideﬂﬁe tiﬁe. The ejected matérial

also had a shorter path.to travel in’ order to escape. There was also a .

e ~

reduction in the free furnace yolumo ava?la?le for material collection. The
ad@i@ional quantities of slop ;na metal ejection gongrated'per meter decrease
in height were roughly similar, being 3.36 and 4.35 tons ieapecti;oly. The
offgct o? bath-to-mouth height on total igén loss was quite éubstantial,

measuring 5,7 additional -tons per lm decrease. The plot of this variable

dependence is presented in Figure 70 along with the calculated regression line.
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o . Y=270-566 X
R=-0.720 N=28

\

o
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IRON LOSS (TONS)
N o

TOTAL
.

BATH TO MOUTH HT. (M.)

Fig. 70.- Variation of total iron less from the BOF by
ejection with metal bath-to-mouth height.
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4LE. EFFECT OF OXYGEN FIOW SURGE ON EJECTIONS

As was noted with certain ejection samples taken at the U4 minfite mark,
rapid surges in the oxygea flow rate could create additional metal and slag
ejections. This was also noticed in cases where the flow was increased from
17000 to 21000 m}h-1 when slopping had terminated or subsided, One ifllustra-
tion of this is given in Figure Slbi The flow rat; was oormally increased
in one step lasting 15 seconds. The bath could not absorb this added kinetic
enargy rapidly enough, aoﬁe of it being transformed into additional material
ejection. Special ieﬁté ware conducted where the fl&w rate was increased.
more gradually. The material eJection rates before and after this increase
were noted. Together with the observations recorded in the 28 regular heats
sampled, a regression anaiysis was performed on the dependence of the change
in material ejection quantity during this period to the length of the.pime
period of oxygen 1ncre§se. The data points and least squares regression line
are presented in Figure 71, Though the correlation coefficient was low at
-0.388, there was clear indication. that a gradual rate of oxygen increase
fesuitod in less ejéctions. The ox&gen was more easily ascimilated, with

less kinetic energy going to material ejection.
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CHANGE IN MATERIAL LOSS (KG.)
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45
5 Y= 722 - 332 X
R=-0.388 N=33
30F
2%o)
F 0

.3

-1.5 ] .l |

0 . I 2 3
. TIME OF OXYGEN SURGE (MIN) -

a4

Fig. 71. Dependerice of the change in material ojoction quantity,
. between the 3 minute periods before and after the oxygen

-

- surge, on the length of the time period of oxygeén imcrease.
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4F. SPECIAL HEATS

As mentioned previously, two heats were sampled in which the charge
was radically different. These heats had a 40¥ scrap content and were blown-’
at oxygen flow rates of 25000 to 30000 wh during certain periods of the
-heat. The total metal charge to the furnace was about 15 tons lower than the
regular heats. The ejection and blowing pattern of theuve two heats is given
in Figure 72. Red powder and fine metal droplet ejections were found in “tha
early blowing stages just like in all the regular heats. No slopping occurred
after this period.. Rather, the ?,'lO'ahd 15 miinute park samples produced
metal ejections. These metal ejections varied in Qoightnfrom 50 to 250 gm.
This material was of a very similar nature to those metal ejections obtained
in regular heat sampling, Thereafter, when the oxyge; flow rate wos increased,
negligible amounts of ejection meterial were ceollected on the sampler.

The quantity of slag ggmcrated during the main blowing éeriod wag about
25% lecs in these two heats in comparison to the regular heats. Alsoﬁ-gecause
the hot metal ;h;rge was so much smaller, the metal was refined more quickly..
Metal samples taken at the 13 minute mark pad less than 1% carbon. On the basis
uof calculations, like those described in Section 2D, the wa;te gas residence
time for thisopcratingvconditisn was 1.05 seconds uheg tie blo;iné rate was
21000 m3h'l. This was about 10% longer tﬁan'the c;ﬁputed ggg'residence time
for regular‘Dofasco_9pe#ation (0.97 sec). °
| ,Tye siag-samplog taken'in.£hia heat were Analyzed by the methods
previously described. Thcigesults are tabulated in Table 4l. A very interesb;
ing observation was that’ the combinqd ferrous and fo;ric l;Gel dropped subsﬁaﬁ-

tially in the middle segment of the blow. These iron oxides were being utilized
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SLAG COMPOSITION FOR SPECIAL HEATS

TASLE 41

181

Component Heat 1 Heat 2
L min 7 min 2C min L min 10 min 16 min 19 min
- '\\ -
Ca0 22,1 25.3 38,1 18.6 72,3 >7,8 29,7
5102 23,2 . 23,8 10,2 13.7 26.3 17 .6 8.9
MnO 22.3 - 21.8 9.) 13,8 17.9 10,2 7.8
Mg0 h.2. 5.3 8.7 hul 8.2 10.2 9.3
Falt 10.2 9.4 2¢.8 16.1 3,2 12.0 25.9
Feo? 7.5 3.5 1 3.9 11.5 2.0 7.9 4.8
Metallic Fel‘ 28,2  20.9 15.8 28,0 13,3 10.7 12.6
expressed ag percent content of total slag=metal
emulsion weight
» 8
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as oxygen gources for decarburization. The V-ratio of the slag increased
fgradually over the firgt half of the blow and then roseﬁrapidly a3 all the
remaining lime dissolved. The 8102 and MnO levels iropped drastically in
this time period because of sxtensive dilution. The MgO level lncroased
gradually as the dolomite dissolved. The metal content of ‘the emulsion

appeared to drop gradually throughout the blow.

~—. ~
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4G, SLAG AND METAL SAMPLES

Duriné the 28 regular heate.'? total of 121 slag samples were taken.
They were obtained predéninantly‘at the 4, 10, 16 minute-and at first turn-
down. The average blowing time till first turndown was 2.5 minutes. Some
samples were also taken at the 7, 13, 19 and 22 minute points of the blow.

o+

These slags were analyzed for CaO, SiC_, MnO, MgO, metallic Fe, Fe ' and

o
Fe3+ by the wethods described previously. The results ure presented in Tables
42, .43 and 44, For all the components other than metallic iron, the composi-
tion givea is that of the'slag matrix alone. The weight of the metallic iron/
is expressed as a percentage of the whole ﬁetal-alag exmulsion.

The Ca0 content of the slag increased gradually until the 19 minute
mark whereupon fast lime éissolution took place. The 5102 level remained
almost constant up.to 19 minutes but then dropped quickly due mainly to
dilution by the lime. The MnO content of the slag dropped off earlier due
to MnO reversion to the metal., The slag’started off with an appreciable level
of Mg0 (5%) and thia continued to-increase gradually uatil the end of the
blow, The ferrous ion content of the elag stayed rather uniform during the
first 16‘minutee of the blow but then increased as the carbon in the metal
was depleted. The fgatest rise was in the very last f~w minutes, The ferric
ion centent was very‘similar to the ferrous level for the first 19.minutes of
the blow. Thereafter, the Ca0 and fgrrods ion conéent of the slag increased
rapidly, causing a drop in the ferric 1eve1.-

The metallic irqn'content of the metal-sl;g emulaion was at its

highqst~1evel in the first few minutes of the blow. The slag volume wua low

st thic point so the oxygenm jet-could easily load up the alag with metal by its

-
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TABLE 45

X° TESTS ON COMPONENT *
COMPOSITION DISTRIBUTION IN SLAG

Component Level of Significance (%)

187

Time into Number of 5 3 S
Blow Semples . | Cao | 510, | MO | MgO | Fe YL oFe?t | Fe
(min) )

A 24 7 | 50 o | w | o 25 | 30
10 19 50 50 30 30 ho 50 25
6 18 Gl oo ] e 3 o | e | 3
D 25 70 30 30 70 70 60 70

1 could not be determined because 2 analysas were missing.
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shearing action qn the bath., The metal content dropped continually until the

10 minute wmark as the slag volume increased. Thereafter it continued to

increase until the 19 minute mark. Thig marked the period of active develop-

ment of the metal-gas-slag emulsion. Decarburization was fastest in this

' //imriod because of the assistance of the emulsion refining reactions in the

‘{{ ¢ total reaction scheme. As decarbﬁ;ization dropped off in the last minutes

! . of the blow, so did;the metallic iron content of the emulsion. The driving
mechanisms for droplet forma nggecame slower, thereby making it easier for
" the droplets to settle.

Sufficient slag samples were taken at the 4, 10, 16 minute and first
turndown marks to permit X2 analysis for sample representativeness. The results
are given in Table 45, All the components for the different times exceeded
a 25% level of significance. The major slag components, Ca0 and SiO2 displayed

~ the best degreet of representativeness. ’

Thegbe ayerage slag compositions are plotted along with .the average
slag matrix 6Epoai£ion of the slop in Figure 73. As éan be seen, the Cal
and 5102 contents for these two materials matched quite closely. The ferr&ua ‘
ion content was similar in both materials, but éhe ferric level in the slop
wag somewhat greater that of the slag, especially at the 13 minute mark,

The metallic iron content of the slop exceeded that of the slag. At 7 minutes
this difference was 9.7%, at 10 minutes it was 15.1%, at 13 minutes it was 18.8%
and finally at 16 min;ﬁes it wos 26.8%. However, the metallic iron toatent of
the slop displayed a minimum similar to that of the slaé at the 10 minute mark,

Plotting of average vﬁ%uoe can sometimes be misleading 1f the data

does not follow a Gapesian distribution. In theae cases, the slop and slug

2
components huve been ghown to have reasonable levels of significance so this,

problem would not bé expected. As further evidence .of this behaviour, the

ERISRN LT RIS S e e
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Fig. 73. Evolution of the average slag and slop composition
during the blow for the 28 heats sampled.
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Fig. 75. Evolution of the slag and slop composition -
during the blow in heat 9.
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analyses of these materials in two individual heats is presented in Figures

v

7?4 and 75. The same differences between slop and slag, as described using i
the average values, are ;Een to  exist in the individual heats. ’
Along‘with the slag samples, 153 metal samples’ were taken, The
number of samples taken at each sampling time was roughly the same at 20
excgpt at the 22 minute mark where onl% 11 samples were successfully taken.
At this momcnt,‘the sampler frequently contained a non-analyzable surface
coating of metal besause the bath was very hot. The oxygen jet blew out the
metal from the sampler. The carbon, manganese and silicon levels at the
difforentltime periods are reported in Table U6, X2 tests were run on the data
where applicable and the results are presented in Table 47, The levels of
significance were mixed between low and high values, but overall they ware
reasonable, except the carbon level at turndown. This, however, wuu due to
the specification of end Farbon contents.
The carbon content of the bath was low (3..%) at the start of the tlow
in comparison to the hot me§31 carbon content. This however was due to a wide -
variety of factors: 1i.e., chilling of the bath by scrap resulting in graphite
precipitatioﬁ. and dilution by scrap dissolution. The rate of carbon drop was
essentially constant between the %4 and 16 minute mark of the blow at about
0.15%C per minute., Between 16 and 19 minutes, the period of peak emulsion
formation, a marked increase 1w cérbon drop was noted. Over this period, -
decarburization sped up to 0.23%C per minute. Thereafter, this rate decreased
to 0,15%C zin”> between 19 and 22 minutes., Between 22 minutes and the first

turndown, the average decarburization rate was 0.06%C mih-l.

L]

-

The manganese level dropped very quickly at the start of the blow due
to Proferentigl oxidation. By the 4 minute mark It hud decreased from an

average starting value of '1.21% to 0.26%. It cuntlnue& to decreane but more

Hoe it v ?mmmmm:v Tt
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X° TESTS ON COMPONENT

TABLE 47

LY

S

COMPOSITION DISTRIBUTION IN METAL

Time into Number of Component Level of Significance (%)
Blow Samples Carbon Manganese Siticon
(min) -

22 70 20 70
7 18 20 50 30
10 20 20 Lo -
13 19 60 - 20 -
16 20 25 25 -
19 18 A 50 Lo -
2 11 - - -
™ 2k 1 30 -

AN

a1
~
N
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ld

slowly, reaching a lower limit of O.14% by ? minutes. This level stayed constan}r
for a few minut;s and then manganege reversgion set in. Manganese reversion ég
reached a peak at around 16 minutes where the level was 0.27%. A slow rate
of decrease continued on to the end of the blow,

The silicon was also oxidized very quickly. It dropped from 0.3%2%
to 0.,10% in the first 4 minutes. Betweer ’ and 7 minutes, silicon removal
slowed down reaching 0.015% at the end of this period., At all subseqguent
times, the silicon level was essentially trace.

By combining the information obtained about the slug and wetal X
composition, it wae possible to roughly calculate the slug weighl s»s & function
of time. A silicon balance was used in this calculation. The simplifying
assumptions made were: the hot metal silicon content accounted for 80% of
the total charged silicon; 30% of the scrap was dissolved at 4 minutes;

40% scrap was dissolved at 7 minutes; and after 7 minutes, the silicon

content of the metal was negligible. TK; slag weight and weight of the various
components are given in Table 43. The quantity of dissolved lime in the slag
and the total slag weight increased, especially in the last few minutes.

The 5102 weight, since it formed the basis of the calculation, stayed

constant over the main period of the blow, The MnO weight displayed its -
typical reversion pattern us manganese returned to the metal. The MgO weight
increased gradually over the largest part of the blow, but then rose rapidly

as the majér fraction of dolomite digaolved. The FeO weight stayed constant’
over th thirds of the blow, but thin increased rapidlj as the carbon in the

metal was depleted. The FeZO3 weight displayed a slight dip over the first

half, but then continued to increase. ‘The Feq'O3 at 19 minutey is monst probably

B
incorrect since there appeurc to bLe uo cause for a peuk. Rulhep, it ie best to

N

ignore this value and aeafff a gradually increasing Fe?O

f

3 weight. The weight
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GALCULATED SLAG AND COMPONENT

TABLE 48

WEIGHTS IN BOF SLAG

==

Component Yeipht (t)

A

196

S3lag

Blow weight| Cad |s10, | Ma0 |Mgo | Feo’ Fe2032 Fe®
(min) (t) “ (in emulsion)
. \
9.57 2.7212.46 | 1.85 {0.52 | 0.41 0.h9 2.94

7 10.49 3,271 2.72 | 2.09.]0.63] 0.b47 0.48 2.91
Vf:\_% 10,60 2.76 | 1.86 [0.69§0.43 |- 0.3 1.66
15— | 10.89// 2.76 | 1.85]0.77]0.37 | 0.39 2.37
16 \\~ 11,2 2.76 | 1.59 {0.83]0.39 | 0.53 { 2.9%
19 71,38 2.76 | 1.39 |0.95] 0.65 | o0.82° 3,07
22 14,07 2.76 | 1,77 {1.05] 1.0k 0.57 2.52
D 18.53 2.76 | 1.68 11.79| 2.37 | o.62 2,64

1 calculated on basis of Fe2+'c0ntent

2 calculated on basis of Fe3+ content

3

value best ignored.

See section Uug.
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of metal droplets in.the emulsion followed a similar paffeyﬁ to its
composition profile, It decreased over the first f;;’m{;utea, then rose
to a/peak in the main decarburization period, followed £y a slow tupering
off. Over most of the blow, there wus between 2.5 - 3.0 tons of metal in

the form of droplets present in the emulsion.
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5. DISCUSSION

(1) MATERIAL ILOSSES

This study was prompted in an attempt to reduce the material ejection
rates from one melt shop operation. As shown, a substantial reduction could
be achieved by preventing bottom buildup in the furnace (Section 4D) and by
eliminating surges in the oxygen flow rate (Section 4E). The lowering of
oxygen flow during the slopping period also proved to be a proper corractive
procedure sinca the ejection rate decréased (Tab}ee 2%, 26 and °9). By employ- g
ing these findings in melt shop practice, material ejection can be reduced but
not elimdnate?. This last goal can only be achieved if the causes for ejection
are first known. The atu&ieg carried out offer insights into these causes.

An overview of the average @easured rates of iron loss throughout the
blow is gived in Figure 76. In thdése periods :here more than one typ; of
material was collaci:?, tﬁc hrobability of incidqnée of each type is'giVen.

Theass cases where oxygen surges cauced disturbancog in the regulur eJeFtion
profile were not considered in determining these probabilities. Tae two‘
incidences of slop at the 16 minute mark were not noted because they repregented
a frequency of occ;rrence of less than-io%. The path of highest probability is
marked in Figure 76 by the solid line. The dotted lines indicate other possibie
routes. No nétiCeaple diff?rences were found in the operation parameters to
explain these different roiutes. However several hypotheses could be @ado‘on the

basis of the. information gathered. .

PN

(4i) SLAG FREE ve SLAG BOUND METAL EJECTIONS AT ONE MINUTE

P

At the one minute mark, two types of metal droplets were obtained,

one free of and the othé&r tied up with slag. The droplets with the slag were

198
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A METAL DROPLETS
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fig. fﬁ. Average metal loss rates during' the.blow,

Percentages indicate the frequency of
_occurrence.
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considerably larger, having & mean diameter of 100u compared with the other

case of 304. The weight ratio of the metal droplets collected was roughly  -~—-

10 (large/small). No explanations could be found upon examination of the
steelmaking practices to account for the presence of these two different

. [«
materials, Similar physical differences between two classes of droplets

have been noted in a study by Li25

on the effect of .a foam cover on the
splasghing of liquid in water model studies. He noted that when a foam cover
-
was present, the droplets from the splashing mode fgre‘i;fger and fewer then
that formed without such a cover. :
The source of both classes of metal ejections haa been established as

112-123. The slag tied up

the shoariné of the metal in the jet impact area
with the one classhof ejections must have been present in this cavity region,
Unlike the water atudy,.slng was present in the furnace for both these cages.
Jome difrerénce in slag proper%ies muaé thorefdre have caused the slag to be
ejecééd in one case and not the other. A clue as to what caused this was
available from the one accidental heat in which lime was added after the S
minute mark. In thia case both the one and 4 minute ejoction samples consisted
of the finer, slag free, metal droplets., The Ca0 content of the slag could
therefore be the influencing factor. '

Dissolved Ca0 in the slag combined with suspended 1ime particles could
make éhe slag viscous, allowing it to be pushedo{aide from the cavity region
so that it is not ejected. Lower Ca0 levels, aa{prgsent in the initial blast
furnace carry-over slags, make the slag wore fluid. In this way Fhe élag can
enter the cavity region and be ejected. This preéence of slag could raduce the
rate of oxygen agsiﬁilation by covering up some of the potential reaction sites,
More oxygen wodld be deflected, taking with it larger metal droplets Yecause of

L]

the increased shearing force.. The weight of metal would also be larger. The

[

metal droplets bound with slag exhibited both these characteristics, giving

>
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credence to thia ckplanntion. Lime additioﬁ should therefore be u&ge as
early as possible if this particular ejection material is to be redu;ed.
For the case of the fine, slagless droplets, a larger portion of the oxygen
Jot must have been absorbed in the cavity region by the various refining .
reactions, leaving a smaller deflected jet stream for material ejection
since CO evolution was relativeli low at this point in the blow,

Both types of drdplets were very low in carbon as was indicated by
their mainly ferritic structure, Th;re are two major schemes to explain this
behaviour, The cavity area where these droplets were ejected from may be
largely depleted in all the élements other than iron by the oxidizing action
of the nxygen. The other possibility is that these droplets are refinmed in
the furnace atmosphere which initially has some free oxygen and a larger
proportion of co2 to CO as compared tollater stages in the blow. The first
explanation is somewhat more plausible in light of the completely refined nature
of some slag coated droplets. Nevertheless both mechanism could be active along

with the added possibility of some droplet refining by slag-metal reactions for

the éaae of the larger slag coated droplets.

The heterogeneity of the slag fragments tied up with the larger droplets

(Figure 55) showed the slug complexity at the one minute mark. This slag w8
formed in the furnace by a multiplicity of interactions. The amount of‘blast
furnace slag carry-over could vary in normal pr&ctice from_O.}\to 1,2 tons,

The time the flux addition started also variea from 30 seconds to 1,5 minutes
into the blow. The amount of fluorospar added with this also varied. The _
combination of all these parameters could make éhe slag properties very variable
at the oﬂe minute mark. This could account for ihe two typ;s of ejections as. .

already described. -
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- the slow rate of carbon monoxide evolution was responsible for shearing the
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Poas JUSTIIN

(1ii) JTT INTERACTION WITH THs METAL BATH IN fHE SARLY BIOWING FuRICOD

A slag free class of metul droplet ejections wos obtaincdgﬁ. the

1 , 4 .nd 7 minute mark of the blow. These droplets were very similsr both

I S

physically and chemically as ulready shown. Their quantities did not vary

1 at 4 min. and 5.3 ¥g min-l

substantially: L Kg min~' at 1 min., 6.8 Kg min~
at 7 minutes. Because of these similarities, only one mode of metal tath-jet
interaction would most likely be active over this period. Yet, the oxygen
flow rate had been increased from 1700C to 21000 mBh-l and the lance was
lowered from 3.0 to l.4 meters during this period. “With thie change would
naturally come a drastic variation in the Jet impact velocity. This was seen
to cause a large variation (1 to 2 orders of magnitude; Figures 28 and 29) in

‘the e jection rates in cold model studies 10, 14

. In céntradicj}gn a relatively
constant ejection profil; was observed in the commercial furnack. Some
mechanism must therefore be combensating for these increased impact'yelocities
by absorbing to a higher degree the more concentfated impulse ene}gf.

The slag could in no way act as a compensating mechanism because of its
observed similarity in Eomposition and quantity over this time‘periéd. Tt's
abuence in the ejection sample also indicated that it wes not.directly present
in the cavity impact area. The only alternative modiué for energy absorption
is the metal bath itself. One possibility is that the impact energy is‘trans—
mitted to an ever increasing expanse of fluid motion. This area grows during the
early stages of the blgwluntil it covers the whgle bath volume (See Figure 77).
The small quantigy of metal droplet ejections suggests that a very significant 5

portion of the oxygen in the jet was assimilated for forming oxides in

condensed phases. Tﬁua, only a small portion of the jet's kinetic energy ar

metal in the cavity region.
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Fig. 77. Expanding front of fiuid motion during
the first third of the blow.
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A question that may arise, and one that has been proposed by

lhf 32 38, is whether the quantity of droplets

different experimentalists
generated inside the vessel could be much greater than those collected at

the furnace mouth. Perhaps the main portion of the ejections was directed
towards the furnace walls and naver eacapedls. Measurements made by blowing
dxygen on slag free hot metal siggest high ejection rat;s of 500 Kg min-l in
a 6 ton furnace38. Higher rates than those measured could not have occurred
in the commercial furnace since, as will be proved later, the carbon monoxide
evolution rates (0,05 to 0.15%C @iﬁll) presént during this period could break
up liquid metal f@lms to cause entrainment of molten metal droplets of 200 to
60Qu diameter. Droplets of such size can readily be carried away in the gas
stream and be caught in the ejection sampler. The observed droplet sizes
ranged considerably below t&esb values at ls-bgy; of course these could be
originated from larger droplets thrqugh explosions. It would be unlikely
however that t£e metal droplet quantity present in the furnace atmosphere
could largely exceed the coll;cted amounté since it could be and would be
carried out by the waste gas flow. The contradictory evidence obtained by

these experimentalists could be created by an erroneous sampling method.

In their small scale furnaces, &a-lance was introduced over a metal bath with
' 1

the ejection samples being taken on a pan inside éhe furnace as soon as the oxygen

flow was started. Such a surge in flow has been shown.ta cause increased ejection.

Starting with a motiohless bath aa in these experiments, this deviation would
be more easily manifested since the input gas would be initialiy deflected
without any energy absorption. large quantities of droplets were thereby
14, 32, 38

incorrectly formed und measured

in commercial opcrétiona Just before und after ignition.

. This behaviour was visually observed
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(iv) CAUSES FOR SLOPPING

Slopping was first observed at the 7 minute sampling., It persisted
throughout the 10 and 13 minute points of the blow. The most 1§§ortant
cause for slopping might be the highly oVeroxidized state of the slag.
Throughout this period, the ferric to ferrous ratio in the slag samp%gghby
the slag sampler was around one with the total‘concentration varying sligﬁ%ly
between 5 and 7¥. This ratio is considerably larger than values quoled by
other authorssl' 7 (between 0.1 to 0.5) for operations free of slopping.
Similar evidence of the effect of this composition ratio on slopping occurrence
wag obtained in this study. As shown in Table 40, two special heats noted for
the abseqce of slopping had a maximum ferric to ferrous ratio of 0,6 during this
time period. Furtﬂ@rmoro, three regﬁlar heats, in which only metal ejection
wag present at the 7 minute mark and whose corresbonding slags had been
analyzed, had ratios of 0.55, 0.43 and 0.54, These observations indicate the
importance of maintaining a ferric to ferrous ratio of less than 0.6 to avoid
_slopping. The operstion parameters which cause these different slag conditions
could not bve identified. They would most probably be ter%s involving slag
development, lance height, blowing rate and metal and slag temperature.

The existefice of a high ferric to ferrous ratio in the slag 1s not

sufficient by itselX _to

op. This was 1ndicatgd by phe absence of slop
at the & and 16 minute points in the blow where this ratio was also around one.
The only apparent difference in slag composition was the V-ratio variatdon.
"Retween the 7 and 13 minute mark, the slag V-ratio (between 1.1 and 1.4) was in
the agtive foaming region as noted in Figure 12. Thic slag could reach higher .
lovels in the vessel, thereby permitting some slag-metal emuision to eycape 1f
there was sny suddenly ;xcessive éas felease in localized areas. CO r-lease of

this sort could occur becsuss of the low metal droplet temperului.s und .lne

Serha Voak 23
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relatively high carbon concentration., The oxygen concsntration could build

" up in the droplets under these conditiona to certain supersaturation levels as
required for homogeneous nucleation of CO. Explosive gas release could thus
result.

The cause for the variation in the intensity of slopping (ligh;. and
heavy) at'the 7 minute mark could not be determined. One explanation, variance
in ferric to ferrous ratio, could not be checked out gcca?ee of insufficient
slag analyses. Anotner possible explanation, variation in the decarburization
profile as in Figure 16, could not be studied because of the rather poor
information rendered by metal analysis. The instantan;ous decarburization

profile, as obtained from waste gas analysis, would have been more useful,

Further work would have to-be done in this area to make any concréte statements.

(v) BACKGROUND METAL EJECTION DURING SLOPPING

In considering the slop material, it was noted (Section 4G) that it
contained a larger amount of metallic iron than the corresponding slag-metal

enulsion in all -the time periods. These excess iron droplets could be consid-

ered to arise from another source, but they could not be physically 1solated from

the emulsion slop. By taking into account the composition differences it was
possible to calculate the hypothetical background metal ejgption rates during
slopping. The correspondihg reéﬁlts are plotted in a fashion similar to
Figufe 76 in Figure 78. As can be seen this metal ejection rate was almost

constant during the slopping period.

The source of this metal would have to be the metal bath since the slag °

matrix composition of the slop material was essentially the cahe as that of the
furnace slag taken bf.the slag sampler for wost of its components. The one
deviation, higher ferric levels in the slop, could be accounted for by oxidation

of the extra metul, The éurface of these metal droplets could have been -

-
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Fig. 78. Aversge metal loss rates by ejection from the central .
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oxidized during the collection process or after its removal from the furnace
and before it cooled in air. The higher ferric content of light slop in
comparison to heavy slop at the 7 minute mark and the excessive ferric content
(6.8%) of slop at 13 minutes was due to the larger excess metal proportion in
both materials.

The background metal ejection must have arisen from the jet impact
area. This was the only place where metal droplets free from slag could be
generated. The existence of an open channel for metal release through the
emulsion is neceasary for any mechaniam to be proposed. Oxygen deflection
in the impact area is not likely to be the dominant mechanism since the
azsimilation rate by refiging reactions is cloae to 10C¥, However, 5ff gas
being released from tgiﬁé;vity area may be fast enough to carry along 1he3e
substantial quantities (4O to 60 Kg mip-l) of metal, This mechanism 1is
supported by the fact that from the 7 to 13 mihute mark, decarburization
increases in prominence since nearly all the silicon and manganese have been
oxidized. Further supporting evidence is available from the obeervation that

only metal ejection occurred in the latter stages of the blow where decarburi-

zation is the predominant refining reaction.

(vi) THE INCIDENCE AND MECHANISM OF METAL EJECTION

Slopping gave way to metal-only ejections of greater quantity at
either the 13 or 16 minute mark. The average metal ejection rates at 13, 19
and 22 minutes were quite similar. The peak observed at the 16 minute mark was
most likely duwe to the surge in oxygen flow normally taking place between 14
and 16 minutes. The cause for this'transition to metal ejections was not
observe§ in any operation parameters. The slag ferric to ferrous PdtiO.UBB

still around one in the early time periods of metal ejection. One hypothesis

e et S Y
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for this behaviour is a change in the glag properties occurring simultane-
ously with a peak decarburization level. As the V-ratio of the slag increased,
the capacity for foaming decreased (Figure 12) causing the emulsion to subside
somewhat. No emulsion was thereby ejected. The rate of decarburization was ~
maintained at a peak level during this time period (Figure 17), utilizing
almost all the supplied oxygen. The rapid CO evolution from the cavity region
could supply the shearing force tc produce these large quantities of metal
ejection. This gas could escape along the walls of the cavity area or through
an alternate gas channel in the metal bath as depicted in Figure 26e. This
secondary channel has.been observed to form during peak decarburization rates
to physically accommodate the rapid gas release112_123.

Several obssrvations point to the importance gé AQOarburization rate on
metal esjection., Firstly, there wus a similarity between the metal loss by
direct ejection as a function of time (Figure 73) and the decarburization
(Figur; 17) profiles. Both increased with time, but not in a constant propor-
tign, until the latter stages of the blow. At this 22 minute mark, neg1igible
ejection quantities were generally noted along with s decreased dqcarbﬁrization
rate, fhis was also observed for cases of carbon reblow., There was no slag
cover in this last case because of the operating practice of dumping slag before
cirbon reblows, Slag cover 1y thus seen to be unimportaat in reducing metal
ejections by entrapment as long as the degarburization rate is low. This wzs
also-obeeerd in the early blowing periods (0-6 min),where oxygen predominantly
forms oxides in condensed phaa;a. ‘

However slag cover is an important term when considering the peak
decurburization peiriod, The metal ejections had to puss through sume sort of
channel around the lance area since no elag wus found with the metal, This

-]

channel could have been formed by the oxygen jet pushing away the viscous
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slag towards the furnace walls. An alternative might be that the gas release
from the cavity area was s0 large that it formed its own channel through the

slag layer. Any metal cheared from the cavity area could thus escape through
lthi- opoening without being trapped by the alag.

The metal ejection material had a maximum droplet size of around 1 cm.

However, on the basis of gas entrainment studies (Appendix 3), the mexicua
sire droplet that could be carried ig'tho waste gas stresm during the peak
decarburization period (0.23%C lin-%) was oaly 0.09 cm (See Migure 79).
This is smaller then the observed diameter by one order of mmgnitude. Some
mechanica that supplies sufficient momentum to these droplets to allow them to
escape directly from the furnace must therefore be active, Rapid CO gas release
from the cavity region or through the secondary bath channel, either of a
continual or periocdic nature, could supply the nocoséary pomentum through its
shearing actior. The mixture of droﬁlot and larger splash sizes in the metal
ejection material could be éxplained as being the roauit of varying intensities

of shear in the two source regions.

(vil) THE RELATIVE IMPORTAECE OF RFFINIKG REACTIONS IN THE EMULSION

Durimng the BOF blow, metal refimimg takes place at a variety of reaction
sites: directly umder the jet, in the slag-metal-gas emulsion, along the
trajectory ef CO bubbles within the bulk metal, and at the metal bath-slag
interface. It is diffieult to assess the qunntita;ivd\g?ntribution of each of
these mechanisms because of th; system's cohﬁloxity. The emulsion ?ito has been
ascribed various degrees of aignificanco51-652 Siag is circulated in the BOF by
the actiom of the oxygen jet (Figure 2l4). Metal droplets are supplied to it to
form an smulsion by a variety of mechaniams: i.e., shearing action of oxygen jet
in cavity region, metal coating on rising CO bubbles (Figure i}). Metal droplets
of bath composition are continually renewed while the refined ones settle out.

The droplets are refined in the emulsion by slag-metal and gas-metal reactions.

[N
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The exact reaction path a droplet follows and the degree of refinimg in each

cycle have mot been fully determined, Some nnthorl53

claim that emulsion
reactions account for the pmjority of the metal refining, uhoroan'othcrc56’ 66
estimate that it can, at maximum, be responsible for 30% of the overall scheme.
Its degree of importance will vary during the blowing period.

In this study, based on the sampling of ezulsified materials, the metal

precent in the ezulsion as droplets varied between 1.8 and 3 tons during the

blow, The average was 2.8 tons. This potal droplet contemt, if a 1 to 2 minute-~

droplet in aslag-residence time is nasun0d51'53. represents the passage of 35 to
70 tons of metal through the emulsion. If it is assumed that the n;tal droplets
are refined completely during their residence in the emulsified state, an
estinate can be made of the maximum pogsible contribution of emulsion reactionms.
This estimate is somewhat dubious in that it ignores the fagt that the bath
concentration.ic continually chamging and unlikely to be uniform. Along with th;
variation ia the amount and properties of slag, thé droplets residence time and
"intensity of reactions would also change during the course of the blow. a;wevet.
under the assumptions stated, it could be said that it is very likely that less
than half of the total impurities are removed from tﬁe optal phase by refining

reactions in the emulsified state.
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Plot of the nnxilul size metal droplet that can bo entrained

"in.the off gas stream.
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6.

CONCLUSIONS

In view of the complexity of the industrial gystem  and the limited

number of measurements, nevertheless, in the present work, the following

conclusions have been reached.

1.

2.

3

Two sampling devices, one for measuring éjection rates and the cther for

obtaining slag and metal samples, were developed. The vurious tests

conducted showed the samplers to be accurate and reliable for the purpose

such as that of the present work.,

Three periods of material sjection were noted in the BOF blow with
charactori;tic and predictable ejection rates. These consisted of a
fine metal ejection stage (Q-6 min), a slopping stage (6-15 min) ard
a heavy metal ejection stage (IS-Zi min). The remaining time period
in the blow normally yielded very little ejectionms.

The iron loss rate by ejection from the furnace was found to be
directly affected by the distance from the surface of the metal bath
to the mouth of the BOF, the shorter the distance the stronger the
ejection. |

Sudden surges in oxygon'fléw, which were not rcadily assimilated by
the bath, caused iarge increa;es in ejection rates. |
The first stage of material ejection had low, constant .metal loss
rates because of the large extent of assimilation of the oxygen flow
by non-gas producing reactions. Cavity shearing was not very active
in this time period. An incresse in the jet impact‘::}ocity did not
increase the metal ejoction rate because of the absorption of the

Kinetic energy by an expanding front of fluid motion.
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Slopping was caused by a combination of factors: a relatively high
ferric to ferrous ratio in the slag, a slag V-ratio between 1.1 and
1.4, and a.low spectic furnace refining volume (0.52 th—l). A
reduction in the oxygen flow reduced the slopping rate. Slopping -
emulsion ejection - was accompanied by metal ejection from the bath.
The oxidation of this metal caused higher ferric levels in the slop
material, -

Metal ejection passes through an open channel around the lance region.
The metal could be ejected from the cavity region or from an alternate
gas hole. High decarburization rates were present during the period of
heavy metal ejection, thereby strengthen;ng the concept that CO gas ‘
release rates determine the intensity of metal eject;on3

The slag composition was detarmined for the entire blowing period.

The high metal droplet content suggests that emulsion roactions may

be very important in the refining process.
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FUTURE WORK ,

All the information supplied in this thesis was based on one melt shop
operation. The findings need not be reastrictive becausa of this, since the
BOF process is rather common for most other shopa. Using the simple devices
that were designed in this work, it was possible to e%tract a lot of informa-~
tion about slag development, sloppihg and metal ejection. Certain insights
were gained on the causes of material ejection but no concrete conclusions:
were reached. A more intensive study consisting of more frequent sampling
and analysis of ejections and slag could possibly supply some answers.

This could be run in conjunction with a continuoun monitering of the carbon
evolution rate through waste gas analysis, and with sound intensity meusure-
ments to determine the dagree of slag cover. A correlation between these

two variables and the material ejection rate was suggesyedvin this thesis;

" by monitering these variables the hypofhesig could be proved or disproved.

A measurement of the emulsion level at the different sampling periods could
also supply useful information on the effect of gas residence time on ejection
rates. All these studies could be used to form a more complet; plcture of

the BOF oprocess.
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APPENDIX 1: CHI-S)UARE TZST FOR DISTRIBUTION NORMALITY

The frequency digtribution of a small number of measurements generally
provides only sketchy informatign about the parent distribution whoue charac-
teristics are sought. The probl;m is to decide whether or n;t the experimentai
distribution can be satisfactorily assumed to be a sample from a normal parent
distribution,

A very useful quantitative test for the goodnecs of fit of the experi-
mental distribution is the so-called X- (Chi-Square) test. The X° test gives
a single numerical measure of the over-all goodness of fit for the entire
range of deviations. In a general view, the X2 test determines the probability
that a purely random sample set of measurements taken from the assumed model
parent diatrib;tion would show better agreement with the model than-is shown
by the actual set. This probability is called the level of significance of.
the distribution. Lot

In performing th;a test, a minimum of about 20 measurements is normally
required. The mean and standard deviation of the data points are first
obtained. The entire range of observations is divided into M intervals,
normally of the ﬁfme size, Ideally, each interval should contain more than
five measurements buf this is not possible with emall data sets. In this test,
the observed frequencies (foba) in the intervals are compured with the
theoretical model values (fth)' These theoretical values are obtained from

& normal distribution model based on the calculated meun and standard devistion

s
values. The quantity x2 is defined ac the sum:

2

‘M 2
x2 " [(fobe)j (fth)j]

Ffth)j
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Based on this X2 value and M-3 degrees of freedod. the level of significance

of the experimental distribution can be obtained from Table 1.

An example of a computation of the level of significance is now given.

EXAMPLE
1. DATA SET: number of observations = N = 18

13.5 13.8 11.2

14.5 4.5 10.8

17.8 12.8 13.0

16.4 15.5 141

17.6 11.98 14,1

15.8 14,5 12.3%

mean = X = £X = 14,12

N
_270.5
standard deviation =z 8 = [ X - X) ] = 1.99

2o FREQUENCY DISTRIBUTION:

X~ TEST

Range

10-12
12-14
14-16
16-18

Date Range Number of observations }n Interval

10-12 3

12-14 5

1516 7

16-18 3
t U Pc P NP4 X2
obs i 3 i

3 -1.0644  @.1436 0.1436 2.585 0.066
5 -0.0588 0.4766 0.333%0 5.994% 0.165
? 0.9487 0.8271 0.3%05 6.709 0.076
3 1.9522 0.9745 0.1474 2,653 0,045

0.9745 17.541 C.352

) 1l =
U = 4% here xi = right hand interval end point
B
+
Peg = 0.5 = (U0) povie 2
Pi = Pci - Pci_1 (Pco a 0)
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2 2
5 X©om (VB - g

NPy

The total X2 value is 0.354, The degrees of freedom is M-3 or 1.
Therefore from Table 1 the level of significance Z 50%.
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APPENDIX 2: NORMALIZING EQUATION FOR TRUE SLOPPING RATE

Several assumptions are. made in deriving this model

(1) that the slopping rate was constant during the one minute

sampling period

(2) that only that matérial entering through the free area was

collected

(3) that a linear relationship existed between the final sample

weight and its thickness.

Let:

W = weight of material collected at any time t

wf = final weight of material after one minute

h = thickness of material accumulation at any time t

hf = fingl thickness of materiai accumulation after cone minute
Xi s tube sampler's side length

~m = elope in regressiof analysis equation of form hr = mwf

t = time

E = corrected weight of ejection material after one minute

sawpling

R = material ejection rate per unit area

‘

(gm em 2ain”b)
(gm)

(gm)

(cm)

(cm)

(cm)

(ca gaY)
(min)

(gm)

A differential equation can be set up on the basis that during a small time

interval, dt, additional material of weight, dW, and thickness, dh, is collected.

A3

v = R O(x, - 2n)

The regression ejuation (2) can also be differentiated:

by

dh

m Wf

m dw
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Upon substituting equ. (3) into equ. (1):
dh

2
(x, - )

e

= mk at ')

Using the appropriate integration constants:

he 1
2
, (X, - 2n)
o o
" . .
1 -1 = 2nR (6)
X, -, X

Substituting in equ. (2):

R- s : . (7)

X (xi -2 mwf)

The corrected e jection weight is given by:

7,
E = } x xia x lmin . . (8) %
'I%erefore . yf//
g . Xi % : (9)
xi -2 m wf

Using the appropriate values for the variables
-3 -1
(x, xy 7cm m= 4,382 x 1077 cm. gm )

"the final equation that results is:

g = Y97V, (10)

1597 - 2 W,

.
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APPENDIX 3: DETERMINATION OF MAXIMUM SIZE DROPLET ENTRAINED IN
BOF _OFF GAS STREAM

\
List of Symbols:

M = droplet maes_ (gm)
G = gravitational constant = 981 (cm sec-a)
d = droplet diameter (cm)
p; = droplet density (gm cm‘})
Cy = drag coefficient (unitless)
Pg = gas density (gm cm )
Ug = gae velocity (cw sec™)
Re = Reynolds Number (unitless)
M = dynamic gas viscosity (gm et sec™hy
Cl'CZ’C3 = constants (unitless)
Vg = volume of gas exiting furnace per unit time (cm3 secnl)
= inner area of B(F . (cmz)
e F moles of carbon evolved as CO ’ (gm atom ucc-l)
R = gus constant = 82,3 ¢ (cmatm gm mole 1K)
T = temperature . (°K)
X,, = mole fraction of CO in gas (unitless)
Xoop = mMole fraction of CO2 in gas ) (unitless)
MW = molecular weight of CO = 28 . (gr.gm mole—l)
¥W, », = molecular weight of co, = Ly (gm.gm mole-l)
D = BOF mopth diameter = 250 (em)
FG = gravitationalfforce (gm cm sec‘z)
F, = drag force (gm cm sec™?) \
W = weigm of metal = 1.45 x 1o8 (gm)
4 = fractlonal decarburization rate (sec™l)
ch = atomic weight of curbom = 12 : ) (gm. gin atom_])
P = gas pressure (atm.)
{

228 _ .
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The assumption is made, that in the BOF, metal droplets are delivered to that

area in the furnace above the slag by various mechanism. All these droplets
are acted on by the drag force (FD) of the gas. If this drag force is |

- sufficiently large to overcome the gravitational force (FG) on the droplet,
then the droplet will be c;rried or ejected out of the furnace.

FD can be obtained from a mathematical expression of Stokes Law:

. - > '

FG = M- a = Ta pLG @D)]
> .

= : v 2

Fp chgug (2)

The gac velocity, Wg, employed in this equation correaponds to the gus
velocity at the furnace mouth since it is greatest at this point, thereby
exerting the largest drag force. The condition that must be satisfied to
determine the largest droplet to be carried out in the gas stream is:

’ Fp> ¥, (3)
The drag coefficient (CD) 1s a function of the droplet's Reynolds Number (Re).

It can be expressed as:

o

Re = Ug Pg d )
P
where Ug = Vg (4a)
A . )

Functional relationshipel of the following form are avullable to deteruine

the drag coefficient for different ranges of Reynolds Number:

o = 1-%+% © (%)
Re Re2 '

where Cl, 62 and C, are unitless constants,

3
Substituting into equ. (3):

3 L2 2 2
%.pLGd -Gép Vg d -Clpng+Cz)l <0'(6)
AZ A ‘pg

" 1. Morsi, S. A, .ud Alexander, A; J.y J. Fluid Mech., 55, p. 193, 197°.
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To find the maximum size droplet, these terhs can be evaluated for various
decarburization rates (¥ C). The gas velocity varies with these different
rates. The gas exiting the furnace is assumed éo have a temperature of
1600°C, with a composition of 5% CO, and 95% CO. The diameter of the mouth
(d) of the BOF is 250 cm. The gas pressure (P) is assumed to be one atmos-
phere. The quantity of molten metal (W) being decarburized is assumed to be
145 tons. The terms in the trinomial equation can be evaluated on the basis

of these assumptions.

Ne = 3C-W (7

AW
[+
Vg = Nc-R-T (8)
P
. A3
p =${x MW+ X MY ] P9
g co co, coz. co2 T

3

1.87 x 107" gm cm

A = E%j © (10)

- 4,91 x 10" en®

i

The values for the cénatanta were obtained from appropriate sources.

-
P, = 7.0 gnm em™> (Reference 2)

M = 6,16 x 10.1+ gn cn™t aec"1 (Reference 3)
These values were substituted into equation (6) for different decarburization

rates. The last term (C?Alz) was negligible so it was ignored. This allowed

> pg

a simple solution tc be found for the reduced binomial equation. Upon
finding the maximum size droplet diameter, a check was carried out to make
sure its Reynolds Number was in the assumed range as upplied.in determining’

the drug coefficient. The results of these computations ure given in Figure 79,
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