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ABSTRACT -

*\ ~ An industrial B.O.F., located at £he #1 Melt
Shop of Dominion Foundries and Steel Ltd., was nsed
tc develop and evaluate a method of measuring thew
rate of fume emissions during étéelmaking.

The fume'rate was observed to decrease with
increasing time into the blow. Approximately 60%
of the total fume iron losses are emitted during the
first one-third of the blowing time. The fume rate '
is influenced by such process variables as; metal
carbon content, slag volume, metal temperature and
lance practice:

The mechanism of fume formation was assessed
usi@q the size, shape and chemical analyses of the
fume material. The major mechanism is that of the
explosive oxidation of metal droplets in the oxygen
impact zone. Evidence cof vaporization was alsc
observed, but this represented less than 10% [by
weight) of the total fume iron losses during the

blowing period.
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INTRODUCTION

Basic oxygen stee;making‘waS‘developed in the earily

1950's ir Austria and now accounts for 55 peréent of in-

" ternational steelmaking capacity. The basic advantages-

of this process are:,
i) speed of {efining
ii) economy of labour

iii) 1lower capital reguirements (assuming

availability <of molten pig iron)

An important problem associated with the B.O.F. process
is the producticon of large quantities of fume. The amount
of fume emitted ranges from 10 to 30 kg-tconne'-l of steel
produced, and a largé percentage of this material is in the
highly visible submicron.size. A typical B.C.F. shop can
produce upwards of 100 tonnes cf fume matérial per day.

This represents both a metallic vield loss and a serious air
pollution problem, while the equipment necessary for fume
collection and handling represents a significant capital

investment and operating cost to the plant.

The usual appearance of oxygen steelmaking fume is the
¢range-brown ferric oxide (Fep03) which occcurs in open hood
gas collection systems where there is ample air entrainment
into the waste gases to fully burn the C0 present to CO».

In the case of closed hood gas collection systems where a
minimum of air entrainment takes place, black fume containing
predominantly metallic iron and ferrous oxide (FeO) is proj

duced. P
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Two mechanisms for the formation of £1ime during.
B.b.F. steelmaking have been suégested. The first mech-
anism proposed is that fume is a resultlof the direct
vaporization of iron which cccurs in the high temperature
. regjon ("hot spot") where the oxygen jet impinges on the
molten-ircn surface. This iron vapor is then oxiékzed bf
the incoming oxygen jet. The second mechanism sugqgests
that the major cause of fume is the oxidation and vapori-
zation of iron droplets that are ejected from the liquid _.

iron’ bath either by the mechanical force of the oxygen jet

or by bubbles of CO bursting through the melt surface.

The aim ¢of this work was to determine the relative
importance of these two proposed mechanisms of fume for-
mation in an industrial B.Q.F. The furnace studied was
located in the No. 1 Melt Shop of Dominion Foundries and
Steel, Limited. The gas collection system on this par-

ticular furnace is of the open hood type.

A device was developed to take samples of the fume
material from the B.O.F. exhaust gases during the course
of refining. Tests were conducted to determine the re-—
producibility and representivity of this device. Infor-
mation about the origin of the fume particles was gathered
from their weight, chemical analysis and a microscopic

examination of their size and shape.
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LITERATURE SURVEY )

2.1 Industrial Fume Collection Systems

The_fﬁme and dust formed during B.O.F. steelmaking is
of considerable interest because it represents hoth a loss
in metallic yield for the process and a serious source of
air pollution. The gquantity of iron lost as fume ranges
fxom 0.7 toh2.0%1-4 of the steel weight produced. A
typicdal B.O.F. plant will produce from 100 to 200 tonnes
of fume material per day5

Dust loading in the furnace off-gases ranges on aver-

age from 40 to 80 g/Nm3 2’678

with periods of peak loading
reaching 250 g/Nm36. Local air quality requlaﬁions require
that plant emissions not exceed 0.0l g/Nm33 and similar
limits exist throughout the industrialized worldi For
example, the limit in Japan is alsoc 0.(Q1 q/Nm37. To meet

these regulations, dust collecting efficiencies in the

order of 99.9%% are required.

In general, B3.0.F. gas collection systems can be
classified into two categaries:
i) open hood

ii}y clesed hood

Wicth an open hood system, a rge amount of atmos-
pheric air is drawn into the collection system along with
furnace off-gases. The quantity of atmospheric or "excess

air" entrained can range from 100 to 400 percent of that
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necessary for combustion of all of the CO present in the
furnace off-gases. The temperature of the gasés leaving

the furnace 4t approximately 11.500“(210_12 is increased by

this combustion process and has been calculatédl3'l4

to
range from 1900 to 2500°C in the hood, depending on the

quantity of excess air present.

Table I shows a comparison of the main process data
for 10%, 30% and 100% combustion of the primary gases at
the furnace mouth. It can be seen that with increasing
excess air the gas temperature in the hood also increases.
This means that more heat must be removed from the gases
before they enter the cleaning stage of the system. More’
powerful fans are also required to handle these larger
gas volumes, thus increasing both investment and operating

costs.  Open hood systems were the first to be used in

B.Q.F. plants and are still in use today.

The majority of the plants designed in the past five
years use closed hood systems where the amount of excess
air is limited to 5 to 70% of that needed for total com-
bustion of the CO. Principle advantages as seen in Table I
are lower gas temperature and volume which means re-
duced capital and operating cost. Another significant
benefit is that part of the CO emitted can be reccvered
and used as fuel. The most common method to reduce the

amount of excess alr entrained is the use of a movable



TABLE I

COMPARISON OF MAIN PROCESS DATA FOR

10, 30 AND 100% COMBUSTION [Ll3]

Combustion
Rate

100%

308

10%

Tetal gas volume
(8m3/n)

Theoratical gas
temperature
inlet hocod

Heat to be removed
in hoeod
(Milliion kcal/h)

Fan horse power
(high energy
scrubber}

223,000

2400°C

187

3500 kw

123,000

2200°C

70

LS00 kw

94,000

1600°C

35

1400 kw

(
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7 Hait \\EMH*“;M////
combustion -
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1g. 1: Combustion cantrol in the B. O, F. waate gas treating
svdtem iwhose lurnace capacity 13 gver 100 T)




section of hood called a "skirt" thaf drops around the
vessel mouth during the blow to form a festriction for
the entering air. Since the CC is not completely com-
busted; gpeclial care must be taken to prevent explosions
from occurring within the hood and éas cleaning system.
Figure 1 shows the percent usage of these two types of

gas collecting systems. . - {

B.0.F. fume is very fine, in the prder of 1 um and
smaller. The cnly equipment that can handle particles
this size in the dry state are electrostatic precipi-
tators. Though some B.O.F. plants use this equipment
they are costly to purchase aﬂa maintain and handling of
the dry dust collected is difficult. The present trend
is towards wet cleaning systemé, where in tﬁe majority of
cases, venturi scrubbers are used. The actionlof tﬁese
sgrubbers cause the fume particles tc be suspended in
water droplets which are easier to ceollect due to their
larger mass. This water 1s then sent to a thickener where

the solids are recovered as sludge and the cleaned water

1s recycled.

Two typical open hcod gas c¢cllection anéd cleaning
systems are shown 1In Figure 2. A typical closed hood

system is shown in Figure 3.

The appearance of the iron in the fume material 1is
related to the type of gas ccllecting systems used. In

open hood systems, the iron fraction is approximately 85%
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Fe203, 15% FeO, less than 1% metallic iron and is orange-

2,3,6

brown in colour . With closed hood systems, the fume

is black in colour, and the iron fraction is approximately"

10% metallic, 55% FeO and 35% Fe2036'7

These gas collection and cleanihg systems represent
a sigqnificant cost factor for a steel‘p;anﬁ.' Cost dﬁta
based cn a closed hood systeml3 0perating at.iQ% excess
alir are shown in Figures 4-5: Figure 4 shows the specific
capital cost per ton of furnace capacity for a two—furnace
shop (1977 U.s. dollars). For a 2 x 250 tdn B.0.F. shop,
the specific capital cost is approximaﬁely $13 million in

the order cof 10-15%15 cf the shop cost. If equipment is

installed to recover the CO in theloﬁf-gaSES, the capital'
cost 1s apprcximately 35% higher. Figure 5 shows the
cperating cost of such a system based on two vessel B.O.F,
shop producing 24,000 heats per year. As in Figure 4,
costs decrease with increasing furnace size but range from
$1 to 32 per ton of steel produced. These costs represent
those for the most energy afficient systems. Capital and.

operating costs for open hood systems with their hotter

temperatures and larger gas volumes would be more.

Table II shows a breakdown of the operating cost for

the above-mentioned system.
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TABLE II
SUMMARIZED OPERATING COST FOR CO-SYSTEM 2x200 T BOP [13]

CO-SYSTEM CO-SYSTEM WITH
' GAS RECOVERY

COST FACTORS o use T % luss/T| %
UTILITIES. S 012 13 013 11
FOWER 013 15 015 14
PERSONNEL 013 15 013 | 11
MAINTENANCE & REFAIR 0.C7 8 0,10 9
CABITAL 045 | 4o 063 | 55
TOTAL 020 | 100% | 114 | 100 %
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2.2 Classification of Fumé by Size

16-18 \hat metal drop--

It has been well documented
lets ranging in size from 1 ym to 1 mm exist in B.O.F.

slags dﬁr;ng and after refining. The predcminant

.source of these drcplets are considered to be the

19,20

shearing of the metal bath by the oxygen det and

metal being carried across the metal and/or slag inter-

21-
face as a coating on CQO bubbles 1 23. Many of these

droplets are small enocugh to be carried out of the
furnace by the force of the exhaust gases. Laciak24

has done an extensive study into the nature and cause

-of these ejections from Dominion Foundries and Steel,

Limited's basic oxygen furnaces. His results showed
that these particles ranged in size from 10-300 um,
the majority being between 15 and 45 um in diameter.
These particles are spheres of metallic iron having an

oxide coating 5-15 um thick(3’24].

Fume particles on the other hand are much smaller,
the majority cf particles being less than 1 um in dia-
meter independent of the oxygen®pteelmaking method as
seen in Figure 6. The structure of these particles
depequ on the amount of excess air that is drawn into
the exhaust gas collecting hood. As mentiocned before,
in open hood systems, the fume is predominantly ofange—
brown Fe03 and in c¢losed hood systems, the fume is

metallic iron and FeO.
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Ellis &—Gioverzs_nOted.thatfin'ﬁﬂ&ﬁétrial practice ’

N

particlés with sizes greater than S_um can be effectively

removed from waste gases using.low cost cyélohes, but the
cost of removing smaller ‘particles is relatively expensive.'
For this reason they defined fume as being all particles.

less than 5 pm in diameter.

The above definition will ke used in this work.

-~
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2.3 Mechanisms of Fume -Formation

2.3.1 Direct Vaporization of Ircn -

At steelmaking temperatures (lGOp;C), the vapor
pressure of pure iron iS‘approximaéely 10_4 atm, but
it increases rapidly with iﬂcrea;ing temperature as
shown in Figure 7. At 2400°Cﬂthé vapor Pressure of
_iron is approximately 10-'1 atﬁ and the_vaporiz;tion

temperature is 2860°C.

When oxygen is blown onto the surface of an iron_
bath, it will be adsorbed almost instantly. React;an
products will appear as a result of tﬁé»ﬁQmentarily
high oxygen concentratién,.and if carbon is oxidized,

a bubble of CO will form. It is likely -that thewheaﬁs
bf reaction will produce high local temperatures making

vapcrization of iron possible.

Kosmider26 has calculated that during oxidation
of iron with pure oxygen, local interfacial temperatures
cf 3050°C can be reached. .Bogéandy27 ca?culatéd that if
30-40% 03 enriched air was used, local temperatures could
reach 2100 to 2600°C. This is in good agreement with
measurements takeﬁ through the tuyeres of a Bessemer
furnace by Naeserzalwho recorded temperatures of 2200°C

using an optical pyrometer.

Measurements of the "hot spot" temperature at the

metal surface in the oxygen impingement zcne have also

-
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been made using optical pyrometry or photometric tech-
nigues. The accuracy of these type of measurements
can be affected by the presence of any slag cover on
£he surface of the bath or by the presence of dust and
fume in the gas phase. However, the results of both
lab and industrial measurements indicate that in the

B.O.F., "hot spot" temperatures range from 2200 to
2600°c%%73% or 600-1000°C in excess of the bulk bath
temperature (these results are summarized in Table ITII).
It appears possible then that direct vaporization of
iron could be thé cause of fume formation during B.0O.F.
steelmaking.

Using thermodynami<333 data, the calculated vapor
pressure of Fe0O is 2 x 10_5 atm at 1600°C and increases to
approximately 2 X 10_2 atm at 2400°C, values which are
about five times smaller than those for Fe at the same
temperatures. Thdse calculated pressures are not very
accurate because) the heat of formation of (FeO)g is not
well established; values determined range from -47 to
-65 kcal/mOle33- Other experimental data®’ 3736
dicates that the vapor pressures of FeQ and Fe are
very'close in this temperature range. Wortenberg36 h;s
observed that iron oxide vaporizes at approximately

1800°C, a temperature that has already been shown to

exlst in the B.0O.F. This would suggest that the iron
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TABLE IIT

Calculated and Measured "Hot Spot" Temperatures

Temp.

Author °C Comments Ref.

Kosmider 3050 Calculated assuming 26
oxidation of iron
in pure 02

Kosmider 2650 Calculation assuming 26
oxidation of iron in
40% 07 enriched air

Von Bogdandy 2100 Calculation for 30% 27
02 enriched air

Naeser X 200 Optical pyrometer 28

/) measurement through
k\\ / ' tuyere of Bessemer
_' converter (07 en-—
; S riched air)
S
//
Kawakami // 2400~ Spectroscope measure-— 31
//' 2600 ment, lab scale model
Urbain // 2130 Optical pyrometer 29
.wf/ lab scale model

Kochao 2450 Optical pyrometer, g

industrial B.Q.F.
+ B -—)f
Beitelman 2400~ Optical pyrometer, 32
2600 industrial B.Q.F.
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oxide found in the fume could be a result of vapori-
zation of liguid iron oxide as well as the subsequent

oxidation of vaporized liquia iron. )

Ellis and Gloverzs'studied the vaporizaticn of
iron from Fe-4% C melts at low oxygen pressures (< .1
atm). The collected fume particleg were observed
using electron micrcscopy. The particles were octago-
nally shaped and ranged in size om .05 to .15 um in
diameter. A typical electrOn—microE?Ephwisqsthg in
Figure 8, where the octagonal shape 1is clearly evident.
A similar shape was alsc observedby Meldau37 who

vaporizedafe - .02% C melts 1in pure oXygen.

The shape of these particles is a result of the
condensation of iron oxide vapor from the gas phase.
Pure crystals of FejD4 are octagonal in shape, whereas

the crystal structure of Fe;03 is rhombohedral:

If fume particles are produced entirely by the
condensaticn af vapor, theﬁ a highly volatile element
should become enriched in the fume. One such volatile
element commonly feund in steelmaking is manganese.
Between 1400 and 2100°C, the vapor pressure of manganese

is 100 to 1000 times that of iron (See Figure 7).

Bogdandy and Pantke27 collected fume that was pro-

duced by the vaporizaticn of Fe-C-Mn melts, anc their
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resubzzéshowed-that the Mn/Fe ratio in the fume is on

the opd®r of 150 times the Mn/Fe ratio in the bulk

(Figure 9) The results of Ellis and Gloverzs‘(Fe -
Mn - 4$/gffshowed the Mﬂ/Fe in the fume to be approxi-
mately 30 to 80 times the Mn/Fe in the bath for vapor-

izing conditiens. The results of their experiments

are listed in Table IV.



Fig. 8: Flectron Microscope Photograph Of Vaperization
Fume Particlos | 25]
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1

2.3.2 Oxidation of Metal Spray from CO Bubbles

when studying the mechanism of the reduction of
metallic oxides, Spandau and'KohlmeYer38 noted that
during the reduction of iron oxides by c¢arbon and the
oxidation of Fe-C melts by air or ferric oxide, vola-
tilization of iron occurred. They reached the con-
clusion that the evolution of fume was brought about
by the formation of an iron carbonyl which decomposed
to lron and CO akove the surface of the bath. This
iron was then oxidized to fume.by the oxygen present

in the air.

A fair amount is known abcut the properties of
iron'pentacarbonyl (Fe(CO0)Ys). At 259C its heat of
formation from iron and CO is -0.3 kcal. kg_l, and its
melting and boiling points are -21 ahd 105°C respec-
tively. This compound decomposes readily at moderately
elevated temperatures, and it is unlikely that it can
form at steelmaking temperatures (1600°C). 1In fact
when CC i1s bubbled through Fe-C melts, no fume 1s ch-
served 4; therefore, +this explanaticn for the effect of

carbon on fume evoluticn can he disregarded.

34 : .
Turkdogan collected the tume evolved while blow-
ing oxygen or air at low flow rates on Fe-C melts. His
results indicate a strcng relation between the guantity

of fume evolved and carbon concentration in the mel«:;
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the results are shown in Figure 10. The fume weight
increased with increasihg carbon in the melt and below
2% carbon in the melt, there was an appreciable re-
duction in the amount of fume evolved. Thesé results
-are in agrgementrwith those of Bates>~ and Morris et

29
al obtained under similar expe<fmental conditions.

7 .
Morris et al"z also noted tﬁig fuming was always

accompanied by the formation of a metal spray above
the surface of the bath. He concluded that siﬁce the
soft jets used in the experiments did not have enough
Force to disrupE the bath surface, the sprayv must have
resulted from CO bubbles breaking through the surface
of the melrt, Several otherfauthorsqo_dS have also
lsuggested that fume formation‘could be the result of

the oxidation of iron droplets formed as a result of

CC bubbles bursting through the melt:

An understanding of how rhis sp}ay i; formed
can be obtained from the observation of gas bubbles
bursting chrough liguid surfaces. The schematic in
Figure lla shows what happens when an air bubble
emerges from watersz. The bubble first Zorms a hemi-
spherical dome which ultimately bursts to give very
fine droplets. This release of pressure leaves a

rater behind and the inflowing ligquid produces a jet

which rises at high velocity and may detach large drops
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£from its apex. gimilar results.from-experiments with
mercury (ngﬁré'llb) and iron (Figure llq) have also
been reéérded using high speed cine-film techniques.

42-51

'_Iﬁ is well documented that .at high carbon

cohtenﬁs;'ﬂecarbuxization'df Fe~C melts is the result .

‘of a surface reaction and that the rate of this re-

" action is limited only.by the rate of oxygen trans-
port in the gas phase. At lower carbon contents, de-

] Cérburization becomes limited by the rate of transport

of carbon and the reaction changes-froﬁ surface to
bulk generatiom of CO (& "CO boil"). The critical-car=-
"bon. content for transformation from surface to bulk

-

reaction can range from 2 to .5% C.

The v¥alue of the critical carbon content_is're—
lated to ﬁﬂe degree of bath agitation. If very little
béth motion exists} as with & soft jet blowing on an
iron melt held in a crucible, the major mechanism of

carbon transport will be diffusion. Under this con-

"dition, the transition carbon content will be close

to 2%49_ When bath agitaticn is enhanced, as with

iron droplets levitated in an electric field, bath
circulation becomes a major factor in ¢ transport.
In this case, the c¢ritical carbon content is clgoser

to .5%44.

-
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oxidized to fume.
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'As mentioned, Morris et alzzhobserved that fuming

of Fe-C melts was associated with the generation-of a

fine metal spray that was caused by CO bubblés bursting
through the melt surface. They also notéd-%hat the de-
crease "in fune fatg with decreasing carbon content was

related to thé mechénism of:decafhuriiation and its

influence on the size of the metal spray'produced.

At high carbop levelé, they ﬁbserved that decar-
burization occufred mainly atlthe‘bath surface and'%n
the area of jet contact. The,CO bubbles produced ware
very.small and generated a fine‘spray as they. broke
through the melt surface. .The\size of.this metal.spray

was found to be less than 75 uym in diameter. Since the

spray is localized in the jet contact area, it is guickly

.
At lower carbon level's, the CO bubbles are generated
within the bulk of the melt. Due tc their longer resi-
dence time in the bath,'they grow to a larger size than
those generated in the high carbon melts. The resulting
metal spray is also larger in size and Morris measured
i£ to’ be in excess cf 250 um. Due to the smaller sur-
face to weight ratic of these droplets, they have a

smaller chance of being oxidized to fume before they

fall back into the bath or are blown out of the system.



2 An understandlng of the mechanlsm by whlch these
;1EJected droplets are OdelZEd to fume can- be obtalned
:from stﬁEIEs of the decarburlzatlon of Ee—C droplets,

-elther leV1tated or free falllng ln oxldlzlng atmaos~-

G40-44 ’

-pheres

High speed fllm of the decarburlzatlon of free
43

r

falling Fe=C droplets in oxygen,-taken by Roddls
are shown in Figure 12. quure 12a shows a drop of
hlgh carbon content (4. 4%) iron from whlch CO is belng
produced on the surface and is burning to COz at the
reér.of thé drOpi;PFigure 12Zb shows the reaction which
occurs at lower carbon levels (1.18% C in this case).
The sample is bbiiing, co is beiﬁg.generated within

the droplet resulting in ejecﬁidn df smaller particles
which oxidize to fume. Figufe‘l2c.shows the transition
from surface to internal CO formatiﬁn. The carbon boil
{bulk section) becomes more vioclent as the carbon con-
tent decreases until eventually the dropiét explodes
intc_many_fine particles as seen in Figure 124. At
this point, fume formation is observed to be at its

maximum.

Fume formation should be highest when the drop-
lets ejected from the bath are smallest since 'a small-
sized particle has a higher probability of decarburizing

explosively because of its higher surface area to volume
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ratio. This is in agreement with the previously dis-

cussed results of Morris ét.alzz.

It‘canjbe seen in Figure 11 and Figure 12 that
the spray formed by bubbles bursting through liquid
sqffaces or from the explééion of metal droplets are
spherical in sﬁape. If fume is the result of the
oxidation of these particles, then it would be ex-
pectéd that the fume particles would also be spherical

v
in shape.

] . Pume particles recovered during the decarburi-
zation of Fe-C melts were observed microscopically by
Morris et a122 and Ellis and:Glover25. In both cases,
the particles were spherical in.shapé and ranged in

size from .05 to S um in diameter. A typical micro-

graph is shown in Figure 13.

If fuming is primarily a consequence of ejections
being thrown out of the bath, then the conce;tration of
an alloying element in the fume should be equivalent to
that in the bath esven in the case of a highly volatile
element like manganese. After decarburizing Fe-C-Mn
melts with oxygen, Ellis and Glover25 measured the

Mn/Fe ratio in the fume and bath and found:

Mn _ Mn
— fume = 0.81 Fe bath
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Fia. 13: Electron Microscope hotoaranh OF
ume Produced Durineg Carbaon Boil [29]
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which is in gocd agreement with a coefficient close to

one as expected for oxidation of ejected droplets.

The imﬁlication is very strong that fuming is
caused by the oxidation of fine spray that is ejected
into the oxygen stream by the bursting of CO bukbles
through the melt surface. The carbon content of the.
bath affects the fume rate by controlling the size of

the spray generated in the oxidizing zone of the jet.
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2.3.3 Oxidation of Metal Spray frOm the Impact
of the Oxvgen Jet

In a B.O.F. metal‘;piash ean also be produced by
the mechanical force of the oxygen jet. From model
5tud1e553 >4 using aqueous’media and non-assimilating
gases, three modes of jet ;mpingemeht have been charac-

terized {as in Figure 14).

a) dimpling with a slight surface depression
b) splashing with a shallow depression
c) penetration with an apparent reduction

of outwardly directed splash

In B.0.F. operations where 02 velocitles leaving
the lance tip are Mach 2 and the lance to bath distance
is ¥ to 4 m, only mades b) and c) above are encountered;

both tend to [orm metal droplets.

LiSS studied the guantity and size of droplets
produced when blowing air through a‘lance onto a water
bath that was fluidized by bubbling air intc it from
the bottom. These conditions are similar to those which

exist in a B.C.F, during refining.

A piece of filter paper was exposed for a Tixed
time period to the splashing water. The water was
coloured with 1ink so that the spglash pattern could be
examined visually. With increasing lance flow rates,
1t was observed that both the gquantity and size of

splash increases. The splash patterns are shown in
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(1) noz2z2le bodv; (2} entrainment replon of the briginal
Jet: {3) entrainrment regien of the wall je: acress the
phase {nterface; (2) stapnation point of che original
lec; (3} separatien poirnt of the wall jer; (6) two-
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Figure 15. "It was also observed that for a fixed lance
flow rate if a froth wés present on the surface of the
bath (simulating slag cover in the B.O.F.), that the

quantity of droplets was reduced (Figure 15).
i

Li also studied the influence of bath mition on
droplet generation by regulatiné'the flow ¢f air
through the bottom cf the bath. At a fixed lance
flow rate, the guantity of droplets formed decreases

.rapidly with increasing bath flow rate as seen in the
splash patterns in Figure 17.

The nature of the jet impingement zone has also

been stuii.a’.eds6 63

in hot models of the B.0.F. by using
transparent quart:z windows. Under slag-free conditions,
Okhotskii et a162 observed that at low oxygen flow rates,
the jet forms ah open crater (iike that in Figure 14 (a)
and that droplets with a di&meter of .5-1 mm breax awavy
frem the ridge of the crater. At higher flow rates,
isolated metal expulsion develcns at the craﬁer edge.
This expulsion is initially directed away from the

lance but above some particular klast Intensity, 1% 1is
drawn 1nto the z2one of the oxygen stream. This entrappec
metal is broken up 1nto a flow of droplets with dimen-
sions of .5-1 mm. The colour of these droplets is much

brighter than the initial expulsion indicating intensive

interaction with oxvgen, as shown in Figure 18.
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Molloys4 also observed that in the penetrating
. mode the efflux from the crater edge was entrained in

the region of the jet where it reacted with the oxi-

dizing gas.

Peregudov et a145'studied the effect of lance
height (at a fixed blowiné rate) on the guantity of -
fume evolved when blowing pure oxygen through a single
hole lance onto an Fe - 3.5% C melt, The melt was con-
tained in a graphite cru&ible_and maintained at 1550°cC.
The amount of fume evelved as a function of lance
position is sho;n in Figure 12. Raising the lanee pro-

duces a sharp increase in the fume evoluticn rate which

then decreases with a further increase in lance height.

The authors concluded that with a low lance position
the 07 stream penetrates the metal causing it to sputter
coaise droplets (.5 to 5 mm} which do not completely oxi-
cize before falling back into the bath. The proportion
of fine droplets (=« .SJEm} increases as the level is
lifted higher above the bath. Due to their smaller mass,
these droplets will have a longer contact time in the
oxidizing atmosphere giving more complete droplet oxi-
dation {(or chance of explosive decarburization) and fume

formation.

At very high lance heichts, the jet will have a

much smaller impact force and the quantity of droplets
lp
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will decrease. 'This is basically the game condiiion.u
that.LiSS} as. prev10usly mentloned, observed when at a
" -

flxed lance helght reduc1ng the flow rate drastlcally

reduced the number of droplets produced.

- If'surface‘tension andrsheer,on'the-eevity;well
are neglected,-the-gas-penetration3depﬁhﬂinto a liqﬁid
can be determined bf-ehe dyeamic:préssure*assdéiéﬁédv_
with the centre line ve1001ty of a free, turbulent, ie?-‘
compre351ble jet. The centre lide velocity decays with
d;stance from the nozzle due to vlscodf mlxlng. The

centre line velocity at the undisturbed surface level

of the liguid can be obtained from:

Ve = Ki_ ‘ . (2.1)
Vj h .

where K is an empirically determined constant. A value
.for K of Eff\has been found tc fit a number of different

gas—-liquid systems including that of oxygen and molten

iron. '
LY

.Eguation (2.1} has been developed by Cheslak87 to
vield a relationship between jet momentum and cavity

depth as follows:

-
1 .. L2 fi+a (2.2)

Ylh 2K h L h .
where M = ( vj YS 5 (2.3)

G
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A 'plot of a/h versus M/y;h® (the dimensiodnless jet
momentum)  for experimental results and equé;ion (2.2)

\
is shown in Figure 20.

Using the lance héight and oxygen'flqw‘sqﬁédule for
a, typical Dofasco peat;"tﬁe dimensionless  jet momentum
was calculated and the jet anétration‘dete:mined using‘
Fig, 20. The data.agd'fesults.a¥e listea in Table V.
\ Thebjet‘penepratiOn'increaséslfapidly during the first
three minutes of theibloﬁ,\éfter which it remains-féia—.f
tively étable at about -97}m. Thig woﬁ;d.indicate_that'
the maximun amount of pd%wafdly_directed spray {splashing

mode) would occur only during the firstIOne or two

minutes of the blow.

The results of these model studies indicate that
the action of the oxygen jet can play a significant role

in producing metal spray that can be oxidized to fume.

Since fume produced from the ogidation of metal
spray caused by the lance is a result of mechanical
force, it would be expected to have a spherical shape.
The fume formed from the explosive décarburization of
levitated droplets has been obserﬁed-tb resemble that
formed by the bursting of CO bubblesql-44; the particles

are spherical in shape and range in size from 0.05 to

2.0 uym in diameter.

IS
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TABLE V

CALCULATED JET PENETRATION FOR DOFASCO BLOWING PRACTICE

Blowing 02 Flow |Lance Dimensionless Jet
) N Rate’ Height | Jet Momentum* | Penetration**
M
(min. ) (m® hr'H{ (m Y1h® (m)
4] 180090 .010 .38
1 19000 2.7 015 _ .70
2 20000 .023 « .84
K| 21000 .038 .91
4 21000 .06l .94
5 21000 1.5 .105 .95
6 21000 1.2 .205 .97
7 to . \
end 21000 1.2 .205 .97
* oxygen éensity = '1.43 kg w3
‘metal density = 7000 kg m~3

**

nozzle diameter

From Figq., 20

.05 m
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.2.3.4 ;nflﬁende of Bath Velocity

Yakdflé?tana Filippov64 have studisd the evoldtipn"””
of‘fhme'as affdnétion of bath tempefature from a lab
_scale simulation of ‘an industriél B.O.F. ITestsiwere
perfcrméd at.vgrious leve;s_of supethegt_in excess of
t@e melts liquidus_teméeféture ana”the bath carbon éon—;
tent was maintained'?elativelyﬁyonéﬁaﬁt to‘pfeﬁeﬁt the
effect of cérbOn'le;el»frém‘ﬁasking-the temperatﬁrg |

"

effect. The results. of their work are shown in Fig. 21.

For a:fixed bath ca:boﬁ content, the fume rate.

. increases with decreasing superheat (lower bath tem-
perature). It can alsc be seen that this relationship
Iholds true regardless of the bath carbon ccnﬁent, although
the fume. rate increases as the carbon content increases at
a fixed superheat level. It is not the decrease in bath
temperature in itself that céuses the iﬁcreése in fuming,
but rather the influence that this decrease has on the

bath viscosity and hence the bath velocity.

As a result of the mechanical force of the jet and
the action of rising CO, bubbles, the metal bath begins
to move. Several authorsss“ﬁa have noted tﬁat lower
bath temperatures {(higher bath viscosity} result in
slower bath circulatien. This veloéity can be related
to the fume rate through the previously menticned results

of Li’> who cbserved an increase in the amcunt of jet
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x 1.02 - 1.72% C

O 2,66 - 2.9% C

Fig.

21

100 200 300
At, °cC

Photometer signal drop during
fume formation (J'/J) as a
function of metal superheat
above liquidus temperature
(Bt = t - £)54) (64)]
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f

produced spray with decreasing bath velocity (Fig. 17).
Thﬁs, for any given carbon content, lower bhath tem-
peratures will in&irectly result in greater metal

ejection and a higher fume rate.

Lower bath temparatures wiil also result in lower '
slag tempematures and, therefore, highér slag viscosities.
This would also lead to increased fume rates since it
would hinder the formation of a stable foamy slag
cover that would entrap a part of the metal spray being

generated in the jet impact zone.
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2.4 Fume from Industrial B.O.F.s

2.4.1 Quantity, Size, Shape and Chemical Analysis

' The results of laboratory experiments have shown
that fuming could be caused by either:
i) direct vaporizaticn of iron
.ii) the oxidation of metal droplets ejected
above the bath either by the action of
CO bubbles or by the mechanical force

of the jet.

It was alsc seen that the size and shape of the
fume partiéﬂes are dependen£ on the process by which they
were formed. The fume parﬁidlés that result from vapori-
zation are either hexagonal or octagonal in shape {de-
pending on their degree of oxidation) and exist cver a
limited size range c¢f 0.05 to 0.2 um in diameter. Fume
resulting from vaporization also has a higher concen-

tration of volatile elements (approximately 60-150 times

as much Mn) than the bulk bath from which it originated.

The fume particles resulting from oxidation of
ejected metal droplets are spherical in shape and exist
over a larger size range from .05 to 5 pm in diameter.
Since they are formed by mechanical forces, the ratio
of volatile elements (Mn) to iron in the fume is approxi-
mately equal tc that in the bath. Therefore, it should

be possible to identify the mechanism by which fume is
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formed in an industrial B.0.F. from observations of
its size, shape and chemical analysis.

The major constituent of B.O,F. fume is iron.

1-3,69,70

Analysis of fume from B.O.F. coperations show

that the total iron content ranges from 50 to 60%.
Another major constituent is Ca0O, which has its origin
in flux additicns, as very fine particles can be carried
away by the exhaust gases as they leave the furnace.
The Ca0 content varies from 5-15% and peaks during
periods of flux additions. Table VI shows the evcolution
0f fume chemistry during a B.O.F. heat as measured by
Krichevtsgvz, {note that the off—gases.were completely
combusted). The dust content of the furnace exhaﬁst
gases ranges from 40~90 g/m3 and the amounts of iron
lost ranges from .8 to 2% of the total furnace charge

weightl-4.

The amcunt of fume evolved during the process of
a heat is not constant. It is greatest during the
earliest parts of the blow and tapers off towards the
end. Figure 22 is a graph of the fume weight vs. blowing
time as measured by Krichevtsovz. In this particular
case, the iron losses increase at the 10-16 minute mark
cf the blow due to the additicn of iron ore. The in-
crease in fume is assoclated with the entrainment of
fine ore particles in the off-gases. If ore was not
added during this period of the blcw, the fume evoluticn

rate would follow the broken line shown in Figure 22.
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TADLE VI
CHEMICAL COMPOSITION OF DUST TN COWVERTER GASES %)
AFTER s, : a [ulsk oM =
uAS UP 7 A a i I SHOMW 2

BLACKLTS | 3]

t, {min.) Fey,,  Fel  Fe203 5i0; Cao MC MO

L3 43.88  8.35 51,62  4.33  26.9%  0.45 1.66
2 42.85  6.63 53,55 3.1§ 31.51 0.9¢ .42
3 50.69 L1.186 60.15 3. 14 21.08 .28 1.15
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L8 a4, 63 16.13 75,30 1.17 3,87 0.00 2.5%
17 §2.85 10.86 77.31 C.E3  1.82 0.00 §.12
1g §3.03 13,71 74.00  ¢.3L  4.47 0.3 1.22
194LC.%| 11,120 7.18 47.688 1.44 34.00 Q.43 2.27
20 55, 55 5.70 73.LL 1.52 19.912 Q.54 1.30
2160, 5 51.08 6,32 E6. 30 1.8% 15.513 1.19 2.7€
Averace 55.10 B.50 B9.00 2_03‘ 14,70 .40 .40
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A typical electron miqrograﬁh of fume particles
"._récﬁveréd_from an ihddstrial,B.O.F. by BogdandyTl is
| 'shéQn in Figuré.23. The particles are an_agglomeration-
oé:vefy sma;l spheres. The size of industrial fume has

3,14,70-72. 4

' been méasuréd by several investigators
ranges from .03 to 10 um in diameter, the majority

(70 to 908%) being less than 1 um. Approximately 20%
of the weight of iron in the fume is made up of par-

ticles less than 0.1 um in diameter72

From Krichevtsov's results in Table VI, the aver-—
age ratio of Mn/Fe in the fume is approximately 0.03.
In a B.0.F. the majority of the manganese is oxidized
during the first few minutes of the blow, after which
the bath manganese remains relatively constant at 0.15

1524,73,74

to 0. depending on initial hot metal man-

ganese levels. Assuming the average bath manganese to
be 0.2% and the average bath iron to be 98%, the Mn/Fe
ratic in the bath becomes 0.002; This gives a Mn/Fe
ratio in the fume 15 times higher than that in the

-

bath.

The observed shape and size range of the industrial
fume particles suggests they originate from the oxidation
of ejected metal droplets. However, the Mn/Fe ratio in
the fume is 15 times larger than the value of cne expected
for fume produced by this mechanism, indicating that direct

vaporization is also a contributing factcr in fume formation.
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2.4.2 Influence of Bath Carbon and‘Slag Volume

The evolution of fume from industrial B.O.F.s
has also been related to the carbon content ¢f the

1,2,64,75 .2 shown in Figqure 24. The quaﬂtity

bath
éf fume decreases with decreasing bath carbon content,
and the fuming rate is approximately constant when
the bath carbon is less thanr2%.

75— .
Several authors =79 have noted that the quantity

of fume evolved during refining is influenced by the
volume of slag present. The fume rate decreases with
increasing slag volume independent of bath carbon con-

tent. Typical variations in slag height and weight

as a function of blowing time are shown in Figure 25 and

Figure 26, Slag weights are usually calculated using a

mass balance for silicon (using slag and bath analysis)

. . . . . . 7
while slag height is measured using acoustic technigues
L

Okhotskii and Gorbic75 studied the relationship
between fume rate, bath carbon and slag condition using
a 130 ten industrial B.O.F,. Measurements were made
during the three typical refining periods that exist

during B.O.F. refining; these are:

I. The rapid oxidation cof silicon and man-
ganese with low decarburization rates

{< .1%/min.} and little slag cover.

v

9,80
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II. The rapid_combuétion of carbon (.l—.3%-min._l}

in the presence of a layer of foaming slag.

III. The rapid combustion of carbon with a co-

agulated slag;

‘Thé results of Okhotskii and CGorbic are shown in

figure 27. 1In tﬁose periods of the heat characterized

bf a slag cover (Period I & II), tﬁe fume rate is roughly
cepstant for Fhe same carhon contentl.,During the process
of rapid decarburization, thE”slaélié déoxidized and the
concentration of iron—oxideé iﬁ fhé slag decreases.

his lowers its melting poiﬁt aﬁd theﬂglag loses its,
capacity to foam, thickens and decreases in voiume
(Period III). During Period III the fume rate exceeds
-that of periocds I and II for a given carbon content.

It was also noted that an increase in the level of a
foaming slag from 1.5 to 2.5 m reduced the guantity of
fume érodpced by approximately 50%. The results illus-—
trate the effect that the slag laver can have on the

rate of fume formation and how the slag can mask the

relation between fume rate and bath carben level.

Thé authors also measured the effect of metal
ejection on fume rate. In Figure 23, the effect of slag
height (Periods I and II} and height thé metal splash

reaches above the level cf the bath (Period III} on the

rgte of fume formation are shown. As the slag height



'l:;helght does not. lnfluence the fuming rate.

sy

-tlnoreases, the quantlty of fume decreases- however,

" after a certain limit any further lncrease in slag

Taklng Lnto account that the helght of the metal
‘ ‘ splash is governed by the 1nten91ty of splash formatlon,
Z'the results 1n Flgure 28 show the strong lnfluence of

the oxldatlon of metal splash on - the fumlng rate.

-

-From these results, the authors concluded that
-fume formatlon is governed mainly by the process of
metal evaporization in the reaction zone when there is

an adequately thlck slag cover. In the absence of this

o

slag cover, the formatlon cf spray begins to play ah

-

important role in the process.

v
This conclusion is in good agreement with the
previously observed size, shape and chemical anelyéis

(Fe/Mn ratio} of the fume material.
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. DESIGN AND EVALUATION OF FUME SAMPLING DEVICE

3.1 The Gas Cleanlng System

An overall schematlc of Dgfasco S #1 melt shop off—

" gas collectlon system is glven ln-Flgure,zg.' The system

_normally operatES under 4 fan/3 furnace condltlons and

con51sts of the follow1ng unlts.

i) 3 x 160 ton B O'F .
- ii) 3 furnace hoods leadlng to correspondlng :
spark boxes.
iii) 3 individual ducts with individual dampers . - ////
which lead to s _ |

iv) a common cross-duct which is extracted by

)
F=3

irdividuay venturi-scrubber/far systems.

In the spark box, approximately 10 m® min 1ot
cooling water guench the off-gases to approximétely
‘93°C (200°F); the action of these water sprays also

removes the coarser particles of metal and slag from

the gases.

@ since 3 furnaces operate off a 4 fan comuon ex-
traction system, the off~gas capacity of each- - furnace
hcod is dependent on the number of ddmpers open. The
damper can be open, closed or modulating (opening and
closing) depeneing on whether the.furnace is operating
or not. It-will be shown later that the position of
these dampers inffuence the pressure (and, therefore,

the flow) in the other furnace ducts. If only one

-/
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furnace is blowing,'then its damper is open, one of the

other two is closed and the third is modulating to main-

tain a constant pressure (approx. 25 cm of watef} in the

common header. If the third damper did not modulate, the
pressure in the header would be too ‘high and.venturi
efficienéy would decrease. When two furnaces are blowing,
their two damper%_afe open and the tﬁird is closed; under
these conditions, the pressure in the common header is

18 em of water.

In the venturi scrubbers, the gas and dust particles
achieve a veloci£y of 100-150 m sec -1 as they pass
through a thin waﬁer curtain in the rectangular throat
of the wventuri. The high gas velocity causes the water
curtain to be shattered into small dropiets that wet the
dust pal;ticles. The clean gases are exhausted to the

atmosphere while the venturil discharge is sent to a

thickener.
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3.2 | Sampling Location and Conditions

To detérmine the quéntitf of fume evolved from one
;B.O.f., the measurement must be made before the off-gas
enters the common header. A diagram of the gas collectibﬂ
system between the furnace and common header is shown in
Figure 30.-The_secti0n of ductwork having the easiest
accéss‘is the 2.4 m diameter downduct which is located
outside the building. It is recommended82 that the
sampling point be located at least 5 pipe diameters (in
this case 12 m) from any bends in the duct. The sampling
point chosen was that of an access door located 10.7 m
downstream and 6.1.m upstream of bends at the top and
bottom of the downduct. The centre of the access door is

45° from the top of the duckt.

The downduct has water sprays located at 3 m inter-
vals along its length; also at 45° from the top of the
duct. These water sprays further cool the off-gaées
from approximately 93°C leaving the spark box to 55-70°C

at the point where the fume samples will be taken.

To determine the gas velocity in the downduct,
Pitot tube measurements were taken as a function of

blowing time and distance across the duct.

The flow conditions in the duct were found to be a
function of both the distance across the duct and the

configuration of the furnace dampers. The effect of
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~damper éonfiguration on gas vélocity-in.the downduct -
is seen in Figure 31. Theée.measurements were made
during the course of cne heat at a distance of 0.3 m
from the duct wall wifh the water sprays.oﬁt Therflow
velocity is not constant because the pressure in-the
common header fluctuates; however, there is a notea
change in the flow when one of the dampers begins to 
modulate. The flow rate increases due to the increase
in crossduct pressure (from 18 to 25 cmqpf-water), and
the fluctuations become larger. When two furnéces are
blowing (no damper modulation), the average gas velocity
in the downduct is 20 m sec;_l. When only one furnace
is blowing {one damper mcdulating)}, the average gas
velocity increases to 23.3 ﬁ sec.“l. Most heats have

& . . .
séme period when a damper is mecdulating.

To determine the velocity profile across the duct,
Pitot tube measurements were taken every two minutes at
0.3 m intervals across the duct. This was repeated for
five heats (approximately S0 measurements at each point
in the duct). The average values at each point are

plotted in Figure 32. The axis on which the Pitot tube

P

measurements were made was direétly in line with one set
of water sprays (the fume samples were taken along the
same axis). These water sprayé form a resistance to the
gas flow and the velocity profile is skewed to the far

side of the duct; the average of the velocities across

et e et St
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the duct is equal to that at the'l.2 m mark (duct
centré}. - -
Since the profile determined cannot be considered

normal, permission was received from the production

department to turn off the sprays for seven heats. The

fiow was measured at one minute intervals at a fixed
location across the duct for each heat. The average
gas velocities without the water sprays are also shown
in Figure‘Bz. Without the water sprays on, the flow is
approximately constant across the duct except near the

walls; this is the expected profile.

During normal plant cperation, these water sprays
are gn and this is the condition under which the fume

samples were collected.

™



64

3.3 Description of Sampling Device

-When a éample.of a particle-laden gas is removed
from a gas stream without due regard for poésibie ﬁamr
pling errors, it will very likely be non—representaéi&e.
Errors may occur becausé of the use of incorrect sam-.
pling location,Asampling velocity, bends in the sampling
line, settling of particles, heating or cooling of ﬁhe

sample, and improper orientation of the sampling nozzle.

As mentioned before, the sampling location was
chosen as far as possible downstream from any bends in
the duct and as will be seen, the design of the sample
is such that errors caused by bends in the sampling line,
settling of particles, heating and cooling of the gas
and improper orientation of the sampler nczzle can be
igrnored.

'.'linves‘r:i.ga.to;'s82—EM have found that, in general,

isckinetic sampling is required to obtain a represen-
tative sample of material in a gas stream. $The need

for isokinetic sampling is illustrated in Figure 33,
éigure 13 (a) depicts isgkinetic sampling, and it may be
seen that under these conditions, a representative sample
will be collected. Figure 33 (B and C) shows the sample
being withdrawn at a rate where the velocity through

the nozzle ié greater or less than in the main stream.

The finer pvarticles due to their smaller inertia will

tend to follow the gas flow lines. As a result, the
i
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sample collected will have either an excess or defi-
ciency of fine particles, and the size distribution

of the collected particles will not be representative.

A typical isckinetic sampling system is shown in
Fig. 34, 1In th}s case, either a compressed ajir or a
steam ejector is used as a'source of vacuum. A valve
is used to regulate the préssure through the saﬁpling
nozzle so that the gas velocity is equal to that iﬁ the

duct, as measured by a Pitot tube.

For true isckinetic sampling, flow conditions in
the duét should be laminar; however, it is-still felt
that even under turbulent flow conditions, iscokinetic
sampling gives the best resultssz; The average flow
velocity in the downduct (from Fig. 32) is approxi-

mately 25 m.sec.‘l; this corresponds to a Reynolds Number

in the order of 10° which indicates turbulent flow.

It has already been shown that the gas velocity
in the downduct (Fig. 31) can be highly irregqular when
one cf the furnace dampers is .mecdulating. As a result,
it would be very difficult to maintain the same flow
rate in the sampler nozzle as exists in the downduct
considering sampling times are usuallydin the crder of

one minute or less.

The errors which can be introduced by non-isokinetic

sampling of dry dust-laden gases as determined by Stair-
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,mandsg_are'showh in Table VII.—with co?rse particlesf )
. (greater thaﬂ-lolum), the&Fatio of bbservea'conCen-

tration to true concentration is inversely propor-

tional to the ratio of sampling speed tc dust speed.

With the Qery fine particles fapproximately 1 um
in diameter) varying-tgé ratio of 'sampling speed to
dust speed from 0.5 to 1.5, only changed the ratio oﬁ
obéerved_COncéntration to true concentration by £ 2%,
Thus, when thé dust éarticles being collected are in
the range ;f 1l um, errérs caused by hon—isokinetic
sampling are not significant. As previocusly shown in

Pigure 6, over 90% of the fume particles evolved during

B.0.F. steelmaking are less than 1 um in diameter.

n

.Thé results shown in Table VIIayere obtained using
dust particles having g density of 1 g cm"B; however,
similar resuits were reported by Little83 using glass
beads with a density of 2.8 g em™>.  The Qensity‘of iron

oxides is approximately 5 g em

when gas-born dust particles flow in a duct, the
gas velocities are generally large in comparisoﬂ[;ith
the free-failing speeds of the particles. The maximum
particle size that can be carried by the gas stream
can be calculated by equating the gravitational force
to the viscous frictioral drag‘force for a particular
particle size. Tiris calculaticn is shown in detail in

Appeﬁdix A, the result based on the average gas flow



TABLE VII .

EFFECT OF INCORRECT SAMPLING. VELOCITY [83]

.

Duct speed . ."' ' 30 ft./sec. 30 ft./sec.
Sampling speed 15 " T "
. Sampling speed, duct  speed /2 " 1.5 "

" Particle diameter Observed concentration

(bensity 1 gm./c.c.) Ratio: True concentration
100 microns (i) 0 1.99 .67
10 {u) ©1.54 0.82

1 micren® (u) 1.013 0.996
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rate of;?S rn.se.c.-l (Fig. 32) gives a maximum partiéle.
dlameter of 40 um."Therefore, it is qxpectéd that
particles fanging in size from 40 um down will be

found in the sampl s collected from the downduct.

A”diabram50£:“ e fume sampling device used in

.

this study is sho Fig. 35. The sampler 'is cf a

f}ow;through design. en suspended iq the downduct,

. the gas and- fume particlés are drawn into it by the

“into it.

action of ¢he flowing gas stream. The sampler has a
2.5 em I.D. nozzle whi;h directs, the incoming gases to
two inliﬁe filter caﬁisters. Bach of thesé'canistérs
is 5 cm in diameter and 5 ¢m in length. Theylife each‘
filled with 2 g of Longlifég)synthetic_filter€£éterial.
The gaé stream can also flow aroupd the sides of the
filter cani;per which should.ensgre that suction exists
at the nozzle entrance even as the filter materlal gets

loaded with water and, seolid pértitles. The design is

such that the gas stream+is drawn through it, not blown

L
- &

It is possible from the design of this device
3

that the gas flow in the ndzzle w%ll bexlegh than that

~of the surfounding gas stream. Although this would

. . | : ces ca -

represent non-isokinetic sampling conditions, -it is
_‘ 4 o

not expected o cause any serious error due to the.

ﬁery fine particle s;zp of the fume, the nhjority being

less thah 1 um in diameter.
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- Photographs of the froni, side and
sampling device are shown in Fiqure 36.
holder and the two filter canisters are

from the outer shell in Figure 37. The

are inserted in the canister holder and

the outer casing as seen in EE?ure 38,

of the exit end of the samplef'wiih the

rear of the
The canister.

shown removed

filter canisters

scrawed“into

This is a view

end cap removed.
\

The sampling device is mounted on the §§de of the-

downduct as shown in Figure 39. To take a sample, the

access door "A" is slid out of the way and the door "B"

is closed over the opening. In this position, the sam-

pPler nozzle is facing into the gas stream. The sampler

is moved to various positions across the duct by pushing

the support rods "C" into the-duct.

»
»

—



Fig. 36: Front, Side and Reafd View 07 Fume
Samoling Device
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Holder And Filter Canisters
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Fig. 39: Single Sampling Device

)
Fig. 40: Dual Sampling Devices For
Representivity Tests

Flg. 39,40: Device Mounted on Down Duct
A} Access Deoor
B} Sampler Door
C) Support Rods
D) Water Spray Inlets
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3.4 BEffectiveness of Filter Canisters

Tests were conducted to determine if the filter
canisters could coifect all the material entering £he
' samplexr during a one minute sampling period. At first
three fil;er canisters were used (thrée in a row in-
-stead of the-two shown in Figures 35 and 37). The
sampling procedure used was as follows:
Two (2 = .01) grams of Lonqlife(:) filter materiai Qas
placed in eaché%ilter canister and installed in the
sampling device. The device was inserted in the down-
duct and lowered ta the centre of the duct where it was
held for a period of one minute. The device was then
removed from the duct and the filter material (now

coated with fume particles)iéecovered.

N\

Samples were taken at the 1, 35, 10, 15 and 20
minute mark of the bleow. For each time period, clean
filter material was used and a total of 5 heats were

sampled.

The filter material was d&ied overnight at 65°C
g
and weighed to determine the 3h0unt of fume material

collected.
*

The results of these tests are listed in Table VIII.

Cn average 17 weight percent of the total fume sample
was collected in the second canister and 2.5 weight per-

cent was collected in the thirdé canister.
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TABLE VIIT

QUANTITY OF FUME COLLECTED IN 2ND AND_3RD PILTER CANISTERS

Weight % of Totdl Sample

Blowing
Time -
' Heat (min.) in 2nd Canister in 3rd Canister
1 1 15.07 . 1.64
5 12,26 .32
10 23.61 2.15
15 30.32 3.19
20 26.90 .51
2 1 S 17.72 1.80
5 21.79 .73
10 9.09 2.37
15 28,94 5.26
20 35.11 2.25
3 12.04 .22
15.55 3.05
10 1.19 " 2.77
15 13.45 ; 2.24
20 37.38 1.86
4 1 8.25 2.97
5 24.71 3.92
10 9.03 4.86
15 4.31 5.17
20 8.00 2.00
5 1 8.92 3.69
5 4.45 .41
10 11.35 2.70
9 15 37.00 2.00
20 29.67 3.29
»" Mean 17.12 - 2.45
std. Dev. S 11.44 1.43 -
Level of
Significance 508 70%
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Any natural é#bcess that is measurable ﬁé}l have
a spread in the data that comes from variousig?rors in
data gathering. If the error is the sum of ma%y-com—
ponént errérs which may or may not necessarily'be nor-
mal, then their sum égll tend_ﬁowards\a ﬁormal-Gauss
distribution. A statistical test determining the
degree to which the sample data represents the total 
population (level of‘significance) can be carried out
using ;he Chi-Sguare method. " This method is illustrated
in Appendix B. Normally a minimum of 20 data points
are necessary to determine the levél of significanée;
For industrial data, a 50% level of siénificanée is-
generally acceptable; low significance levels indicate -
the presence qf some influential parameter that should
be céntrolled (kept constant). This data aﬁglysis
methodlis used exte?sively in this work since it gives
a good indication qi‘whether a natural process is being

L 4

accurately measured.

This test was applied to the data in Table VIII
and the level of significance was equal to Oor greater
than 50%, indicating that this data was representative
of the total populatibn.- Since on average only 2.5%
of the fume mate¥ial is collected in the third canister,
it was decided that only.twp caﬁisters could be used

without undue error being intreduced. In all further

tests, only two filter canisters were used.
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3.5 Sampler Reproducibility / - ¥

To check the reproducibility of the device, it Bs
necessary to measure the quantity of fume evolved under

similar conditions fokt several different heats.

The quality of scrap in the furnace charge has a
strong infiuence on the quantity of fume evolved during
a particular heat. For example, the mean fume sample
weight at the one minute mark of the blow is 3.7 g for
one type of scrap charge and 6.2 g.for another. This
influence of scrap quality is noticeable during the
first 15 minutes of the blow, the period ;n which the
majority of the scrap is dissolved. The efgect of scrap
quality on fume evolution is presented in detail in

Section 4.3. S =

- Ry
A

To check the reproducibility of the sampliﬁ@fdevice,
fume samples were taken from the centre of the duct at
the 20 minute mark of the blow for a period of one
minute. Seﬁs of 25 heats were measured to normalize
the influence of variations in blowing practice (operator
controlled) and batch time (refining time varies from
'21 to 25 minutes). The mean sample weight was deter-
mined for each set and checked for level of significance

using the Chi-Square method.

£

Four sets of heats corresponding to four different

scrap types were measured. The scrap types were:
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randomly mixed scrap

Set T -

Set II - scrapltype A

-Set III - scrap type B O\
Set IV ~ scrap type C

The results of these tésts are shown in Table IX..
The mean sample weight for each of the four sets of
heats are similar and range from 0.7 to 0.79 g. The
level of significance of this data is alsc acceptable
at 60 to 70%. As expected, the type of scrap has little

or no influence.

The reproducibility of these results is calculated
in Table X. If the true sample weight at the 20 minute
mark is taken as th average of the four mean valuest
then the reproducibility is the difference between the .ﬁ\\
measured value and the true sample weight. This dif-
ference is calculated in Table X and varies from

=7.49% to + 6.84%.

These results indicateé that the reproducibility
error of the device is less than * 10% which is an

acceptable wvalue.
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TABLE IX

FUME WEIGHT COLLECTED AT THE 20 MIN. MARK

Y Sample Weight at 20 Min. (g)
No. ' SET I SET II SET IIT® SET IV
I .76 1.04 .94 .45
2 .86 .54 1.30 .51
3 1.00 .87 - .56 .39
4 .17 .46 1.03 .40
5 .44 .98 1.37 1.09
6 .58 .39 .69 L
7 .76 .54 .70 .46
8 .67 .29 .53 .90
9 1.34 .56 - .46 1.25
10 .68 .1 1.22 .68
11 .45 .69 1.03 .80
12 .72 .58 .56 1.29
13 1.30 .72 .91 .59
14 1.13 .79 .50 1.22
15 .27 . 69 1.31 1.90
15, 1.43 .55 .87 .40
17 .70 .68 .72 .37
18 ~ 1.01 1.21 .76 .28
19 . &6 .84 1.05 .37
20 . .70 1.26 .43
21 .70 .88 .32 .46
22 .71 .56 .85 1.05
23 . .89 1.15 .67 © .99
24 .78 .62 .55 ' .88
128 .55 .78 .42 1.01
Mean .78 .71 .82 .76
std. Dew. .29 .22 .31 .40
Level of <:1 R
Significance 70% 60% 60% 70%
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'
TABLE X
. REPRODUCIBILITY OF RESULTS
Sample - - Mean. Sample - ' % Difference
Set : Wgight (20 min.) From Average* .
. B . _ (g) : . -
. S £ ' .+ 1.63
T o .71 - 7.49
IIT S .+ 6.94
IV - ‘ C .76 - 0.97
 AVERAGE .| 768

* Value - Average
Average

x 100%
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'then for a fixed sampllng tlme larger sample weights

82

3.6 Sample'Representivity

‘The velocity of the gases in the downduct is not
constant across ghe width of the duct), as shown in

Flgurevaz.' If the dust partlcles are unlformly dis-

-trlbuted throughout the gas (we1ght per unlt volume) ,

would be expected at the higher gas velocities.

To determine the representivity of the sample

- weight collected, fume samples were collected simul-

taneously from two gositions across the duct. This was

agcompkished by mounting one samgléf‘on a movable
bracket attached to the® support arms of the other.
A photograph of this.arrangemen; is shown in Figure 40;
The two samplers can be positionéd with anraccuracy of

* 5 cm.

One'device‘was always positioned at the 1.2 m

(duct centre) position while the other was located

*

. at either the .6;’.9; 1.5 or 1.8 m position. Sanmples.

wgge taken for a one minute‘plridd at the 1, 5, 10, 15
and 20 minute mark of the blow and the average fume

sample weight was calculated. Twenty heats were measured

for each of the \four POSitigg; mentioned. The heats were

chosen randomly.

. A :
The results of these tgsts are listed in Table XI.
' +

The mean sample weight‘for each set of measurements

was. determlned and.checked for level of 51gn1f1cance.

The level of s;gnlflcance rangeq\from 50 to 70% and is

4

9 . ’ 'v ","'-

4
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TAB

LE XI

FUME SAMPLE WEIGHT AT VARIOUS POSITICNS ACROSS THE DUCT

' Average Fume Weight;. (g) Per Heat
oAt SET A SET B SET C SET D
. 0.6 m. ) Ll.2 m# 0.9 m l.2 m 1.2 m 1.5 m«f 1.2 m 1.9 m
1 - ;92 2.94 4 1.50 {1.21 || 2.27 | 2.3a 172 |1.73.
2 .92 2,21 1.59 1.56 2.35 2.21 1.98 2.45
3 .82 [2.29 1.80 1.76 2.66 2.35 1.62 1,98
4 .85 | 2.61 1.62 1.71 2.42 1.91 " |l 2.29 2.20
5 1.06 | 2.66 2.25 1.78 J| 2.08 1.89 2.07 1.39
6 .86 |1.95 1.85 2.15 1.61 1.50 2.14 2.23
7 .77 | 2.06 1.12 1.96 2.60 2.18 1.79 1.67
8 .83 |[2.63 1.50 1.21 2.15 1.89 2,45 1.95
9 1.01 2.24 1.60 1.54 2.09 2.30 1.62 1.40
10 .91 {2.67 1.55 [ 1.90 2.95 3.03 1.30 2.20
11 .68 | 1.80 1.71 1.44 2.94 2.56 2.06 2.35
12 .79 | 1.s88 1.22 1.92 2.47 2.48 2.16 | 1.78
13 .74 | 2.04 1.67 1.50 2.27 2.49 1.25 1.80
14 .89 |1.38 1.34 1.53 3.46 2.69 1.23 1:67
15 .86 | 1.85 1. 36 1.46 2.92 2.59 1.42 1.98
16 .78 | 1.84 1.71 1.30 2.97 3.24 1.98 1.96
17 .89 {2.65 1.83 1.58 3.12 2.60 2.78 1.92
18 .62 | 1.89 1.70 1.90 2.89 2.93 1.11 1.96
19 .80 |2.38 1.10 2.10 2.37 1.94 .91 1.58
20 .81 |2.05 1.98 1.97 2.29 |,2.81 .92 2.25
21 ’ 2.10 2.00
22 , 2.18 2.27
23 -qx . 2.51 2.33
24 - 3,36 3.44 ‘
25 s 2.50 2.31
~ |
Mean 2 .84 [2.20 1.60 1.68 2.35 2.51 1.74 1.92
std. Dev. .102 | .396 .308 .303 . 452 .443 .52 412
Lev. of Sigq. 60% | 70% 50% 70% 50% 60% 50% | 70%
P | : -
Fume Wt. .381 $ .953 1.068 1.103
Tume Wwt. 84
(1.2 m) [ffiﬁ]




84 ' | ,

acceptable. The ratio between the sample weight at -the
particular duct posig;ﬁn to that at the duct centre was
calculated (Table XI) for each set of measurements. This
ratic is plotted along with the previously.measured gas

velocities in Figure 4l.

-

IX Figure 41, both ordinates are drawn to the same
scale, and it can be seen that with the exception of the
0.6 m measurement, the fume weight ratio increases at

approximately the same slope as the gas velocity.

There are two possible explanations for the small
sample weight collected at the 0.6 m pesition. The

first is the influence of the water sprays, one of which
J

is located approximately 0.15 m downstream of the sampling

'pdint. The water spray 1s perpendicular to the gas flow,
and this could interferec with the gas. £low through the
sampling device when sampling close to that side of the

]

duct,

The second explanation is a similar influence
caused by a large leakage of ?ir around the access door.
This would form a gas channel perpendicular to the sample
nozzle as atmospheric air is sucked into the duct. When
the sampler is not in use and the access door is open,
such a channel has been observed to reach almost to the

centre of ﬁhe duct.

These results show that the device is sensitive to

differences in gas velocity (as it should be) and that

e i
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the most representative sampling position is the centre
of the duct, the position where the gas velocity is
equal to the average of the gas velocities across the

duct.

The results of the reproducibility and represen=
tiv;ty test cﬁnfirm that the device, yheﬁ‘used'in a
statistical way {(for a population of heats), gives
results that are representative of the actual fume

evolution rate.
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METHOD AND RESULTS .

4.1 Fume Weight Versus Blowing Time

To determine the guantity of fume evolved as a
function of blowing time, samples were taken at the

1, 5, 8, 12, 15 and 20 minute points of the klow.

The samples were'taken.from the centre of the duct

-

for a period of one minute for 25 random heats.

The results o% these tests are shown ih Table XII
The mean sample weight was calculated for each time
period and} in all cases, the level of significance
exceeded 50%. The fume evolution rate decreases rapidly
from 4.86 g. min.-l to 1.25 g. m:‘.n.-l during the first
half of the blowing time (0-12 min.); after.which it
decreases gradually to .78 gq. min. ! over the second

half of the blow.

The mean fume weight is plotted versus blowing

time in Figure 42.

-Approximately 40% cf the heats made have an oxygen
reblow because of_off—aim steel analysis at £irst turn-
down. The reasons for reblows can be improper bath C,
Mn, S, temperature or high slag visceosity. Reblow fume R
samples were collected from 20 heats; the reblow times
ranged from 15 seconds to 1 minute. The fume weights
were converted to q. min. assuming a linear relation-
ship between fume evolution and time. These weights are
listed in Table kIII- The mean reblow fume weight is

.51g.
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TABLE XII o : -

FUME WEIGHT VERSUS BLOWING TIME -

Fume Weight ({g) at Various Bl;wing“Times EMin.)'
No. 1 5 8 12 15 . | 20
' 1 4.09 2.17 1.75 | 1.17 .59 .76
2 4.56 3.10 1.24 .82 1.06 .86
3 4.38-| 4.13 | 1.34 .89 1.30 1.00
4 4.60 | 3.60 1.24 .83 | .98 | .77
5 4.45 2.47 ©1.10 74 | .76 .44
6 2.17 2.07 .60 .40 |. .48 .58
7 5.82 2.94 .97 .65 .79 .76
8 4.17 2,71 1.43 .95 .75 .67
9 2.04/] 3.41 3.93 2.64 1.24 1.34
10 4.86 2.95 1.70 1.13 1.09 .68
11 6.20 2.67 1.47 .98 .76 .45
12 4.79 3.31 3.30 2.20 1.38 .72
13 4.20 3.06 3.59 2.139 1.86 1.30
14 6.87 4,47 3.17 2.11 1.49 1.13°
15 5.40 4.65 2.42 .94 1,02 .27
16 4.74 2.58 1.86 1.24 1.36 1.43
17 6.78 3.85 | .84 .56 .75 .70
18 7.51 5.31 1.42 1.50 1.67 1.01
19 3.63 5.71 1.33 .89 5 .66
20 5.89 4.53 1.78 1.18 .75 31
21 3.69 4,18 1.42 .95 .67 .70
22 5.12 4.39 1.66 1.10 .76 .71
23 4.04 5.42 1.67 1.80 1.51 .89
24 8.28 3.95 2.70 1.12 .56 .78
25 3,21 3.60 2.92 1.94 .62 .55
Mean 4.86 3.65 1.87 1.24 1.00 .78
Stan. Dev. 1.53 1.01 .89 .58 .38 .29
Level of
Significance 50% 70% 60% 50% 50% 70%

=

- \4»1
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TABLE. XIII

REBLOW FUME WEIGHT ®

Reblow Fume Weight
No. (g. min._ll
1. .76
2 .40
3 \ .65
4 AN .34
5. E
6 \‘\ .29
7 \ .42
8 ' .42
"9 .53
. 10 .50
11 .42
12 .54
13 .59
14 .63,
15 .52
16 .66
17 .41
18 .46
19 .58
20 .39
Mean .51
5tan. Dev, .13
Level of
Significance 70%

et o e ———_—
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4,2 Chemical Analysis of Fume

Fume material from twenty random heats was sub-

-

mitted for chemical analysis. The fume material is
separated from the filter material by shaking. Chemical

“analysis for metallic iron, ferrous and ferric iron, Ca0O,

-
EES

Mg0 and MnO were performed using wet ‘analysis methods.
The average chemical analysis for each of these
elements as a function of blowing time is listed in
Table XIV and pleotted in Figure 43. Other elements
-,

which are present in the fume (overall average values)

are: Ala03 (.2%), 5i0; (1.2%), s ((2%), Zn (2.4%)

Pb (.3%) and CO2 (8.2%)}. An CO3 comcentration

of 8.2% for an average Ca0 and MgO of 8.23 and 3.11%
respectively (see Table XIV) indicates that approxi-
mately 80% of the flux particles in the fume reacted

with CO2 in the off-gases to form' CaC0O3 and MgCO:z.

The average iron loss in the fume as a function
of blo;ing time is calculated in Takle XV using the
average fume weights (Table XII) and the average total
irdn anélysis {Table XIV). These results are also

“plotted in Figure 44.

It was mentioned in Section 2.3.1 that the vapour
pressure cf Mn is 100 to 10C0 times that <f pure Fe at
steelmaking temperatures and that the ratio of Mn/Fe in

-

fume to that in the bath is an indication of the mechanism
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of fume formation. Large ratios (approx. 100) in-
dicate a mechanism.cf direct vapourization, while
small ratios (approx. 1l)- indicate oxidatidn of metal

spray.

The Mn content of the fume was calculated by
conneciinq the MnO content of the fume in Table XIV

to Mn. The Mn and total Fe analysis of the fume were

checked for level of significance using. the Chi-Square

method. The results are listed in Table XVI. In all
. \ ot
cases, the significance exceeded the acceptable limit

of 50% and ranged from 50 to 80%.

N

The Mn/Fe ratios are calculated as a function of
blewing time for bqth the fume and metal bath and are
listed in Table XVII. The Mn and Fe cantents of thé
metal bath'were taken from a previocus Dofasco study
by Laciak24. The ratic of Mn/Fe in the fume to that
in the bath ranges from 2.19% to 17.20. The Mn/Fe

ratics are plotted versus bloﬁing time in Figure 45.

In Table XVII, results are also listed for the
reblow fume. The Mn and total Fe content of the
reblow fume is from the analysis of the combined 20

reblow fume samples.

T st



© TABLE XIV

FUME AWALYSIS AT VARIOUS BLOWING TIMES

{(Average of 20 Samples per Time Period)

Analysis Weight %

Té?i_) : Fem_et Feo Fe;03 FeTCt cao MgO MnO Fe203
Fe(

1 0.46 15.61 50.90 48.19 7.14 5.08 1.00 3.26

5 0.41 40.53 33.96 21.50 6.17 0.65 6.06

8 0.38 52.67 43.41 B.04 4.37 0.63 6.62

12 0.39 68.20 56.92 4.82 1.42 1.00 6.015

15 0.36 11.85 71.50 59.59 3.37 .68 1.25 6.03

20 0.39 15.43 66.45 58.88 4.55 95 2.10 4.31

Overall .

Average 0.40 11.48 58.40 50,16 8.23 3.11 1.11 5.38

£6
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~ TABLE XV

TOTAL IRCN IN FUME VERSUS BLOWING TIME

s .

4 * &
Time Fume Weight* s perotal Iron Weight
(min.) (g} (g) -
4.86 48.19 2.34
3.65 33.96 1.24
1.87 43.41 .Bl
12 1.24 56.92 .71
15 1.00 59.59" .58
20 .78 58,88 .43
* From Table XI
**  From Table XITI
3
: \
_9: O )
5 2t
¢
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-
§ o
H 1 \\\\\\\ :
— |_ O\-O
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Fig. 44: Total Iren in Fume Versus Blowing Time




i TABLE XVi

LEVEL OF SIGNIFICANCE OF IRON AND MANGANESE ANALYSIS

* 1 Total Fe (%) - Mn (%)

Time ' Level of . Level of
{(min.) Mean Stan. Dev.. Significance Mean Stan. Dev. @ignificance
1 48.19 8.10 70% .76 .25 L.so%

5 33,96 4.45 50% .51 .21 60%

B 43.41 6.95 60% .49 %20 7 {s ., 70%
12 56.92 3.22 80% .76 .37 60%
15 59.59 1.85 50% . .87 .29 60%

20 58.88 2.36 60% 1.63 .57 ' 80%

4 J

‘»}

96




TABLE XVII

Mn TO Fe RATIO IN BATH AND FUME
{aAverage of 20 Samples per Time Period)

.
BATH* FUOME 11 Fe F@e
Mn ; . Mn -2 Mn

Time % Fe % Mn Fe =x 10_2 4 Fe ¥ Mn Fe X 10 Fe Bath
1 94,0 .68 .723 48.19 .76 1.58 2.19
5 96.7 .15 . 155 33.96 .51 1.50. 9.68
8 97.0 J11 .113 43.41 .49 1.13 10,00
12 98, 0 .13 .132 56..92 .76 1.33 10.08B
15 98. 4 L17 173 59.59 .97 1.63 9.42
420 99. 4 .16 161 -F | ss.88| 1.63 2.77 , 17.20
Reblow 99.6 .14 141 45.%60 .98 2.14 15.17

* from Reference

24,
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4.3 Total Iron in Fume Versus Bath Carbénf

The decrease in bath carbon as a function of
blowing time has been determined for Dofasco 6xygen
furnaces' and ié discusged eisewhere24. The éverage
total iron in the fume (from Table XV)"and the aver-
age bath carbon content are listed as a function of
blowing time in Tabkle XVIII. This data is plotted in
Fig. 46. | ' '

L

-t
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TABLE XVIII

TOTAL IRON IN FUME VS. BATH CARBON

% Bath Carbon %

Fig. 46: Total Iron in Fume Vs.

Iron in Fume¥* Bath Carbon
Time {g) % [24]
1 2.34 3.90
5 1,24 3.30
8 .81 2.10
12 .71 1.90
15 .58 1.50
20 .43 .60
* From TaSle XIV
3
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Bath Carbon




101

.4 - Total Iron in Fume Versus Slag Weight

The slag weight at any time during the blow can
e calculated using a silicon balance. This requires
knowledge of the silicon content of thé_hét meta},
scrap and fluxes charged Eo the furnace, as weli as

" the silica analysis of the slég.

g

The slag weight as a function of blowing time

(85} ¢or an average Dofasco heat

has been calcdulated
and is listed along with the total iron in the fume

‘in Table XIX.  This data is plotted in Fig. 47.
e J
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Total Iron in Fume
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TABLE XIX

TOTAL IRON IN FUME AND SLAG WEIGHT

AS A FUNCTION OF BLOWING TIME

Time Total Ircn in Fume* Slag Weight
9} (kg) [85]
1 2.34 4100
5 1.24 9500
.B1 10600
12 .71 10700
15 .58 11300
20 .43 13800
Turndown 18300
* From Table XIV
o~
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Fig. 47: Total Iron in Fume and Slag Weight

as a Function of Blowing Time

Slag Weight (kg x 10-3)
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4.5 Effect of Scrap Quality

To determine the effect of .scrap quality on the
quantity of fume evolved, heats with specially prea-
pared scrap charges were sampled. The iron oxide
content (in the form of rust) of the three scrap

charges were:

A Approx. l% iron oxide
B Approx. 3% iron oxide
C Approx. 5% iron oxide

Samples were taken at the 1, 5, 8, 12, 15 and 20
minute mark of the blow and 25 heats were sampled for

each of the three scrap classifications.

The mean fume weights as a function of blowifg
time are listed for the three scrap types in Tab XX.
The level of significance of these results was checked
®sing the Chi-Square method and in all cases equéf&ed
or exceeded the acceptable limit of 50%, The data in *

Table XX are plotted in Fig. 48.

It was mentioned in Section 2.3.4 that bath tem-
perature through its effect on the metal fluidity can
influence the guantity of fume produced. Tc reduce
and melt iron oxide in the B.0.F, requires approxi-
mately four times the heat tc melt pure iron; there-
fore, scrap with a high iron oxide content should

cause lower metal temperatures.
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To determine the effect of scrap melting on
metal teﬁperature,\diréct measurements were taken,
‘without stopping the blow, using consumable "bomb"
type thermocouples. Ten heats of each of the "A"

and "B" scrap type heats were tested.

The average metal temperatures as a function
of blowing time are plotted in Figure 49. The metal
temperature for the "B" éype scrap (higher fume
weights) is consistently less than that fo; the "A"
type scrap. The iron oxide content of the "B" scrap

is approximately three times that of the "A" scrap.
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FUME WEIGHT VS. BLOWING TIME FOR DIFFERENT SCRAP TYPES

TABLE XX

{20-25 sSamples Per Time Period)

Fume Weight (g)
TYPE A SCRAP TYPE © SCRAT TYPE C SCRAP
T%me Level of Level of Level of
(min.) Mcan | St. Dev. | Significance || Mean St. Dev. | Significance || Mean | St. Dev. | Significance
1-— | 3.70| 1.06 708 4.86 1.53 50% 6.23 2.33 50%
5 3.10 1.07 60% 3.51 1.01 BO% 3.92 1.20 80%
8 1.31 .56 70% 1.71 1.11 70% 2.07 1.34 70% -
12 .82 .32 70% 1.14 .46 704 1.38 .56 BO% “
15 .75 .29 60% 1.00 .18 70% .99 .31 70%
20 71 .22 60% .82 .31 60% .76 .37 60%
Average | 1.73 2.19 | 2.56 '
R
Av;;g? ;;gé Tiﬁe AT L 100 263 48%
| |
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4.6 Microscopic Examination of Fume

Tﬂe fume gol}ected froﬁ 20 random heats was éém— -
bined according to blowing time to give six bulk
samples (1,5,8,12,15 and ;0 iinute mark). The 20
reblow samples were also combined to give one bulk
sample. From these bulk samples, smaller quantities
of fume were taken for microscopic observation'using
the Scanning Electron Microscope (S.E.M.) and the
Transmission Electron Microscope (T.E.M.) and for

size analysis.

S.E.M. Results

To ensure good conductivity of the sample in the /F\\
S.E.M., the fume samples were coated with aluminum by
vapﬁur depgsition. S.E.M. photographs -of the fume
material are shown in Figure 50, the magnificaticn
range from 100 to 5000X. These particular photo-
gréphs are of the 12 minute fume material, but they
are typical of all of the fume ma t- collected

irrespective of blowing time.

L. o

The fume particles as shaken from the filter
material consist of angular and spherical particles
{Figure 50a). The'single spherical particles range
~in size from 10 ym to 1 mm in diameter and are élas-
sified (from tﬁe definition of fume in Section 2.2}

as metallic ejections. At higher magnificatlons
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Scanning Electron Microscope
Phctographs 0Of 12 Minute Fume
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(Figure 50b and c); éhe ang&f2§/particles can be
observed to consist of agglomerations of many small
spherical particles, the majority of which are less
than 1 um in diameter; these are the iron oxide fume

it "
particles.

T.E.M; Results

Samples of the fume material from each time
period were mixed with water (.1 g in 20 ml) and
placed in an ultrasonic bath for approximately 30
minutes. This dispersed solution was then plac;d,

using an eye dropper, on 200 mesh copper grids that

had been covered with a parledian film.

T.E.M. photocgraphs of the fume meterial,are
shown in Figures 51 and S5; the magnifications range
from 1000 to 80000 times. These photographs are
also of the 12 minute material, but they are indica-

tive of the fume for all of the time periods sampled.

Even after 30 minutes of ultrasonics, the fume
particles still form agglomerates as seen in Figure
51 (1000 magnification} and Figure 52 (10000 magni-
fication), and it is evident that the majority of
the individual particles are less than 1 pm in dia-

meter.

N



At higher magnifications, Fiéure 53 through 55
(20000, 40000«;nd BO0DOX), it can ke seen that both
spherical and multi—faceted‘fumékparticles afe
present., The presence of beth of these shaées were
observed in the fume material from every time period
éampled. The particularlphotOgrapﬁs shown are of the
12 minute fume sample. A group of particles, all
less than .2 um in diameter, are shown in Figure 55.
It can be seen that even these smaller particles

consist of both spherical and faceted shapes.
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Fig. 52:

10000X

Fig. 53:

20000X

A— J

Fig. 51,52,33: Transmission Electron Microscope
Photographs of 12 Minute Fume
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54

55:

T.E.M. Photograph 0f 12 Minute
Fuma, 40000X .

T.E.M. Photograph 0f 12 Minute
Fume, 80000X
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4.7 Size Distributions of Fume Material

4.7.1 MefRod and Accuracy

Size distributions were performed using T.E.M.
photographs and manual sizing with a Zeiss Particle
Sizer instrument. T.E.M. photographs were téken of
the fume material for each time period at magnifi-
cations of 15000 to 20000 times. The fume particles
were then manually counted and sized using the Zeiss

instrument.

The Zeiss instrument can separate the particle
sizes into 45 different ranges. To size the material,
it is necessary to line up each particle with a cir-
cular light beam and trip a switch that records the
particle size on a counter, From 1000 tc 1500, par-
ticles were counted for each sample. The final number
of particles in each size range was then used to deter-
mine the freguency distribution. The weight distri-
bution was then calculated from the frequency dis-
tribution assuming spherical particles of constant

density.

e
A histogram of cne frequency distribution and

the corresponding weight distribution (12 minute sample)
are shown in Figure 56. The frequency distribution is
skewed to the left, but the weight percent distribution

resembles a Gaussian curve. This pattern was observed

for the distributions from every time period sampled.
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L

in a'frequency distribution is 100/4m where n is the

The percentage standard error of the mean size

total number of particles countedse. In the case of
1000 counts, the érror should be about 3.2%. The re-
producibility of the size analysis was also checked
by sizing three separate samples of the 12 minute
fume material. The weigﬁt percent distributions of
the three samples are shown in Figure 57. They are
similar in shape and the calculated mean particle sizes
are .36, .37 and .40 um. The reproducibility of the
size analysis 1s calculated in Table XXI, assuming
that the true mean particle size is the average of the
three measured values. The reproducibility is about

-

* 6%, still an acceptable value.

The individual frequency and weight percent data
and distributions for the reproducibility tests are

shewn in Appendix C.
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TABLE XXI

REPRODUCIBILITY OF SIZE ANALYSIS

(12 Minute Fume Sample)

Mean Particle
Size % Difference
Sample (um) From Average*
A .36 - 4.51
B .37 \7 - 1.86
C - 40 + 6.10
Averacge 377

* Value-Average
Average

100%
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4.7.2 Size Analysis Results

S8ize distributions were determined for the fume
material from each time period sampled (1, 5, 8, 12,
15, 20 minutes and reblow). A samplé of "pre-ignition"

fume was also sized.

The "pre-ignition" sample Qas taken from one par-
ticular'heat where ignition didfnot take place until
after the twec minute mark of the blcw. Ignition
usually occurs within the fifst 15 seconds of the
blow.. Since this one minute sample represented a unigque
part of the refining process, it was sizZed separately
from the cther one minute samples. The weighé of this

sample, at .7 g, was well below the average of 1.8 for

the ,other one minute samples fTable XI1).

The individual f{reguency and weight percent data
and distributions for the above-menticned samples are
listed in Aprpendix D (the 12 minute sample data are 1in

Appendix C}.

The welight percent distributions for the fume
samples taken during the decarburization period (1, 5,
8, 12, 15, 20 minutes) are shown together in Figure 58,
It can be seen that they are similar in shape and that
the difference in mean particle size is within the re-
producibility of the sizing method. The smallest par-

ticles cbserved in any of these samples were approxi-
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mately .§3 um, while the largest was abcut 1 um,

The majority, 99.5% of the particles, were less than
.+B ym in diameter. The mean diameter (bésed on the
weight p;rcent distribution} ranges from .36 to .39

Hm.

The size distributions of the "pre-ignition”

and reblow fume samples are similar to each other
but different from the decarburizatien period fume.
For these two samples, 99.5% of the particles were
less than .5 um in diameter and the smallest were
again about .93 um in size. The mean particle size
was approximately .2 um. The contrast between the
size distributions of these two samples and a typical

decarburization period sample is shown in Figqure 59,

The results of the fume size analysis are sam-
marized in Table XXII. The weight percent less than
.2 um is included as this is the upper limit for the

size of vapourization fume
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/
TABLE xin
SUMMARY OF sxiF DISTRIBUTIONI -
‘Mean 95 Weight %
Par;icle Weight % Less Than
ey | Mg | Ggprox)
Pre-Ignition .21 52.80 .35
1 .38 13.98 .70
5 .37 .25 .60
8 .39 11.07 .70
12 .36 13.54 .60
15 .38 13.86 .70
20 .38 12.38 .60
Reblow .23 43.23 . 40
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4.8 Relation Between Fume and Metallic Ejections

4.8.1 Fume and Slopping

‘8lopping is best described as a sudden and un-
c&ntrdllable ejecEion of metal and slag from the fur-
nace. It indicates that the decarburization process
is not uniform as large quantities of CO gas are
generated intermittently. All of the possible ex-
planations-for the occurrence of slopping will not be
discussed here except to say tﬁat the overcharged con-
dition of‘Dofasco’s furnaces contributes heartily to
both the frequency and severity of slopping. The work-

- 3 1

volume of the B.O.F. studied in this work is .55 m~ .t

compared to its designed value of .8 m3.t-l.

It has already been demonstrated that the type
of scrap used has an influence on the guantity of fume

avolved; therefore, to study the effect of slopping on

fume evolution, it is necessary to fix the scrap quality.

During the study &f the "C" scrap type heats, it was
visually observed that slopping occurjjd at the 15

minute mark in half of these heats.

"According to the visual observations, these 15
minute fume samples were-separated into "slopping" and

"non-slopping" categories. The fume weights faor these

two groups are compared in Table XXIII. On average, fume

evolution at the 15 minute mark of these heats was

approximately 44% nigher when the furnace was slopping.

o e e g
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TABLE XXIIX

FUME WEIGHT ‘AT 15 MINUTES

("C" Type Scrap)

]

Fume Weight (g)
At 15 Minutes
No. Not Slopping Siopping
1 56 1.19
5 .76 .93
3 C\ . .80 1.33
4 | .76 1.36
5 .88 1.58
6 1.09 1.61
7 1.15 1.13
E .56 .88
9 .56 .61
10 .90 1.02
11 .61 -93
12 88 1.09
13 1.28
Average .80 1.15
s Novstop ok x 1008 1.8




The individual fume‘samples were then combined
accofding to catégory to give two bulk samples for
size analysis. Sample preparation and particle
size counting were identical to that described in
Section 4.5. The individual frequéncy and weight

percent distributions forLthese tws samples are

listed in Appendix E.

The two weight percent distributions are com-
pared in Figure 60. The distributions are si@ilar
to any of the other decarburization period results

as shown in Figure 58.
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4.8.2 Fume and Metallic Ejections

A device to measure the total gquantity of iron lost
from the B.O.F. in the form of metallic ejegtions and
slop has been developed at Dafasco. The dsyice and
measuring technigque are discussed in detail elsewHéreZ4.
The basic procedure is to suspend a tube sampler (square
in cross-sectién} above the mouth of the furnace. The
slop and ejected material that adheres to the device
is then weighed and analyzed to determine the amount of

iron collected,

N

During the study of the "B" scrap type héats, the
total iron losses in the form of metallic ejections and
slop were also measured. This iron loss (kg of iron
per heat) is listed along with the corresponding average
fume weight in Table XXIV. The average fume weight per
heat is the average of the sample weight at the 1, 5, 8,

12, 15 and 20 minute mark.

A linear least squares regression analysis was
performed on this data to determine if a relationship ‘
between fume weight and metallic ejections existed. -
The calculated regression equation and the data are

plotted in Figure 6l1. The correlation coefficient (r)

and the T? values are statistically significant.

The fume weight increases with increasing metallic

ejections.

-l
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TABLE XXIV

AVERAGE FUME WEIGHT AﬁD
IRON IN METALLIC EJECTIONS

Average Iron in
No Fume Weight Ejections
{q) (kq)
1 1.76 522
2 2,12 694
3 2.18 3188
4 ~2.59 1436
5 1.45 308
6 2.04 1861
7 1.74 173
8 2.06 544
9 2.26 3765
10 2.98 4081
11 2.57 4843
12 2.83 1735
13 3.20 4371
14 2.914 3481
15 2.38 4692
16 1l.66 2056
17 2.53 1355
18 3.31 4255
19 2.89 2912
20 1.24 1924
21 1.49 1012
22 1.80 2544
23 1.81 1340
24 1.08 530
25 1.95 2533
Mean 2.19 2246.2
St. Dev, .74 1494.4
Level of
Significance 60% 70%

B ks
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DISCUSSION

5.1 Quantity and Chemical Analysis of Fume "

The fume weights measured in this study were not
an absolute measure of the total quantity of fume
emitted during B.O.F. steelmaking; they were relative
oh proportional values. No attempt was made to scale
up the measured fume wgight (g. min.'l) to the actual
fume losses (kg min.‘lj. .However, it is possible to
determine an overall fume loss on the basis of the

Y
material which is processed through the cleaning system

thickeners.

This material, known as B.0.F. sludge, is the com-
bination of both -the spark box and venturi discharges.
It amounts to approximately 2800-kg per heat or 117 kg
min. T of blowing time. At approximately 50% total
iron, this represents a yield leoss of 1%. This value
is within the range of .7 to 2% reported for other B.O.F.

installations

The major chemical components of the fume material

are Fe;03 (58.4%), FeO (11.48%), Ca0 (B.23%) and MgO

while the metallic iron content is only .4% (See Table

XIv).
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The metallic iron fraction amounts to less than 1%
of the total iron in the fume and is most likely the
result of small metallic ejection parficles being present
in the sample. Fume 1is classified as particles less than
5 ym in diameter, while particles ranging up to .l mm
were somgtimes found in the samples collected. These
larger particles are metallic ejections. They have been
observed to have a metallic iron core that is covered

with an iron oxide laver from 10 to 20 um in thicknessz4.

The total Fe, Ca0 and Mg0 contents vary with the
blowing time, the flux components kbeing the highest
(and total Fe lowest!) during the period of flux additions
to the furnace (See Figure 43). The fluxes are added
continuously from the 30 second mark to the 8 minute mark
of the blow. The high concentration of Mgd and CaO0 in
the fume material 1is the result of fine flux particles

being entrained in the furnace off-gases.

After the fluxes are added and start to dissolve in
the slag (after the 10 minute mark), the chemical analvsis
cf the fume is relatively constant at 55 to 60% total

1ron and 4 to 6% Cad + MgO.

The ratio of Fe;03/Fe0 in the fume ranged from 3.3
to 6.6 (See Table XIV}. This indicates that these par-

ticles have been highly oxidized. 1In comparison, the
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Le203/FeO ratio in the slag only ranges from .2 to .7

during the course of the blow.

The ratio of Mn/Fe in the fume to that in the metal
ranged from 2.19 to 17.20 and averaged 9.8 (See Table
XVII). The ratio was lowest q& the beginning of the blow,
relatively constant during the 5 to 1% minute mark,
and highest at the 20 minute mark (See Figure 45). The
significance of these results will be discussed later

in Section 5.3.

The chemical analysis'results are similar to those
of Krichevtsov3 (see Table VI) who studied another in-
dustrial B.0.F. with an open hood gas collecticn system.
In the case of Krichevtsgv, the flux was added in five

. a .
batches rather than continuously, and there are peaks

—

in the Ca0 analysis during each addition. The overall
ratio of Fej303/Fed was about B and the ratio of Mn/Fe

in the fume to that in the metal was approximately 13.

=
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5.2 Fume and Metallic Ejections

The fume rate (g Fe min~l) detreases.rapidly
during the first eight minutes (1/3) of the blowing
time, after which the decrease is more gradual as
seen in_Fig. 44, . Approximately 60% of the total iron
lost as fume is lost during this first eight-minute
period. These results are similar té those of
Krichev;éov3 shown in Fig. 22 (broken line - no inblow

ore additions).

The decrease in fume rate with increasing blowing
time can be related to four facters, all of which in-
i . ‘I
fluence the gquantity or size of metQl spray produced

by the impact cf the‘oxygen jet. In ascending order

of importance, these factors are:

i} lance practice

ii) bath temperature

iii}) slag vclume

iv) carbon content of metal bath
i} Lance Practice

The distance the oxygen jet penetrates the metal
bath was calculated for a typical Dofasco heat in Table V.
During the first one toc three minutes of the blow, the
mode of jet-melt interaction changgs from one of splash-

ing to crne of penetration. During the splashing mode,
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a large number of fine metal droplets are thfown out-
wards away from the area of jet impact. During the
penetration mode, éhe metal dropleté produced are
larger in size and fewer in number. There is a o
distinct decrease iq the.fume rate when changing

from the splashing to penetrating modes as‘observed

in the hot model studies of Peregudov (Fig. 19).

The lance height also influen;es the bath ve-
locity. 'Lower lance heights increase the jet impact
force (for a fixed blowing rate), and this will result
in higher bath velocities. Water model studies bv Li’’
Kave shown that increased bath velbcities decrease the

number and increase the size of spray droplets created

by the jet impact (Fig. 17). :

ii) Bath.Temperature

As mentioned above for fixed blowing conditions,
increasing the bath velocity will result in a decrease
in the amount of metal spray. In a B.O.F., one factor
that can influence the bath velocity is the bath tem-
perature, as lower temperatures result in higher metal

. ., B65=-68 64

viscosity . Yakovlev observed that lower bath

temperatures resulted in higher fume losses in an in-

dustrial B.Q.F. (Fig. 21).

The above effect was also observed in this study.
The fume rate (g.min.‘l] was observed to increase with

increasing scrap iron oxide content (Fig. 48). Higher

v
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-.scrap iron oxide contents were also observed to resuit
in lower bath temperatﬁreé (Fig. 49). The lowe£ ten-
peratures are related to the high heat consumpticn

of the iron oxide, approximately six times (per iron

unit) that of pure iren.

As well as influencing the metal viscosity, lowér
metal temperatures will alsc result in lower slag tem-
peratures and, theréfore, higher slag viscosities.
This will hinder the formation of a foamy slag that
will physically entrap some part of the metal spray

being generated inside the furnace.

iii) Slag Cover

The fume‘rate was observed to decrease with in-
creasing. slag weight as seen in Fig. 47, A thick slag
cover will reduce the Fume rate by physically entrap-
ping some of the metal spray that would otherwise be

oxidized to fume.

A regression analysis of the average fume weight

(g.min.~l) and the total weight of metallic ejections

(kg. heat™1) showed a significant relationship (Fig. 61).

The fume rate increases with'increasing weight of
metallic ejections. The ejections are collected at
the furnace mouth andK therefore, are€ an indirect
measure of the height the metal spray reaches. These

results are in agreement with those of Okhotskii’® who

-
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also noted an increase in fume rate with increasing

height of metal splash (Fig. 28).

For the same pericd of the blow (15 minute mark),
it was observed that the fume rate, when slopping
occurred, was approximately 44% higher than that
during ndrmai refining {(See Table XXIII). This is
evidence that the slag properties are more important
than the actual weight of slag present. At Dofasco
- slopping is characterized by low ircn oxide and. high
silica levels in the slag. This type of slag is very
viscous and dry and has poor lime dissclution capa-
bilitiesag'go. It has a‘ tendency to coagulate and is ‘L
readily pushed towards the furnace walls by the force
of the'oxyﬁen jet. This condition is generally referred
to as "slagless” blowing.since the jet acts directly on
the metal bath. Under these conditions, the slag is

less capable of entrapping metal spray; the result

is an increase in fume ewvolution.

Okhotskii ° also observed that for a fixed bath
carbon content, the fume rate increased during "slag-

less" blowing as seen in his results in Fig. 27.

iv) Carbon Content of Metal Bath
The fume rate (g Fe.min.'ll decreases rapidly
R
until the bath carbon is about 2%, after which the de-

crease is gradual {See Fig. 46). Similar results have
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been recorded in both laboratory expefimenp%o’zz’34'38'39’

(Fig. 10) and other industrial B.O.F. studiest’ 28475

(Fig. 24).

Carbon influences the fume-raté;in three ways:

-

- ‘the bath carbon content affects'the number
and size of metal spray droplets p;od ed
by the bursting of CO bubbles.: j

- as a result of viclent decarburization,
metal droplets explode into many smaller
particles which are then oxidized tb fume.

- the melt. decarburization réte controls the

residence time of the metal droplets in

the oﬁidizing atmosphere of the jetliﬁpéqt

Zpne.

The significant contribution cf the early decar-
burization reaction to the quantity of metal spray
produced is evident in the difference between the pre-

) ign}tion and regular one minute fume sample weights.
The pre-ignition sample weighed only .7 g, while the
other one minute samples ranged from 2 to 7.5 g

(avg. 4.8, Table XII}.

In laboratory experiments, Morri522 noted that
the size of metal spray produced during decarburizatien
increased in size with decreasing bath carbon content.

At high carbon levels (4%), the metal spray was all

less than 75 um ih diameter. At lower carbon contents
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(x‘zé C), the number of spray droplets decreased

* while their size increased;“the majority were inl
excess of 250 um. This was then related to the
iocétidn of the-decérburization reaction éhd the
éige'of the CO bubbles generated (ds discussed in
Séction 2.3.2). The smaller  droplets produced at
the high meit'bérbon levels would have a higher
.prdbability'of decarburizing explosively to fume as
a result of\their larger surface to volume ratibn;
thus contriﬁuting to the higher fume rates during

thé first third of the blow.

In hot metal studi2562,‘droplets .5-1 mm in G
diameter were observed to break away from the ridge
of the jet impact crater. These Fe-C droplets are
oxidized to fume (the majority being less than 1 um
in size) by a mechanism of explosive decarburization,
as shown in Fig. 12. At some critical carbon content,
the decarburization mechanism of these droplets changes
from a gquiet surface reaction to a violent CO boil.
With further decrease in carbon content, the reaction
becomes explosive and the droplet shattérs intﬁ many
smaller fragments that are oxidize& to fume (Fig. 12d).
The transition from surface to internal decarburization

has been cbserved to occur only after an iron oxide
40-44

layer has formed on the droplet surface
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Metallic ejections collected at the mouth of
. i

o

the furnace were observed to consist of iron droplets
20 ym éo 1 mm in diameter. These particles were
coated with a layer of iron oxide 5 to 15 um thick
and had carbon contents up to .6% C24. - At 1500°C

in an ‘oxygen atmosphere, these particles'should be in
the internal decarburization mode as shoﬁn in Fig. 1l2c.
With sufficient time, temperature and oxygen supply,
these particles would explode and be oxidized to fume.
Insufficient residence time inside the furnace is the

most likely reason that these ejections were not com-

pletely transformed into fume.

Although the carbon content of the metal dces
not affect the residence time of the metal droPleis
inside the furnace, the decarburization rate docés.
_The off-gas velocity is directly proportional to the
decarburization rate which varies with blowing time

as seen 1n Fig. 62.

Using a calculation similar to that in Appendix
A, it is possible to determine the maximum metal drop-
let size that can be carried out of the furnace by
the off-gases. This calculation was done for Dofascec's
furnaces by'Laciak24, and his results are shown in
. -
Fig., 63. The maximum droplet diameter increases with

increasing decarburization rate (increasing off-gas

velocity}.
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The metallic ejection and fume rates are plotted
together versus blowing time in Fig. 64. The metallic
ejection curve-is from the work of'Laciak24 (same
Dofasce furnace as this study). Although the ejection
rate is an absolute measurement while the fume rate is
a relative 6ne, the comparison 1s appropriate because
the total ejection and total fume weights are ?n the’
same range (1 to 1l.5% of the furnace charge weight).
The shape of the fume and ejection weight curves in
Pig. 64 can be explained by the increase in metal spray

size and off-gas velocity with increasing blowing time.

At the beginning of the blow, the conditions of a
high lance, low bath velocity, low bath temperature,
and high metal carbon content all result in a large
quantity of fine metal spray being generated by the
oxygen jet impact and bursting of CO bubbles. During
this period, the slag volume is small and unable to
entrap much of tHis spray. Due tc the low decarburi-
zation rates (< .1l% C.min._l), the low off-gas velocities
would cause larger droplets to fall guickly back into
the melt while increasing the residence time of the
smaller particles 1n the oxidizing region below the
lance. This combination of small droplet size and leong
residence time would increase the chances of explosive
decarburization and oxidation tc fume. In fact, as
seen in Fig. 64, the fume rate is high and the ejection

rate is low during the first third of the blow.
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With increasing blowing time, the gquantity of
spray produced decreases in number but increases in
size. This is a result of the lower lance, increased
bath temperature and velocity and decreased melt car=-
bon content. The slag volume has also increased and
is capable of entrapping a larger part of the metal
épréy. At the same time, the higher cff-gas velocites
{(decarb. rates in the order‘of .15 to :25% C min.‘l}
decreage the residence time of the metal droplets in~
the furnace. Although the cff-gases can now support
larger particles, their shorter residence time and
smaller surface to volume ratio may not allow sufficient
time for explosive decarburization and oxidation of the
total droplet to c¢ccur. This could lead to the decrease
in fume rate and increase in ejection rate that is seen

in Fig. 64.

The oxidation of metal droplets to fume could occur
either internally in the lance impact zone or externally

in the furnace hood.

Samples of gas taken from 1.2 m inside the mouth
of a Dofasco B.O.F. contained less than 1% oxygengl,
At the same time, fume material collected from the
filters of the gas sampling probe contained about B80%
iron oxide and less than 1% metallic iron. These re-

sults indicate internal fume formation in the oxygen

jet impact z2one.
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It is also possible that a small part of the
fume is generated in the furnacelhood where large
quantities of atmospheric air are present. During
the first five minutes of the blow, when the fume
evolution is highest, the gas temperature in the hood
is less than 500°C91. At this temperature, it is un-
likely that decarburization would cccur to any larxge
axtent. External fume generaticn would be possible
only during the 15 to 20 minute period of the blow
(peak decarburization) when éés temperatures in the
hood reach lSOO“Cgl. From the fume measurements

(Fig. 44), only abcut 15% of the total iron weight

in the fume is lost during this period.

In summary, fume formation in the B.O.F. has been
related to the oxidafion of metal spray that is gen-
erated by the action of the oxygen jet and CO bubbles.
The decrease in fume weight with blowing time is a
result of the increasing size and decreasing residence
time of these metal droplets in the oxidizing atmos-
phere of the lance.impact zone. Factors such as bath
carkon, slag volume, metal temperature and lance prac—
tice influence the fume rate by their effect on either

the size or number of metal droplets being generated.

.Although the majority of the fume particles were

spherical in shape (indicating droplet oxidation), some

U —
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polygonal particies were also observed as seen in
Fig. 53 to 55. The presence of these polygonal ﬁar-
ticles is proof that vapourization is also océurring.
In the next section, the relative contribution of

vapourization to the overall fume losses will be deter-

mined.
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5.3 ~Quantity of Vapourization Fume

The quantity of vapourization fume can' be deter-
mined from the size, shape and chemical analysis of

the fume particles. .

Fume particleé that are formed by condensatiqn
22,25,27

T

(See Fig. 8). This due to the crystal structure of

from the vapour phase are polygonal in shape

the iron oxides; the structure of Fe203 is rhombohgdral,r
while that of Fe304 is octagonal. Vapourization fume

is also very fine, the smallest particles being about

-

.02 um with the majority being less than .2 um in dia-

meter25'37.

&
*  Fume particles that are formed as a result of

metal spray oxidation are spherical in sha§é22’25'40—45.
This type of fume also exists over a larger size range,

the smallest being abcut .03 pm, with the majority being
14,25,42 ,.70-72

"

less than 1 pym in diameter

Vapourization fume could be generated in two
possible ways. The first is by direct vapourization
of the metal bath in the "hot spot" zone. - The second.
is throuah vapourization of part of the metal spray as
é result of oxidation or chemical reaction. Kosmider26
calculated that during oxidation of iron with pure oxygen,
local interfacial temperature could reach 3000°C. With

such high local temperatures, vapourization of part of

the droplet itself might occur.
)
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From the TEM photographs of the fume material (Fig.
53 to 55, it is apparent that the particles are the
result of bhoth vapoﬁrization and metal droplet oxiéatiod.
Since it was not practical to &?unt the fraction of poly-
gonal-parﬁicles in each fume sample, the extent of
vapourization fume will be based on the Mn/Fe ratios

and the fraction of particles less than .2 um in diameter.

The ratio of‘Mn/Fe in the fume to that in the metal
bath can be used to determine the amount ¢of fume caused
by direct v;pourization of the metal bath. Since at a
given temperature, Mn is more volatile than Fe (Fig. 7)
under direct vapouiization, the proportion of Mn should
be higher in the fume than in the melt. . From the work
of Bogdandy and Pantke27 (Fig. §), it is possible to

predict the Mn/Fe ratio EQ{EEEE’case of direct vapouri-
I3
/‘ .

zation. \

If a metal droplet ﬁL vapourized, the fume produced
will have the same Mn content as the original droplet.
Therefore, the fraction of particles less than .2 pm
in diameter can be used as an estimate of the toal amount
ofr vapourization fume (both direct and frem metal drop-
lets). Howéver, the .2 um limit is not an absolute ;
(istimate %féiuse ngt all the part}cles less than .2 um
are polygonal as seen in Fig. 55. 1If Gapourization of
metal droplets id occurring, the quantity of vapour}za£ion

fume predicted by the .2 pm size limit should be much

higher than that predicted by .the Mn/Fe ratio.

(,f

/ -
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1) Tume from the Decarburization Period

The size distributions of the decarburizétioﬁ
period fume samples (1,5,8,12,15, 20 minutes) can be\
considg;ed as constant within the reproducibility of
the size analysis method.* The me;nrparticle size and

weight % less than .2 um in diameter averaged .BB'um

and 12.34 weight % respectively.

The measured Mn/Fe ratios are compared to thaose
for 100% direc; vapourization in Table XXV. The values
for 100% direct vapourization were determined using the
chemical analysis of the melt Eﬁable XVII} and the re-
sults of Bogdandy and Pantke27 (Fig. 9). Fof example, .
at the eight minute mark, the ratic of Mn/Fe in the
metal bath is .113 x 1072 (Table XVII). From the work
of Bogdandy in Fig. 9, for 100% direct vapourization,
the Mn/Fe ratio in the fume would be 15.5 x 1072, giving
an overall ratio (fume/melt) of 141_(15.9 # .113}. The
actual measured value at thereight minute mark was 10.0
indiecating that about 7.1% (10 5 141 x 100%) of the fume
was caused by direct vagourization at that time (See

Table XXV).

The measured Mn/Fe (fume/melt) ratios are lower at
the beginning of the decarburization period, relatively
constant during the 5 to 15 minute mark and increase to-

wards the end (See Fig. 45). This variation is most



likely due to thé5§resence of slag particles in the
fume samples ahd_nof the #esult'of any change in the
relative contribution of direct vapourization during

this pericd.

The weight‘of slag particles in the fume material
should increase with increasing fo—gas velocity aé'
higher veloci;ies can support larger particles. If
this is so, a plot of decarburization rate (directly
proportional to off-gas velocity) versus blowing time
should resemble the curve for the Mn/Fe ratio. 1In
ﬁactl this is the‘éééésas seen in F}gﬂ 65. Therefore,

a more accurate estimate of the amount of direct

vapourization during the decarburization period is
) [}

"1.75% (by weight}, the value corresponding to the one

minute fume sémple (Table XXV). At the one minute
mark, the decarburization rate is low (s 100 kg C min. 1)
and the amount of'slag entrained by the cff-gases should

be at its lowest.

The amount cipvapourization fume during the decar-
burization period can, thereforée, be estimated as being
between 1.8% by weight, based‘on the Mn/Fe ratio, and
12.3%, based cn the .2 pum size limit. The large dif-

ference between the two values, approximately six times,

“is evidence that both direct melt and metal droplet

vapourization are occurring. Since the exact fraction
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of polygonal particles is unknown, it is not possible
to estimate theﬁ:;Thtixe contributions of direct and

metal droplet vapourization.

ii) Pre=-ignition and Reblow Samples

The pre-ignition and reblow fume were observed to

have similar size distributions. Both'sampfﬁs had a
mean particle size of approximately .2 um and ranged

from .02 to .45 pm. The weight percent less than .2 um
was 52.8% for the pre-ignition and 42.2% foi/ibé reblow
sample. This'mateLial‘is considerably smaller than éhe
decarburization fume (mean size .38 um, range .03 to

-8 um) as seen in Fig. 59. These size analyses results
suggest thas the degree of vapourization is.higher during

these two pericds than during the decarburization peridd.

During the pre-ignition and reblow periods, the de-
carburization rate is less than that during the cne
minute mark of the blow; therefore, any contamf{naticn
of the fume material bf slag particles should be minimal.
The ﬁn/Fe ratio for the reblow fume sample was 15.2
compared to 2.2 for the one minute fume sample (decar-
burization périod). This again suggests a higher degree
of vapourization during the reblow period. Using the
metal bath and fume analyses in Table kVII gnd the re-
sults of Bogdandy27 in Pig. 9, for pure vapourization

% of the reblew melt, the Mn/Fe ratio (fume/melt) would

/
..
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be 143. Therefore, thelpercent contribution of direct
vapourizatién during a reblow is about IO.é% (15.2 £

143 x 100%). Unfortunately, the pre-igniﬁion sample was
too small for both chemical and size analyses so its
:Mn/Pe ratio is unknown. However, it iﬁlexpected that

it would be in the same rangé as_that of the reblow

sample.

The refining conditions during the pre-ignition and
reblow periods are similar and differ from those of the
decarburization period in terms of metal bath velocity
and decarburization rate. During béth pre-ignition and
réblows, the bath is initiallf stagnant and the decar- K
burization rate is less than 50 kg C. min -l. During QEEQ‘
these periods, the oxidation of iron is the major re-
action taking ﬁlace. This should result in higher hot
épct temperatures since little of the reaction heat is
leaving the system as sensible heat in-gaseous reaction
products, and the transfer of this heat to the bulk metal
is hindered by very low bath velocities. Therefore, a
higher degree 6f vapourizaticon is expected in comparison\

to the decarburization pericod.

The degree of vapoufization during pre-ignition and -
reblows can be estimated as being between 10.6% (by weight)
based on the Mn/Fe ratio, and approximately 50%, based on

the .2 pm size limit. This is significantly higher than



the 1.8% (Mn/Fe ratio) to 12.3% (.2 um limit) for the
.decarburization period fume, Therefore, it can be
concluded that direct vapourization during the reblow
and pre-ignition periods is about five times larger than
that during the-decarburization period of the blow.
However, the major mechanism of fume formation remains

that of droplet explosicn and oxidation.



' TABLE xiv _ : '
Mn/Fe Ratio and Weight % < .2 um fér Decarbhurization Period-Fume

Mn/Fe Fume .
Mn/Fe Melt '
(A) (B) (A) : v
Mean Ratio fer (B) x 1003
Blowing Particle Vapourization
Time Size Test only from Weight %
_{min.) {pm) Result g* Bogdandy [27] < 0.2 ym
3 - .
1 .38 2.19 125 1.75 - 13.98 »
5 .37 9.68 142 6.82 9,25
B .39 10,00 141 7.09 11.07
12 .36 10.08 144 7.00 13.54
15 .38 9.42 145 6.49 13.86
20 .38 17.20 162 - 10.61 12.38
Average .38 6.63 12.34

* From Table XVII
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6. CONCLUSIONS

l-

There are two mechanisms of fume formation
occurring during B.O.F. steelmaking:

i) Oxidation-of exploded metal droplets in
the oxygen impact zone

ii) Vaporization

During the blowing period, the majority <f the
fume (approximately 90% by weight) originates
from the oxidation of a fine metal spray pro-
duced by the explosive decarburization of larger
metal droplets.
Vaporization accounts for less than 10% ‘(by weight)
of the fume iron losses during the blowing period.
Both direct vaporization of the metal bath and
vaporization of bubble films and metal droplet
s5pray are occurring.

255
During the pre-ignition and reblow periods, the ’
vaporization Meéchanism accounts for as much as
50% (byrweight) of the fume generated.
The fume rate decreases with increasing time into
the blow, with approximately 60% of the fume iron
emissions being lost during the first one-third of

the blcwing time.

M
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7. Process variables that influence the fume rate
are: carbon content of thé metal bath, slag

volume, metal bath temperature and lance practice.
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APPENDIX A

\
MAXIMUM PARTICLE SIZE CARRIED IN GAS CLEANING SYSTEM

@ : .

All the particles in the gas collecfion system are acted
on by the drag force (Fp) of the moving gases. If this drag
force is large enpugh to overcome the gravitational force on

a particle, then that particle will be carried along with
the gases. o

~ From Stokes law an expressicn for the drag force on a
spherical particle is: (All symbols are defined in Table

A-I). R
F = ¢ iy a2 -
D cD og g it : (A-1)

The gravitatiomal force is:

= T g2 -
Fa -8’ p, G (A-2)
@ ‘ B

The condition that must be satisfied to determine the

maximum particle size that can be carried by the gas stream
is:

. ‘b .
> -

Fy Fq 4 (A-3)

The drag coefficient (Cp) 1s a function of the particles
Reynolds Number (Rg). The Reynolds Number can be expressed
as:

Re = Ug 29 d . (A-4}

T o

Relationships to determine the drag coeffiyfent for
various ranges of Reynolds Number are listed in/Table A-II.
These equations are of the form:

o =¢C;, + C, + o ' {A-5)
R R:
e [ =]

where C,, C,, and Ci are constants.

Substituting (a-1), (A-2), (A-4) and (A-5) in (A-3) gives:

4 3 ‘ 2 2 2
+§DsGd +C3nggdfC1ngd+Cgu > D

Py
(A=6)
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. This equatlon Can then be sclved to determlne the
maxlmum partlcle d1ameter [d)

:;-‘!‘

~
e

The follow1ng assumpt;ons and data are used:

T

. AsSumptlons

"li- The particles in questlon are iron oxlde (Fe,0.) .

2. The maximun pafticle size is in the range 10 um..

.
Data

-
-

'l. The gas velocity is 2500 cm.s

2. The gas density is .02 g.cm-B.‘

-1

3. The dynamic gas viscoBity (p) is 6.16 x 10'—4 g.cm‘l.sec.'l
4. e Yalue of the gravitational constant .(G) is 981 cm.sec.‘l“

5. The density of iron oxide i 5 g.tm-3.

/ Caleculations

1. The approximaﬁe Reynolds Number (to determine the constants

for C)
Re = Ug pg & = 2500 x .02 x 10 x 1074
H 6.16 x 1074
= 81.2

Assuming Re is in the range 100 to 1000, then ‘from Table Ar*k\)
A-II, the coefficients in equation ({(A-5) are:

- .Cy = 98,33 !
C» = =2778
Cy ' = 1.3644

2.  The maximum particle diameter:

Substituting all of the data into equation (A-6) gives:
+ % x 5 x 981 4 + .3644 x .02 x (2500)? &2

+ 98.33 x 6.16 % 10 4 x 2500 4 - 2778 x (6.16 x 10 4} >0
.02

or + 6540 4% + + 45550 d% + 151.4 4 - .05 3 O
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For soiﬁtion this equation can be simplified

+ 6540 4% + 45550 4 + 151.4 3 0

Thgisolution is:

d ¢ .00337°¢m. (33, um)_

]

to:

a3

T )

Al
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TABLE A-I .
: S ols

- Symbol . Definition Units

.C3, Cz, C3 . _° constants unitless

‘Cp - .. . drag-coefficiant ' unitless
a0 ‘particle diameter cm i}

FD - -drag force g.cm.s-2

Fg T gravitational force _ g.cm5 —2

G" : : - gravitational cdnstant cm.S‘z‘

Re ' ~ Reynolds Number . unitless

Ug _ : Gas velocit : . cm.S~1

Py - : . density of°'gas g.cm™3 ’
Pg - density of solid particles - g.cm’3 N
o . 'dynamic gas viscosity ' g.cm~1l.s71

. ~y .
i TABLE A-IT
‘Drag Coefficients as a function of Re*
"l; .
/ v - o

. Cy=240[Ry for Ry <O, .
C; = 22-73/Ry +0-0903/R% + 3:09 -for 0-1 < B, < 1-0,
Cy = 29-1667/Ry—3-8888/R% + 1:292  for 1.0« By < 100,
Cy =46-3{Ry - 116-67/R% +0-6167 for 10-0 < Ry < 1000, ‘
Cy = 98-33(R— 2778/R% + 0-3644 for 1000 < By < 1000-0,
O = 148:62/Ry~4-T5x 104/R% + 0-357 for 1000-0 < Ry < 5000-0,
Cy = —480-546/P + 57-87 x 103/R% + 0-46 for 5000-0 < Ry < 10000-0,
Cy = —1662:5/By + 54167 x 108/RY+ 05191 for 10000-0 < Ry < 50000-0.

~

* Morsi and Alexander, J. Fluid Mech., 55, 1972, p. 193

[3
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APPENDIX B

CHI—SbUARE TEST FOR DISTRIBUTION NORMALITY‘ o

.Q | : ' ' \
i The frequency distribution of a small number of measure-~
ments generally prov;dgs only sketchy information about the
-parent distributibn.yhose cﬁgracteristics aré sotht. The
probiem is to decide whetﬁeg‘or not the éxperimental distri-

bution can be satisfactorily assumed to be a sample from a

normal parent distribution.

'A‘very useful quantitative‘iest for the goodness of

fit of the experimental distribution.i§ the so-called X?°

(Chi-Square) test. The X’ test gives a single numerical
measure gf the overall goodness of Pit for the entire range

- of deviatiqns. In a general view, the X? test determines
the probability that a purely random sample set of measure-
ments taken from the aséumed‘model parent distribution would

show better agreément wifh the model than is shown by the

actual set. This probability is called the level of sig-

nificance of the distribution.

In performing this test, a ﬁinimum of about 20 measure-
ments is normally required. The mean afd étéhdard deviation
of the data points are first obtained. The entire range of
observations is divided into Mlintervals, normally of the
same size! Ideally, eéch intérval should contain more than
‘five measureﬁ%nts} tut this is not.possible with small data

sets. In this test, the observed frequencies (fgpg) in the

——— Ty . ii

LY

[, = L
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intervals are compared with the thﬁoretical.quel yalues
(fgn)- These theoretical values are obtained from a nor-
mal distribution model based on the calculated mean and .

' standard deviation values. The gquantity X? .is defined as :

" the sum:
M 2

X2 = Z [(fobs)j - (fth)ﬁ ] -
' (fth) (R . - ) '
,_ 3 =j¥l 3 . ¢

Based on this X? value and'M—B'degrees of freedom, the level

"of-significance of the experimental distribution can be ob-

tained from Table B-I.

§

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 14.5 y 10.8
17.8 12.8 13.0
16.4 15.5 14.1
17.6 11.9 14.1
15.8 14.5 12.3
Mean = { = EX = 14,12
. N
. ; 0.5
» . Standard Deviation = s = Ekf - Xyl = 1.99 °
N - 1
2. FREQUENCY DISTRIBUTION: . | \
Date Range Number of Observations in Interval
10-12 3 '
12-14 5
@ . 14-16 7
le-18 3

oG,
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3.” X?® TEST
Range fobs . Ui Pcy Py NP3 x? ;
10=-12 3 -1.0644 0.1436 0:.1436 2.585 0.066 é
12=-14 5 -0.0588 0.4766 0.3330 5.994  0.165
| 14-16 7" 0.9467 0.8271 0.3505 . 6.309 0.076 :
. 16-18 3 1.9522 0.9745 0.1474 2.653 0.04S :
‘ ' 0.9745 17.541 0.352 '
/
1 _ % , "
U = xi X where X;_ = right hand interval end point
R | it
Pc; = 0.5 ¢ (U;) qap1e B-TT
Pi = Pcy = Pcj_y (Pc, = 0) : ‘ic...i_
x? = (NPy - ‘fobs)z
[ ]
NP2;

The total X?* value is .0.354. The degrees of freedom

are M-3 or 1. Therefore, from Table B-I, the level of
signi'ficanﬁ > 508%.

-
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APPENDIX C

Size Analysis Reprodﬁcibility Data

é%f Minute Fume)

~Table Description
cl Sample A
c2 ' Sample B
c3 Sample C o t\

et e
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TABLE C1
. SIZE =AN'AL‘_{SIS OF 12 MINUTE FUME SAMPLE "'A"
Class Actual Relative l ) Weight
- Size Frequency Frequency Volume ) Percent
{um) (2) (um?)
0 - .1 499 38,62 .033 | _. .52
1~ .2 463 35.84 .818 13.02 .
.2 - .3 226 17.49 1.847 25.41
.3 - .4 73 | 5.62 1.639 . 26.07
.4 - .5 22 | 1.70 ‘ 1.050 16.70
.5 - .6 7 | " .54 . .GlQ 9,70
6 - .7 2 .16 .288 4.58
.7 - .8 0 0 0 0
) Total 1292 " 100.0. | 6.285 100.0
Mean partiqle[size (wt. % distribution) = .36 pm

A

PSRN L . e - ' : : cee

e e .




. TABLE C2

r

S1ZE ANALYSIS OF 12 MINUTE FUME SAMPLE "B"

Class Actual Relati;e _ Weight

Size - Fregquency Fregquency Valume Percent

{(um) (%) (um?)

0 - .1 494 41.83 . 033 .45

1 - .2 406 34.38 . 717 9.9 -

.2 - .3 149 12.62 1.218 16;83 e !
.3 - .4 84 7.11 1.886 26.07 -:
.4 - .5 33 2.79 1.574 21.76

.5 -~ .6 9 .76 .789 10.91

.6 - .7 4 .34 .575 7.95

.7 - .8 2 .17 .442 6.10 - N |
Total 1181 100.0 7.234 100.0

, ,I\
Mean particle size (wt. % distribution) .40 pym .

f—— .
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) TABLE C3
SIZE ANALYSIS OF 12 MINUTE FUME SAMPLE "C"
Class Actual Relative Weight
Size Fregquency Frequency Valume Percent
{pm) (%) (um?)
y ‘ =
0 - .1 483 33.54 .032 .35
W1 - .2 509 315. 34 . 899 9.70
.2 - .3 . 263 18.26 2.151 23.22
'—l
.3 - .4 142 9.86 3.188 34,41 , 3
.4 - .5 27 1.89 1.288 13.90 ~_
.5 - .6 12 .83 1.053 11,38
-y ' 6 - .7 3 2k .431 4.65
.7 - .8 1 .07 .221 2.38
T e
Total 1440 . 100- 0 9.263 100.0 1
Mean particle size (wt. % distribution) .37 um

R e L Lt
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APPENDIX D

Size Analysis Data for Fume Samples

Table Description
Dl .One minute sample
D2 Five minute sample .
D3 Eight minute sample '
D Fifteen minute sample 1\\\
05 Twenty minute sample
D6 Reblow sample
D7 Pre-ignition sample

4]




TABLE D1

SIZE ANALYSIS OF ONE MINUTE FUME SAMPLE

= .38 um

Class Actual Relative Weight
Size Freguency Freguency Volume " Percent
(um) (%) (pm?)
0 - .1 ®s07 30.97 .033 .36
1- .2 678 41.42 1.198 13.62
2 - .3 314 19.18 2.568 / 29.19
.3 - .4 104 6.32 2.335 26.54
4 - .5 29 l.2§ .954 . 10.84
.5 - .86 8 .49 .697 7.92
6 - .7 4 .25 .570 6.48
.7 - .8 2 .13 .442 . 5.05
. i . o
TOTAL 1637 100.0 8.7?7 109.0
Mean particle size (wt. % distribution)

LLY

T L e e A




" TABLE D2

‘ SIZE ANALYSIS OF FIVE MINUTE FUME SAMPLE

8LT

Class Actual -,Relative. B . ST Weight
Size Frequency Frequency Volume - Percent
(um) - (%) (um?)
4 r
0 - .1 516 35.42 .034 .35
1~ .2 482 33.08 . .852 8.90
2 - .3 281 19.29 2.299 24,02
3 - .4 122 8.37 2,739 28.63
- .5 39 2.68 1.861 19.45
S - .6 13 .89 © 51,132 - 11.83
' .
.6 - .7 3 .20 .431 ‘4,51
.7 - .8 1 .07 .221 2.31
TOTAL 1457 100.0 9.569 100.0
Mean particle size (wt., % distribution) = .37 um - | o
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TABLE D3
SIZ% ANALYSIS OF EIGHT MINUTE FUME SAMPLE
- o
CLASS ACTUAL RELATIVE . WEIGHT
SIZE FREQUENCY FREQUENCY VOLUME PERCENT ) b
(pm} : s (%) (um*) - -
o 7 1 V— '
"1 o-.1 - . 454 35.66 .030 .37
PR L-.2 | ass ©38.10 0 .857 10.70
- r . . - . —
‘.2-.3 _ | 197 15.48 1.612 20.13
; 3 - .4 S TR © 6.99 1.998 24,95
R 4 - .5 31 2.44 1.479 18.47
| .5 - .6 10 .79 .871 : 10.88
a - L6 - .7 "5 ' .38 .719 " 8,98
I 7 4.8 4 2 S T | 442 . { ~ 5,52
1 .ToTAL" . 1273 | - 100.0 8.008: 100.0 _,
. — ’ ——
. ... Mean particle gize (wt. % distribution) = .39 um
5@ . | . - .
rat . oo ’ . -
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TABLE D4

SIZE ANALYSIS OF 15 MINUTE FUME SAMPLE

|

CLASS ACTUAL RELATIVE WEIGHT
SIZE . FREQUENCY FREQUENCY VOLUME PERCENT-
(um) (%) {(um?)

0 - .1 é@ié 4449 .038 .65
1 - .2 437 3346 772 13.21
.2 - .3 194 14,83 1.590 27.21
3 - .4 65 1.98 1.459 24.97
4 - .5 20 1.53 ".954 16.33
5 - .6 6 . 49° .526 9.07
6 - .7 2 .15 .284 4.86
.7 - .B 1 .07 .221 3.70
TOTAL 1306 100. 0 5.844 100.0

Mean particle size (wt. distribution) = .36 um

08T
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TABLE D5

SIZE ANALYSIS OF 20 MINUTE FUME SAMPLE

’

- ﬂ.&v -
CLASS ACTUAL RELATIVE WEIGHT
SIZE . FREQUENCY FREQUENCY VOLUME PERCENT
{um} .. , (%) (pum?®)

0 - .1 422 40.20 .028 .48
1 - .2 392 37.33 .693 11.90
2 - .3 125 11.90 1.023 17.54
3 - .4 72 6.85 1.616 27.77
4 - .5 23 2.49 1.097 18.85

.5 - .6 9 .86 .789 13.56

.6 - .7 4 .38 .575 9.90
7 - .8 0
TOTAL 1050 100.0 5.821 100.0
Mean particle size (wt. % distribution)

.38 um

181
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TAELE D6

SIZE ANALYSIS OF REBLOW FUME SAMPLE

IS

<81

ClASS ACTUAL RELATIVE WEIGHT.
SIZE FREQUENCY FREQUENCY VOLUME PERCENT"
(um) (%) (ym?})
0 - .05 84 6.67 0007 .02
.05 - .10 335 26.60 . 0740 2.59
.10 - .15 409 32.49 .4182° 14.62
| ﬂfﬁ .15 - .20 265 21.05 .7436 - 26.00
;) .20 - .25 99 7.86 .5904 20.65
T 25 - .30 40 3.18 .4355 15.23
30 - .35 18 1.45 .3235 11.32
35 - .40 .7 .55 . .1933 6.76
40 - .45 2 .15 . 0804 2.81
TOTAL 1259 100.0 2.859 100.0
Mean particle size (wt. % distribution) = .23 um



TABLE DY

SIZE ANALYSIS OF PRE-IGNITION FUME SAMPLE

;

CLASS ACTUAL ﬁELATIVE VOLUME WEIGHT
SIZE FREQUENCY FREQUENCY ({x10) PERCENT
(um) ‘ - (8) ~ (um?)

0 - .05 412 28.91 .034 S 23
.05 - .10 T 37.61 ! 1184 8.04
.10 - .15 268 18.80 2.741 | 1s.e1
.15 - .20 136 . 9.54 3.916 25.92
.20 - .25 42 2.94 2.505 ©17.02 -
.25 - .30 20 1.40 2.178 14,97

e 3 —t——"8 | .56 1.438 o 9.77
.35 - .40 3 _ .24 .828 "~ 5.63
" £ I
TOTAL 1425 100.0 ; 14.72 100.0

g
Mean particle size (wt. % distribution)

/

/

.21 ym

[}
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APPENDIX E
|

Size Analysis Data for Slopping and Not="""—
Slopping Fume. Samples (15 minutes)
Table Description
El ‘Slopping fume sample

E2 Not-slopping fume sample

b =

Tt e TR —C Y g e s e,



TABLE EL

SIZE ANALYSIS OF 15 MINUTE "SLOPPING" FUME SAMPLE :

Relative

Class Actual Weight
Size Frequency Frequency Volume Pexrcent
{ym) (%) (um*) x
0o - 3914 29,013 - 026 .25
I 554 40.82 .982 1 9.53
.2 - 212 15.62 1.737 16.67
.3 - 131 9.65 72.934 - 28.54
.4 - 42 3.1a 2.004 19.44
.5 - 15 1.0 1.307 - 12.68
.6 - 7 6 .41 .863 8.38
’7¢_ 2 .15 -442 4_28
TOTAL 1357 100.0 10.295 100.0

Mean particle size (wt.

% distribution)

.40 pm

58T




TABLE EZ2

STZE ANALYSIS OF 15 MINUTE "NOT SLOPPING" FUME SAMPLE

Class Actual Relative " Weight
Size Frequency Frequency Volume Percent
(um) - (%) , (umf) .

0 - .1 563 43.27 .. 037 \\@2
S 471 36.20 .832 13.94
.2 - .3 172 13.22 1.407 ' 23.58

3 - .4 64 4,92 1.437 24.08

4 - .5 19 1.46 L .906 ~15.19

- 7
.5 - .6 8 .62 . 697 11.68

6 -~ .7 3 .23 431 "7.23

7 - .8 1 .08 . 220 3.68
TOTAL 1301 100.0 5.967 100.0 -

t- ‘ . 4 .
Mean particle size (wt. % distribution) .37 ym






