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r- ABSTRACT 
,-

An industrial B.O.F., located at the #1 Melt 
:ac-/ 

Shop o~ Dominion Foundries and Steel Ltd., was used-" 

to develop and evaluate a method of measuring tl)~ 

rate of fume emissions during steelmaking. 

The fume rate was observed to decrease with 

in,creasing 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 p.rocess variables as: metal 

carbon content, slag volume, metal t~mperature and 

lance practice-. 

The mechanism of fume formation was assessed 

usiryq the size, shape and chemical analyses of the 

fume material. The major mechanism 'is that of the 

explosive o~idation of metal droplets in the oxygen 

impact zone. Evidence of vaporization was also 

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 steelmaking was developed in the early , 
1950's in Austria and now accounts for 55 percent of in

ternational steelmaKing capacity. The basic advantages 

of this' process are:, 

i) speed of ~efining 

ii) economy o'f labour 

iii) lower capital requirements ,(assuming 

availability of molten pig iron) 

An important problem associated with the B.O.F. process 

is the production of large quantities of fume. The amount 

-1 of fume emitted ranges from 10 to 30 kg. tonne of steel 

produced, and a large percentage of this material is in the 

highly visible submicron size. A typical B.O.F. shop can 

produce upwards of 100 tonnes of fume material per day. 

This represents both a metallic yield loss and a serious air 

pollution problem, while the equipment necessary for fume 

collection and handling represents a significant capital 

investment and operating cost ~o the plant. 

The usual appearance of oxygen steelmaking fume is the 

orange-brown ferric oxide (Fe203) which occurs in open hood 

gas collection systems where there is ample air entrainment 

into the waste gases to fully burn the CO present to C02. 

In the case of closed hood gas collection systems where a 

minimum of air entrainment takes place, black fume con~ng 
predominantly metallic iron and ferrous oxide (FeO) is prol 

, 

duced. ~ 
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Two mechanisms for the formation of fUme during 

B.O.F. steelmaking have been suggested. The first mech-

anism proposed is that fume is a result of the direct 

vaporization of iron which occurs in the high temperature 

reg;i<on ("hot spot") where the oxygen jet impinges on the , 
molten-iron surface. This iron vapor is then oxidized by 

the incoming oxygen jet. The second mechanism suggests 

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 

impo~tance of these two proposed mechanisms of fume Eor-

mation in an industrial B.O.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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2. LITERATURE SURVEY 

\ 

2.1 Industrial Fume Collection Systems 

The fume and dust formed during B.O.F. steelmaking is 

of considerable interest because it represents both a loss 

in metallic yield for the process and a serious source of 

air pollution. The quantity of iron lost as fume ranges 
, 1-4 

from 0.7 to 2.0% of the steel weight produced. A 

typical B.O.F. plant 

of fume material per 

will produce 

5 day 

from 100 to 200 tonnes 

Dust loading in the furnace off-gases ranges On aver

age from 40 to 80 g/Nm3 2,6-8 with periods of peak loading 

6 reaching 250 g/Nm3. Local air quality regulations require 

that plant emissions not exceed 0.01 g/Nm39 and similar 

limits exist throughout the industrialized world. For 

example, the limit in Japan is also 0.01 g/Nm3 7 . To meet 

these regulations, dust collecting efficiencies in the 

order of 99.9% are required. 

In general, B.O.F. g~s collection systems can be 

classified into two categories: 

i) open hood 

ii) closed hood 

With 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!f entrained can range from 100 to 400 percent of t~at 
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necessary for combustion of all of the CO present in the 

furnace off-gases. The temperature of the gases leaving 

. 10-12 
the furnace at approximately 1500·C is increased by 

this combustion process and has been calculated13 ,14 to 

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

quantity of excess air present. 

Table I shows a comparison of t~e 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.O.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-

bust ion of the CO. Principle advantages as seen in Table I 

are lower gas temperat'..lre and volume which means re-

duced capital and operating cost. Another significant 

benefit is that part of the CO emitted can be recovered 

and used as fuel. The most common method to reduce the 

amount of excess air entrained is the use of a movable 
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TABLE I 

COMPARISON OF MAIN PROCESS DATA FOR 
10, 30 AND 100% COMBUSTION [13] 

Combustljon 
Rate 100% 30% 

Total gas volume 

10% 

(Nm3/hl 223,000 123,000 94,000 

Theoretical gas 
temperature 2400·C 2200·C l600°C 
inlet hood 

Heat to be removed 
in hood 
(Million kcal/hl 

Fan horse power 
(high energy 
scrubberl 

World 

I,ll!. 
>'lon-

187 
.. 
• 70 35 

3500 kw 1900 kw 1400 

J .lp:l.n 

: "7. 3 "'0) 

Fig.1: Combu:ltion cantrol In the n. ('I F ...... a:lte gil:! tn:atlfl b 
~"""t('m l ...... hOlle :'.Jrnace C.1p.3.Clt.,. l' Q\'er loa T:, 
\exclud:ng, cornmU.1:~t countrte!l:' [7] 

kw 
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section of hood called a "skirt" that drops around the 

vessel mouth during the blow to form a restriction for 

the entering air. Since ·the CO is not completely com-

busted, special care must be taken to prevent explosions 

from occurring within the hood and gas cleaning. system. 

Figure 1 shows the percent usage of these two types of 

gas collecting systems. ( 

B.O.F. fume is very fine, in the order of 1 ~m and 

smaller. The only 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 and maintain and handling of 

the dry dust colleeted is diff,eult. The present ~rend 

is towards wet cleaning systems, where in the maiority of 

cases, venturi scrubbers are used. The action of these 

s~rubbers cause the fume particles to be suspended in 

water droplets which are easier to collect due to their 

larger mass. This water is thell sent to a thickener where 

the solids are recovered as sludge and the cleaned water 

is :-ecycled. 

Two t)Tical open hood gas collection and cleaning 

systems are shown in figure 2. A typ~cal closed hood 

system is shown in Figure J. 

The appearance of the lron in the fume materlal lS 

related to t.he type of gas ccllecting systems used. In 

open hood systems, the iron fract~on is approximately 85% 
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FeZ03, 15% FeO, less than 1% metallic iron and is,,orange

brown in colourZ,3,6. with closed hood systems, the fume 

is black in colour, and the iron fraction is approximately 
. 6 7 

10% metallic, 55% FeO and 35% Fez03 ' 

These gas collection and cleaning systems represent 

a significant cost factor for a steel plant. Cost data 

based on a closed hood systeml3 operating at 10% excess 

air 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 ton B.O.F.shop, 

the specific capital cost is approximately $13 million in 

the order of 10_15%15 of the shop cost. If equipment is 

installed to recover the CO in the off-gases, the capital 

cost is approximately 35% higher. Figure 5 shows the 

operating 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 

Sl to $2 per ton of steel produced. These costs represent 

those far the most energy efficien~ systems. Capital and 

operating costs for open hood s~stems with their hotter 

temperatures and larger gas volumes would be more. 

~able II shows a breakdown of the operating cost for 

the above-mentioned system. 

., 

, , 
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, OPERA.TINC; COST 

ISf T I J r---i---,--,---'--'----;---"t 

I I 

O'~O-_-Vl0~IO~-~lS~IO~---~'2~O~O--~2~5~O--~3~~~O-~~J~50 
'. 

T(TON STEEl)= 
. . FURNACE HEAT SIZ~ 

OPERATING COST CO~SYSTEM. . . 
FOR TWO F'CE BOP' SHO~ [13] 

TABLE II 

S~~RIZED OPERATING COST FOR CO-SYSTEM 2x200 T BOP [13] -

I 
CO-SYSTEM CO - SYSTEM WITH 

GAS RECOVERY 

COST r-ACTO;:;S US $/T 0/0 UD SIT 0/0 

UTILITIES 0,12 13 013 11 
,(.,:,., 

, 

Fo\:,:m 013 , 15 0,15 
I 

14 

PEnsa:~;~~L 013 15 013 11 , , 

[\.' A I~ 'T~~' r.;~""E 0 REr-A~R 0,07 8 0,10 9 ,i"", I," _ \,. ...... c.: 

CIWITAl 0,45 49 063 55 , 

TOTAL 090 , 100% 1 14 , 100 0/0 
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2.2 Classification of Fume by Size 

. 16-18 
It has been well documented that metal drop-. 

lets· ranging in size from 1 ~m to 1 mm exist in B.O.F. 

slags during and after refining. The predominant . .' 

.source of these droplets are considered to be the 

. 19 20 shearing of the metal bath by the oxygen Jet ' and 

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

. 21-23 
face as a coatlng on CO bubbles Many of these 

droplets are small enough to be carried out of the 

Eurnace by the force of the exhaust gases. Laciak24 

has done an extensive study into the nature and cause 

-of these ejections from Dominion Foun~ies and Steel, 

Limited' 5 basic oxygen furnaces. His results showed 

that these particles ranged in size from 10-300 urn, 

the majority being between 15 and 45 Urn in diameter. 

These particles are spheres of metallic iron having an 

oxide coating 5-15 ~m thick(3,24) . 

Fume particles on the other hand are much smaller, 

the majority of particles being less than 1 urn in· dia

meter independent of the oxyge~teelrnaking method as 

Seen in Figure 6. Tne structure of these particles 

depends on the amount of excess air that is drawn into , 

the exhaust gas collecti~g hood. As mentioned before, 

in open "hood systems, the fume is predominantly orange-

brown Fe203 and in closed hood systems, the fume is 

metall~c iron and FeD. 
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Fig. 6: Particle s1;:e of iron oxide fUl:les !.:l various 

processes. [14] 



I 
I 
r 

13 

, 
Ellis & Giover25 . noted. that. ~n' ~strial ~ract~ce 

. 
particles with s'izes greater than 5 Inn can be effectively 

removed from waste gases using. low cost cyclones, but the 

cost of removing smaller 'particles is relatively expensive •. 

For this reason they defined fUme as being all particles. 

less than 5 11m in diameter. 

The above definition will be used in this work. 

: 

\ 
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2.3 Mechanisms of FWlle ·Formation 

2. 3. 1 Direct Vaporization of Iron 

At steelmaking temperatures (1600·C), the vapor 

-4 
pressure of pure iron is ·approximate1y 10 atm, but 

it increases rapidly with increasing tempe~ature as 
.. 

shown in Figure 7. At 2400·C the vapor pressure of 
'" -1 

iron is approximately 10 atm and the vaporization 

temperature is 2860·C. 

When oxygen is blown onto the surface of an iron 

bath, it will be adsorbed almost instantly. R~act,ion 

products will appear as a result: of t:he-...momentarily 

high oxygen concentration, and if carbon is oxidized, 

a bubble of CO will form. It is likely·t:hat thetheats 

of reaction will produce high local temperatures making 

vaporization of iron possible. 

Kosrnider
26 

has calculated that during oxidation 

of iron with pure oxygen, local in terfacia-l tempera tures 

of 3050·C can be reached. 
. . 27 
Bogdandy calculated that if 

30-40% 02 enriched air was used, local temperatures could 

reach 2100 to 2600°C. This is in good agreement with 

measurements taken through the tuye~es of a Bessemer 
28 . . 

furnace by Naeser who recorded temperatures of 220Qoc 

using an optical pyrometer. 

Measurements of the I'hot spot" temperature at the 

metal surface in the oxygen impingement zone have also 

: 



Fig. 7: 
• 

lS 

2£()O 

Trmpu.:lIurt 'e 

r 

Vapor pressure of 1.1'00 ;md man!;:lnese as .1 (unccion 
of te~per;]ture. Tcmpcr<lt:url! t"3ilges of 
thl! It:\rtnge~c[\t zones .:Ire ~ho\,,;n, cOll~orning I.:ith 

Tabl, ill (14] 

• 
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been made using optical pyrometry or photometric tech-

niques. The accuracy of these type of measurements 

can be affected by the presence of any slag cover on 

the 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 29 - 32 or 600-1000·C· in excess of the bulk bath 

temperature (these results are summarized in Table III). 

It appears possible then that direct vaporization of 

iron could be the cause of fume formation during B.O.F. 

steelmaking. 

Using thermodynamic 33 data, the calculated vapor 

pressure of FeO 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. Th"Erse calculated pressures are not very 

accurate because~ the heat of formation of (FeD) 9 is not 

well established; values determined range from -47 to 

33 . 27 35 36 -65 kcal/mole . Other experlmental data ' , in-

dicates that the vapor pressures of FeD and Fe are 

36 
very' close in this temperature range. Wortenberg has 

observed that iron oxide vaporizes at approximately 

lBOOOC, a temperature that has already been show~ to 

exist in the B.O.F. This would suggest that the iron 

' . 
• 
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TABLE III 

Calculated and Measured "Hot Spot" Temperatures 

Temp. 
Author °C Comments Ref. 

Kosmider 3050 Calculated asswning 26 
oxidation of iron 
in pure 02 

Kosmider 2650 Calculation assllILling 26 
oxidation of iron in 
40% 02 enriched air 

Von Bogdandy 2100 Calculation for 30% 27 
02 enriched air 

Naeser kJ200 Optical pyrometer 28 

~ 
measurement through 

~L tuyere of Bessemer 
converter (02 en-

, riched airl 
/~ . 

Kawakami -f' 2400- Spectroscope 31 , .' measure-

/ 2500 ment, lab scale model 

Urbain / 2130 Optical pyrometer 29 
/ lab scale model , '-

I 

Koeho 2450 Optical pyrometeF, 30 
industrial B.O.F. 

----
I 

Beitelman 2400- Optical 9yrometer, 32 , 
2600 industrial B.O.'-

i 
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.oxide found in the fume could be a result of vapori-

zation of liquid iron oxide as well as the subsequent 

oxidation of vaporized liquid iron. 

. 25 
Ellis and Glover studied the vaporization of 

iron from Fe-4% C melts at low oxygen pressures (< .1 

atm). The collected fume particles were observed 

using electron microscopy. The ~rticles were octago

nally shaped and ranged in size ~m .05 to .15 wm in 

diameter. A typical electron-micro~'fl...,..i..s-Sho\o,·n in 
,~ 

Figure 8, where the octagonal shape is clearly evident. 

37 
A similar shape was also observedby Meldau who 

vaporizedre -

The shape 

.02% C melts in pure oxygen. 

of these particles is a result of the 

condensation·of iran oxide vapor from the gas phase. 

PUre crystals o~ Fe304 are octagonal in shape, whereas 

the crystal structure of Fe203 is rhombohedral. 

If fume particles are ?roduced entirely by the 

condensation of vapor, then a highly volatile element 

should become enriched In the fume. One such volatile 

element commonly found in steelmaking is manganese. 

Between 1400 and 21DO oC, the vapor pressure of manganese 

is 100 to 1000 times that of iron (See Flgure 71. 

27 
Bogdandy and Pantke collected fume that was pro-

duced by the vaporization of Fe-C-Mn melts, anc thelr 
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resu11s showed ·th~t the Mn/Fe ratio in 

the o~r of 150 times the MnlFe ratio 

the fume is on 

in the bulk 

(Figure". The results of Ellis 

Mn - 4~C) showed the Mn/Fe in the 

and Glover25 (Fe -

fume to be approxi-

mately 30 to 80 times the Mo/Fe in the .bath for vapor-

izing conditions. The results of their experiments 

are listed in Table IV. 

• 
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2. 3.2 O~idation of Metal Spray from CO Bubbles 

When studying the mechanism of the reduction of 

38 metallic oxides, Spandau and Kohlmeyer noted that 

during the reduction ,of iron oxides by carbon and the 

oxidation of Fe-C melts by air or ferric oxide, vola-

tilization of iron occurred. They reached the con-

elusion that the evolution of fume was brought about 

by the formation of an iron carbonyl which decomposed 

to iran and CO above the surface of the bath. This 

iron '"",,.:1S then oxidi:ed to fume .by the oxygen present 

in the ai r. 

A fair 3IDount is known about the properties of 

iron pentac.J.rbonyl (Fe(CO)s). 

formation f=om iron and CO 
-1 

-0. J kcal. kg ,and its 

melting and boiling po~nts are -21 ahd 105°C respec-

ti .... ely. This compound decomposes readily at moderatel)' 

elevated temperatures, ~nd it is unlikely that ~t can 

farm at steelmaking temperatures (160QoC). In fact 

when CC 1.5 bubbled through Fe-C melts, no fume is cb-

34 
served ; therefore, ~hlS explanation Eor the effect of 

carbon on fume evolution ca:l be dis:-egarded. 

34 
Tu=kdogan collected the fume evolved while blow-

ing oxygen or air at low flow rates on Fe-C melts. His 

results ind1cate a strc~g relation betwee~ the quantity 

0: fume evolved a~d carbon concentration in the rne~t; 



23 

the results are shown in Figure 10. The fume weight 

increased with increasing carbon in the melt and below 

2% .carbon in the melt, there was an appreciable re- " 
duction in the amount of fume evolved. These results 

39 'are in agr~ernent with those of Bates and Morris ,et 
» 

al-- obtained under similar eXP,\irnental cond~tions. 

Harris et a122 also noted t~t fuming was always 

accompanied by the formation 0: a m~tal spray above 

the surface of the bath. He concluded that since the 

soft jets used in the experiments did no't have enough 

force to disrupt the bath surface, the spray must have 

resulted from CO bubbles breaking through the surface 

of the :nelt. 40-45 Several other aethors have also 

suggested that fwne formation could be the rest:lt of 

the oxidation of iron droplets formed as a result of 

CO bubbles bucsti~cr thcough the melt. 

An understanding of how this spray ~s formed 

can J€ obtained from the observation 0: gas bubbles 

bursting :hrough liquid surfaces. The schematic 1n 

Figure lla shows what happeils whe!1 an ,air bubble 

52 
e~erges from water The bubble first :orms a hemi-

spherical dome which ultimately :,ursts to give very 

fine droplets. Thi9 release of pressure leaves a 

crater behind and the inflowing liquid produces a jet 

which rises at high velocity and may detach large drops 
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·frol!' its apex. similar results from experiments with 

mercury (Fi"gure·llb) and iron (Figure lIe) have also 

been recorded using high speed cine-film technique!? 

. 42-51· 
It is well documented that.at high carbon 

. . 
contents;decarburization of Fe-C melts is the result 

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

action is limi t.ed only. by the rate of oxygen trans

port in the gas phase. At lower carbon contents, de-

carburizat:ion becomes limited by the rate of transport 

of carbon and th~ reaction changes 'from surface to 

bulk gen~ratioR o~ ,90 '(a""CO bbil"). The critica!-car

bqn conten~ for transformation from surface to bulk 

reaction can range from 2 to .5% c. 

The v"alue of th~ critical carbon content_ ~s. re-

lated to the degree of bath agitation. If very little 

bath motion exists, as with a 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 agitation is enhanced, as with 

iron droplets levitated in an electric field, bath 

circulation becomes a major factor in C transport. 

In this case, the critical carbon content is closer 

to "%44 ., . 
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As mentioned, Morris ,et al 22 observed j:.,hat fuming 

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

fine metal spray that was caused by co bubbles bursting 

through the melt surface,. They also noted that the de-

crease ~in fume 'rate with decreasing carbon content was 

related to the mechanism of ,decarburization and its 

influence on the' size of the metal spray produced. 

,-' .•.. At high carb"f levels, they observed that decar-

• 
burization occurred mainly at the bath surface andiri 

the area of jet contact. The ,CO bubbles produced were 

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 ~m in diameter. Since the 

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

.oxidized to fume. 

At lower carbon level,s, the CO bubbles are generated 

within the bulk of the melt. Due to their longer resi-

~ence time in the bath, they grow to a larger size than 

tho~e generated in', the' high carbon melts. The resulting 

metal spray is also larger in size and Morris measured 

it td be in excess of 250 ~m. Due to the smaller sur-

face to weight ratio 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. 
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" 

AD understanding af ,tliemechanism by. which the»e' 
, ' ~ . - . . 

ejected draplets 'are axidized' to. fume can be; abtai.lied 
.' . . 

.,,-:-' 
fr,Qm ,studies af the decarburizatian af Ji:e-C droplets, 

either levitated, ar free ,falling in axidi~ing, acmas-
; , 40-44 
'phere" . , .. 

High speed, film.af the decarburizatian af free 
, 43 

falling Fe-C draplets in axygen, ,taken by Ro.ddis , 

are shown in F igu're 12, 
, .,., ' . 

Figure l2ashows adrap af 

high carban cantent (4,4%) irc:>n from which CO is being 

praduced an the surface and is burning to. C02 at the 

rear af the drap'jFigure 12b 

occurs at lower carbon levels 

shows the reaction which 

(1,'18% C in this case), 

The sample is boiling, CO is beil1"g generated within 
, , 

the droplet resulting in ejectiOn of smaller particles 

which oxidize to fume. Figure 12c.shows the transition 

from surface to internal CO formation. The carbon boil 

(bulk section) becomes more violent as th"e carbon con-

tent' decreases until eventually the droplet explodes 

into many fine particles as seen in Fi9ure 12d. At 

this point, fume formation is observed to be at its 

maximum. 

Fume farmation shauld be highest when the drap-

lets ejected from the bath are smallest since 'a small-

sized particle has a higher probability o.f decarburizing 

explosively because of its higher surface area to volume 

• 
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(a) (b) 

(d) 
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(d) ;·;xplo.si\·o rC~lctlon, O. ,1':', C 
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ratio~ This is in agreement with the previously dis-
. . 22 

cussed results of Morris et .al . 

It can be seen in Figure 11 and Figure 12 that 

the spray formed by bubbles bursting through liquid 

surfaces or from the explosion of metal droplets are 

spherical in shape. If fume is the result of the 

• oxidation of these particles, then it would be ex-

pected that the fume particles would also be spherical 
• 

in shape . 

. Fume particles recovered during the decarburi-

zation of Fe-C melts were observed microscopically by 

22 '25 
Morris et al and Ellis and Glover . In both cases, 

the particles were spherical in ,shap~ and ranged in 

size from .05 to 5 f-lIn in diameter. A "typical rnicro-

graph is shown in Figure 13. 

If fuming is primarily a consequence of ejections 

being thrown out of the bath, then the concentration of 

an alloying element in the fume should be equivalent to 

that in the bath even in the case of a highly vOlatile 

element like manganese. After decarburizing Fe-C-Mn 

25 
melts with oxygen, Ellis and Glover measured the 

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

Mn - fume = Fe 0.81 

" 

'In Fe bath 
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which is in good agreement with a coefficient close to 

one as expected for oxidation of ejected droplets. 

The implication is very strong that fuming is 

caused by the oxidation of fine spray that is ej ected 

into the oxygen stream by the bursting of CO bubbles 

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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oxidation of Metal. Spray from the ImpaC!t 
of the Oxygen Jet 

In a B.O.F. metal splash can also be produced by 

the mechanical force of the oxygen jet. From model 

studies53 ,54 using aqueous media and non-assimilating 

gases, three modes of jet impingement 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.O.F. operations where 02 velocities leaving 

the lance tip are Mach 2 and the lance to bath distance 

is 1 to 4 m, only modes b) and c) above are encountered; 

bath tend to form metal droplets. 

Li 55 studied the quantity anc s~ze of droplets 

produced when blowing air thro~gh a lance onto a water 

bath that was fluidized by bubbling air into it {rom 

the bottom. These conditions are similar to those which 

exist in a B.O.F. during refining. 

A piece of filter paper was exposed for a :ixed 

time period to the splashing water. The l,o,'ater was 

coloured with ink so that ~he splash pattern could be 

examined visually. With increasing lance flow rates, 

it was observed that both the quantity and size of 

splash increases. The splash patterns are shown in 
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Figure 15. It was also. ebserved that fer a fixed lance 

flew rate if a freth was present en the surface ef the 

bath (s,imulating slag ,cever in the B.O.F.). that the 

quantity ef dreplets was reduced (Figur,e' 16) . 
\ 

Li also. studied the influence ef bath m'\ticn cn 

dreplet generation by regulating the flew ef air 

thrcugh the bettem ef the bath. At a fixed lance 

flow rate. the quantity ef drcplets formed decrease", 

rapidly' with increasing bath flow rate as seen in the 

splash patterns in Figure 17. 

The nature of the jet impingement :one has also 

b rl; d 5G ,63 ' h b' een stu~e 1n hot models of t e B.O.F. y uS1ng 

transparent quartz windows. Cnder slag-free conditions, 

Okhotskii et a1
62 

observed that at low oxygen flow' rates, 

the jet forms an open crater (~ike that in ~igure 14 (a) 

and that droplets with a diameter of .5-1 mm break away 

\ f~om the ridge of the crater. At higher flow rates, 

isolated ·metal expUlsion develops at the crater edge. 

This expulslon is i~itially directed away from the 

lance but above some particular blast intensity. i:: ~s 

drawn into the zone of the oxygen stream. This entrappec 

metal is bro~en up into a flow of droplets with dimen-

sions of .5-1 mrn. The colour of these droplets ~s much 

brighter than the initial expUlsion indicating intensive 

interaction with oxygen, as shown in Fiaure 18. 
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Fiy. 15: Splash PatterllS At I~cre~sinc Jet Flow Rate [55] 

F is 17 

• . , 

) , ' 

". ~."'" .,.... ,.,. 
\ ...... ", 

. :r~ ;,. 
........ ",' 

, ,-
.' ," . 

0,.' .• 

, ". ,~. ,~ 

c· 
\ 

" 

, . 

• : . 
• 

• 
\, 

• • ~~"~~!p~:'--' ' -. I '., 

.,,, a -, • 
'. ,', .... 

• " . " . .... 
. . '; 

~ .. ~ 
. .. '. 

I • 
.' 'j ... . " 

" . 
.. . : ..... ' :. 

.... • I ; •.•. ': 'In' ',' . , 
''; ... ,~,,-. '. 
O·IWf\· .. ........ 

" 



37 

" 

54 
Molloy also observed that in the penetratin~ 

mode the efflux from the crater edge was entrained in 

the re~ion Of, the jet where it reacted with the'oxi

dizing gas. 

Peregudov et al
45 

studied the effect of lance 

height (at a fixed blowing rate) on the quantity of 

fume evolved when blowin~ pure oxygen through a single 

hole lance onto an Fe - 3.5% C melt.' The melt was con-

tained in a graphite crucible and maintained at l550°C. 

The amount of fume evolved as a function of lance 

position is shown in Figure 19. , Raising the lance pro-

duces ~ sharp increase in the fume evolution rate which 

then decreases with a further ~ncrease in lance height. 

The authors concluded that with a low lance position 

the 02 stream penetrates "the metal causin,g it to sputter 

coarse droplets (. 5 to 5 rnrn) \.,;hich do not completely Qxi-

dize before falling back into the bath. The proportion 

of fine droplets (, .5/mml 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 

:ormation. 

At very high lance heights, the jet will have a 

much smaller impact :orce and the quantity of droplets 
., 

, 
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Net.].l Eiections TIeing Oxidized in the .let ImpLlct 
Zone of a Small Scale BOF'. [90J 

I , 
Fic. 19: 

[ .; 5 J 



~\ 

39 

. . 

·wiii decrease .. This is basically the same coridition 

that"Li55''- as. previously mentioned; ob.served' wh~n at a 

fixed lance height: reducing the' flow· rate drast:ically 

reduced the number of droplets produced.' 

If 'surf,ace tension and shear. on' the .cavity. wall 

are neglected, the gas penetration depth into a liquid 

can be determined by the dynamic pressure' associat·ed· . 

with the centre line velocity of a free, turoulent, in-

compressible jet. The centre line velocity decays with 

distance from the nozzle 'due to viscous lfiixing. The 

centre line velocity at the undisturbed surface level 

of the liquid can be obtained from: 

(2.1) 

where K is an empirically determined constant. A value 

" .for K of 6~has been found to fit a number of different 

gas-liquid systems including that of oxygen and molten 

iron. 

• 
87 .Equation (2.1) has been developed by Cheslak to 

yield a: relationship between jet momentum and cavity 

depth as follows: 

M 

'I h' 
1 

II 

2K 

Where M ~ Q Vi Yg 

G 

a ! 1 + a 

l h r ( 2 • 2 ) 
h 

(2. 3) 
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• 
A 'plot of a/h. versus M/Ylh' (the dim~.nsi6nless jet 

, , ' 

momentum) for experimental' results and equa1;~on (2.2) 
\ 

is shown in Figure 20,. 

Using the lance height and oxygen flow scqedule for 

a, typical Dofasco heat .. 'the dimensionless' jet momentum 

was calculated a.nd the jet penetration determined using 

• Fig. 20. The data and results are listed in Table V • 

.. ' The jet pene.tration increases rapidly during the first 

three· minutes of the blow, after which it remains rela-

tively stable at about _ 97 m. This, would indicate, that' 

the maximuni amount of outwardly ,directed spray ,(splashing 

mode) would occur only during the first One 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 oxidation 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 decarburization af 

levitated droplets has been observed, to r~semble that 

formed by the bursting 41-44 ' of CO bubbles ; the particles 

are spherical in shape and range in size from 0.05 to 

2.0 ~m in diameter. 

-, 

, 
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TABLE V 

CALCULATED JET PENETRATION FOR DOFASCO BLOI'lING PRACTICE 

Blowing 02 Flow Lance Dimensionless Jet 
. I Rate Height Jet Momenturn* Penetration** 

M 

(min. ) (m' hr- 1 ) (m) 'il h I (ml 

a 18000 3. a .010 .38 

1 19000 2.7 .015 . 70 

2 20000 2.4 .023 , .84 

3 21000 2.1 .038 .91 

4 21000 loB . 061 .94 

5 21000 1.5 .105 .95 

6 21000 1.2 .205 .97 

7 to 
21000 1.2 

, 
end .205 .97 

* oxygen density = 1.43 kg m- 3 
metal density = 700.0 kg -3 m 
nozzle diameter = .05 m 

** From Fig. 20 
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2.3.4 Influence cif Bath Velocity 

Yakovley and Filippov64 have studied the evolution 

of' fUme 'as a ,'function of bath temperature from a lab 

scale simulation of ' an industrial B.O.F. Tests were 

performed at various levels of superheat ,iIi excess of 

the melts liquidus temperature and ,the bath carbon con-, 

tent was maintained 'relatively,con",tant to prevent the 

effect of carbon'level ,from masking the, temperature 

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

For a,fixed bath carbon content, the fume rate 

increases .with decreasing superheat (+ower bath tem~ 

perature) . It can also be seen that this relationship 

holds true regardless of the bath carbon content, 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 fhat causes the increase in fuming, 

but rather the influence that this decrease has an the 

bath viscosity and hence the bath velocity. 

As a result of t~e mechanical force of the jet and 

the action of rising CO, bubbles, the metal bath begins 

to move. 
65-68 

Several authors have noted that lower 

bath temperatures (higher bath viscosity) result in 

slower bath circulation. This velocity can be related 

to the fume rate through the previously mentioned results 

af Li 55 who observed an increase in the amount of jet 
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produced spray with decreasing bath velocity (Fig. 17). 

Thus, for any given carbon content, lower bath tem-

peratures will indirectly result in greater metal 

ejection and a higher fume rate . . 
Lower bath temperatures will also result in lower 

slag tempe~atures and, therefore, higher 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. 

t 

• 
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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 vaporization of iron 

ii) th'i' 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 also seen that the size and shape of the 
g 

fume particles are dependent on the process by which they 

Were formed. The fume particles that result from vapori-

zation are either hexagonal or octagonal in shape {de-

pending on their degree of oxidation) and exist over a 

limited size range of 0.05 to 0.2 ~m 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 ~rn in diameter. 

Since they are formed by mechanical forces, the ratio 

of volatile elements (Mn) to iron in the fume is approxi-

mately equal to 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.O.F. from observations of 

its size, shape an~ chemical analysis. 

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

. 1-3 69 70 Analysis of fume from B.O.F. operat~ons ' , show 

that the total iron content ranges from 50 to 60%. 

Another major constituent is CaO, which has its origin 

in flux additions, as very fine particles can be carried 

away by the exhaust gases as they leave the furnace. 

The CaO content varies from 5-15% and peaks during 

periods of flux additions. Table VI shows the evolution 

of fume chemistry during a B.O.F. heat as measured by 

.2
1 Kr,chevtsov , (note that the off-gases were complete y 

combusted). The dust content of the furnace exhaust 

gases ranges from 40-90 g/m 3 and the amounts of iron 

lost ranges from .8 to 2% of the total furnace charge 

. 1-4 welght 

The amount 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 Krichevtsov
2 

In this particular 

case, the iron losses increase at the 10-16 minute mark 

of the blow due to the addition of iron are. The in-

crease in fume is associated with the entrainment of 

fine ore particles in the off-gases. If ore was not 

added during this period of the blow, the fume evolution 

rate would follow the broken line shown in Figure 22. 
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A typical electron micrograph of fUme particles 

71 recovered from an industrial. B.O.F. by Bogdandy is 

shown in Figure 23. The particles are an agglomeration· 

of very small spheres. The size of industrial fume has 

been measured by several investigators3 ,l4,70-72 and 

ranges from .03 to 10 wm in diameter, the majority 

(70 to 90%) being less than 1 wm. Approximately 20% 

of the weight of iron in the fume is made up of par-

. 1 1 h 0 1 . d' 72 t1C es ess t an . wm ~n ~ameter . 
• 

From Krichevtsov's results in Table VI, the aver-

age ratio of MniFe in the fume is approximately 0.03. 

In a B.O.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 

to 0.3%24,73,74 depending on initial hot ~etal man-

ganese levels. Assuming ~he average bath manganese to 

be 0.2% and the average bath iron to be 98%, the Mn/Fe 

ratio in the bath becomes 0.002. This gives a MniFe 

ratio ~n 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 one expected 

for fume produced by this mechanism, indicating that direct 

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

The evolution of fume from in.dustrial B.O.F.s 

has also been related to the carbon content of the 

bathl ,2,64,75 as shown in Figure 24. The quantity 

of fume decreases with decreasing bath carbon content, 

and the fuming rate is approximately constant when 

the bath carbon is less than 2%. 

75-79 
Several authors have noted that the quantity 

of fume evolved during refining is influenced by the 

volume of slag present. The fume rat'e 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) 

. 79 80 
while slag height is measured using acoustic techn~ques r 

Okhotskii and Gorbic 75 studied the relationsh~p 

between fume rate, bath carbon and slag condition using 

a 130 ton 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 of silicon and rnan-

ganese with low decarburization rates 

« .l%/min.) and little slag cover. 
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II. The rapid .combustion of carbon· (.1-.3%' min. -1) 

in the presence of a layer of foaming slag. 

III. The rapid combust·ion of carbon with a co-

agulated slag. 

The results of Okhotskii and ~orbic are shown in , 
Figure 27. In those periods of the heat ·characterized 

by a slag cover (Period I & II), the fume rate is roughly 

co stant for the same carbon content. During the process 

of rapid decarburization, the·slag is deoxidized and the 

concentration of iron-oxides in 'the slag decreases. 

his lowers its melting pain't and the slag loses its, 

capacity to foam, thickens and decreases in volume 

(Period III). During Period III the fume rate exceeds 

·that of periods 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 quantity of 

fume produced by approximately 50%. The r~sults illus-

trate the effect that the slag layer can have on the 

rate of fume fonnation and how the slag can mask the 

relation between fume rate and bath carbon level. 

The authors also measured the effect of metal 

ejection On fume rate. In Figure 23, the ef.fect of slag 

height (Periods I and II) and height the metal splash 
• 

re hes above the level of the bath (Period III) on the 

fume formation are shown. As the slag height 
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,·1 -' 

il:l<;:reases, the quantity of ,fume decreases ; 'howeyer,' 

af,ter a, certain ,limit any, further increase in 'slag, ' 

"heigh!:' does n01: influence the ,fuming r,ate. 

',Taki,ng into a.ccount that the height of the metal 

splash_l.S gO)Terned by the intensity of splash formation, 

'the results in Figure 28 show the strong ,influence of 

the oxidation 6f metal spla,sh on ,the 'fuming r;ate. 

" 
From these results" the authors concluded that 

fume fo~tion is'governed mainly by the process of 

metal evapori~ation in the reaction zone when there is 

an adequately thick slag cover. In the absence of this 

slag cover, the formation of spray begins to play a~ 
important role in the process. 

This conclusion is ~n good agreement with the 

previously observed size', shape and chemical ana.lysis 

(Fe!Mn'ratio} of the fume material. 

\ 
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DESIGN AND EVALUATION OF FUME SAMPLING' DEVICE. 

3.1 ,The Gas Cleaning System 

An overall schematic of Dc;>fas,co's il:'melt 'shop off

gas coll~ction system is given in Figu.re 2,9.' T~e syst'lm 

. normally operates' under 4' fan!3 furnace' conditions ,and 

consists ,of the following units: 

i) 3 x 160 ton B.O.F.s. 

ii) 3 furnace hoods . leading to' corresponding 

spark boxe s. 

iii) 3 individual ducts with individual dampers 

which lead to 

iv) a common cross-duct which is extracted by 

v) 4 individua~ venturi-scrubber/fan systems. 

3 -1 In the spark box, approximately 10 m min of 

cooling water quench the off-gases to approximately 

·93"C (200"F); the action of these water sprays also 

removes the coarser particles of metal and slag fr~rn 

the gases. 

since 3 furnaces operate off a 4 fan common ex~ 

traction system, the off-gas capacity of each- furnace 

hood is dependent on the number of dampers open. The 

damper can be open, c~osed or modulating (op~ning and 

closing) depending on whether the furnace is operating 
• 

or not. It will be shown later that the position of .. 
~se dampers influence 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 em .of water) in the 

common header. If the third damper did'not modulate, the 

pressure in the header would be too ,high and venturi 

efficiency would ?ecrease. When two ,furnaces are blowing, 

their two damper~ are open and the third 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 

-1 
achieve a velocity of 100-150 rn sec as they pass 

through a thin water curtain in the rectangular throat 

of the venturi. The high gas velocity causes the water 

curtain to be shattered into small droplets that wet the 

dust particles. The clean gases are exhausted to the 
>-

atmosphere while the venturi discharge is sent to a 

thickener. 

.' 
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3.2 Sampling Location 'and Conditions 

To determine the quantity 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 collection 

system,between the furnace and common header' is shown in 

Figure 30.·The section of ductwork having the easiest 

access 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 duc,t. 

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-gases 

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 fHnction 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 configuration on gas velocity in the downduct 

is seen in Figure 31. These_measurements were made 

during the course of one heat at a distance of 0.3 m 

from the duct wall with the water sprays on. The flow 

velocity is not constant because the pressure in-the 

common header fluctuates; however, there is a noted 

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 cm ,of- water), and 

the fluctuations become larger. When two furnaces are 

blowing (no damper modl.llation), the average gas velocity 

in the downduct 
-1 

is 20 m sec. . When only one 'furnace 

is blowing (one damper modulating), the average gas 

-1 velocity -incrEases to 23.3 m sec. Most heats have 

d-
some period when a damper is modulating. 

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 50 measure~ents at each point 

in the duct). The average values at each po~nt are 

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

measurements were made was directly in line with one set 

of water sprays (the fume samples were taken along the 

same axis). These water sprays 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 

.-.--.~ 
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the ,duct is equal to that at the 1. 2 m mark (duct 
, 

centre) . 

Since the profile determined cannot be considered '~ 

normal, permission was received from the production 

department to turn off the sprays for seven heats. The 

flow 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 32. 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 operation, these water sprays 

are on and this is the condition under which the fume 

samples were collected. 
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3.3 Description of Sampling Device 

When a sample of a particle-laden gas is removed 

from a gas stream :without due regard for possible 'sam

pling errors, it will very likely be non-representative. 

Errors may occur because of the use of incorrect sarn-, 

pling location" sampling velocity, bends ~n the sampling 

line, settling of particles, heating or cooling of. the 

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 nozzle can be 

ignored. 

, 82-84 
Investlgato~s have found that, in general, 

isokinetic 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 . 

• Figure 33(a) depicts isokinetic 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 is greater or less than in the main stream. 

The finer particles due to their smaller inertia will 

tend to follow the gas flow lines. As a result, the 

~ 

r • 
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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 isokinetic sampling system is shown in 

Fig. 34. In this case, either a compressed air or a , 

steam ejector is used as a source of vacuum. A valve 

iS,used to regulate the pressure through the sampling 

nozzle so that the gas velocity is equal to that in the 

duct as measured by a Pitot tube. 

For true isokinetic sampling, flow conditions in 

the duct should be laminar; however, it is still felt 

that even under turbulent flow conditions, isokinetic 

82 -
sampling gives the best results . The average flow 

velocity in the downduct (from Fig. 32) is approxi

-1 
mately 25 m.sec. this corresponds to a Reynolds Number 

in the order of 10 6 which indicates turbulent flow. 

It has already been shown that the gas velocity 

in the downduct (Fig. 31) can be highly irregular when 

one of the furnace dampers is .modulating. As a result, 

it would be very difficult to maintain the same flow 

rate i~ the sampler nozzle as exists in the downduct 

considering sampling times are usually in the order 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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82 mand. . ,are 'shown in Table VII. With coarse particles' 

'(greater than lOllm), thee,ratio of observed concen:

tration to true concentration is inversely propor~ 

tional to the ratio of sampling speed to dust speed. 

With the very fine particles (approximately 1 11m 

in diameter) varying the ratio of sampling speed to 

dust speed from 0.'5 to 1. 5,' only changed the ratio of 

observed concentration to true concentration by ± 2%. 

Thus, when the dus~ particles being collected are in 
• 

the range of 1 ~m, errors caused by non-isokinetic 

sampling are not significant. As previously shown in 

~gure ,6, over 90% of the fume particles evolved during 

B.O.F. steelmaking are less than 1 11m in diameter. 

The results shown in Table VII.were obtained using 

-3 dust particles having tdensity of 1 g crn ; however, 

"l~ 1 d by L'ttle 83 ' 1 s~m~ ar resu ts were reporte ~ us~ng 9 ass 

-3 
beads with a density of 2.8 g cm The density of iron 

oxides is approximately 5 9 em 
-3 

h'hen gas-born 

gas velocities are 

dust particles flow in a duct, the 

generally large in comparisoJf:ith 

the free-fa~ling 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 frictional drag force for a particular 

particle size. Tnis calculation is shown in detail in 

Appendix A, the result based on the average gas flow 

• 
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TABLE VII 

. . ' . 

" 

, '. 

EFFECT OF INCORRECT SAMPLING, VELOCITY [83] 

Duct speed 30 ft./sec. '3D ft./sec. 

sampling speed 15 " 45 " 

Sampling speed, duct.speed 1/2 " 1.5 .. 

. Particle diameter 
(Density 1 gm./c.c.) 

Ratio: Observed concentration 
True concentration 

100 

10 

microns 
.. 

1 micron' (11) 

1. 99 

1. 54 

1.013 

0.67 

0.82 

0.996 
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-1 rate of '25 rn.sec. (Fig. 32) gives a maximum particle 
. 

di'ameter of 40 urn. Therefore, it is ~xpected that 

particles ranging in size from 40 um down wiil be 

found in the sampl collected from the downduct. 

fume sampling device used in 

this study is sho 

~ f,low':'through design. 

The sampler 'is of a 

en suspended in the downduct, , , 
the gas and' fume particles are drawn into it by the 

a~tion of'~he flowing gas stream •. The sampler has a 
f . 

~.5 em I.D. nozzle which directs. the incoming gases to 

two inline filter canisters. Each of these' canisters 

is 5 cm in diameter and 5 cm in length. They are each 
. ® ~ 

filled with 2 g of Longlife synthetic. filter material. 

The gas stream can also flow arOUnd the sides of the , 

filter canister which should ensure that suction exists 

at the nOZZle entrance even as the filter mater1al gets 

loaded with water and ... solid particles. The design is 

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

. into it. 

. 
It is possible from the design of this device 

that the gas flow, in the nozzle W~ll be~le~ than that 

of the surrounding gas stream. Although this would 

represent non-isokinetic ~amp~'~ng conditions, -it is 

• not exPected to cause any serious error due to the· 
" 

ver,y ·fine particlesizJ' of the fume, the n'iltjority being 

less than 1 urn in diameter. 

.. 
, 

'~. 
'. 

\ 

., 
:', 

• 
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Fig. 35: Diagram of Fume Sampling Device Used in This Investigation 

, . 

I 
, / 

, 

.... 
'0 



/ .. 71 

Photographs of the fron:j;.-. side and rear of the 

sampling device are shown in Figure 36. ,The canister 

,holder and the two filter canister's are shown removed 

from the outer shell in Figilre 37. The filter canisters 
V- ,-, 

are inserted in the canister holder and scre~'"'into 
, . 

the outer casing as seen in Fijure 38. This is a view 

of 'the exit end of the sample~'with the end cap 

The sampling device is mounted on the \~de 
removed. 

of the' 

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

access door "At! is slid out of the way and the door ItB" 

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

pler nozzle is facing into the gas stream. The sampler 

is moved to various positions across the duct by pushing 

the support rods lie" into the duct. 

.. 
,~ 

, 

• 
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• 

• 

• 

• 

Fig. 36:. F::-on::, 5:'<..10 .::nd FU;ne! 
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Fig. 37: Canister Holder And Filter Canisters 

• 

Fig. 38: Filter Canisters Installed In Sampling 
Device, Endcap Removed 

, , 

( 
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Fig. 39: Single Sampling Device 

(. 

, 
Fig. 40: Dual Sarnplillq Devices For 

Represe~tivity Tests 

~ig. 39,40: Device Mounted on Down Duct 
A) Access Door 
B) Sampler Door 
C) Support Rods 
D) Water Spray Inlets 
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3;4 Effectiveness of Filter Canisters 

Tests were conducted to determine if the filter 

canisters could collect all the material entering the 

sampler during a one ~inute sampling period. At first 

three filter canisters were used (three 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 Longlife ® filter material was 

placed in each~lter canister and installed in the 

sampling device. The device was inserted in the down-

duct and lowered to 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) ~~over:d. 

Samples were taken at the 1, 5, 10, 15 and 20 

minute mark of the blow. For each time period, clean 

filter material was used and a total o·f 5 heats were 

sampled. 

Tile filter material was dried overnight at 65'C 
,. 

and weighed to determine the ~ount of fume material 

co llected. 
• 

\ 

The results of these tests are listed in Table VIII. 

On 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 third canister. 

, 

----
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TABLE VIIt 

QUANTITY OF FUME COLLECTED IN 2ND AND. 3RD FILTER .CANISTERS 

~ . Blowing Weight % of Total Sample 

Time 
• Beat (min. ) in 2nd Canister in 3rd Canister 

- -- ~ . 

1 1 15.07 ·1.64 

5 12.26 .32 

10 23.1;>1 2.15 

15 30.32 . 3.B 

20 . 26.90 .51 

2 1 17.72 1.80 

5 21.79 .73 

10 9.09 2.37 
. , 

15 28.94 5.26 

20 35.11 2.25 

3 1 12.04 .22 

5 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 

~ 
15 37.00 2.00 

20 29.67 3.29 

... Mean 17 .12 . 2.45 
Std. Dev. 11.44 1. 43 
Level of 
Significance 50% 70% 
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Any natural Pfocess that is measurable .19-1 have 

a spread in the data that comes from variouslerrors in 

sum of m"an\ y -comdata gathering. If the error is the 

ponent errors which m~y or may not hecessarily be nor-
(,~ . , 

mal, then their sum will tend towards a normal Gauss 

distribution. A statistical test determining the 

degree to which the sample data represents the total 

population (level of significance) can be carri~d out 

using the Chi-Square method. 'This method is illustrated 

in Appendix B. Normally a minimum of 20 data points 

are necessary to determine the level of significance. 

For industriar data, a 50% level of significance is 

general,ly acceptable; low significance levels indicate 

the presence of some influential parameter that should 

be controlled (kept constant). This data analysis 

method is used extensively in this work s-ince it gives 
! 

a good indication ~ wheth;r a natural process is being 

accurately measured. 

This test was applied to the data in Table VIII 

and the level of significance was equal to or greater 

than 50%, indicating that this data was representative 

of the total population.- Since on average only 2.5% 

of the fume material is collected in the third canister. 

it was decided that only .tW? canisters could be used 

without undue error being introduced. In all further 

tests, only" two filter canisters were used. 
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3.S Sampler Reproducibility 

To check the reproducibility of the device, it ls 

necessary to measure the quantity of fume evolved under 

simi·lar conditions f~ several different heats. 

The quality of scrap in thl> furnace charge has a 

strong influence 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 lS·minutes of the blow, the period in which the 

majority of the scrap is dissolved. The eftect of scrap 

quality on fume evolution is presented in qatail in 

Section 4.5. 
~ 

r~,.,'" 
To check the reproducibility of the sarnplin~ device, 

fume samples were taken from the centre of the duct at 

the 20 minute mark of the blow for a period of One 

minute. Sets 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 2S minutes). The mean sample weight was deter-

mined for ea·ch 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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Set I - randomly mixed scrap 

Set II - scrap type A 

- Set III - scrap type B 

Set IV - scrap type C 

The results of these tests 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 also 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 toe average of the four mean values, 

then the reproducibility is the difference between the 

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 indicate that the reproducibility 

error of the device is, less than ± 10% which is an 

acceptable value . 

.. -
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TABLE IX 

FUME WEIGHT COLLECTED AT THE 20 MIN. MARK 

, 
Sample Weight at 20 Min. (g) 

No. 
, 

SET I SET II SET III' SET IV 

. . . 
1 .76 1. 04 .94 ' . .45 

2 .86 • 54 1. 30 .51 

3 1. 00 .87 . .56 .39 . 
4 .77 .46 L 0] .40 

5 .44 .98 1. 37 1. 09 

6 .58' .39 .69 .'87 

7 .76 .54 .70 .46 

8 .67 .29 .53 .90 

9 1. 34 .56 .46 1. 25 

10 . 68 .71 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 

16, 1. 43 .55 .87 .40 

17 " .70 .68 .72 .37 

18 1. 01 1. 21 .76 .28 -
19 

:~ 
.84 1. 05 .37 

20 .70 1. 26 
~ 

.43 

21 .88 .32 .46 

22 .71 ; 56 .85 . 1. 05 
" 23, .89 1.15 .67 , 

.99 

24 .78 .62 .55 .88 
• 25 .55 .78 .42 1. 01 

. 

Mean • 78 .71 .82 .76 
Std. Dev,. 

~ 
.29 .22 .31 .40 

Level of . . 
Significance 70% 60% 60% 70% 

, 
, 
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TABLE X 

REPRODUCIBILITY OF RESULTS 

Sample Mean. Sample -
Set W"ight (20 min. ) , (q) 

I . 78 . , .. 
I . . .71 II· 

-

III 
. •. 82 

IV' .76 

. 
. 

AVERAGE .768 

* Value - Average 
Average 

, 

x 100% 

. 

. 

. 

,. 

I 

% Difference 
From Average*. 

. " 

. + 1. 63 

- 7.49 

+ 6.84 

- 0.97 

• 
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3.6 sample Representivity 

'The velocity of the gases in the downduct is not 

constant across the width of the duct, as shown in 

Figure 32. If the dust particles ~re unifqr1l\ly dis

tributed throughout the gas (weight per unit volume) , 
• 

then for a fixed sampling time ~i;\rger s"".'ple'weights 

would be expected at the higher gas velocities. 

To determine the repres'entivify: of the sample 

weight collected, fume .samples were ,collected siIDIil

taneously from two llIositions across the duct. Tllis was 

a~complished by mounting one sampler on a movable 

bracket attached to th~support a~s of the other. 

A photograph of this arrangement is- shown in Figure 40. 

The two samplers can be positioned with an accuracy of 

± 5 em. 

One device w~s always positioned at the 1.2 m 

(duct centre) pos~ tion while th.,. other was located 
..; 

. at either the. 6,' .9, 1. 5 or 1. 8 m position. Samples. 

w~ taken for a, one minute p~ricid at .,the 1, 5, 10, 15 

and 20 minute mark of the blow and the average fume 

sample weight was calculated. 

for each of the ~ur pOSit;;.!ls 

chosen randomly. . 

.. 
The results of these t~sts 

; 

The mean samp~e weight for each 

TWenty heats were measured 

mentioned. The heats were , 

are listed in Table XI. 

set of.measurements 

was. determined an'd checked for level of significance. , .. . 
The level of ~j.g~if~.caru:e rang8<\., from, 50 to "70% ~d is 

... ' 

" 

-,', 

L 

of7., . 
I .~,~ .: ........ .. , 
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TABLE XI 
'; , 

FUME· SAMPLE WEIGHT AT VARIOUS POSITIONS 
; 

ACROSS THE DUCT 

, 
Average Fume Weight (g) Per Heat 

Heat SET A SET B SET C SET D Number 
0.6 m. 1.2 In 0.9 In 1.2 In' L2 In 1.5 In· 1.2In 1.9 In 

1 - ;92 2.94 I 1. 50 1. 21 2.27 2.34 1.72 1. 73· 

2 .92 2.21 1. 59 1. 56 2.35 2.21 1. 98 2.4S 

3 .82 2.29 1. 80 1. 76 2.66 2.35 1. 62 1. 98 

4 .' .8S 2.61 1. 62 1.71 2.42 1.·91 2.29 2.20 

5 1. 06 2.6~ 2.25' 1. 78 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 2.61 1. 55 ; 1. 90 2.95 3.03 1. 30 2.20 

11 .68 1. 80 1.11 1.44 2.94 2.56 2.06 2.35 

12 .79 1. 88 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. 2S 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 · 6.2 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 2.51 2.33 

24 .. 3. 36 3.44 
• , , 

25 i 2.50 2.31 , 
I 

V- I 

Mean .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 Sig. 60% 70% 50% 70', 50% 60% 50% . 70% 

A 
, . 

[Fume Wt.] . 381 
, 

.953 . 1. 068 1.103 
?ume Wt,_ 

[ .84] (1. 2 In) 
2.20 
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acceptable. The ratio between the sample weight at-the 

particular duct position to that at the duct centre was 

calculated (Table XI) for each "set of measurements. This 

ratio is plotted along with the previously_measured gas 

velocities in Figure 41. 

In Figure 41, both ordinates are drawn to the same 

s?ale, 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 position. The 

first is the influence of the water sprays, one of whicn 

is located aPl?roximately 0.15 m downstream,.of the saml?ling 

I?oint. The -water sp"ay is I?erpendicular to the gas flow, 

and this could- interfere with the gas_ flow through the 

sarnl?ling device when sampling close to that side of the 

duct. 

The second explanation is a similar influence 

caused by a large leakage of air around the access door. , 

This would form a gas channel I?erl?endicular 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 th~ duct. 

These results 'show that the device is sensitive to 

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

· ..... '. 

-. 

• 
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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

tivity test confirm that the device, when used in a 

statistical way (for a population of heats), gives 

results that are representative of the actual fume 

evolution rate. 

( 



.. 

• 

87 

4. METHOD AND RESU·LTS. 

4.1 Fume W':ight Versus Blowing i'ime 

To determine the quantity· 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 blow. 

The samples were taken from the centre of the duct 

for a period of one minute for 25 random heats. 

The results of these tests are shown in Table XII 

The mean sample weight was calculqted for each time 

period and, in all cases, the level of significance 

exceeded 50%. The fume evolution rate decreases rapidly 

-1 . -1 
from 4.86 g. min. to 1.25 g. m1n. during the first 

half of the blowing time (0-12 min.); after which it 

-1 
decreases gradually to .78 g. min. over the second 

half of the blow. 

The mean fume weight is plotted versus blowing 

time in Figure 42. 

Approximately 40% of the heats made have an oxygen 

reblow because of off-aim steel' analysis at first turn-

down. The reasons for reblows can be improper bath C, 
'. 

Mn, S, temperature or high slag viscosity. Reblow fume .,'i'", 

samples were collected from 20 heats; the reblow times 

ranged from 15 seconds to 1 minute. The fume weights 

. -1 
were converted to g. m1n. assuming a linear relation-

ship between fume evolution and time. These weights are 

listed in Table XIII. The mean reb10w fume weight is 

. 51g. 



No. 

• 
1 • 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

Mean 
Stan. Dev. 

Level of 
Significance 

88 .' 

TABLE XII· 

FUME WEIGHT VERSUS .BLOWING TIME 

Fume Weight (g) at Various Blowing· Times 

1 5 8 

4.09 2.17 1. 75 

4.56 3.10 ,1. 24 , 
4.38- 4.13 1. 34 

4.60 3.60 1. 24 

4.45 2.47 ·1.10 

2.17 2.07 .60 

5.82 2.94 .97 

4.17 2.71 1. 43 

2.04 ! 3.41 3.93 

4.86 2.95 1. 70 

6.20 2.67 1. 47 

4.79 3.31 3.30 

4.20 3.06 3.59 

6. B 7 4.47 3.17 

5.40 4.65 2.42 

4.74 2.58 1. 86 

6.78 3.85 . 84 

7.51 5.31 1. 42 

3.63 5.71 1. 33 

5.89 4. 53 1. 78 

3.69 4.18 1. 42 

5.12 4.39 1. 66 

4.04 5.42 1. 67 

8.28 3.95 2.70 

3.21 3.60 2.92 

4.86 3.65 1. 87 
1. 53 1.01 .89 

50% 70% 60% 

12 ' 

- 1.17 

.82 

.89 

.83 

.74 

.40 , 

.65 

.95 

2.64 

1.13 

.98 

2.20 

2. 39 

2.11 

. 94 

1. 24 

.56 

1. 50 

. 89 

1. 18 

.95 

1. 10 

1. 80 

1. 12 

1. 94 

1. 24 
.58 

50% 

15 

.59 

1. 06 

1.30 

.98 

.76 

. 48 

.79 

.75 

1. 24 

1. 09 

.76 

1. 3 B 

1. 86 

1. 49 

1. 02 

1. 36 

. 75 

1. 67 

.81 

.75 

.67 

.76 

1. 51 

.56 

.62 

1.00 
.38 

50% 

, , 
, 

. 
(Min.) , 

20 

\ . 
.76 ( 
.86 b 1.00 

.77 

.44 \ 

.58 

.76 

.67 

1.34 

· 68 

· 45 

.72 

1. 30 

1. 13· 

.27 

1. 43 

.70 

1. 01 

.66 

.31 

· 70 

.71 

.89 

.78 

.55 

· 78 
.29 

70% 
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" 
TABLE. XIII 

REBLOW FUME WEIGHT 

Reblow Fume Weight 

No. ~ 
-1 min. ) 

1 .76 
2 .40 

3 .65 

4 '. 
.34 \ 

5 .73 

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 
Stan. Dev. .13 

Level of 
Significance 70% 

\ 
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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 metalll.c iron, ferrous' and ferric iron, CaO, 

MgO 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 plotted in Figure 43. Other elements 
"'. 

which are present in the fume (overall average values) 

are: AIZ03 (.2%) I SiOZ (1.2%), s L2%), Zn (2.4%) 

Pb (.3%) and C02 (8.2%). An~"v~e~~~ 

of 8.2% for an average CaO and MgO . 23 and 3. II % 

respectively (see Table XIV) indicates that approx'i-

mately' 80% of the flux particles in the fume reacted 

with C02 in the off-gases to form'CaC03 and MgC03. 

The average iron loss in the fume as a function 
• 

of blowing time is calculated in Table XV using the 

average fume weights (Table XII) and the average tot~l 

iron analysis (Table XIV). These results are also 

'plotted ~n Figure 44. 

It was mentioned in Section 2.3.1 that the vapour 

pressure of Mn is 100 to 1000 times that of pure Fe at , ' 

steelmaking temperatures and that the ratio of Mn/Fe in 

fume to that in the bath is an indication of the rnechaRisrn 

• OF. 

• 
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of fume formation. Large ratios (ap~rox. 100) in

dicate a mechanism. of direct vapourization, while 

small ratios (approx. 1)' indicate o~idatio~ of metal 

spray. 

The Mn content of the fume was calculated by 

connecting 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 
\ 

cases, the significance exceeded the acceptable limit 

of 50% and ranged from 50 to 80%. 

The Mn/Fe ratios are calculated as a function of 

blowing time for both the fume and metal bath and are 

listed in Table XVII. The Mn and Fe contents of the 

metal bath were taken from a previous Dofasco study 

by Laciak
24

. The ratio of Mn/Fe in the fume to that 

in the bath ranges from 2.19 to 17.20. The Mn/Fe 

ratios are clotted versus blowing time in Figure 45. . .. 
In Table XVII, results are also listed for the' 

reb low fume. The Mn an'd total Fe content of the 

reblow fume is from the analysis of the combined 20 

reblow fume samples. 

" 

·-._-"'. 



Time 
Fe

met 
(min.) 

1 0.46 

5 0.41 

8 0.38 

12 0.39 

15 O. 36 

20 0.39 

Ove~all 

Average 0.40 

--L_ 

I 

TABLE XIV 

FUME AHALYSIS AT VARIOBS BLOWING TIMES 

(Average of 20 Samples per Time Period) 

Analysis Weight % 

FeO Fe203 Fe
Tot 

CaO 

15.61 50.90 48.19 7.).4 

6.69 40.53 33.96 21. 50 

'6 52.67 43.41 8.04_ 

35 68.20 56.92 4.82 

11. 85 71.50 59.59 3.37 

15.43 66.45 58_88 4.55 

11. 48 58.40 50.16 8.23 

----- -~ 

• 

MgO MnO 

5.08 1. 00 

6.17 0.65 

4.37 0.63 

1. 42 1. 00 . 
.68 1. 2.5 

.95 2.10 

3.11 1.11 

--- - -

Fe203 

FeO 

3.26 

6.06 

6.62 

6.01 \ 

6.03 

4.31 

5.38 

-- --

/ 

'" w 

I 
! 
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TABLE XV 

TOTAL IRON IN FUME VERSUS BLOWING TIME 

( Total·· Time Fume Weight* , Fe 
(min. f 

1 

5 

8 

12 

15 

20 

From Table XI 
From Table XIII 

0 

(g) 
, 

4.86 48.19 

3.65 33.96 

1. 87 43.41 

1.24 56.92 

1. 00 59.59~ 

.78 58.88 

• 

') 
I 

o~ 
o~ 

2 4 6 8 10 12 14 

Blowing Time (min.) 

0 

16 

Iron Weight 
(g) 

2.34 

1. 24 

.Bl 

.71 

.58 

.43 

, 

0 

18 20 22 

Fig. 44: Total Iron in Fume Versus Blow·ing Time 
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j TABLE XVI 

LEVEL OF. SIGNIFICANCE OF IRON AND MANGANESE ANALYSIS 

Total Fe (% ) - MIl (% ) 

Level of 
Mean Stan. Dev" Sig,n!"ficance 

. 
Mean Stan. Dev. 

48.19 8.10 70% .76 .25 

33.96 4.45 50% .51 .21 

43.41 6.95 60% .49 ''-:20 
. 

. 

56.92 3.22 80% .76 .37 

59.59 1. 85 50% .. 97 .29 

58.B8 2.36 60% 1. 63 .57 

- - ----

..( ... 

Level of 
~ ignificance 

50% 

60% 

' , 70% 

60% 

60% 

80% 

-

~'. 

'" '" 

I 
I 

~ , 
I 

• 
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TABLE XVII 

Mn TO Fe RATIO IN BATH AND FUME 

(Average of 20 Samples per Time Period) 

BATH' FUME 

Mn 
Time % Fe % Mn Fe x 10- 2 % Fe % Mn . 

, 1 94.0 .68 

5 96.7 .15 

8 97.0 .11 

12 98.0 .13 

15 98.4 .17 

,,20 99.4 .16 

Reblow 99.6 . 14 . 

* from Reference 24. 

.723 

. 155 

.113 . 

.132 

.173 

.1&1 

.141 

, 

48.19 

33.96 

43.41 

56.,92 

59.59 

.:t 'S8.8S 

45.60 

. : '\. 

" !- '-. 
\ , , 

.76 

.51 

.49 

.76 

.97 
" 

1. 63 

.98 

') 

• 

Mn 
Fe 

,Mn x 10-2 Mn 
Fe Fe 

, 
f---

1. 58 
~, 

1. 50, 

• 
' 1. 13. 

1. 33 

1. 63 ' 

2.77 • 
2.14 . 

Fume 

Bath 

2.19 

9.68 

10.00 

10.0B 

,9.,42 

17.,20 

15.17 

'C' 

'" 

. 

"IT " 

• 

'" ..., 

" 

, 

I 
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Fig. 45: Mn/Fe Ratio Vs. Blowing Time 
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4.3 Total Iron in Fume Versus Bath Carbon-

The decrease in bath carbon 

blowing time has been determined 

as a functio\ of 

for Dofasco oxygen 

furnaces' and is discussed elsewhere24 • The average 

total iron in the fume (from Table XV)~ and the 'aver-

age bath ~arbon content are listed as a function of 

blowing time in Table XVIII. This data is plotted in 

Fig. 46. 

._--_._----
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TA.BLE XVIII 

TOTAL IRON IN FUME VS. BATH CARBON 

Time 

1 

5 

8 

12 

15 

20 
. .. 

• From Table XIV 

3 

@ 2 

'" 
" .... 

" o ... 
>-< 1 
.-< 

'" 

Iron in Pume* 
(g) 

2.34 
1. 24 

.Bl 

.71 

.58 

.43 

. 

->J 
o 

E-< 

____ 0 

o 

1 2 3 

Bath Carbon % 

Bath Carbon 
% [24] 

3.90 

3.30 

2.10 

1.90 

1.50 

.60 

o 

o 

4 

Fig. 46: Total Iron in Fume Vs. Bath Carbon 
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.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 the hot metal, 

scrap and fluxes charged to the furnace, as well as 

··<,··the silica analysis of the, slag. 

The slag weight as a function of blowing time 

has been calCulated[851 for an average Dofasco heat 

and is listed along with the total iron in the fume 

·in Table XIX. This data is plotted in Fig. 47. 

.... --_. 
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TABLE XIX 

TOTAL IRON IN FUME AND SLAG WEIGHT 
AS A FUNCTION OF BLOWING TIME 

, 

Total Iron in Fume * Slag 
(g) (kg) 

2.34 

1. 24 

.81 

.71 

.58 

• 43 

Weight 
[85 J 

4100 

9500 

10600 

10700 

11300 

13800 

18300 

• From Table XIV 

/ 
x 

\ / 
0 _x......----

x x-r 

0 

x 

0 
0 

2 4 6 8 10 12 14 16 18 20 

Blowing Time (min. ) 

Fig. 47: Total Iron in Fume and Slag Neight 
as a Function of Blow~ng Time 

,', 

15 

<"'1 
I 
0 .., 

10 x 

'" '" 
"" .c 
'" 5 ,-< 
OJ 
30 

'" '" .., 
'" 

22 



103 

4.5 Effect of Scrap Quality 

To determine the effect of scrap quality on the 

quantity of· fume evolved, heats with specially pr -

pared scrap charges were sampled. The iron oxide 

content (in the form of rust) of the three scrap 

charges ~ were: 

A Approx. 1% 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 s~ for 

each of the three scrap classifications. \ 

The mean fume weights as a functior of blowi 9 

time are listed for the three scrap types in Tab xx. 

The level of significance of these results was chec ed 
? 

~ing the Chi-Square method and in all cases equslled 

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 meta~ fluidity can 

influence the quantity of fume produced. To reduce 

and melt iron oxide in the B.O.F. requires approxi-

mately four times the heat to melt pure iron; ~ere-

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 temperature, ,direct 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" type scrap (hi"gher fume 

weights) is consistently less than that for the "A" 

type scrap. The iron oxide content of the liB" scrap 

is approximately three times that of the nAil scrap. 

) 

• 



Time 
(min. ) Mean 

1----- 3.70 

5 3.10 

8 1. 31 

12 . B2 

15 .75 

20 .71 

Average J.._-13 

Avg. - Avg. 

v 
'rABLE xx 

FUME WEIGHT VS. BLOWING TIME FOR DIFFERENT SCRAP TYPES 

(20-25 Samples Per Time Period) 

Fume Weight (g) 

TYPE A SCRAP TYPE B SCRAP 

Level of Level of 
St. Oev. Siqnificance Mean St. Dev. Significance Mean . 

1. 06 70% 4. 86 1. 53 -- 50% 6.23 

1. 07 60% 3.51 1. 01 80% 3.92 

. 56 70% 1.71 1.11 70% 2.07 

.32 70% 1. l4 · 46 70% 1. 38 

.29 60% 1 _ 00 · 3 B 70% .99 

.22 60% .B2 · 3l 60% .76 

2.19 2.56 

Type TlA" 

Avg. Type "All 
x 100% 26% 48% 

---

TYPE C SCRAP 

Level of 
St. Dev. Significance 

2.33 50% 

1. 20 80% 
. 

1. 34 70% 

.56 80% 

.31 70% 

.37 60% 

, 
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Fig_ 48: Effect of Scrap Quality on Fume Weight 
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4.6 Microscopic Examination of Fume 

The fume collected from 20 random heats was com-

bined according to blowing time to give six bulk 

samples (1,5,8,12,15 and 20 minute mark). The 20 

reblow samples were also combined to give one bulk 

sample. Frolll 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 th~ ~ 
S.E.M" the fume samples were coated with aluminum by 

vapour depQsition. S.E.M. photographs ·of the fume 

material are shown in Figure 50, the magnification 

range from 100 to 5000X. These particular photo-

graphs are of the 12 minute fume materi 1. but they 

are typical of all of the' fume malj:A..,.,,-,!1. collected 

irrespective of blowing time . . 

"'" 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 ~m to 1 mm in diameter and are clas-

sified (from the definition of fume in Section 2.2) 

as metallic ejections. At higher magnifications 



• 

;' 

109 

(a) lOOX 

(b) lOOOX 

(c) 5000X 

Fig. 50: Scanning Electron Microscope 
Photographs Of 12 Minute Fume 

~ 

I 
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(Figure SOb and c), the angu<r particles can be 

observed to consist of agglomerat~ons of many smail 

spherical particles, the majority of ,which are less 

than 1 '~m in diameter; these are the iron oxide fume ., 
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 placed, 

using an, eye dropper, on 200 mesh copper grids that 

had been covered with a parlodian film. 

T.E.M. photographs of the fume material ,are 
\ 

shown in Figures 51 and 55; the magnificatio~s range 

from 1000 to 80000 times. These photographs are 

also of the 12 minute ma,terial, but they are indica-

tive of the fume for all of the time per~ods 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 ~m in dia-

meter. 
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At higher magnifications, Figure 53 through 55 

(20000, 40000 ,and BOOOOX), it can be seen that both 

spherical and multi-faceted.fume particles are 
• 

present. The presence of both of these shapes were 

observed in the fume material from every time period 

sampled. The particular photographs 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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JFig . 

• 

51: ·i . , 
>f, 

" 
. , 

1000X ., , • , 

~ 
, 

" 
~ ~ 

, . 
• Fig, 52: • 

10000X 

.' 
• 1jJ. -. ... I I 

Fig. 53: 

20000X 

-
Fig. 51,52,53: Transmission Electron Microscope 

Photographs of 12 Minute Fume 
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• 
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I 
0.5 J.l. 

Fig. 54: T.E.M. Photog ph Of 12 Minute 
Fume, 40000X l 

, 

I, 

• 

0.2 f.1. . 
I • -

Fig. 55: T.E,M. P~otograph Of 12 Minute 
Fume, BOOOOX 

'. 
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4.7 Size Distributions of Fume Material 

4.7.1 Me~od 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 taken 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 

instrwnent. 

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 lood to 1500, ~ar-

ticles were counted for each sample. The final number 

of particles in each size range was then used to deter-

mine the frequency distribution. The weight distri-

bution was then calculated from the frequency dis-

tribution assuming spherical particles of constant 

density. --A histogram of one 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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Fig. 56: Typical F,requency and l-leight 
Distributions (20 Minute Sample) 
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The percentage standard error of the mean size 
• 

in a,' frequency distribution is 100/Vn where n is the 

total number of particles counted86 In the case of 

1000 counts, ~he error 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 weight 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 ~m. The reproducibility of the 

size analysis is 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 

shown in Appendix C. 

• 
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TABLE XXI 

REPRODUCIBILITY OF SIZE ANALYSIS 

(12 Minute Fume Sample) 

Mean Particle 
Si::e % Difference 

Sample 

A 

E 

C 

Average 

* Value-Averaoe 
Average ,,: 

( ~m) 

.36 

· J 7 

· 40 

· 377 

x 100% 

From Average· 

- 4. 51 

J - 1. 86 

+ 6. 10 

.. - .• ~'" 

• 
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4.7.2 Size Analysis Results 

Size distributions were determined for the fume 

material from each time period sampled (1, 5, S, 12, 

15, 20 minutes and reblow). A sample of "p~e-ignition'l 

fume was also sized. 

The "pre-ignition U sample ~as taken from one par-
, 

ticular heat where ignition did' not take place until 

after the two minute mark of the ~low. Ignition 

usually occurs within the first 15 seconds of the 

blow." Since this one minute sample represented a unique 

part of the refining process, it was si=ed separately 

from the other one minute soJ.lllples. The' weight of this 

sample, at .7 g, was well below the average of 4.8 for 

the ,other one minute sarn?les (Table XII). 

The individual frequency and weight percent data 

and distribut~ons for the above-mentioned samples are 

l~sted in Append~x 0 (the 12 mlnute sample data are in 

Appendix C). 

The weight percent distributions for the fum'\, 

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 i~ mean particle size is within the re-

producibility of the sizing method. The smallest par-

ticles observed in any of these samples were approxi-

• 

• 
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mately .03 ~m, while the largest was about 1 ~m. 

--, 
The majority, 99:5% of the particles, were less than 

.. 8 ~m in diameter. The mean diameter (based on the 
, 

weight percent distribution) ranges from .36 to .39 

~m. 

The size distributions of the "pre-ignition fl 

and reblow fume samples are similar to each other 

but different from the decarburization period fume. 

For these two. samples, 99.5% of the particles were 

less than .5 ~m in diameter and the smallest were 

again about .0] wm in si=e. The mean particle size 

was approximately .2 urn. The contrast between the 

size distributions of these two samples and a typical 

decarburization period sample is shown in Figure 59. 

The results of the fume size analysis are sum-

marized in Table XXII. The weight percent less than 

.2 wrn is included as thl.s is the '..lpper !'.l.ffiit for the 
0, 

Sl.ze of vapourization fume .... ~. 
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/ ! 
TABLE XXII 

SUMMARY OF S-~~ DISTRIBUTION 

'Mean - 95 Weight % 
Particle Weight % Less Than 

Time Size Less Than (Approx" ) 
(11m) " 2 11m "(urn) 

Pre-Ignition .21 52.80 .35 

1 .38 13.98 .70 

5 '. · 37 9.25 .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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Relation Between Fume and Metallic Bjections 

FUme and Slopping 

Slopping is best described as a sudden and un

controllable ejection of metal and slag from the fur-

nace. It indicates that the decarburization process 

is not imiform as large quantities of CO gas are 

generated intermittently. All of the possible ex-

planations' for the occurrence of slopping will not be 

discussed h~e except to say that 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 

3 -1 compared to its designed 'value of .B m.t . 

It has already been demonstrated that the type 

of scrap used has an influence on the quantity of fume 

evolved; therefore, to study the effect of slopping on 

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

During the study of the" "eu scrap type heats, it was 

visually observed that .slOPPing occurJd 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 ll categories. The fume weights for these 

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

evolution at the 15 minute mark of these heats was 

approximately 44% n~gher when the furnac~ was slopping. 

• 
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TABLE XXIII 

FUME WEIGHT'AT h5 MINUTES 

("C" Type Scrapl. 

. 
Fume Weight (g) 
At 15 Minutes 

No. Not Sloppinq 

1 .66 

2' 

~ 
.76 

3 .80 
• 

4 .76 

5 .98 

6 1. 09 

7 1.15 

B .56 

9 .56 

10 .90 

11 .61 

12 . 88 

13 

Average .80 

AV9: . [SloE-Not 51012) 
" 100% Avg. Not Slop.. 

Sloppinq 

1.19 

.93 

1.33 

1.36 . I 

1. 58 

1. 61 

1.19 

.88 

.61 

1. 02 

.93 
• 

1. 09 

1. 28 

1.15 

43.8% 
. 
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The individual fume samples were then combined 
. i~ 

according to cattgorY'to give two bulk samples for 

size analysis. Sample preparation and particle 

size counting were identical to that described in 
/ 

Section 4.6. The individual frequency and weight 

percent distributions 

listed in Appendix E: 

for thesl' t'(o 
~. \ 

samples are 

The two weight percent distributions are com-

pared in Figure 60. The distributions are s\milar 

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. quantity of iron lost 

from the B.O.F. in the form of metallic eje~tions and 

slop has been developed at Dofasco. The d~vice and 

measuring technique are discussed in detail elsewnere
24

• 

The basic procedure is to suspend a tube sampler (square 

in cross-section) 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. 

,During the study of the II Btl scrap type heats I 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 ave~age 

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 61. The correlation coefficient (r) 

and the T2 values are statistically significant. 

The fume weight increases with increasing metallic 

ejections. 
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14 
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16 
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18 

19 

20 

21 

22 

23 

24 
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Level of 
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TABLE XXIV 

AVERAGE FUME WEIGHT AND 
IRON IN METALLIC EJECTIONS 

Average 
Fume Weight 

(q) 

, 

1. 76. 

2.12 

2.18 

2.59 

1. 45 

2.04 

1. 74 

2.06 

2.26 

2.98 

2.57 

2.83 

3.20 

2.94 

2.38 

1. 66 

2.53 

3.31 

2.89 

1. 24 

1. 49 

L 80 

1. 81 

1. 08 

1. 95 

2.19 
.74 

60% 

. , 

Iron in 
Ejections 

(kq) 

522 

694 

3188 

1436 

308 

1861 ., 
173 

544 

3765 

4081 

4843 

1735 

4371 

3481 

4692 

2056 

1355 

4255 

2912 

1924 

1012 

2544 

1340 

530 

2533 

2246.2 
1494.4 

70% 

• 

• 
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5. 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 

on proportional values. No attempt was made to scale 

up the measured fume weight (g. min.- l ) to the actual 
.-

fume losses (kg min.- l ). However, it is possible to 

determine an overall fume loss on the basis of the 

material which is processed through the Cleaning' system 

thickeners. 

This material, known as B.O.F. sludge, is the com-

bination of both ·the spark box and venturi discharges_ 

It amounts to approximately 2aOO-kg per heat or 117 kg 

min.- l of blowing time. At approximately 50% total 

• 

iron, this represents a yield loss 'of 1%. This value 

is within the range of .7 to 2% reported for other B.O.F. 

. 11' 1-4 lnsta atlons . 

The major chemical components of the fume material 

are Fe203 (58.4%), FeO (11.48%), CaO (8.23%) and MgO 

13.11%). The total iron content is approx~mately 50% 

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 particles being present 

in the sample. fUme is classified as particles less than 

5 ~m in diameter, while 

were sometimes found in 

particles ran~ing up to 

the samples collected. 

.1 rom 

These 

larger particles are metallic ejections. They have been 

observed to have a metallic iron core that is covered 

. h' . d 1 flO 2 a . h' ,. 24 w~t an 1ron ox~ e ayer rom to ~rn ~n t ~c~ness . 

The total Fe, CaO and MgO contents vary with the 

blowing time, the flux components being the highest 

(and total Fe lowest) during the period of flux additions 

to the f,urnace (See Figure 43). The fluxes are added 

continuouslJ" from the 30 second mark to the 8 minute mark 

of the blow. The high concentration of ~gO and CaO in 

the fume material is the result of fine fl~~ particles 

b~ing entrained in the fUrnace off-gases. 

After the fluxe~ are added and start to dissolve in 

the slag (after the 10 minute mark). the chemical analysis 

af the fume is relatively constant at 55 to 60% total 

iron and 4 to 6% CaO ~ MgO. 

The ratio of Fe203/FeO in the fume ranged from 3.3 

to 6.6 (See Table XIV). This indicates that these par-

ticles have been highly oxidized. In comparison. the 

. ----_., 
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~e20~/Feo ratio in the slag only ranges from .2 to .7 

during the course df 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 at the beginning of the blow, 
\ 

relatively constant during the 5 to 15 minute mark, 
, 

and highest at the 20 minute mark (See Figure 45). Ther' 

results will be discussed later significance of these 

in Section 5.3. 

The chemical analysis results are similar to those 

of Krichevtsov3 (See Table VI) who studied another in-

dustrial B.O.F. with an open hood gas collection system. 

In the case of Krichevtsov, the flux was added in five 

batches rather than co~t~nuOUSlY t and :~ere are pea'ks 

in the CaO analySis during each addition. The overall 

ratio of E"e203/FeO ",'as about 8 and the ratio of Mn/Fe 

in the fume to that in the metal was approximately 15. 
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5.2 Fume and Metallic Ejections 

The fume rate (g Fe min-I) deereases .~apidly 

durinq the first eight minutes (1/3) of·the blowing 

time, after which the decrease is more gradual as 

seen in Fig. 44 •. ' Approximate.ly 6.0% of the total iron 

lost as fume is lost during this first eight-minute 

period. These results are similar to those of 

Krichevtsov3 shown in Fig. 22 (broken line - no inblow 

ore addi tions) . 

The decrease ~n fume rate with increasing blowing 

time can be related to four t~cto.["s, all of which in

fluence the quantity or size ,of met~l spray produced -, 
by the impact of the o::-..-ygen jet. In ascending order 

of importance, these factors are: 

i) lance practice 

ii) bath temperature 

iii) slag volume 

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 to three minutes of the blow', the 

mode of jet-melt interaction changes from one of splash-

ing to one of penetration. During the splashi~g mode, 

• 
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.. 
a large number of fi~e metal droplets are thrown out-

wards away from the area of jet impact. During the 

penetration mode, the metal droplets produced are 

larg~r in size and fewer in number. There is a 

distinct decrease in the fume rate when changing • 
from the splashing to penetrating modes as'observed 

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

The lance peight also influenres the bath .ve

locity. Lower lance heights' increase the jet impact 

force (for a fixed blowing rate), and this will result 

in higher bath veloci ties. \'later mbdel studies by Li 55 

na\re shown that increased bath velocities' decrease the 

number and increase the si=e of spray droplets created 

by the jet impact (Fig. 17). 

iii 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 

. . 65-68 Y k 1 64 b d h 1 b h V1SCOSlty a ov ev 0 se~ve t at ower at 

temperatures resulted in higher fume losses in an 1n-

dustr1al B.O.F. (Fig. 211. 

The above effect was also observed in this study_ 

The fume rate (g.rnin.- 1 ) was observed to increase with 

increasing scrap iron oxide content (Fig. 48). Higher 
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·scrap iron oxide contents were also observed to result 

in lower bath temperatures (Fig. 49). The lower tem-

peratures are related to the high heat consumption 

of the iron oxide, approximately six times (per iron 

unit) that of pure iron. 

As well as influencing the metal viscosity, lower 

metal temperatures will also result in lower slag tem-

peratures and, therefore, 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'. 

iiii Slag Cover 

The fume rate was observed to decrease with in-

creasin~ slag weight as seen in Fig. 47. A thick slag , 
. 

cover will reduce the fume rate by ~hysically entrap-

~ing some of the metal s~ray 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- l ) sh6wed a significant relationship (Fig. 61). 

The fume rate increases with increasing weight of 

metallic ejections. The ej"ections are collected at 

the furnace mouth and, therefore, a~- an indirect 

measure of the height the metal spray reaches. These 

results are in agreement with those of Okhotskii75 who 
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also noted an increase in 'fume rate with increasing 

height of metal splash (Fig., 28) . 

For the same period of the blow (15 minute mark) , 

it was observed that the fume rate, when slopping 

occurred, was approximately 44% higher than that 

during normal 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 iron oxide and. high 

silica levels in the slag. This type of slag is very ., 

viscous and dry and has poor lime dissolution capa-

b 'l't' 89,90 
~ .1 loe 5 ' . It has a 'tendency to coagulate and is 

readily pushed towards the furnace walls by the force 
, 

of the oxygen jet. This condition is generally referred 

to as "slagless ll blowing since the jet acts directly on 

the metal bath. Under _these, con~ditions, the slag is 

less capable of entrapping metal spray; the result 

is an increase in fume evolution. 

Okhotskii 75 also observed that for a fixed bath 

carbon content, the fume rate increased during "slag-
. 

less u blowing as seen in his results in 'Fig. 27. 

iv) Carbon Content of Metal Bath 

The fume rate (g Fe.min.- l ) decreases rapidly 
, 

uPtil the bath carbon is about 2%, after which the de-

crease is gradual (See F.ig. 46). Similar results have 

.. 
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d ·· both .. ..10,22,34;3-8,39, been recorde ~n laboratory exper1menr s 

(Fig; 10) and other industrial B. ci. F. studiesl , 2 ,611 ,7 5 

(Fig. 24). 

Carbon influences the fume 'rate .. in three ways: , . 
the bath carbon content affects'the number 

and size of metal spray droplets prod~ed 

by the bursting of CO bubbles.' ' ) 

as a result of violent decarburization, 

metal droplets explode into many 'smaller 

particles which are then oxidized to fume. 

the melt.decarburization rate controls the 

residence time of the metal droplets in 

the oxidizing atmosphere of the jet impact 

zone. 

The significant contribution of the early de car-

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 expertments, Morri's 22 noted that 

the size of metal spray produced during decarburization 

increased in size with decreasing bath carbon content. 

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

less than 75 ~m ih diameter. At lower carbon contents 
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(.0:: .2~ C). the ·nwnber of spray droplets decreased 

while their size increased; the majority were in 

excess of 250 ~m. This was then related to the 

location of the ~ecarburization reaction and the 

size of the co bubbles generated (as discussed in 

Sect~on 2.3~2). The smaller droplets produced at· 

the high melt· c.arbon levels would have a higher 

.probability·of decarburizing explosively to fume as 

a result of their larger surface to volume ratiqn, 

thus contributing to the higher fume rates during 

the first third of the blow. 

1 d · 62 d 5 1 . -In .hot meta stu ~es ' , roplets. - mm ~n ,.\',. 

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 lJffi 

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 quiet surface reaction to a violent CO baii. 

With further decrease in carbon content, the reaction 

becomes explos~ve and the droplet shatters into many 

smaller fragments that are oxidized to fume (Fig. 12d). 

The transition from surface to internal decarburization 

has been observed to occur only after an iron oxide 

40-44 
layer has formed on the droplet surface . 

I 
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Metallic ejections collected at the mouth,of 

the furnace were observed to consist of iron droplets 

20 Vm to 1 mm in diameter. These particles were 

coated with a layer of iron oxide 5 to 15 urn thick 

and had carbon contents up to .6% c 24 • ,At 1500°C 

(" 

in an uxygen atmosphere, these particles should be ~n 

the internal decarburization mode as shown in Fig. 12c. 

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 does 

not affect the residence time of the metal droplets 

inside the furnace, the decarburization rate does. 

The off-gas velocity is directly proportional to the 

decarburization rate which varies with blowing time 

as seen in 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 Dofasco's 

furnaces by Laciak
24

, 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 (sarne 

Dofasco furnace as this study). Although"the ejection 

rate is an absolute measurement while the fume rate is 

a relative one, the comparison is appropriate because 

the total ejection and total fume weights are in the· 

sarne range (1 to 1.5% of the furnace charge weight). 

The shape of the fume and ejection weight curves in 

Fig. 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 af tnis spray~ Due to the low decarburi-

" 1"· -1) zatJ...on rates « . 1) C.m~n. r the low off-gas velocities 

would cause larger droplets to fall qu~ckly back into 

the melt while increasing the residence time of th·e 

smaller particles i~ the oxidizing region below the 

lance. This combination of small droplet size and long 

residence time would increase the chances of explosive 

decarburization and oxidation to 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 quantity 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 

spray. At the same time, the higher off-gas velocites 

(decarb. rates in the order of .15 to .25% C min.-I) 

decreape the residence time of the metal droplets in" 

the furnace. Although the off-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 occur. This could lead to the decrease 

~n 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% oxygen 91 

At the same time, fume material collected from the 

filters of the gas sampling probe contained about 80% 

iron oxide and less than 1% metallic iron. These re-

suIts indicate internal fume formation in the oxygen 

jet impact zone. 
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It is also possible that a small part of the 

fume is generated in the furnace hood 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 o c91 . At this temperature, it is un- ~ 

likely that decarburization would occur to any large 

extent. External fume generation would be possible 

only during the 15 to 20 minute period of the blow 

(peak decarburization) when gas temperatures in the 

hood reach l500°C 91 . From the fume measurements 

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

in the fume ~s lost during this period. 

In summary, fume formation in the B.O.F. has been 

related to the oxidation 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 atrnos-

phere of the lance impact zone. Factors such as bath 

carbon, 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 
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polygonal particies were also observed as seen in 

Fig. 53 to 55. The presence of these polygonal par

ticles is proof that vapourization js also occurring. 

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 particles that are formed by condensation , 

from the vapour phase are polygonal in shape 22 ,25,27 
'-

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

the iron oxides; the structure of Fe203 is rhomboh~dral, 

while that of Fe304 is octagonal. Vapourization fume 

is also' very fine, the smallest particles being about 
• 

. 02 ~m with the majority being less than .2 ~m in dia

meter25, 37 . 

• 
Fume particles that are formed as a result of 

1 -d - ~ - 1 l-n h -r22,25,40-45 meta spray OXl atlon are sp."erlca s ap_e . 

This type of fume also exists over a larger size range, 

the smallest being about .03 urn, with the majority being 

less h 1 - d- 14,25,42,70-72 
t an ~m ~n ~ameter . 

Vapourization fume could be generated in two 

pass ible ways. The first is by direct \rapour iza tion 

of the metal bath in the tthat spot" zone.· The second 

is through vapourization of part of the metal spray as 

a result of oxidation or chemical reaction. Kosmider
26 

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 both vapourization and metal droplet oxidation. 

Since it was not practical to count the fraction of poly-

gonal particles 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 pm in diarn~ter. 

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 vapourization of the metal bath. Since at a 

given temperature, Mn is more volatile than Fe (Fig. 7) 

under direct vapourization, the proportion of Mn should 

be higher in the fume than in the melt. From the work 

27 of Eogdandy and Pantke (Fig. 9), it is possible to 

pI:edict the Mn/Fe I:atio /~ case Of. direct vapouri-

zation. 

If a metal droplet Jl vapourized, the fume produced 

will have the same Mn content as the original droplet. 

Therefore, the fraction of particle~ less than .2 ~m 

in diameter can be used as an estimate of the toal amount 

o~ vapourization fume (both direct and from metal drop

lets). However, the .2 pm limit is not an absolute I 
\stimate t'~use 
are polygonal as 

not all the particles less than .2 pm 

seen in Fig. 55. If ~apourization of 

metal droplets i~ occurring, the quantity of vapourization 
• 

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

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

( 
I 

• 
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i) Fume from the Decarburizatiori period 

The size distributions of the decarburization 

period fume samples (1,5,8,12,15, 20 minutes) can be 

considered as constant within the reproducibility of 

the size analysis method.' The mean' particle size and 

weight % less than .2 ~m in diameter averaged .38 ~m 

and 12.34 weight % respectively. 

The measured Mn/Fe ratios are co~pared to those 

for 100% direct vapourization in Table XXV. The values 

for 100% direct vapourization were determined using the 

'" chemical analysis of the melt (Table XVII) an9 the re~ 

sults of Bogdandy and pantke27 (Fig. 9). For example,. 

at the eight minute mark, the ratio of Mn/Fe in the 

metal bath is .113 x 10-2 (Table XVII). From the work 

of Bogdandy in Fig. 9, for 100~ direct vapourization, 

the Mn/Fe ratio in the fume would be 15.9 x 10-2 , giving 

an overall ratio (fume/melt) of 141 (15.9 .113). The 

actual measured value at the eight minute mark was 10.0 

indioating that about 7.1% (10 • 141 x 100%) of the fume 
.0 

was caused by direct vapourization at that tim~ (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 

---

( 

, 
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likely due to the presence of slag particles in the 

fume samples and n3)t the result of any change in, the 

relative contribution of direct vapourizijtion during 

this period. 

The weight of slag particles in the fume material 

should increase with increasing off-gas velocity as 

higher velocities can support larger particles. If 

this is so', a p,lot of decarburization rate (directly 

proportional to off-gas velocity) versus blowing time 

should resemble the curve for the Mn/Fe ratio. In 

factI. this is the ,case as seen in Fy 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 sample (Table XXV). At the one minute 

mark, the decarburization .ate is low (. 100 kg C min. -1) 

and the amount of slag entrained by the off-gases should 

be at its lowest. 

The amount of vapourization fume during the decar

• burization period can, therefore, be estimated as being 

between 1:8% by weight, based on the Mn/Fe ratio, and 

12.3%, based on the .2 wm 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 

2.' 
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polygonal particles is unknown, it is not possible 

estimate 'the~e contributions of direct and 

metal droplet vapourizat~on. 

• 
ii) Pre-ignition and Reblow Samples 

The pre-ignition and rebiow fume were observed to 

have similar siz!" distributions. Both'sampl\s had a 

mean particle size of approximately .2 11m and ranged 

from .02 to .45 11m. The weight,percen\ less than .2 11m 

was 52.B% for the pre-ignition and 42.2% for~ reblow 

sample. This material 'is considerably ~ler than the 

decarburization'fume (mean size .3B 11m, range .03 to 

.B llm) as seen iri Fig. 59. These size analyses results 

suggest tha$ the degree of vapourization is higher during 

these two periods than during the decarburization period. 

During the, pre-i'gnition and reblow periods, the de-

carburization rate is less than that during the one 

minute mark of the blow; therefore, any contamination 

of the fume material by slag particles should be minimal. 

The Mn/Fe ratio for the reblow fume sample was 15.2 

compared to 2.2 for the one minute fume sample (decar-

burization period). This again suggests a higher degree 

of vapourizatiori during the reb low period. Using the 

metal bath and fume analyses in Table XVII and the re-
• 

27 
suIts of Bogdandy in Fig. 9, for pure vapourization 

~ of the rebl~ melt, the Mn/Fe ratio (fume/melt) would 

( 

,; 

" 
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be 143. Therefore, the percent contribution of direct 

vapourization during a reblow is about 10.6% (15.2 f 

143 x 100%). Unfortunately, the pre-ignition sample was 

too small for both chemical and size analyses so its 

Mn/Fe ratio is unknown. Howev~r, it is expected that 

it would be in the s~e range as that of the reb low 

sample. 

The refining conditions during the pre-ignition and 

reb low periods are similar and differ from those of the 

decarburiiation period in terms of metal bath velocity 

and decarburization rate. During both pre-ignition and 

reblows, the bath is initially stagnant and the decar

-1 burization rate is less than 50 kg C. min • During 

these periods, the oxidation of iron is the major re-

action taking place. This should result in higher hot 

spot 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 of vapourization is expected in comparison 

to the decarburization period. 

The degree of vapourization during pre-ignition and 

reb lows can be estimated as being between 10.6% (by weight) 

based on the Mn/Fe ratio, and approximately 50%, based on 

the .2 ~m size limit. This is significantly higher than 

~;;:..; .• 
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the 1. 8% (Mn/Fe ratio) to 12.3% '(.2 )Jm limit) for the 

decarburization period fume. Therefore, it can be 

concluded that direct vapourization during the reb low 

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 explosion and oxidation • 

• 

. . ' 
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TABLE XF 

Mn/Fe Ratio and Weight % < .2 lIm for Decarburization Period-Fume 

, 

Mn/Fe Fume 
Mn/Fe Melt 

(A) (B) (A) 
x 100% Mean Ratio for (B) 

Blowing Particle Vapourization 
Time Size Test only from 

. (min. ) ( ~rn) Resul t s* Bogdllndy [27) 

1 .38 2.19 125 1. 75 

5 · 37 9.68 142 6.82 

8 · 39 10.00 141 7.09 

12 
. 
· 36 10.08 144 7.00 

15 .38 9.42 145 6.49 . 

20 .38 17.20 162 10.61 . . 

Average .38 6.63 

* From Table XVII 

_ . . ,<":".-_~._· __ .f_.'_ 

Weight % 
< 0.2 )Jrn 

. . 
13.98 

9.25 

11. 07 

13.54 

13.86 

12.38 

12.34 
I 

i 

.' 

.... 
'" '" 

_ -' ~,--,-,~-~ .. ----- .. -. gj 
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6. CONCLUSIONS 

1. There are two mechanisms of fume formation 

occurring during B.O.F. steelmaking: 
r 

i) Oxidation-of exploded metal droplets in 
the oxygen irnpac"t zone 

ii) Vaporization 

2. During the blowing period, the majority of 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. 

3. Vaporization accounts for less than 10% "(by weight) 

of the fume iron losses during the blowing period. 

4. Both direct vaporization of the metal bath and 

vaporization of bubble films and metal droplet 

spray are occurring. 

5. During the pre-ignition and reblow periods, the 

vaporization ~echanism accounts for as much as 

50% (by,weight) of the fume generated. 

6. 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 blowing time. 

• 
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7. Process variables that influence the fume rate . . 

are: carbon content of the 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 collection system are acted 
on by the drag force (FO) of the moving gases. If this drag 
force is large enough ~o overcome the gravitational force on 
a particle, then that particle will be carried along with 
the gases. ... ' . 

From 
spherical 
A-:I) . 

• 

Stokes law an expression for the drag force on a 
particle is: (All symbols are defined in Table 

P . U' 
g g (A-l) 

The gravitational force is: 

IT d' 
-6-

G (A-2 ) 

The condition that must be satisfied to determine the 
maximum particle ~.ize that can be carried by the gas stream 
is: 

(A-3 ) 

The drag coeJficient (CD) is a function of the particles 
Reynolds Number (Re). The Reynolds Number can be expressed 
as: 

= Ug Pg 
~ 

d (A-4 ) 
~ 

/ 
Relationships to determine the drag coeffi~ent for 

var,iousranges of Reynolds Number are listed in)Table A-II. 
These equations are of the form: 

G = C, + C, + c, (A-S) 
R R! 

e e 

where Cl, e21 and C3 are constants. 

Substituting (A-i). (A-2) , (A-4) and (A-S) in (A-3) g~es: 

+ 4 
'} p G d' s 

• 
+ C, p UZ 

g 9 
C, ~ Ug d + C2 1J 2 > 

Pg 
(A-6) 

o 

r 
'1 

1 

, 
" 
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, 
, This equation can then be solved to determine the 

'maximtin) parti~le ,9:;,ait)e't!!r,', (d) ; , 
'"" :'( <~ 

" ,. The, following'assUmptions and data are used: 
. . - " _. -. ' , , , 

AssUmption's 

',1. The particles in question are iron oxide (FeXOy). 

2. The maximum particle size is in the range 10 ~ •. 
o 

Data 

'1. 

2. 

3. 

4. 

( S. 

-1 The' gas velo<;:ity is 2500 em. s • 
-3 -The gas density is .02 g.cm 

T~ynamiC gas visco~ity (~) is 6.16 x 10-4 g.cm-1.sec.-1 

The falue of the gravitational constant ,(G) is 981 em.sec.-1 

-3 The density of iron oxide i~ 5 g.'em 

~j Calculations 

1. The aoyroximate Reynolds Number (to determine the constants 
for CD 

= Ug Pg d 

11 

= 2500 x .02 x 10 x 10- 4 

6.16 x 10-4 

= 81.2 
. 

Assuming Re is in the range 100 to 1000, then 
A-II, the coefficients in equation (A-S) are: 

from Table ) 

,C 1 = 98.33 

C, = -2778 

C, = .• ,3644 

2. The maximum particle diameter: 

Substituting all of the data into equation (A-6) gives: 

+ 4 x 5 x 981 d' + .3644 x .02 x (2500)' d~ 
'! 

-4 -4 " + 98.33 x 6.16 x 10 x 2500 d - 2778 x (6.16 x 10 ), > 0 
.02 

or + 6540 d' + + 45550 d' + 151.4 d - .05 ~ a 

/ 

-



l 

~ 

" " 

• 

166 

'For solution this equation can be si\1lp1i£ied to: 

+ 6540 d' + 45550 d + 151.4 ~ 0 

The solution is: 

,,. d ~ .0033 ~'~(33, \lIlI) 
• 

t 

• , " , 
• 

0>, 

" 

, 

, 

~ ~ 
~ 

• , , 
• 

• ~ 

'<l , 

, 

, /' 

", '0, 
" 

"- • " 
, 

; 

• 

• 

, ,. 
i 
I 
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TABLE A-I 

Symbols 

Symbol Definition 
constants 

drag'coeffici~nt 

particle diameter 

drag force 

Units 

unitless 

.unitless 
cm 

C, , 

CD 
d 

FD 
FG' . 
G 

Re 
Ug 
Pg 
Ps 
l.l 

• 

Ci,r C, 

gravitation force 

gravitational c nstant 

Reynolds Number 

Gas velocit 
density of' gas 

density of' solid particles 
'dynamic gas viscosity 

TABLE A-II 

'Drag Coefficient~ as a function of Re* 
.)II 

Cd = 2·;.o/R." for Rs < 0·1, 

Cd = ~2·73/Rs+0·0903/R',.+3·G9 for 0·1 < H.,' < 1·0, 
C 

• ., 
d = 29·1667jH.,,-3·88S9/H,.+ 1'~22 for 1'0'< Hs < 10·0, 

Cd =·46·5/H.,,-116·67jR;"+0·6167 for 10·0 < H." < 100·0, 

Cd - 98·33/Rs-277S/H~.+0·3644 for 100·0 < R.v < 1000'0, 

Cd = 148·62/H.\'-4·75 x IO'/R~·+0·357 for 1000'0 < Rs < 5000·0, 

-2 g. cm.5 
g.cm.S -2 

cm. S-2 

unitless 
cm.5- l 

g. cm-3 

g.cm- 3 \., 
g.cm-l.s- l 

Cd ~ -490·546/R.v+57·87 x IO'/R)..+0·46 for 5000'0 < E" < 10000'0, 

Cd = -,1662·G/H.v+HI67 x 10'fR1/+ 0-5101 for 10000'0';' H.,' < 50000·0.' 

Morsi and Alexander, J. Fluid Mech., ~, 1972, p. 193 
,1· 

, 
. , 

• 

, 
~ 
·1 

" . 
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APPENDIX B 

CHI-SQUARE TEST FOR DISTRIBUTION NORMALITY 

The frequency distribution of a small number of measure

ments generally i?rovid~s only ~ketchY inIg_·tion about the 

parent distribution ~hose c~racteristics are sought. The 

problem is to decide whethe?'or not the experime~tal distri

bution can be satisfactorily assumed to be a sample from a 

normal parent distribution. 

A very useful quantitative'test for the goodness of 

fit of the experimental distribution ,is the so-called X" 

(Chi-Square) test. The X' test gives a single numerical 

measure of the overall goodness of fit for the entire range 

of deviatiqns. In a general view, the XZ test determines 

the probability that a purely random sample set of measure-

ments taken from the 'assumed model parent distribution would 

show better agreement with 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 minimum of a.bbut 2,0 measure

ments is normally required. The mean a~ stahdard deviation 

~ of the data points are first obtained. The entire range of 

• observations is divid~d.into M intervals, normally of the 

same size: Ideally, each int~rval should contain more than . " 
five measureni'ents, t>ut this is not possible I-(ith small data 

~ , 

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

, 

! 

1 
1 
I , 
i 
I 

.' 

\ , I 

~ 
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intervals are compared with the th~oretical model values 

(fth). These theoretical ~alues are obtained from a nor

mal distribution model based on the calculated mean and ' 

standard deviation values. The quantity x' ,is defined as 

the sum: 
M =[ 
j =1' 

[(fObS)j (fth)j] 2 

~--------------~ 
(fth) j 

Based on this x' value and 'M-3 degree~ 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 

~ 
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 ; It ; LX ; 14.12 
tr 

Standard Deviation = s 
[ J 

0.5 
= L(X - X)· = 1.99 . 

N 1, 

2. FREQUENCY DISTRIBUTION: 

Date Range Number of Observations in Interval 

10-12 3 ,. 12-14 5 
14-16 7 
16-18 3 

\ 
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X· TEST 

Range fobs ui POi p. 
~ NPi x· 

10-12 3 -1. 0644 0.1436 0,1436 2.585 0.066 
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 0.045 

:1 0.9745 17.541 0.352 

J 
X~ - X where x: right hand interval end point U = ~ = 

~ s 

PO·
i = 0.5 ~ (U i) Table B-II 

p. = pCi - Pc· 1 (Poo = 0) iIt ~ ~-

x, = [NPi - ·fobs)' 

NPi 

The total X' value is .0.354. The degrees of freedom 

are M-3 Dr 1. Therefor~, from Table B-1, the level of 

signifiCan~ > 50% . 

• 

• 

... 

I 
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APPENDIX C 

Size Analysis Reproducibility Data 
~ Minute Fume) 

Table Descrj,ption 

Cl Sample A 

C2 sample B 

C3 Sample C 



<til 

TABLE Cl 

SIZE ANALYSIS OF 12 MINUTE FUME SAMPLE nAn 

Class Actual Relative 
~ Size Frequency Frequency Volume . 

( 11m) (% ) (11m' ) 

o - .1 499 . 38.62 .033 

.1 - .2 463 35.84 .81B 

. 2 - . 3 226 17.49 1.847 

• 3 - .4 73 5.62 1. 639 , 

.4 - .5 22 1. 70 1. 050 

.5 - .6 7 .54 .610 , 

.6 - .7 2 .16 .288 

.7 - .8 0 a 0 

Total 1292 100. Q ' 6.285 
------- -

Mean particle size (wt. % distribution) = .36 11m 

'" 

:.~~$~~".t:~L, 

Weight 
Percent 

.52 
, 
.- -......... 

1-3.02." 
, 

2~. 41 

26.07 

16.70 

9.70 

4.58 

0 

100.0 

,:'., -. 

. 

, 

,... ... 
w 

/..'" . , 
I 

• 

"'-' :...."u-' . .....,-"'"_--...o'_,...-._ 'C ~ 
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TABLE C2 

SIZE ANALYSIS OF 12 MINUTE FUME SAMPLE "B" 

Class Actual Relative 
Size . Frequency Frequency Volume 
( IJm) (%) (IJm' ) 

/ 

o - .1 494 41. 83 .033 

.1 - .2 406 34.38 .717 

.2 - .3 149 12.62 1. 218 

.3 - .4 84 7.11 1. 886 

.4 - .5 33 2.79 1. 574 

.5 - .6 9 .76 .789 

.• 6 - .7 4 .34 .575 

.7 - .8 
I 

2 .17 . .442 

. Total 1181 100.0 7.234 

Mean particle size (wt. % distribution) = .40 jJrn 

o 

r w-di'<-" , '~b;fc:i-"-_'.f ~ 

. 

Weight 
Percent 

.45 

9.9'1 

16.83 

26.07 . 

21. 76 

10.91 

7.95 

6.10 

100.0 

I 

I 

, 

_/~"--

. I ' 

~. 

... .... 
~ 

r 

(J 
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TABLE C3 

SIZE ANALYSIS OF 12 MINUTE FUME SAMPLE "c" 

, 

Class Actual Relative 
Size Frequency Frequency Volume 
(~m) (% ) (Ilm') 

, 
o - .1 483 33.54 .032 

.1 - .2 509 35.34 .899 

.2 - .3 263 18.26 2.151 

.3 - .4 142 9.86 3.188 . 
. 

.4 - .5 27 1. 89 1. 288 

.5 -.6 12 .83 1. 053 .. .. ,' 

':\l .6 - .7 3 '\ 2 },,/ .431 
",;." 

• 7 - • 8 1: .07 .221 

.t ... ~ - . 
.~~' ~ 

Total 1440 ' 100-. a 9.263 
- ----

Mean particie size (wt. % distribution) ~ .37 ~m 

!~~~~;';:'i~-:' •. 

, 

':'---' ----./- . 

Weight 
Percent 

-==--
.35 

9.70 

23.22 

34.41 

13.90 

11:38 

4.65 

2.38 

100.0 

~ 

41 

"'--

.... 

t-' ... 
'" 

. _._. __ ~ ~ _· .. ""~u.~"_~~· - "':to "S;- Ii 
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APPENDIX D 

Size Analysis Data for Fume Samples 

Table Description 

01 One minute sample 

02 Five minute sample 

D3 Eight minute sample 

Fifteen minute sample 

D5 Twenty minute sample 

06 Reblow sample 

07 Pre-ignition sample 

. ~' 



TABLE Dl 

SIZE ANALYSIS OF ONE MINUTE FUME SAMPLE 

y 
Class Actual Relative 
Size F~equency Frequency Volume 
(11m) (%) (11m l ) 

,0 - .1 507 30.97 .033 

.1 - .2 678 41. 42 1.198 

.2 - .3 314 19.18 2.568 

.3 - .4 104 6.32 2.335 

.4 - .5 20 1. 22 . 954 ' 

.5 - .6 8 .49 .697 

.6 - .7 4 .25 .570 
" 

.7 - .8 2 .13 .442 
. 

TOTAL 1637 100.0 8.797 
• • 

-- - .. 

• 

Mean particle size (wt. % d~stribution) ; .38 11m 

t' hf·'r'Y··.~· : . ..,., 
~!." ~ J,. .. 

;-:ti:Jl!h 
• 

Weight 
Percent 

'.36 

13.62 

/ 29.19 

- 26.54 

10.84 

7.92 

6.48 

, 5. AS 
• . 

""" 100.0 

• 

-/ 

.-. ... ... 

._--.:, . .o.-,,.... .. ~ ...... ~ .... -~ 'S"; T -. 

" 
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" TABLE 02 

SIZE ANALYSIS OF FIVE MINUTE FUME SAMPLE 

. . 
Class Actual . Relative ,.. ' . .... 
Size . Frequenc;y Frequency Volume' 
()1m) (t) ()1m') . 

I 

o - .1 516 35.42 .034 . 
, 

.1 - .2 482 33.0B .852 . 

.2 - .3 • 281 19.29 2.299 

.3 - .4 122 8.37 2.739 
, ~ -'.5 39 2.68 1. 861 

.5 - .6 13 .89 . «,ll. 132 
~~' . 

, .6 - .7 3 .20 .431 

.7'- .8 1 .07 .221 

. 
. 

TOTAL 14~7 100.0 9.569 
----'.. . - --' - ... . - .. -

Mean particle size (wt. % distribution) ~ .37)1m 

o 
:. ... ;~,.-• ..:..i. •. 

-

Weight 
Percent 

"-" 
.35 

8.90 

24.02 

2B.63 

19.45 

11. 83 

. 4.51 

2.31 

100.0 
- . 

I 

! 

I 

I 

I 

. 

., 

't 
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TABLE D3 

SIzt ANALYSIS OF EIGHT MINUTE FUME SAMPLE 

~ 

CLASS ACTUAL RELATIVE 
SIZE FREQUENCY FREQUENCY VOLUME 
(pm) ~ (%) (11m') . 

I I . . . . 
O. - .1 454 35.66 .030 

. 
.1 - .2 485 38.10 .857 
~ 

".2-.3~ 197 15.48 1. 612 
~ 

.3 - •. 4 89 . 
"-

6.99 1. 998 

,4 - .5 31 2.44 1. 479 
, 

.5 - .6 10 .79 .. 871 . . 
• 6 - • 7 5 .38 • 719 

• 7 ... 8 2 .16 . 442 . . ' 
, 

-
. TOTAL' • 1273 . 100.0 8.008: 

. 

Mean particle size (wt. % distribution) = .,'39 11m 

-
.' 

. 

. 

"- - ,-

WEIGHT 
PERCENT 

.37 

10.70 
..--' 

20.13 
• 

24.95 

18.47 

10.88 

' 8.98 
. 

5.52 . 

. 

100.0 .• 

. 

. 

',to I J ~t. 
,...:.:..;-,' . 

. , 
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J 

, 

I 

I 

I 

~i 
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TABLE b4 

SIZE ANALYSIS OF 15 MINUTE FUME SAMPLE 

> 

I 

CLASS ACTUAL RELATIVE 
-~ 

SIZE _ FREQUENCY FREQUENCY VOLUME 
( llID) (%) (\lrn' ) 

o - .1 .r.d 44.49 .038 

. 1 - .2 437 33.46 .772 • 

.2 - .3 194 14,8S 1. 590 

.3 - .4 65 4.98 1.459 

.4 - .5 20 1. 53 .. 954· -

.5 - .6 6 . 4-9· .526 

.6 - .7 2 .15 .284 . 

.7 - . B 1 .07 .221 
• , , TOTAL 1306 100.0 5.844 

. 

Mean particle size (wt. % distribution) = .36 pm 

• .. 

WEIGHT 
PERCENT-

-
.65 

13.21 
• 
27.21 

24.97 

16.33 
, 

9.07 

4.86 . . 

. 3.70 

100.0 .. 

( 

I 
, 

~ 

, 

, 

. 

• 

... 
co 
o 

• 

, 
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, 

/ 
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TABLE D5 

SIZE ANALYSIS OF 20 MINUTE FUME SAMPLE 

CLASS ACTUAL RELATIVE 
SIZE • FREQUENCY FREQUENCY VOLUME 
(~m) . (%) (pm' ) 

o - .1 , 422 40.20 .028 

· 1 - .2 392 37. 33 .693 

.2 - .3 125 11. 90 .. 1. 023 

· 3 - . 4 72 6.85 1. 616 

• 4 - • 5 23 2.49 1. 097 

.5 - .6 9 .86 .789 

.6 - .7 4 .38 .575 

.7 - .8 0 

TOTAL 1050 100.0 5.821 -

Mean particle size (wt. % distribution) = .38 pm 

, 

..... 
WEIGHT 
PERCENT 

.48 

11. 90 

17.54 
. 

27.77 

18.85 .. 
. 13.56 

9.90 

• 

100.0 

--

.' , 
... 
a> ... , 

lr' 
" 

I 
! 
i • 
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CLASS 
SIZE 
( \lm) 

, 

o - .05 

.05 - .10 

.10 - .15 
r 

.15 - .2G 

).20-.25 . 
.25 - .30 

.30 - .35 

. .l5 - .40 

.40 - .45 

.., 
TOTAL 

. -

1il> 
TABLE D6 

.-// 
I 

SIZE ANALYSIS OF REBLOW FUME SAMPLE 

ACTUAL RELATIVE 
FREQUENCY FREQUENCY VOLUME 

(% ) (\lm' ) 

84 6.67 .-0007 

335 26.60 .0740 
. 

.4182'" 409 32.49 

265 21. 05 .7436 

99 7.86 .~ .5904 

40 3.18 .4355 

18 1. 45 .3235 

. 7 .55 .1933 , 

2 .15 .0804 

1259 100.0 2.859 
._- ----

Mean particle size (wt. % distribution) = .23 \lm 

WEIGHT 
PERCENT 

.02 

2.59 

14.62-

26.00 . -- 20.65 

15.23 

11. 32 

6.76 

2.81 
, 

100.0 
. - -- --- ---

-

.... 
'" .., 

! 

! 
1 
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TABLE D7 

SIZE ANALYSIS OF PRE-IGNITION FUME SAMPLE 

/ 

CLASS ACTUAL RELATIVE VOLUME 
SIZE FREQUENCY FREQUENCY (x10) 
(11m) ( % ) (11m 3 ) 

o - .05 412 28.91 .034 
. . 

I 
,05 - .10 536 37.61 1.184 

.10 - .15 268 18.80 2,741 

.15-.20 136 9.54 3.816 

.20 - .25 42 2.94 2.505 

.25-.30 20 1.40 2.178 

on 8 .56 1. 438 . .JJ 

.35 - .40 3 .24 .828 

TOTAL 1425 100.0 14.72 

p 

Mean particle size (wt. % distribution) ~ .21 pm 

I 
/ 

! 

WEIGHT 
PERCENT 

.23 

8.04 

18.61 

25.92 

17.02 

14.97 
. 

9.77 

5.63 

100.0 

-.. 

, 

, 

I 

I 

I 
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APPENDIX E 

( 

Size Analysis Data for Slopping and Not------
Slopping Fume. Samples (15 minutes) 

Table 

El 

E2 

Description 

Slopping fume sample 

Not-slopping fume sample . -



.--~ 

TABLE El 
// 

~' 

SIZE ANALYSIS OF 15 MINUTE "SLOPPING" FUME SAMPLE 

Class Actual Relative Weight 
Size Frequency Frequency Volume Percent 
(~m) ( % ) (~m' ) • 

, 

o - .1 394 29.03 .026 .25 

.1 - .2 554 40.82 .982 1 9.53 

.2 - .3 212 15.62 l. 737 16.87 

.3 - . 4 l31 9.65 2.934 ' 28.54 

.4 - .5 42 3.10 2.004 '19.44 
, 

.5 - .6 15 l. ],.0 l. 307 12.68 

.6 - .7 6 . 44 .863' 8.38 

.7 - . B 2 , .15 .442 4.28 
, 

TOTAL 1357 100.0 10.295 100.0 
-

Mean particle size (wt. % distribution) ; .40 ~m 

, 

"'" 

... 
'" '" 
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TABLE E2 

, .:;' SIZE ANALYSIS OF 15 MINUTE "NOT SLOPPING" FUME SAMPLE 

( Class Actual Relative Weight 
Size Frequency Frequency Volume '("- Percent 
( \1m) (% ) . (\lm' ) -, 

/ 

\ o - 563 43.27 ,.037 , 1 ."12 2 . 
.1 - .2 471 36.20 .832 i3.94 

.2 - .3 172 13.22 1. 407 23.58· 

.3 - .4 64 4.92 1.437 . 24.08 . 
, 

.4 - .5 19 1.46 \ .906 15.19 
,.n ;-f; 

.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 iOO.O ' 

t , 
Mean p~rtic~ size (wt. % distribution) = .37 \1m 

, 

, 

. , 

~, , 

, 

. 

o 
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