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. ' o ABSTRACT

Currently, sulphur {s the most problematic

fmpurity which affects the physical and mechanical

properties of steel. Therefore all the integrafed steel

" producers desulphurize iron before steelmaking. Calclum

. carbide i{s one of the reagents used to desu l phur{ze chot
metal from the blast furnace, yet the kinetlc reaction

phenomena are not clear. The present work was inftiated to

~

study the kinetics of hot metal desulphurization by

calcium catbide powder Injection at fhé:S Tonne scale.

- The most important variables which affect the rate

and eFFiclency_oF calcium carblide desulphﬁptzation are the

type oF'top slag, the injection conditions and the oxygén

"activity in the hot metal. ' I L{

'

' The present results quantitatively demonstrate

these effects.The experimental results indicate that control

of the fnitidl slag condition can effectively improve the

rate and efficiency of calcium carbide desulphurization. It

was found that lower soilid loading is kinetically favorable

for both slag/metal and plume desulphurization. Oxygen

~activity measurements show that oxygen plays a crucial role
fn desulphurization, particularly to achieve‘extra4low

sulphur levels.
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A‘Steady-gtate. one-dimensional, three-phase médel
was developed to model the plume desulphurization Kinetiecs.
‘The mode peéhlts a quantftatfyé analysis of the present
axpcr?mental'rqqults. The computed resuf%s-FEom the mode |

.are found to be consistent with. the exﬁghimental‘data.

.
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CHAFTER 1 .
.lntroduction :

.Ladle metallurgy operat!ons heve proven to be very'
'eFFect!ve In Improving steel qualfty and reducfng productfon
costs.However these processes have been developed h\the
plant. and consequently the kinetics of the processes are‘
poorly understood and the . processes are far from optimized
'ThereFore the present study of hot metal desu]phurfzetion by
Powder anection technology was undertaken to increese our

understending~of desulphurization k:netics- . . N

Few well-controlled anection experfments on Iedle
metellurgy reactlons such as desulphurization have been
carried out. The current e*periments were performed in the
three Tonne scale furnace equipped with extensive
Instrumentation. Therefore the‘experiEEntal'conditions could
be accuratety measered and confrolled. The particular system
chosen to work with was celcfum carbide desulphurization of

carbon—rich iron (hot metal).

~_ ‘
Forty efght fnjection tests were carried out under
{fbur dfFFerent top slag initial conditions, namely;

(a) no slag,

(b) adry sl;ag. a mechanical mixture of 60% Cal and-

L
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40% siop by weight, |
uu a linuid slag, a commercially avallable
: continuous casting powder (nominaliyf33% Cao.

267% 5102, T% A1203. 6% Mu?— 7% Nazo. 71 C. 6%‘
F with a meiting point oF 1135 Oc).‘

(d) a dry siag modiFied by plunging aluminium into

the melt before carbide inJection.

The calcium carbide contained Bl% CaC,, 111 CaO .and
7% ash and the average particie size was 24 um. A’ wide range :
of . Injection. conditions were studied (1.3 to 7.6 kg
_reagent/Tonne metai. 2 5 to 11 kg reagent/min. 0. 05 to a. 24

Nm3/min Argon carrier gas, solid to gas Ioading 16 to 154
kg/Nm3). '

]

The experiments have focused on.the fol towing three

-

important -parameters:

(a) the effect of top slag,

(b) the effect of inJection conditions, and
- {€) the effect of oxygen potential.

The Present results quantitatively demonstrate_
these effects on the desulphurizatidn kinetics. A steady-
state, one-dimenslional, three-phase kineﬁic mode|! was

developed to model the reactions in the plume. Reasonable
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agreement I's obtained from the compar!sfons of. the model

phed[ct{ons Qith_the experimental data. The model

resuilts. are

attained when conditfons are adJusted so that the plume and

top slag reaction zones work together.
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CHAPTER 2
LITERATURE REVIEW

2.}l Imtroduction

. The importance of powder injectlon technology in .

steelmaklng processes hes grown rapidly during the last two
decades. The use of powder inJection technology to treat hot
metal or steel is a key step for mass production of higher
quality steel wlth low cost, The mafn Purposes of this

technology for steelmeking processes can be outlined in the

following edventages From both the technical and economlc"

.points of view,

(A) Technlcal advantaqges;

A Favourable kinetic condition for refining
react1on can be obtained i.e, a large contact area between
reactants Is possible because the reagents are in powder

Form. Furthermore, the carrier gas provides the stirring and

mixing to enhance the heterogencus mass transfer pProcess and.
homogenize the melt slmulteneously. Slnce the refining -
“reaction’ can be carrled out in the transfer ladle or simple

vessals, these places can provide locations which allow the

refining processes to be divided into several separate

S

stages so as to el{minete thermodynamlc conFlfcts between
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var{ous reflning reactions (eo, desiliconization and
desulphurlzation). Advancements. in powder inJection‘
technology have greetly changed the philosophy of
steeimaking. The conventional single vessel process {B.0.F)

has been dfvided fnto a multi-vessel process to achleve hfgh

eFFiciency of the reFlning operation{l]. ThereFore. this

newly developed steelmaki,ng_process fs the combination of

the pretreatment of hot metal (for the removal of sllicon.-

phosphorous-and sulphur). B. Olﬂ operation (for.

‘decarburization and temperature controi), and secondary

steelmaking (For the extra-low residuat elements"and

inclusion shape control). The success of Q.R.P. process

‘developed at Kimitsu Works, Nippon Steel cCorp. has been
Arecognized as s great step for powder fnjection

~technology[l]. Super clean steel with low residual elements

such as sulphur.\oxygen and phosphorous can be made

commercially through the use of this technology.
(B) Economic advantages

Powder anection technology s a sultable
way for mass production oF high grade steel. This Is because
these anectlon Processes are carried out in transfer ladles
whlch allow the Fluctuations in operation of maJor
reactors.l.e..blast furnace, B.0.F. and cont i nuous casting
nachlne to be smoothed out so that the steel 1s more .

consistent and of higher qualtty. 1t is possible to make
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each of the three majof_reactors to operate under the most
proFItable end stéble condltlons[l]r[llJ. Furthermore; the
powder inJectton systems can be bullt with comperatively

l1ittle capitel fnvestment. The payback period on the

investment Iis usue]ly only a Few months -from_ the savings

of fuel, Fluxes and elloy eddit{ons in lronmeking and-

steelmaking. However. due ‘to the local economfcs -and the
avaflability of exfsting facilitfes, only the

desulphurizatlon;oF hot metal is cutrently being used in the

“.steelmaking fndustry of North. America.

2.2 Industrial application of powder injection technology
2.2.1 Secondary ‘steeimaking

About 1920, R. Perrin developed a tapping process
for the desulphurization of steel in the Iadle. A synthetic
1 fme alumina slag was put into a transfer ladle together

with molten steel to achieve raplid and eFFicfent

desulphurfzation. This process. has been considered as the

—_y

predecessor of: today s ladle treatment technology. In the

1950’s, vacuum degassing was orignally developed for the

purpose -of-solving the hydrogen problem. Latef on,

application of this techdology was extended to improve the
ihclusion cleanliness and . chemical composition control. In
order to meet the 1ncreesing demand for higher qual ity steel

in the 1960’s, a more sophisticated ladle treatment process

/._/ .
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- was developed It provlded versatile refining cepabfllty

such as degesslng. deoxidation~end dbsulphurization and was
fequlpped with the heating Factifty to preupnt temperature
Ioss due to the prolonged treatment. These are known as the
ladle furnace processes. examples of which lnclude ASEA—

SKF{IZ]. AOD[13] ‘pProcess.

_,In the'early 1970’g, powder‘inJectfon‘techniques

were under development. Dye to siganicedtly lower

fnstal!ation costs, the T.N. process (developed by Thyssen—

Niederrhefn)[l4]. CAB process (calcium-argon- blowing)[lS]-

and Scandinavfan Lances fnJection system[lG].. became veky

important tools For the successful &:hf production of high~
quality -steel. These proEe§QEES are based on the injection:
of a CasSi reagent. The positive effect of Ca on steel
Properties and the castability is well documentedi In order
to obtainm good\desulphurlzatfon results, a lining with
stable reFractory of low oxygen potentfal and 'deoxidation
of steei with aluminfum addition pr!or to the injection
treatment are essential for sulphur removal .and Inclusion

%
modxflcatlon[ld].[ITJ. However, the efficiencies of Casi

utflization are low and generally in the range of 15-25¢9

[t4]1-[16].

2.2.2 Desiliconization of hot metal
o . Although the -powder  injection treatment of stee]

subsequent to the pPrimary steel making operation has pProved
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to be tha'most'erfective method For improvlhg.steel qual fty,

it.is not an economic way to reduce the fmpurities such as

rsu)phur due to the low reagent efficiencies and large

-tc@purature drop. Furthermoré. thé'fhermodynamlé confl!cts

betweenk desulphurlzation and dephosphorlzatlon would
hinder the opt!mization of the reantng process and cause

serious phosphorous reversal From the primary steel making

.slag. In fact, some residual elements In. the melt can be

- more easily  removed prior to the B.Q.F. operations. '

Recent 1y, e¥terna1 hot metal treatment technology
has élayéd a very Important role In the overall steelmaking
processy)There are many pretreatment processes avallable For
commerclial plant operation. These reFining processes are
carried out in a transfer Iadle. torpedo ladlp or even In a
blast furnace rdnner.'The'characteristi&s of the processes
are dependentmon_rhe_type of reagent, slég system and
impurit& elements td.Ee:tréétEd. Generally they can be

classifled into three éateggrjes»as fol tows:

(A) desiltconization;:

(B) simultaneous .desulphurization and

' dephosphorization;

(C) desulphurization alona.

Currently there {s a great deal of research activity being

-
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13 conducted Ap Japan on desiliconization, and the simultaneous_

. dephoephorization and’ desuiphurization of hot’ metal. "~

1North Amer{ca. phosphous has not been regarded as much of a

problem since the phosphous content ln fron ore is low

enough ‘o' be managed durtng’ steelmaking.ThereFore. all

eFForts are directed towards the reduction of sulphur'

content in hot metal
-

~

In dapan. there are several reasons for .
desiliconization. even though the si1icon content of hot

.metal produced from the blast- Furnace is at a Iow levei

(iess than O 5 wt%). The . beneFits oF hot metal

desiiiconizatlon gained in steelmaking are[lB] [19]:

(A) increased oxygen efficiency;

(B) reduced fiﬁx‘consumption:

~

. (C) increased vield due to less FeQ and entrained

iron losses in the slag;

(D) smooth B.o.F. operation. thus 1mproving end

point controi with iesa reFractory wear._%"-~

A further reason has been that a.fminlmal silicom content

in hot metal (0.10-0, 15% S1) s necessary for the
.0

eFFectivehess of simuitaneous desuiphurization and

‘ dephosphorization[20]. The dephosphorization reaction by

sodfum carbonate can be described by the reaction [21].

-
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a5 Boe Nazc03= (Naj0 ) +2/5 ¢ PO + c

(2.1)

The reason “for - the strong dependence oF the degree oF
desulphurizatlon on_ the initial sfl.icon content - may be
attributed to the reaction of sodium carbonate with sllicon

when the silicon content of hot metal Is higher,

~ For the silicon removal by hot metal pretreatment.
reagents such as lron oxide or oxygen are added ‘onto the hot

metal in the blast Furnace runner or In the transFer ladle

'by the inJectlon method. Generalily l1me is added as a basic

slag to decrease the activity of silica $O as to improve the

desillconization eFFiciency.

Y

. 2.2.3*Sim1taneous dlasulphuriz’ation and dephosphorization

" : The advantages of simultaneous desulphurizatlon

’and dephosphorization can be outllned as follows{22]:

(A) fast reaction rate tn terms of treatment time

h 4\“ due to simultaneous desulphurization and

dephosphorizatiozéy-
(B) Tower slag volume in the subsequent B.o.f,-

pProcess;

(C) the ability to handle any phosphorus leve|

from hot metal.
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The use oF sodlum carbonate or calcium oxlde based reagents .

. for slmultaneous desulphurlzatlon and dephospﬁgrlzatlon has

been known for some time, Pre\lous work [23] £26]. has shown

that - simultaneous desulphurlzatlon and. dephosphorlzatlon'

‘reactlons in a sillcon Free or low slllcon hot metal are

%ossible with: the" above-mentloned reagents. The'

.

thermodynamlc and kfnetlc aspects oF simultaneous

desulphurlzatlon and dephosphorlzatfon can be brieFly'

summarized as Follows:

(A) Dephosphorlzation and desulphurizatlon are

known to be in contradlctlon to each other ln

_term of thermodynamlcs Higher oxygen partiat

pressures and lower temperatures Favor‘

dephosphorlzatlon, whlle the reverse conditiona

are- Favorable for desulphurization. A *eageant
such as scdium carbonate will decompose to Form‘

-sodlum oxide ‘or sodlum vapor whlch has a high

aFFlnlty For both phosphorus and sulphur.The
slag containing the reaction produbt of Nazo -
wlll ‘make dephosphorfzatlon and
desulphurlzatlon lnsens:tlve to oxygen. At
1400°C | a5 shown by Sulto{156] in'Flgure 2.1,

both ‘the equlllbrlum sulphur and phosphorus |

actlvitles with Nago are expected to be less

than 0.001 % for Poz Fﬂngan,From‘lO“[ to 10-4
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fatm. -Thus dephosphorlzatlon ano

deealphurizatlon can take place simultaneously.

-

(B) For the calclum oxlde based reagent. the
';slmultaneous reactlon can be enhanced through;-i
: the proper control oF oxygen potentlal in the
melt and slag oompositions. Generally. slag_
Fluxea such as Can | NaF and CaCliz2 are added
,onto the surFace of hot metal to form a slag
with high sulphlde and phosphate capaclty. The
loxygen potentlal can be controlled through the -
co-l:Jectlon of Feq, F8203 or Oz with €a0

based reagent to lncrease the oxygen potentlal

'ln the melt so as to promote dephosphorlzatlon.

L ]

(C) Low_allicon content (0.10-0.15%) of hot metal

" +. I8 necessary for effective &ephosphorlzation.

. (D) lntenelVe stirring la_requfredfFor effective

';deSulphurlzatfon and dephosphorlzatlon.

There has - been a growlng lnterest ln the lndustrlal

: appllcatlons of simulteneous dephosphorlzatlon and

——

desulphurlzatlon oF hot metal fn "Japan. The ORP process[l]_

consists of three separate oxidizing processes between the

'blast Furnace and the continuous casting machlne on the

basls oF thermodynamics. These three oxidizing proeesses are

.desillconlzation. slmultaneous dephosphori{zation and
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' desulphurizatfon, and decarburf{zation. Tﬁe_#luxes used in

fhese-three‘staées of ox!dation“are mill'scale'For

' desiliconizetion. mill scale’ (FeO). Cao, Can, end CaCt, for

“desu1phurization and dephosphorlzation. and 02 . Fon_.

decarhurization..SimFlar refining processes FOr ‘the extra-

—

low residual element were also developed by Kawasak'{

Steel [157]. The flux comprising Ca0 (CaC03)—CaF2 (Fe203) or

'N32C03 (+Fe203) mixed with oxygen (+N2) s inJected fnto the-

tranSport “vessel for the desulphurizatlon and

dephosphorization of hot metal. It was reported that this

newly‘develeped,refining process s suitable for mass

| production of hiéh quality steel at a low cost.

2,2.4 Desulphurization

| Since 1970. there has been an increasing demand

‘for -steel‘s with extra low sulphur speciFicafions. . The

detrimental effects of sulphur. on the steel properties can

be edmnarlzed as fol lows:

(A) surFace defects: There is a trend of increaS|ng
surFace cracks with htgh su | phur -content in
steel. Experience has shown thef eurFace
defecfs can ee slgniFieEnﬁly reduced with
sulehur content beiow,0.021t27]. |

~

‘ . .
(B) sulphide inclusions-JSUIPhUT' exist in.steel in

/  the form of sulphide inclusions which affect
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the physical . and 'mecnanlcal‘propertjes of .
| steet[ze]. | ' '
;ThereFore fn almost every integrated steelplant the hot_

metal is externally treated from the blast Furnace. The

reasons for this are as Follows- ' -

(A)At lower slag basictty. hfgher sulphur
operatlon oF the blast Furnace !ncreases
':productivity oF-' - the blast Furnace and .

reduces the fuel rate[lﬂ] [ll]

. (B) low slag basicity I's favorable For alkalj

removal from the blast Furnace[?B]

“ (C) The activity coeFFTcient of sulphur in the hot
metal is hfgher than that of sulphur In steel
which means desulphurization can be more easfly

accomplished in hot metal.

There is great dfversity In the fnstallations and world wide‘
development of external hot metal desulphurization. The
current desulphurfzation processes available in commercial
operation’ dfFFer vastly between North America. Europe and
Japan, A critical comparlson made by»Koros[BO] in terms of -
process character!stics. reagent optfons and performance

among these processes is showﬁfin Tables 2.1 to 2.3. He

conciuded that the teasons for these differences are mainly

l'). et
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£ . Hat Matal Deveifurization Raageat Ch teatl
; ' s 1 = Favorabia, Bese Attridute )
//- Y o : 2 = Moderata. Accepable in Mose Sluati . ' ‘
. : - I = Poor or Unaccepealde Attribute for Mast Sitnations .
' Pradiceability ‘ 3 1 1 1 2 1
'll:o'Sl(m o 150°0 3, 2 1 1 3. 2
smpersiure Seasitivity { <1350 | § 3 1 1 3 2
m;‘lw-ln-h H 3 H 1 3 3
e From B.F, Slag 2 3 - 1. 1 1 -l
° To BOF by : ) 3 1 1 2 1
Yield Loss to Sag 1 3 . 1 ‘2 3 1 [
o - 1 C 2 1 1 3 2
’ Practicality of High 5 o Low 8 Trestment 3 H i . 3 H
1) t
Vessal Damags (Slag Accrecions alo Azzack) 3 - 2 3 17 1 2.
Vessel Shape Sensitivity (LangthTHamecer 3 1 2 1 1 1
Eu-kunc?‘m(.‘mﬂw 3 H H 1 1 H
Canada 1 -3 T8 3 1 S
Europe 1 2 -3 3 t 1
Japen 1 2 3 . 1 1
" us. 1 ‘ 3 1 2 L 1
Table . 2.2
Selectsd Px » for Procsss C. i -Sohéu Tre
WTHY  LimeMeg®)  Paasivensd™  Lime- Aooe™ LimeAN"  LineSpar®
Precictability (ot : 0.008 0.008 oot 0.008 : :
Practicality for < 0.0035 Ditf. Easy Easy Noos [Eoili RLLL) Eaw .
Treatment Pactoes - '
. Reagent Flow, kgrminst . 0.38 030 0.11 .28 R+ X X ] 0.50
. Transport Gas, NUminlt . 80 48 187 4.8] 50
Rata* a.10 Q.08 ale 0.04 ‘009 o010
. Temperature Loss | *C/min) - 1.0 0.8 C0d 1.0 1.2
Reagme Elficiancy Index*=, % N 58, L) : 850 1L 1.
Charsctarization®sse bT T : B D.T F
0.050.0185 . .
Injection Ttomm, Min 12 7 20 . 12 3 . 118) 116)
Tenperature Loss. 0. . 12 10 3 30 {18} -2
Slag Generation, kgre 40 8.2 1.8 as 42 a0
*Sulfur Resoval n.u(mf'.) N (.L)
5? A;B st 3 Indi Par ] From Availabls Information
) - s m
**Rangent Bﬂ‘.danqr(tnﬁ) o B0 : T -%ﬁu
index. % VS Ty P = Fluid

-
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Table 2.3

WPMIUMM-TQJu'M‘Tmu

: - amivited  Lime-Sparn
Carbide M Magneaium-Pussival pa

" Pre-Mixed JL Line-PMc JaL) Polhﬂq USIRMAG™ L.LS.R."‘ IK-10
v ——te ;
% Mg 0% Mg*®  (Variable Mg Rau# L - s

Pudmhmsy {le) - 0008 0.005 “+ 0,008 0.005 . 0.003
Pracucality for <0.008S . Diff.  Eagy ‘Eagy Medium Eany Easy Easv
Fresboard Negded. cm 30 Nil . Nil 18 .80 123 N
Trestmant Factors ‘ - : . ) . . )

T t Fia'. Iﬁdm.n g:;'l' 0.25 08y ..." } 39 & - 005 008 0.11 . Eg

ragsport Gas Niminn 2 N ¢ Nit 3 ’ 14 '
- Sulfur Removal Rate® Q.10 - 0.20 042 0.28 0.10 0.21 + 028 042
. Tempersture Losa (*C/Miny 13 2.7 <1 5 11 13.0 )

Reagent v Index® 5 23 80 - 8 . 81 B 71 &6 80 26
Shg * DT D b D.T F F- F B
Typical Traatiment Performance .

0.035-0.9108 . .

' TM ml.m".h'c . 13 8.3 3 4.5 12 . & -] ' 3

emperature 1 13 * 10 B =11 . - 14 ML) 15
Slag Generstion. kgit 1.0 ' 20 1.9 . 50 : 14 B 0.5 Q.8 3
*Rafer to Tabie I1. ‘ o .

“*Dual dispenser operation: Umm.-zos: Mg/Lime . . : N
L2
\ : ‘
‘.
1

. N A & _‘ 17 ..

A
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'debéhdenﬁ'on availability oF Facilities and\reagent-
ecpnpmics: In summary, the desulphurizatiqn pProcesses which
have been used ‘for hot metai desulphurization are as

fb]IOWS"
Nagnesium Qis-d‘u-tﬁo&s
}A) Hag-co#g prqces%tBl].
iB) Lime—Hag‘prd;esSESEJ.
‘(C) Mag-AI:proce;s[33].
(D) Sait-cogted érgﬁ;leg érocess[éA].
Lime based_nath;dl :
"(Ai;Limefsper Process[35].
.éB) Lime-Ai-;rocess[Bé].tajjJ -
(C) Lime alone process[Sé].
(D) Limesfoﬁe-séér process[lSB]:
Cajciﬁm carSidelbased methods
(A) KR method[39].
(B) Porous-plug method gpbs ﬁéfhod)[ssl.

-—'___\L .
(C) A.TiH. Injéction method[40].

VS

v
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’Sodiuu carbonate’ based method

‘ (A) Soda-ash—paving method[39]. in which the bottom
of the ladle is paved” with soda ash before .

- . tapping ‘steel on it.,
{B) Injection method.
2.3 Funcamentals of hot metal desulphurization

2.3.1 meriuedynmic aspects

According to the ,Feagent types vandﬂ

desulphur1zation mechanism. the desulphurlzers ‘common 1y used

for hot metal and steel desulphurizetion can ‘be " clasleied

into three groups. namely

(A) The use of Hg, Ca, Sr, or La in metal!lc form

to react wfth sul phur to form stable metal

+ sulfiide,

(B) The.use of oxide, ecarbide or carbonéte compound‘

to react with sulphur fo‘Form stable metal

sulphide. < g

(C) The use of fluid, highly besic slags to remove

. sulphur through slag/metal reaction.

For the group t}bes of reagent .(A) and (8), the

desulphurization reaction 1n general,ls governed by the

]

—e
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oxide/sulphide equilibrium, -

MeyOy + Y S'= MeySy + YO (2.2)

-

For unit activlty of oxide and’ sulphide. the critical ratio

) oF sulfhur to oxygen for desulphurization to proceed is

given by the equillbrium constant K. This equilibrium

factlvity ratfo of sulphur to oxygen {in the melt can be

calculated From the free energy oF oxide and sulphide
Formation at the temperature*of interest. Figure 2. 2 shows

the thermodynamic caloulatlon of sulphur/oxygen activity

ratfo in lfquid fron for the sulphide-oxide equilibria In

the temperature range 1300 to 1450 0C[41]. At &5 Fixed- oxygen

‘potential, a low value of the ratio represents higher
desuiphurlzation potentlal. It can be’ seen from this diagram
l‘that the desulphurization ability of the metallic element or
‘oxfides fincreases downwards fn the order MgO, Ca0, Sro, BaO.

and Nag0

Kay and Kumar[42] prepared the Pphase stability
dlagram for the system of metal—sulphur-oxygen (Flgure 2.3).
It is possible to use this diagram to predict the lower
1imit of desulphurization under a fixed oxygen potential
condition. With magnesium. caleium and rare earth (or their
oxides). it can be ‘seen from this diagram that .the Lazo3

LBaDzS. -.Ca0/CasS and MgO/HgS equilibria lines intersect the
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Figure 2.3:° M-S5-0 phase- stability diagram for
o carbon-saturated 1iquid fron at- 1773K

(M=Ca, Hg and La)[42].
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»f_ c/co (Peo=latm) line at hg values oF»4-46X10-4 5. 62X10_3

and 7.94x1u 11. respectively. These values represent, on‘a

~thermodynamic basls, the lower 1imits of desulphurlzetion

with La or Lazoav Ca or Ca0 and- Hg or ngo at 1773 K. Yhe
results 1nd1cete that. at a foed oxygen potential’ (C/CO '
Pco=latm), Mg and Mgo are not- eFFectnve desulphurtzers.

However, Mg has‘_/Ffﬁatively high solublllty in carbon—

saturated molten Iron. When hot metal is saturated wuth Mg :_
 (0.26 wt% at 1773K[43]), the oxygen potential can be reduced -

f(’——fo a hy value of 3. 15x1g“81. ‘This oxygen potentiaI‘

s

—

. .corresponds- to a hs 'Value of. 3 lGXlO"“ The USé O'F

alumfnium For deoxldatlon oF hot metal can eFFectively

'enhence desulphurizetfon.-F{gure 2 3 shows the

b

Laan/LazOgS.and CaO/CaS equllibria lines lntersect the hAg,'
=0.2 ;,ne at a hsﬁ value oF 1.90X10- 4 and 1. 69X10- 3z

‘res ectively. The 5ignificance of this d:FFerence is that-”

-~

sulphurization power oF L3203/La2025 and. CaO/CaS .can

be en anced by decreaslng the oxygen potential oF the hot

xf—‘\\Jget~l by aluminium addition. Figure 2.3 also 1nd|cates the

seturation of Cﬂcz gives very low oxygen potential with a hs‘.
value of 3, 55X10 Ta, whlch corresponds toa hg value of

2.51x10-51. However, due to the 1ow solubllfty of Ca fn a

- carbon~saturated melt. Kay and ‘Kumar pointed out that the

dissolved calcium can not provide any: protection.against’

reoxidation and consequent sul phur reversion. ThereFore. the'

use oF Ca in the form' oF carbide can fmprove_the



"Acan be.formed according to equation[44]

| -

;(2.3) governs slag/metal sulphur reactnons.

“fonic melt. For the sake of convenience,

24

eFFectiveness oF the utilization of Ca by providing a’

3

continuous source of Ca A

~

The thermodynamics oF the sJag/metal sulphur-“ r .

’ reaction hes been the subJect of the most extensive studies

oF all the‘slag/metal reactions in fron and steelmaking.
‘Sulphur is only slightly soluble in atomic form and is.

present as. sulphide ions or sulphate ion depending on the

oxygen pregsure. lﬁlhen Poz is ]935 than 10 -6 BtmvNSUIph{de

1/2 52 + (.0=2 ) = 172 0  + € 5-2)
7 (2.3)

Under current fron and steelmaking conditions. reaction
Nhen POZ‘

exceeds 10—4 atm. sulphate can be formed which can be

.represented by the fol lowing equation:

1/2 S2 +3/2 02 + ( 072 ) = (50-2 ) . o
k2.4) -

The activity'oF the oxygen lon and. the activity

9oeFFicient of the sulphur ion can not be evaluated in an -

the concept of
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sulphide capacity was-introduced by Fincham and

Richardscn[dd] tc describe the sulphur aFFinity cF a slag-“'

- K ) . . R PR
L
o

Ca(wtas) | - )0.5 . (a.
Cgm (W 2 ) ( Po, / Ps, 10.5 (2.5

where Pog and Psz are the equilibrium partial pressures of

oxygen and . sulphur. respectrvely. and- (w“zs) is the sulphur

'.solubility in the slag. A slag with a high value of . sulphide '

\-\\..'

‘ capaclty means more sul phur can be helct in the slag.

- -

Selected data[45] on the sulphide capacity of

binary oxide melts. Ferrltes. aluminate. silicates and

phosphates are ‘shown in Figure 2.4, As can . be seen Frcm this

diagram, the sulphide capacity increases with increasing

k_ccncentration oF’basic-oxide.

F'19ur'e 2.5 shows the ccrralation of sulphide.
capacity with an empirical basicity ratio in a wide range ‘
of slag systems such as CaO—SiOz ' Cao-Agzog—Sioz. CaO—MQO-
$10z and CaO-HgO-A&203-Si02[48] This ccrrelaticn prcvides_
a more useful Fbrm Fcr the estimaticn of sulphlde capacity

" . ) .
In a study cF the inFluence of the metal

composition on the kinetics of desulphurizaticn. both'

.Gcldman et al[49] anq Turkdcgan et al[SO] Found_
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"independently‘thatﬂc. S.'Hn.Aand Al enhance the rate of"
: desulphurlzation._They explained that this experimental
;'observation is due to the eFFect of solute elements Si, Nn

‘and Al in removing the oxygen dissolved n the metal phase

-t

They Proposed the overall. sulphur reaction besed on . the
\ .

‘molecular theory’as
5T BN

TS1+(0)=r03+(s) (2.6) -

—
4

Hoﬁever. this sulphur reaction mechanism is inconsistent,
with the ionic theory of slag-metai sulphur'reaction
mechenism and ls thereFore lncapable oF expleining the

effect oF applied voltage on desulphurization kinetfcs,

-— \

.,Rosenqylst[51] wae~Firs€ to suggest,the electro- .

chemical mechanism.to explain the phenomena of sulphur

reaction. According to. this mechanism.-slag-metal'reactions

- are redox exchange reactions which are accompenied by an )

'exchange oF electrons between ‘the reactjng species as they

are transferred to and From a non—polar metellic phase and

ionic molten slag. ThereFore the transFer oF sulphur From

'metal to slag is a cathodlc reaction:

i/

[S1+2e=(s-2) 2.7)
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In order to fulfil the electrfceT neutraiity, . the
accompany?ng anodio reeotions take place simultaneously. for

example'

-

[Fe 1 = Fet2 +2e (2.8
[S1'] =5Si+4 + 4 - (2.9
. LMY =Mat2 42 e o (@.10)
o S 072 ) + C={CO} + 2e= S (2.11)

——

-The overeli desulphurization rate can be balanced by the

. above various enodic halF-cell transfer reactions

-Z'ns = 2 nFe + 4nss-+lznnﬁ‘+ 2nco

A

(2.12)

where n 1s the rate oF transFer or evolution in mole/s. The
overall rate of‘desulphuriz@tion will be dominated by'the

step which 1is suFFlclently slow compared to those of the

other steps., , ' ' "

1

For the prediction of the équilfbrium condition of

_desulphurization, the equllibrium sulphur partftion ratio s

generally used. The partition oF syl phur between slag and

metal can best -be represented by the reection(z 6). Through

the combinatfon of Eqn(2.3) and Eqn(z ﬁlﬁ_the appropriate
.

%
gas—metal reaotion can be expressed as fol lows:



e e e

1720, + LS 1= 1728, + [ o 1 (2.3

| Ke; ([ao]/[aa,1)(P82/P°2'.)0.5. (2.14)

where .

Log K, = -935 / T + 1.375 . (2.15)

.Uslnglthe‘thermbdynamic-data for the equilibrium cbnstant-of

Egn(2. 14). the sulphur partition can be expressed as
Function of. sulphlde capacity. activity coeFFicient of
sulphur in hot metal + and oxygen activity In t:he hot metal .

LY

Log{. (%S)/[%S] )=-Log;F + Log Keq+ Leg C,
SN ) |

(2.16)

xr

- Log ag

The presence of carbon and silicon In hot meta? {ncreases
the activity coeFFlclent of sulphur by .a Factor varying

between 5 and lO._Consequently. at a gliven condltion the

. sulphur‘partition in fron making will be increased by a

factor of § to 10 higher than that’ in steelmaking. :
Furthermore, in fronmaking the oxygen potential in blast |
Farnace approaches c/co equlllbr}dm at about 2 atm CO
pressure and a‘carbon activfty of 0.8[(52). The corrasponding
oxygen potential has the value equivayent to about l!:l'16

atm at 1500 oC. For the s fag under staelmaking conditions,
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‘.

-th\“eetdmated oxygen potential is about 10- 9 atm at 1600

°c. Therefore. the value of '(ZS)/[%S] would be lowered

roughly ‘by ‘a Factor of 10-2, {ndicating that

desulphurfzetlon in the steelmaking pProcess is very

ineFFectIve./

-

Figure 2.6[53] shows the . verfation of the computed

equil!brium sulphur partit{on wlth temperature and

concentration oF aluminfum in hot metal and Ca0 in. calcium

aluminate melts. It can be seen that the 'sulphur: partition

ratio increeses with lncreasing Ca0 content in slag melt

The sulphur partttion rat;\\Ws also enhenced by an increase .

of the concentration oF d!ssolved aluminlum in quu{d steelh'

Althodbh an 1norease of temperature will Improve the sulphur

,Capacity of S‘Bg.fthe equi 1 fbrium part{tion ratio decreases

with fncreasing temperature, since an lncrease_in
tempereture will jncrease‘the oxygen activlty fn Yfquld

steel according to aluminium and oxygen equilibrium:

2.3.2 -Kinetie aspects

-

Powder inJection refining processes are carried
out in a transFer ladte in whlch the solid reagents are
fnjected together with a carrier gas. The solju.reagents
remain in the 'powder form (eg CaCp or CaQ)or are vaporized
to the gas phase (eg Mg or Ca). The overai\\processes of

inJection reFinIng are in general considerea‘to consist of



e

10

_ temperature,*C -

1500
—-— 1650

0005, .
10k oo " -
ooos/ -
1036 1 | : .
40 ‘ '
CaO,wt—"Io S0 . 80

Figure -2.6:
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“Varifatien of the.cdmputed equilibrium

distribution ratio (%S)/[%25] with
temperature and concentration of

aluminium in solutton fn iron and

32

calcium oxide In calcium aluminate

. melts[53];
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'several consecutlve steps. Eeoause the reagent may be ln
"sol id or vapor Form. a verlety of sltuatlons may exist. each_ :

.requlrlng a somewhat leFerent enelysls of the mess transFer

phenomena involved.

2.3.2.1' ﬂase tréujlsf‘er in. dispersed systm _ . T

-

Durlng the Flotatlon oF a rfsing particle a
boundary layer wlll develop._ AdJecent to the pertlcle'

surFace; the Fluld velocfty is slow and mass transport

normel to the surFace is thereFore governed by moleculerl

leFuslcm. In most metal lurgical operatfons.‘ the. system s

s0 turbulent that mlxlng occurs not only by diFFuslon but by

. the movement of turbulent eddles. bu]k movement and

‘ coiwectlon. Therefore. the mass transfer rate may Be more

_convenlently expressed as

N=knA (Cp ~Cy 3 L @an
where k is a mass transFer coefficient. Eqn(2 17) ls used
under the assumptlon that a steedy state equlllbrlum exlsted

across the Fllm. However. thls is not always true because it

‘takes some tlme to estebllsh equfllbrlum condltions ecross

the film wlth the Formatlon of the solld—Fluld hetergenous

interface. H{gble [54] proposed a. penetratfon theory" to‘\)_

describe the contact between two Flulds durlng this non-

equlllbrlum perlod. Through the solution of Flck's second

33
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Iaw.‘Hfgbie obta{ned the mass transFer coeFFiclent Fbr the T

. absorption oF gas in tfme ten by a stagnant ]iqufd_

o= .
- . .

e | e e o ———— 2}

ko= 2 (D/mee 305 Y - aey

. _where te is the exposure time oF the liquid to the gas.
Based on the moleicat!on oF the Higbie penetration theory._-‘
‘Dankwerts et el[SS] proposed*surFace renewal theory to _

'-relate the\mess transFer coeFFicient to the fractional rate |

_ of surFace renewal-
km= (05)05 L 2019y

where S 13 the rate oF surFace renewal which depeahs on_

hydrodynamic condftions and geometry oF the system.

Hass trgnsfer For Flow past single spheres has been

the subJect oF much study[56] [57] - The phenomenon of mass
etransfer between a sphere surrounded by*Flufd.ean be
- described by the dimenslonlese group which Is used to

' correlete the mass transfer. IR R | \\\

‘Nsh = F( NRe.NscNGr ) o (2.20) T

A

: .
- ) \
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For'the cond!tion oF no natural convection (NGraOL* the

correlation For the mass transfer From a sphere can be

e

expressed as e

o Meh=zo0 4 c MBS NG L any

= A

a2

. ‘ . - . : S . .
s~ ‘

A _ ‘where (o 1s constant which Falls tn the range 0. .3-1.0.

For
Reynolds numbers From 20 to 2000. lt 1s suggested by
Rowe[S?] that the value oF C is 0.63 For gases and 0.76 for '

"‘:liquids. This type oF empirical correlation was based on. the
- .assun tion that mass transFer was controlled by the"
EJ
low over the’ Front or: upper surface oF the

,potentlal

parttcle and there was no transFer through the wake A more"
“appropriate correlatfon which takes account oF the mass‘
transFer due to the wake has been proposed by the prevfous‘

N authors[SB] [59] and !s of the Form.

. L B SR .
7 = 0-5 0.33 0-5 -
Ngn= CjNpQ-5 N 0.33 + CaNgeNse (2.22)

‘Where the'second'term represent the mass transfer to'the'
wake.,

For the agitated system. the mean relatlve

velocities between part!cles and flufd Flow is greatly
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eFFected by the turbulence of the system.‘ Aithougn'

-y

_‘i . Eqn(z 21) and (2. 22) are eppliceble to::;EWmate the mass

';transfer coeFFiclent For perticles in turbulent Flow. an

P

7_: appropriate veloclty to use for the. celcuiation oF the

{ Reynolds number has to be estimated with caution. However

e for' perticles with very smell dlameter in a highly

' tunhulent system. the eorrespond{ng Reynolds number will be
emall enough (Re<1) to Ignore thjs turblilent effect on

" ;,”“ mass’ trensFer. ThereFore. Ko|mogoroFF's'theory of‘ioceii
lsotropy ts used to account for the InFluence of the local
"'turbulent filow Field on mass transfer of s partic!e. The
4detail of the KolmogoroFF’s theory were described by
I-ane[GO] ‘For particles with veary small d-iameter, ‘the
javerege statfstical/@urbulent properties around these

part[cles are’ determined by the Ioca{ energy dissipetion per'.

unit mass. For e bafFIed@tank ‘the averege energy v

dtsslpatlon per. unit mess is given by[Gl]

(2.23)

-where K is. a dlmen§1onle s constant, .N rotation speed In
TaPaSe,. D diameter oF agitator. For ges stirred bubble
columns, the avarage energy dissipetion per unlt ‘mass s

given by [62]..

Ug. - - o | ‘ .
e= Ugg- _7 - - (2.24)



37

.where Ug ls the bubble veloclty. -and.g Is grevltetlonel
acceleration. lt .has been Found thet mass trensFer betWeen'
smell pertloles and turbulent llquld ls a ﬁunction oF energy '
fnput per unlt maes. Sano et el[62] ln their study oF mass j'

trensfer to solld particle proposed the FoLlowlng

correlation For dlmenslonless _mass trensFer coeFFlclents by

a ‘ ~ using KolmogoroFF's theory of loeal lsotropy’jh agltateo

Y . .
{ systems. : o

/\i‘ . - b ’ . ; ) : . 7 . R
: p . . ey

1 . | N = [ 2+ 034.(selp$Jl/4ﬂléé3]¢. S (2.25)

e.f

i where d

is the kinematic

" Apart from the hydrodynamic Facto » the rate of

mass trensFer of the dlssolved solute to the pertlcle could

lbe enhanced by Marangoni{ turbulence at the llquld—pertlcle'

lnterFece[SB],

Studles on the dlslntegratlon and coelesence of

bubbles during Flotatlon were reviewed by Sano et al[66].

estlmatlon oF bubble. slze in the plume;_

1

!

|

i ' " They" Proposed the Followlng empirical equstlon for the
|

]

dvseIo,p91('c/el}0a5vg.44: (2.26)
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The slzes oF bubbles ln molten iron Testtdeted from this °

) equatlon are in the range 20—100 frinh.

o

The ~ extensive literature revlew on mass treneFer _
from bqutes to llquid are’ avatlabre in ref.[671, [se].‘Theqr
. bubble shape. ls eFFected by many Factors. and Ghace et al
;[69] provfde guidance on methods of prediction. Small
- bubbles with dlameters less than 2.5 mm behave as rlgidw
spheres. in llqulde of low and lntermedlate vlscosltles.o
‘bubbles larger than 10 mm in dlemeter are spherlcal cap fnx
"shape wnth open ‘waka.’ By assumtng potentlal Flow over the‘
,\\ Front or upper surface oF the bubble, the mass transfer

coe'FFlclent for_the front is glven as[?Z]
K, = 0.95] 'g0.25p0.54~0.25 2.
L Kypy= 0 95l 9@-25p0 dz0.2 (2.27)

Howeier;-thfs Is eppllceble to the idealized case of a
spher‘lcal -cap bubble rlslng vertrcal ly. Glinkov found that
llarge'bubbles are'elliptical ln,ehape and tend to slide
sideways. Consequently the veloclty at the bottom section oF‘
bubble s higher than the vertlcel velocity. ThereFore the
mdss transfer at the bottom plate becomes lmportant.However.
transfer from the bottom section oF the bubble fs not as"
well understood. Weber[74] used the penetratlon theory to

- &
relate the observed mess transfer rate from the rear OF

bubbles.
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in aqueous syStems. the presence oF surfactantsx
’tends to reduce mass transFer rates For bubbles by'

lnterfering with cfrculatlon pattern or by lmmobillzing the

bubble interface. Small amount oF surFace-actlve agents.ﬁn

such as oxygen dissolved in sllver, may substantlallyf'

decrease the mass transFer rate of bubbles[?S] "The

Fractlonal surFace coverage oF surFactant.e. -js well

described by Langmulr's adsorpticn lsotherm[GS]

s

lef

Kyao . (2.29)
: (.,l-a, ) ap -

"

The presence of surfactant at the Ilquld surFace will cause

a varlatlon in the concentratlon of . the solute on the gas-~

l1iquid surface, resultlng fn the uneven. distrlbutlon ‘of
-surFace tension, The relation between .the excess
'concentratlon of solutes “and the surface tenslcn Is glven by

the Glbbs’ adsorption equatlon.

'a dr
L

L (2.30)
RTda ‘ .

where I is the excess concentration of the solute in:the

/
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’f the solutes ln the bulk phase. T ls the surface tenslon:

' 7llquld/gas lnterfaee‘..the surFace pressure will be created:

' wsurface Filnh mole/mZ. a ls the thermodynamlc actlvlty offu

;0wlng to the exlstence of the uneven surFace Force at thel

to cause thé’retardation of the lnterfaclal movement,_

Coneequently.-:t reduces the mass transfer rate. In aqueousu

'.heve been’ Found to- be lowered by a Factor of 2 to . IO ln-

comparison wlth the mass transFer coeFFlclent obtelned FromN

' .the penetretlon theory[lGZ]

. . T -
a2 - . . .

2.3.2.2 The.-kine_tﬁics of slag -llletal_ desul phur fzatton

‘The kinetics of sulphur transport between s lag and

| molten iron has been the subject oF much study[76] [971. Due

" to the large volume of . llterature evellable ln'thls area,

several oF the lmportent.observed experimental Facts on the

rates of desulphurization between slag and metal are

summar ized below:

(1) The ,rate oFlreactlon is enhanced wlth the

lncreaslng slag baslclty.

<

(2) The existence of reduclble oxide in the slag

reduces the rate of desulphurizatlon.‘

(3) Improvement of bath stirring enhances the

desulphurlzatlon rate .

:

: systems. the mass transFer rates lmmoblllzed by surFactant .
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Sulphur‘ s present as sulphide ions in Iron

nmek{ng s!ags due to the Iow oxygen potential. thus the -
.slag/metal desulphurfzation can be described by an 15n7

-'exehenge reaction.

$2+0=s5+02 . 23

The kinet!cs oF sulphur transport between slag and hot metalr

: heve been reported to Follow Ffrst order react!en kinetics

with respect to sulphur[sej [99]. The overa]l transporti

'process may {nvolve the Following three elementary steps 35

“shown. in Figure 2.7 namely:

(A) TrensFer of sutphur From the metal phase to

slag/metal interface.

NT/S =k A (CBb - Cl,m) : ' (2.32)
s . ’ m s .s._- s . ' '

(B) Chemical reaction at the metal/siag interFace

= m - T .
NBx = kA C] m__,gba clost (2.33)

{C) TransFer of sulphur from the slag/metal

InterFace to the slag phase
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v Figure 2.7: Time- average concentration-distance
. clrves across the phase boundar'y for a
. reaction Involvfng a me'tal and slag

under conditions of mixed control. .
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Rearranging Ean (2.32), (2.33), and (2.34) gives
NB/S ./ k A = b -clm ~§ (2735)‘_
" K A = Ci,m - 1,8t (2. c e
N/ kA = CLam = K /K CLLs (236 —
. .
m': . ' M '
‘ Ns/m / k A =Cl,st — Cst C o (2.37) :
'S s. s s Ul .

At steady state, we can combline Eqn(Z 35) and (2 36). and

dtvfde Eqn (2 37) by the equilfbrium partition rat1o n. to
obtaln N | ' ' :\

v

- m/s’ = cb — K Ci si
( lfkmA + l/kFA )Ns/ Cs kb/ kfcs'

(2.38)'

and

.=' iyg—
( llnksA )Ng/s I/nCs s I/ncgl
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transFer Iin the metal. The overall. reectlon

- 44

US‘“Q partition’ ratio n = kf/kb and combfning Eqn (2. 38) and
(2.39) gives: ‘ - : J

Nm/s = A /( l/k +l/k 4 l/nk ) (cb - cs‘/n )

o

. . s

P .
(2.40)

where the ternlt Cb - Cslln ) represents the drlvlng Force
P

in terms ‘of concentretlon, Csl/n is the ooncentration in the

metal that is {n equf 1 ibrium with concentrtion ng. the butk

.concentration of slag.

The reactlon rate {s controlled by the steps whlch

are slowest. For the case of . hlgh temperature metellurglcal

systems. the chemical reactions are so fast that equullbrium

can be assumed to be attalned[163] ThereFore. the overall

reactfon rate constant can be slmplled to

N ﬁm/sz A/ ( l/ﬁ“ + I/ nks l | (2.41)

¢

whether the reaction rate ts controlled by the transport

klnetlcs fn the metal slde or. slag slde depends on the value

of l/km and 1/nks. If the value of 1/km is much

than l/l‘lks

larger

. the overal | reaetlon rate is dominated by mass

. rate
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:ekpression_contains-the eqoiiibrium partition ratio..
ThereFore the ;reection rate wiii ‘be aFFected by oxygen
L potentiai and slag composition. Low oxygen potentiai and

'high besicity oF slag composition are Favorable For high

reaction rate For deoxidized hot metal with high slag -

basicity. it Is reasonebie to assume that the reaction rate

fs dominated by the tranSport kinetics in the hot metal

The eFFect oF hydrodynamic conditions such as
stirring on the siag-metal reaction rate has been studied by
many previous investigators. The positive effects of
intensive stirring on the rate of reaction iIn general can be

appreciated in the Foliowgng steps[lﬂU}—[llB]

o (A) Improvement of the convection rate on both
the hot metal and slag phases to Increase
the transfer of solute element to and'Fromfthe

reaction site:_ :

(B) Improvement of reaction tnterface due to the.

-intensive stirring at the slag metal interface;

- : '(C) Improyement of mass transfer coefficient due to

‘the fncrease of tnterfacial turbulence.

Mass transfer experiments regarding the transfer
[} .
of solute between two immiscible phase have been reported Iin

detaf | eisewheretiOO]-[lOS]. Robertson et al[144] measured
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‘mass transfer coefficients 1n algam—aqueous solution and

Iead-mo!ten salt systems ﬂhlch do not fnvolve interfacial

v

turbulence during reaction. They successfully correlated

the mass transFer coeFFiclent with gas flow rate and vessel
i

BT

k=B (D 'Q/ZdZ 0.5 ' (2.42:)'

»

"where B is.a proportionality constant,m-1/2, D the diFFusfon
‘coeFFthent. Q the total gas flow rate and d the vessel

‘ diameter. The values of the proporttona!ity constants are

'Found to vary for metal and slag control and metal depth

For high depth metal control, B is approximately 109.5 m"l
Under the condition of the low depth metal control. B is

estimated to be 89.4 m—1. For the case of slag control. B

is estlmated to be 70.7 m~1/2" The proport!onality constant '

B has also been estimated based on Plant studies and a
value of 480 m-1/2 ‘was obtained for s lag-metal

desulphur!gation of steel in transFer ladle stIrred by deep

argon 1nJectIons[106]

The eFFect of gas flow rate"on the rate of mass

transfer has been investigated[loa] -[112]. For a constant
vol ume oF l1iquid, the mass transfer rate can be. defined as a

product of the reaction interfacfal area and mass transFer

coefficient. However, it Is found that the mass transfer

46 .
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.epeFFiclent is only slightly dependent on the ges Flow rate.

ThereFore the strong depengence oF gas rete-on the rate oF

,Mess transfer can be attrlbuted to the lncreese of reection

interFece due to the turbulence near;the interfece The

.prevlous results which 1ncluded both hfgh temperature

sleg/metel and room - temperature weter model experiments

fncrease in the intensity of stirr{ng. Table 2.4 shows these

results which were summar{zed end tabuleted by Asei et

-

.al[136]

* 2.4 Deaxidation of hot metal

A critftcal review of the previous work on the

deoxidation of steel is beyond the scope of thistection.
_ReFerence should be made to Turkdogen et alf{114]1,{155]

which provide a comprehens!ve coverage oF past work -on

steelmaking deoxldation, : . '

Aluminium has been known as the strongest

) deoxidizer commoniy used ln steel depxidetion. Recently it

_ has also been used to deoxidfze the hot metal to enhance the

rate of desulphurizatfon [37].[115]-[117]. The use of

aluminfum addftion to improve the hot metal desulphurization

* has been successful 1y demonstrated at JaL steel’s Aliquippa

Works[37]. The reason for the use of aluminium addition to

deoxidize hot metal before iime Injection 1s that altuminium

"indfcated that the rete oF reaction Increased with, en}
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Table 2.4

-

Correlation of uass transfer in

’ Tauld-Tiquid:system '_,_,,/ o
System séiri'_ing Reacti_.on Co['reInE_[g_n Reim-ks Ref.
Slag-Steel|Ar gas -|Oesulphurs” 2.5ton
R . fzation K-:c"';’ C c?nvertgr _
-. . . 1e<60w/ton |q<150z/mine - P
¥ i ’ ton |[135]
Kag2-? 150<q<240 . :
] i ~ 13e>60wftan | -
water-Hg .. [N 93s [Reduction |Kagd 3v0ed] oi5g : '
1 of quinone |- " | e=0.22 - [137]
Slag-Stee'l Ar gals1 Deph?sph?r- Kegt-t0. _130¢q<160
mechani=- 2atioe :
o e ) " £1381
. stirring )
Slag-SteellAr-gas™ [Cu<{Cu) - [K=c®*37 | gcr00 |, {139]
Slag-Steetl Desutphur- fKa'¢le® - - ~
- ) jzation| - . (140]
011-water K gty [141)
Amalgams- [[n]+3TFe3*‘Km wgln1? q<10 .
- aqueous . {Ind%) . $=0.5 [142]
9 sol. : +3(Fe2+] Rg =g’"*?
n-hexane- |Ns gas 'X-2+20¥ IOO Kegti?2 1'995q;994 o
aqueous, . +1°4 _ $=0.
: sol. 3107=103 "2 (143l
+21" -
Amalgams- s 4 . ) L
aqueous sol. Kxpghe Q<130 -~ .
Lead- . ¢=0.5 [144])
molten salt . : :
|S1ag-Stee1} 02 gas | Dephosphor- [x«g?-5* 50<g<80
2 . ization ) [145]
Hqu1g . - - Keg?-3¢ 30<q<80
paraffin 10 |gpeqe200 134]
~water | K=e 4e0.17 |t
Tetraline-jair Kegtelt q<150
3queagus Kagl-t 150<q<650 [136]
sol. ) 0.1 . ‘

Q=g is assumed

K:capacity coefficient uf mass transfer
c:nixing power density
-} fraction of slag
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' can enhance the desulphurizing ebiiity oF Iime due to the Q‘;_ .

:Formation oF liquid calcium aiuminete siag with higher

"sulphide capacity. Furthermore.\as stated in seetion 2 3.

3 low oxygen potentiai is thermodynamiceliy FaVOrable For:f
i .
4 eFFectlve desulphurization to occur.
4 . . : =
,:;*___;_"_ - .-_ﬁ In general. the solubility oF the deoxidation,.;tt”
3 products in 11quid iron a]ioys is represented by
. SRy ExRIe -z
. "th which ‘the equiiiprium coneteut'is -
T o 7 -
; . - Keq= é" ag / a" o _ . (2.44) s

Xy

Inserting the activity coeFFicients and taking the oxfde

,”;___mactivity as a unity, Eqn(Z 44) .becomes

Keq = [ %M 1X [ %0 1YEXEY . (2.45)

Theoretically the equilibrium constant represents the
deoxidation power of the. deoxidizer. Table 2.5 shows

selected deoxidetion equiiibrium.constants for liquid fron. °

saturated with the respective oxide. It can be seen that

- e e e L -
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has been lntenslvely studled For severel decades

_ oxygen.

T el
s

with oxygen chemlcal potentlel

aluminium hes the strongest deoxldatton power.

'|

The determlnetion oF oxygen in steel or hot metel

' Oxygen

~fcan exlst ln iron both ln the Form o) oxlde end dfssolyed

‘Typical total oxygew contents of. hot metal are

Thetefofe most oxygen is in the Formllof oxide._"lt :ls not
,pfactlcal to use the total oxygen content 5
oxidation level ‘of the hot metal so as tp control the

refining’ CQndltan- Recently, the developments of the’

‘1

-

. reported in the range oF 10-100 ppm[37] [llI] Obviously o
these totel oxygen values ere Fer in excess of those'

lexpected For.equil{brlum with elther cefbon or»silicon.“

termine the

oxygen galvenif;oell ‘can provide a rapid end accurate

th
meesurement of the .dissol ved oxygen actl‘vlty ILQ- steel or hot

'metal.

-;\'

The oxygen galvenic cell conslst of twq electrodes

which are separated by the

sol1d, oxide electrolyte. For an oxygen cell using Cr—Cr203

o g;)rp—-;;rocgeference electrode, and partielly megnesium—stablllzed

zlrconla as the electrolyte. the galvanic cell can be
. & N
represented by.o o T a‘ 7 '
. Q . . “ - : . - l. '.. T
| b-‘ T . : ‘.;' o co ‘:\ R .“ \\ . ‘
Ct . ,. ‘ ﬂ.._'a : _Ev ' t'. '
. Cr=Cr,0_ |.2r@,(Mg0) | 0. (" In Fe.alloy. yoo, .
R ’ ‘ . .t K i, . v . Ly
. !P "o - S
1 r P 2‘ - .
- _‘. ‘ .
- ‘rb 00::. . =~ . o 1
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T - The r:elll__'reectlien is
2/3 ¢cr,__+0 .;“1/3 cr.0. . (2.46)

(s) = = 273 (s)

L 4Go = -90180 + 20.45 T (J) . (2.47).
. . .. . i i ‘? "--'. .. . .- IS ) . -..
AN A I o

(AR

i e

‘L 5 IF the cell conducts purely fonically, then the Free energy _ o
f change for the cell reaction and the rneasured EMF s are
. related by the Nernst equation. _

| AG = -pEF . . ' (2.48)

Therefore = L -

’ AE = E —‘_Eo = RT/nf Ln ao : o (2.49) -

; where Eo s the EMF - for the ref-‘er'ence electrode pure Cr and

' . Cra03 , n=2 and F is the Faraday constant (23061 cal/v

| .

a , .equfvalent), Substltution of the known value oF Eo From the

s ' available thermodynamic da’ca[lle]. the activtty oF, oxygen '

fsgivenby N AN ‘ | o

b Log a =( 4, 52 --13580 - 10.08E ) /7 - . . _

i‘ ) . . . . "> :’-‘_ - '_ ‘ AN "v:'_-.‘.‘.:. \? R " ) b' D . ‘ C. ' . ! * -

: - ‘ R . (2.50)

i ‘ . - ’ Lo , ‘ L b

/ o \} , - . o
‘ | g ’ '-. ’ * -
- i /”.4 - f 1



2.5 Fluie dynamic aspects of powder injection = .

§3 . -

In fact, the oxygen’ cell usually exhibts~some"
etectronlc conduction'lunder the steelmeking condition.
Negner[ll9] and Schmalzried[lZO] proposed the Following

equetion to take Into account the eFFect oF electronfc

kv

) conduction.

8y = Keq ([(Poj1/4 + Pe1/4)/E§p(EF/RT)]—Pe{/4}Z‘

'(2.5();

-+ Where Keq.is the equi!ibrium.eonstent for_the reaction.

r: ‘ . J‘

1/2 O,

2(@ =Y weo ‘2'52)

Eoé is the equtlibrium oxygen pertfel Pressure oF the
reFerence electrode Pe hsa constant which represents the -
oxygen pertlal pressure where the ionic transport (ti)and‘

electronic transport numbers te are equal (i.e.. ti=te=0.5);‘

At 1ronmaklng temperatures. for exemple 1350 DC._

the electronlc conduction requires only a 3% correction. On

-

the contrary. at steEImaking condftlons.]GSD Sc, it requires

a 30 401 correctfon. : o ,i o

Recently, the_role of powder fnjection has becone
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‘oF partfcular {mportance in pyrometallurgioal operationsr"

‘There is a great .deal oF literature ava!leble which deals.-ﬁ

w{th the hydrodynamic phenomena of th!s technology.vA
phystcal reaction model of powder inJection has been
proposed by Lehner[lZl]. During powder inJection refining,

the reagent powder is anected along with the carrier gas

“{Into the melt. The tadie can be divided into several zones

(Figure 2 B).
(1) jet zone :

(2) central plume zone (Formed by .the rising gas

bubbles and reagents).
(3) breakthrough zone

'(43 slag zone

—

. (5) dispersion zone
(6) 1ining zone - ] . _—
(7) bulk zone ‘ 5 :

This reaction model is. usefutl becaUse'it

'simplifles the compl!cated reaction model and Illustrates

the Fundamental concepts regarding the possible reaction

. zones during injection reFining.. Through Fundamental

studies of turbulence intensity assocfated with reaction

kineties, 1t is found that the central plume zone has the
' . t
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Figure 2.8:.  Reactor model for fadte injection' /\
. according to Lehner’s model[1211]. .
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highest reectfon rate a.;Lis considered to be the best plece

for the reaction to “take’ place[lZl] [b64] o - -5

When perticles are inJected Into the melt each

pertlcle either penetretes fnto the melt or i1s entrapped

inslde the bubble. depending on the surface properties and

~ hydrodynamic situation of the system. 'There are many .

tnvestigetions whfch have been cerrled out to achieve a

.better understandlng oF the behev{or oF the ges inJectﬁﬁn'

dnto the melt[122] [128] However. little 15 known about the
- behavlor of inJected particles. The most rmportant phyeical
parameter to determine whether the injection particie - willr
Penetrate - the gas/liquid lnterFace is o, the contact angle‘

of the solid with liquich For the meximum penetretion. the_

contact angle should be Zero or as low as possible Engh et
al[129] used a momentum balance on a single part{cle

fnjected normal to the bubble/liquid interface to determine

thetninimdm size ot'particle required for the benetration.j;
Farias a Robertson{130] proposed a dfmensionless group

called th ~Entrainment number to predict the onset of

Jetting of gas-powder mixtures. The Entrainment number is
S - . ..

gliven by

NE = 3/8 {( ms/ mg )Ch oy r‘o.)( r‘o/ t_fp)( pp /nl)

42.53)

ER I
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It was Found that the Use oF smell pertlcle stzes at high

loading lead to a hlgh value of . NE whlch causes the gas—

) powder mlxture to Form a Jet.

L]

Irons‘and‘Tu'[l3l]. ln thelr studies of _Powder

njection ln- mo) ten leed. ' also Found that the slze of

fpartlcle and loedlng lnFluenégg‘:he formation of a bubbling

or Jetting regime. They proposed a crltlcel loading
criterion to predlct Jettlng/bubbllng of the: gas—powder‘

mixtures inJection. Hlth hlgh loadlng oF smell pertlcle

slze. the gas and particles ere travelllng at the same

veloclty. Due to the dense two phase transport. the momentum

'boundary layer of the partlcles ls large enough to overlap

edJecent ones; so thet most of the gas travels with the
particles ln a coupled stete Therefore on exjit from the
lance nozzle. the gas will flow with the particle to form a
Jet, The crltlcal loading is a Function oF the boundary
layer thickness whlch can be enelyzed In ternms of pertlcle

Reynolds Number Thus the critical loading proposed by them

-

is glven as follows:

pc-n/[sc 6/(2Rep 305+1)3]

et e e 2 : (2.54)

For the predlction of- penetratlon depth of 8 gas-

powder mixture, Ghosh and Lange[132] ueed the momentum
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baiance of the pa ies with*buoyancy Fbrce acting ondtne
-displaced quuid hich was orlginaliy'proposed by Engh et
al[129]. Recently, Farias and !rons[133] investigated the
InJection of powder into 1iquid by physical modei 1 ing end
muitl—phase Fiuid dynamic modeiling. The measured
penetration depth of submerged Jets - in water and 1 ead and
Itop Jets in water were described by equating the momentum

balance of the jet and its buoyancy.'

The influence of stirring on the rate of refining
haehbeen-investigated‘by many pﬁeviousfworkers[i34]—[l45].
various stirbing methods such as eiectromagnetic. mechanical

and-ergen inJection'have been developed iIn the steei

-~

industry. .

Based on the intensive study'of‘mixing phenomene

in a 50 ton argen stirred melt. 200 ton R.H. vacuum degasser
and 65 kg water model experiments, Nakanishi et al (1341

correlated the mixing time as a.#unction of the rate of

]

energy dissipation. The pr¥posed empirical equation is

.t = (600 . %100 ) ¢-0.4 (2.55)

where 1 is the mixing time to be deFined as 95%

‘homogenization in the stirred melt. £ the rate of energy

dissipation. W/t.
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For gas stirred melts. the rate oF energy

_ dtssipetion based on the. assumption that the kinetic and

thermal expans{on energ{es of gas are small enough to be

ne.leeted. can be expressed as Follows-

.
€ = 6.183 x 103 VT/W Ln {1 + pgH/105P ) .~

(2.56)

where V s the gas flow rate In h3/mln.~T is the melt:

temperature, K. W is the mass of the melt in ton. p is the

'density'of'the melt -] is the gravity acceleration , H is

the depth of the gas inlet in m, P ls_fhe gas pressure at

inlet in Ear.'

There have been few studies carried out to examine

the Influence of powder fnJection on mixing phenomena[lGS]-

’[167] Sinha and McNal lan injected sand into water and found

that the mfx{ng times were shorter than those from gas alone

at the same Flow rate[lGS]. However. NariSa et al[167].

Found that the mlxlng times of quui@ n the powder

'inJectfon process Is not eFFected by the kinetic energy of

injected particles. More recently. Irons[leaj, in h{s study

of water modeél 1 ing of a torpedo car. found that the kinetic

and potentiel energy of the injected particles generally -

have 1ittle effect on mixing times, in comparison with the
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© potential energy of the" gas. However the particles can

-hydrodynamlc ‘equations governlng the motlon of flow ‘can be- : j ‘s

60

improve the mlxln. tlme when the partlcles carry the gas .

deeper then the gas wculd ‘have gone without the particles.

Recently, an lncreaslng eFFort[ldé]~[i52]‘hae
been devoted to numerlcal solution of the turbulent
’hydrodynemlc trensport equations in an attempt to predlct
the recirculating Flowx fleld occurlng ln various

metallurglcal operetlone. In general. the relevant turbulent '

expressed fn vectorfal form as. : S f*

equetlons of continufty
YuU=0 R T (2.7

equatlon\o(_motlon

;

" DU/ Dt =-1/p%p + I/t Ve +F
- (2.58)

For modelllng turbulence. the eFFectlve viscosity.
ueFF can be calculated by the two equation turbUlence
mode 1 oF Launder and Spalding[153], .For this case, the

effective viscoslty takeslthe form of

neFF =u, + ut ' ' (2.59)

n



.'and

g g o e

M = ptK1/2 o (2.60)

where g is the Prandtl mixigg length and K is the kinetic

' energy of turbulence.

Fairly good agreement between the measurements
and computed results oF these eqﬁhttons were reported by
several authors[ldS] =[152]. The success of these models is
due partly to the assumpt!on o{-‘ slmply{ng the two—phese
nature of the Fluid as a single phase by using a mixture
model. Therefore it is posslble ‘to have® well defined
boundary conditionS'For the governing equations oF fluid

flow. However', H: !s not tr-ue For 't:he gas agitated reactor

- because’ the dfscreteness of each phase ls\fgnored by‘these

/
model. Ferfas and Irons[154] deve1op -1 one-dimensiopnal
steady—stete model to describe the F1uf dynemic processes

in arising plume for gas—lfqu{d-solid mixing.Thfs mode 1

consists of equations oF continulty. momentum and energy for

include mass transfer calculation in the,plumeras described
in Chapter 5. B Y

v

.
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_each phase (gas-solid-liquid). This model can be extended to
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‘CHAPTER 3~ . S
APPARATUS AND PROCEDURE

The present work ‘was carrfed out on a 3 tonne‘

induction furnace, ‘located at™ the pilot plant of STELCO Inc.j

e

in Burlington, Ontarfo. == - K

3.1 Apparatus

 3.1.1 Powder dispenser : D . o,

\ . T

A pllot scale powder dispenser was specially>.

‘l'I'IDC”‘FIEd for the . present study. Extensive prelimlnary

A

cal ibration trfals indfcated that the powder Feed rate was

dependent on the pressure, orifice dlameter of the outlet

valve, and the characteristics of the powder. A schematic = -

"-diagram of the pilot scale dispenser is shown in Figure 3.1.

.\ o

' During an injJection, the powder injectiont rate was

control led by the difference between‘thefbottom pressure of -

the dispenser ahd the pipeline pressure directly pelow'the
outlef valvé’oF the dlspenEEr. The main carrier.gas flow
rate was accurately and reproducibly controlled by a needle
valve. Only 5 to 10 % of the gas flow was found to be going
through the dispenser dorlng,inJectlon. By properly

adjusting the needle valve, the‘FluotuatlQns of the gas flow

rate were minimized so as to maintain constan& gas flow

- L 62

.y
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Figure 3;"1: Schematic-diagram of powder dispenser
and conveying hne.
o,
.- r
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'3.1.2° Furnace coqfi.guration' {

rate. - g R ) : ' : o,
The powder dispenser was eduipped with a load cell .
and mass_ flow meter for continuous measurement of dispenser.’

R yeight‘ and totel gas flow rate, respect‘ively. Capaoitance

'transduoers end pressure transducers -were eieo instal led at

7

2 points in the pipel ine for monftorlng the |nstenteneous:
vo lume Fraction af sol ia and static pressure[64] Figure 3.2

shOws a photograph of the powder di Spenser.

The gas and powder Flow rete. pipel ine pressure,
I
and solid volume Frection were recorded 60 times per second

with a customized DEC LSI 11/2 computer.
. . . r-"'—'\

- &

* : N . ° " .
‘Details of the lance and furnace arrangements are

. shown in Figure 3.3. The lance was located at -the jCEnter",oF

“the Furnace.- The lance was submerged into the hot metal

650"““("'25 mm). The total hot metal weight used For the

present study was hetween 2.2 and 2.6 tonne.

Typical chemical analysis of Furnace Hning are.

shown fn Table 3.1. The lance :cons{sted of a metal 1fe tube'

‘with a reFrac:tors) Hnlng of cesteblemeterial (stopper rod

sleeves}. Lance HFe varied From one to ‘several treatments.r

Table 3.2 shows the typical chemical analysis of-' cestable

-ref‘ractory. Figure 3. 4" Shows .a photograph of the lance'

l -



Figure 3.2:

+

Photograph showing
and powder dispenser.

-

induction
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furnace
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] R CaCp MIXTURE INJECTION
l_ WITH Ar GAS

(mm) 1
3 TONNE
INDUCTION

) |
——380—} FURNACE

TOP ] | SRR

SLAG i . Pt U "

1~

-650| |

2.2-2.6 TONNE
HOT METAL

SCHEMATIC REPRESENTATION OF HOT METAL TREATMENT.

Figure 3.3: Cross-section showing lance, furnace -
" and metal levels, to scale.



Tabl. -
e 3.1

Typical Chemical Analysis of

Furnace Lining

ALs03 .. 90 %
. Mg0 ' 7.0 1

-

Cther . 3.0 %2

Table 3.2
——————————,

Typical Chemical Analysis of

Castable Refractory

AL203 ©90.5 %
MgO - 4.0 %
Tio; .7 %
sigp 1.4 %
Fezo 0.2 %
Cao 0.2 %

Other - 2.0 7



Figure 3.4: Photograph showing lance for powder
injection.
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together with the cover.

3.2 Oxygen probe

The Celox oxygan probes (Calon/Cll). used in tha
present study to measure the oxygen activity In the hot

'metal. were commercfal. single—use electrochemidal oxygen-

cells. The céll corisists of a Zr02 electrolyte partially
stabi i fzed with Mg0 and a Cr/Crg03 reference electrode.
. ' . . '
The disposable oxygen probe was plugged into a
holder and then plunged directly into the 1igquid hot metal.

About 10 to 15 seconds were required to give a stable E.M. F.

reading Fdr both the melt temperature and oxygen’ activity.
//\-
/

The measured cell E.M.F.(mv) Is converted {nto
oxygén activity by the recommended callibration
[]

equation[160]:

L

-

Log(agy) =1.,36 + 0.0059f E + 0.54(T—1550)
+0.00021E(T- 1550) (3.1)

+

-~

)

-,

where a, ;g the'ﬁxygen activity (ppm), T is the temberature
oC, and E is the measured celf E.M.F.{(mv). This calibration
équation was developed for steefmaking condlt(ons‘éo it
should be used cautiously in the iron mak{ng'conditioﬁ. A

) )
comparison between the theoretical relationships such as

Ean(2.51) and the callbration equation i{s {n Appendix L. Thé
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results are. shown in Figure 3 5 which 1ndicated that a_-'

comparatl\m—good agrlement are obtained batween' Eqn(z 51)

and the recommended cal Ibration equation. The recommended T

‘cal ibratfon equation Is: approxfmately 20% higher over\ the
range of oxygen actlvlty In the present study. "It was
decided to use this calibratiod equétfon%;o relate the
‘measured E.M.F and oxygen activity throughout the present

studx..'

‘ 3_.3 tlai:nrials

. They composition of the principal materials used In
this study are listed in Tables 3.3 to 3.6. Four different

inftial top slag conditi‘pns were used:
* (1) No slag

(2) A dry-slag which was a mechanical mixture of

> Ca0 and Si0z in a weight ratio of 1.2 :'1.

(3} A liquid slag which was a coﬁwmercially
available continuous casting powder with the
composition shown in Table 3.4 anda liquid

temperature of 1150 ©cC,

(4) The dry slag used‘above, modified in most cases
by the plunging of 4 kg alumimium before
calcium carbide injection. This slag appeared

Tigquid. Two InjJections were derformed using a
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OXYGEN ACTIVITY, -

Figure 3.5:
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6. . . . : . : ‘
" = PROBE CALIBRATION . ' I
. ———— EGUATION 2.5] _
kI |
u : . gl P 1 1 1 . . : N
-220. -{15. o 10,

EM.F. (mv )

- Oxygen activity versus EMF at 13500C.
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Table 3.3 '

Typical Chemical Analysis of

-~

Hot Netal! Composition -

c
Si
Mn y
p

A

3.5 - 4.0 %

0.2 - 1.5 %
0.5 %

. 0.04 - 0.045 %

* The details oF\hét metal composition gre |isted

in Appendix l].

i
'

/

/ Table 3.4

L : .
Typical Chemical Analysis off

1/STG Continuous Casting Powder"

Cao
Si0,
At203
MnO
Nasqo

: Total C
F

* Melting temperature 1135 oC

31.5 -~ 33.5‘%

25.0 -27:0 %

6.5 - 7.5 %
- 5.0 - 6.0 %
6.5 - 7.5.%
6.5 - 7.5 %
5.5 - 6.531

72
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Table 3.5

Typical Chemicatl Analysis of

OSR* Grade Desulphurizer .

cac @ 8l.0%

e 0 0.6 4
oy . ' Cas. ‘.; | 0.9 1
) C - 0.5 %

- | MgO . 0.3 %
‘Ash 6.3 %

» Hean:bartfcle diameter is 24 ym,

Table 3.6
e —

Typical Composition of Flux

Cao 7 -45%

‘ Can . 20%

. ‘.J- . . A] 30%
AR ’ .

Cc 5%
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flux to modify the slag. The composition of

Cflix i illstad in"rab}e 3.6.

_These four slag conditions were chosen so as to determine
the slganlcance of this varlable..Generally 10.kg of top
slag was used, and more than 10 kg of calctum carbide was
'{nJected so that at: the end oF injection the slag was solid

or semlsolfd.

-

The calcium carbide was d commercially avaflable
desulphurizlng reagent (DSR) as shown in Table 3.5. Note

that no dfamide 1 1me (CaC03) was used for most of the runs.

3.4 Procedure

" The defailed experlmentall procedure Is shown in
Figure 3.6. Prlor to the. injectlon test. the Inftfal sulphur
‘content of the fron was adjusted to the desired level by
.plunglng a box eontatnlng sulphu®r into the bath. The
temperature was controlled at 1350 ¥ 5°C. Before the
anection test, the oxygen activity and hot metal
temperature were measured\Eimultaneously by oxygen probe. ‘A
pair of slag and metal samples were taken before the start
of- inJectfon. The injection lasted between 1 and 6 minutes.
This was dependent on the rate of solid injection . One or
two ainutes of argon gas bubbl ing was conducted after the
calcium carbide injection for the the purpose of slag/metal

reaction studies, During the fnjection and Argon gas



: ~ . . * Liquid slag
N \ o Modifled Dry Siag .

EXPERTMENTAL PROCTDURRE

_ : Hot Metal
' . Preparation

. Temperature
® Initial Sulphur

L 1

Top Slag ~

® No Slag
o Doy Slag

£ 4

Potential

Tatperature
Moasurenent

‘ Slag & Metal 1 ) ' :
) Sampl ing

CaCy Injection

Take Matal
Sample Every . “
. 15-2¢ sec. '

I

Post-Bubbling

. Take Metal
> . Sample Every

' ) 15 - 26 sec,
Oxygen Potential

Temperature
Measurement

Slag & Metal i
Sampling .

- . Slag Off

¢ Purnace -

Figure 3.6: Flowchart for _expé'r'jmenta.l procedure
"during a heat. . )

1
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bubbl ing treatment hot metal samples were taken every 15 tol
20 seconds. After the injection and bubbl ing tr-atmenﬁ. ‘the
oxygen activity and bath temperature were measured A pair
.of slag and metal samples was also taken as a measure of
Flnal s lag end petal chemjstry. The top slag was then
thoroughly skimmed off the Fﬁ;nace, The furnace was covered

by a loose-fitting 11d during‘the treatment to prevent large

splashes.

3.5 Operating condition’

The ranges of injection conditions are shown in
Table 3.7 and a loading diagram for ali the runs is shown in

Figure 3.7.
. N X o’
3.6 Chemical analysis /f

The slag samples were crushed and screened- to
separate the metal droplets from the slag. The slag powder
were then analysed for the chemical contents of S, S10,,

Cal., MgO, Al1203.and metallic Fe. .

The metal droplets from the slag were weighed
and then immersed r 30 minutes {n 20% hydroflouric acid
for thorough surface ‘leaning before chemically analysing

for silicon and carbon contents.

] s
The pin samp esanmtalwhichweretakenFromthe

hot metal during the injection teste. were cut into smal



Table 3.7

Experimental Conditions

Carrier gas
Hot metal'temperature

Powder Eonsumpt!on
(Kg/t)

Powder injection rate
(Kg/min)

Gas flow rate
{(Nm3/min)

- S611d/gas ratio

(Leading)

“.Argoh -

1350 + 5 oC

1.3 - 7.6

2.5 - 11.0

0.05 - 0.24,

16 — 154
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pieces we\\_‘ghlng approx‘lmately 0. 5 gram. For each analysis.
at Jeast 4 pieces were taken at ‘random From the sound
por-tions of samples, and sent for chemical analysis of
sulphur. Some selectad metal samples were also analysed For‘

the content oF Si and Al, Dupl fcate analyses gave results

: reproducible within 8 %' of the amount of S In the sample for '

the 95 % conf‘idence 1imit,

r

Table 3. 8 shows the technlque and analyser

— - - ———

accuracy which were used for the- slag and metal sample-

analysis, : ™

e s . . Lo e T R SIEINTRANRNTE



STELCO

‘.Thbig 1.8
b

Chemical Analysis Technigques

Substance

| S ———

Slag-

FeO

Sio3 -
Cao

Mgo ,)
5

Hot HWetal/Iron
S

c J /O
S

Acld Soluble

Aluminum

S ——————
B

Oxidation of ferrous jon

to ferric by Knno4ﬂ

Sodium tetra borate
fusfon ARL 72000 X - ray

Combustion CS-144 {Leco)

1

Combustion CS-144 (Leco)

ARL-72000 X-ray

Acid dissolution-Atomic

Emisston Spectrospan 111

echnique  Accuracy ( %)
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CHAPTER 4 _ »
RESULTS AND DISCUSSION b

4.1 Introduction”

o T et i e e

Forty—eight inJectlon tests were carrfed out fn_-

"EhE'present study. The Injection tests were divided Into

Four groups accordfng to the fnitial slag congjylons:‘name y

no slag, dry slag, 1iquid slag., and modified dry slag.

.The injéct!ons with nb‘top slag were performed in

the summer oF‘lSBZ. The control of the system was not as

good as in the subsequent tests, but they are reported for

the sake of comparsfon. Several other aspects were brieFly
examined {n the 1982 1nJectfons Both DSR and CAD commercial

grade calcium carbide containing diamide 1ime (Cacoa) were

used, An attempt was also made to use the co—injection
techniques: in the later stage of the injectioﬁ_"ggigféagiéd

magnesfum was simultaneously injected from a separate -
dispensar. The co—inJection pertod was 20 to 30 seconds. The
inJection rate of salt-coated magnesium was between 0 85 and
3.0 ky/min. The operating conditions and results‘arn shown

in Table 4. and -Appendix I11.

In 1983-84, thirty-seven successful inJection

tests, with initial slag conditions of dry slag, 1iquid

81
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';Iég;\and modified dry Slag.fwere performed with véry

accurate control of the InJectlon conditlons. The
desulphdrfzgr uaed in the inJectlon tests was DSR grade‘
cohme}élal carbide uith a particle size oF.241mu Details of
§lag conditfons, operaé}ng Eonditlons, and éhanges in

sulphpr contents are shown In Téble 4,1,

The discusslon of these results is dfvlded Into
three sections. » ' -

(1) the effect.of top slag,

. . ‘ A‘ v

(2) the effect oFlinJectioﬁ cénditions.,and ST

" (3) the effect of oxygen.

" 4.2 Effect of top slag

4.2.1 Results

The typlcal curves Q?'su!phur change with tiﬁe.
during t;he trea’émén't. are shown™in Figures 4.1A andwi:TB‘:_"
The four fnjections shown In Figures 4. 1A and d 18 were
selected because the startlng sulphur. gas flow rate, and
solid Flow rate were very simﬁlar. the only diffeirence was-
the top slag. A significant difference was Found between no
slag and dry slag cases on one Hand; and lféuid slag and

modified dry slag cases on the other hand. The amount of

fnftfal slag used 1n most of lﬁJq.tion tests was about 10



e et .

SULPHUR, Wt. %

0.0

008 |-

o
o
-]

T

8
£
¥

o ' " INECTION CONDITION
DSR Ar GAS INIT, SLAG

®7.76'Kg/min UNKNOWN NO SLAG
OT7.32 Kg/min 0.68 ﬂuf DRY SLAGH

CaCp -}~ POST _

002 |-
' |NJECTION=BUBBLING
H
0 I [ 1 |
o 25 S0 75 100 125 150 IT5
TIME (SEC) ' -

Figure 4.1:

Sutphur versus time for injectfon H2R2

with no top slag and fnjection H6R3
with dry slag. Note the incubation time
of slow desulphurization.
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Note the absence of an incubation time.
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kg. For no’ slag and dry slag cases. the hot metal_sulphur
level did not decrease sfgniftcantly for an Inftfal 30 to 50
seconds of jnJectlon time, resultlng'ln inefFlclent calcium
carbide utilization and slow desulphurlzatlon. This
pPhenomenon was termed an'lncubation Perfod. The sulphur,
curves for both lfquld slag and modified dry slag ceses
exhibited no lncubation perlcd as-seen In Figure 4.18. A
survey oF all the sulphur versus time curves given {in
Appendix I11 shows that thls observetlon Is true for all the
inJection ‘Tuns, Figure 4.2 shows the apparent sulphur
Partition ratlo as a function of the amount of. calcium
carbide anected The apparent sulphur partntion ratio is
calculated based on the assumption that alt the sulphur
removed from the hot metal is transferred to the top slaaq.
Thus the apparent sulphur,partltlon‘ratlo ts the ratio of
the sulphur concentration in. the slag, which is calculated
frem the change of sulphur in the hot metal,over the su |l phur
concentratlon tn the hot metal. As can be seen Fron Flgure
4.2, the apparent sulphur Partition ratio is small and

Increases slowly durlng the incubation perfod However,

. after passlng through the incubation period, the apparent

su |l phur partltion ratio s seen to increase rapidly. Based
on examination of the sulphur versus time curves, 1t was
found that the inJectlon oF 3.5 kg (1.4 kg/t.H.M.) ofF

calcium carbide was required to end the |ncubation period.

" Therefore high calcium carblde fnlection rates result in g3



APPARENT SULPHUR PARTITION RATIO

300.
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Figure 4.2:

Apparent sulphur partition ratic versus

amount of calcium carbide injected (dry

slag condition).:
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. short incubation period. '

'Fioure 4 +3 shows’ the plot of apparent sulphur.
partition ratio against amount oF calcium carbidelinjected

for iiquid slag condition. It shows that a relativery high

‘sulphur partition ratio Is observed in, the initiai stage oF‘

injection in comparison with that of dry slag condition. An'

estimate of Sulphur partition ratio at the beginnlng oF
Injection can be obtained by -the intercept of the regression.
Iine with the Y.ax!s where .the CaCz weight is zero. Thus the
apparent suiphur partition ratio for quuid*aiag-was
estimated to be 4.5 at the start oF inJeotion. Using the

same method. 8 value of 0.1 was obtained For the dry slag
condition. It‘can be seen that liquid slag possesses better
desulphurization Properties than dry s lag does fnitialily,
Therefore the liquid slag has the abfility to tmmediately
dissolve the initial quantity of CaS due to the relatively
high slag voiume_and’better s lag \properties. Consequent 1y,
the incubation phenomenon was_not bserved.Similarly. no

Incubation -phenomenon was observed In the case of modified

dry slag.

For the purpose of obtafning the rate of
slag/metal desulphurization, the post bubbling stirs were
carried out and lasted for 1| to 3 minutes after most
injection runs. If the slag/metal desulphurization is =a

first order reaction, the rate can be expressed as:
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Figure 4,3:
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L

Appérent'sulphur partition ratio versus

amount of calcium carbide
(1iquid, stag condition).

injected
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;oAtxS1/dt=Kn(pas1-(% $)/m)

whére [15]_15 the sulphur concentrationlin metal in Wt%;
(%s) . is the sulphur concentration in the slag in Ntl. n is
the equlllbrium partitfon ratfo of sulphur between slag and

mgtal i Ky is.the overal| reaction rate iri 1/s.

The' reFining capacity of Caczpsaturated top slag

after inJect{on was Found to be very powerFul,For

-desulphurlzation. A high equllibrtium sulphur partition

ratio I's expected to cause (;S)/n to be small in

. ' D . e .
comparison with [%5]. Therefore, Egn(4.l1) can be writter as

v

[y

SAIRS] /At =Ky [RS] (4.2

‘Rearranging and integrating glves

-

Ln (L% Se)/(% S11) = = Km ¢ - (4.3)

where [ZStl is the sulphur content at any time t and [%Sil
13 the inltial sul phur content.

The plots.of the logarithm of the sulphur ratio

versus time are shown in Figures 4.4 to 4.6 for the Inftial
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slag conditions of dry slag, iiquid slag and modiFied dry
slag. respectively. It is Found that the assumption of First
order kinetics oF sleg/metal desulphurization is verified by

the linear slope of desulphurization curves. The values of

-desulphurization‘rete.constant celcdiated from the

seml logarithmic plots for all thectidn tests are given in

" Tables 4.2A to 4.2C.

The effects of gas flow rate and slag weight on
the rape of the sleg/metal reections have been examined in

the present studyi The plots of the reaction rate as a

Functlon of gas flow rate are shown in Figures 4.7 and 4.8

for the initial slag condition oF-dry éﬁag and | fiquid slag,

The corresponding siag welight for each post-bubbling test is
also indicated fn the above Flgures. Multiple regression of
desulphurizetion rates on the slag weights and the gas flow.

rates were performed. The resuiting equations, with

correlation coefficients of 0.78 and 0.75 for the Initial

slag conditions of dry slag and 1iquid slag,. respectively,

are expressedl>as.FoiIcws:
For the Initial dry slag condition
Km =2-.31 X '10 =6 X Q0.68xw3.25 (4.4)
For thelinitiel quuid.siag condition. .

Km =9.46 X .10~7XQ0.47xw3.19 . {4.5)
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- Table 4.2A
. e —

Rate of Slag / Metal Desulphurization

(Inttial Slag condition : Dry Slag)

Run Gas flow rate Siaéweight_ 'Desulphurfzation rate

- (Nm3/t.min) (Kg) ' (1/s) i
H5R2 0.0654 . 14.65 2.80 x 1073
H6R1 0.059 26.53 18.7 X 10~3
HER3 . 0.0669 : 27.90° . 19.4a x 1073
H7RIL 0.0899 - 24.35° | 1.0 X 10-3
HTR2 b.0470 24.98 "  12.6 x 1073
HSR1 0.0607 2z.68 - . .21 x'16*3
H10R1 0.0305 ' 22.77 5.24 x-10~3
H10R2 0.0193 . 22.77 - 5.10 X 10-3
H10R3 0.0227 22.93 ' 3.19 X 10-3
H10R4 0.0206 22.77 ~ 5.85 X 1073
z}%ns'- . 0.0645 21.83 . 3.08 x 1073
HI5RI1 0.0603 16.62 3.07 X 1073

L
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Table 4.28B
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Rate of Slag / Metal Desulphurization -

(Inftial Slag Condition:

Liquid Slag)

s flow rate Slag weight

Desul phui-izati'on rate.

(Nm3/t.min). (Kg) (1/s) i
H7R3 -0.0506 . 24.87 5.10 X 10-3
HTR4 . 0.0691 23.41 5.90 X 103
HBRI . 0.0468 *18.23 1.55 X 10-3 |
HBR3 0.0665 24.81 8.59 X 10~3 ‘
HBR4 .~ 0.0934 - 21.91 7.70 x-1073
. H9RZ . 0.0487 22.68 4{30 X 10-3
HOR3 © 0.0657 22.68 sts‘x 10-3
HIR4 0.0897 22.96 7.83 X 1073
H11R! 0.0292  21.83 ._4.26 X 10”3
HIIRZ '~ 0.0189 23.23 4.91 x 1073 i
_H11R4 0.0210 18.12 2,75 X 1073
H11R5  0.0209 20798 1.02 X 1073
H12R1 0.0449 ‘»22.55 3.40 X 10-3
H12R2 0.0483 © 21.54 7.21 X 1073
T
.
)
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Table 4.2¢C. :
“‘
"Rétq{pf Slag / Hetal'ﬂesuiphurization
-” (Inftial Slag Condition: Modified Dry Sisg)
- i S 4 S :
Run  Gas flow rate Slag weight Desulphurization rate
(Nm3/t.min) {Kg) . {1/5)
H14R2 0.0625 - . 22.50 21.10 X 1073
L . ’ + - : '
H14R4 - 0.0638 22.95 9.74 X 10-3 "
H15R3 0.0673 . - 22.95 25.50 X 103
H15R4 0.0329 22,9 ™ 905 x 1073
H16R3 0.0646" 32:1) - . 28.10 X 1073

-

Table 4.3
h

Typical Chémical Analysis of’

. Slag” Composition ?
. — : _ |
5 — - 2.84 %
5105 9.0 7. .
C Ca0 67.7 4
Ato0g 1.08 %
MnoO 0.49 %
Met. Fe 18.9 %
-

(after calcium carbide injection).
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reaction (dry slag conditio_n).
[4 .



e oy e e < St — et

LT T

1/5

SLAG/METAL DESULPHURIZATION,

L) .. ’ . . ) . : . ) , ’ 101

IR ——— —— -

- INITIAL SLAG CONDITION: - B
LIQUID SLAG
Ky™ 9.46 % 1077 » g 0.47 4 3.9 '
1.56-02 | o o | 1|
- . . ) . . o .8 .um--
- .
g B " e® BB o o4 B1.9
W= 25 Kg ~ 2.8 n.8 2.7 2.7 —
= a0 - . .
W= 20 kg ——" R
0 “- ’.-5 Kn I L 1 !.d 2 i L L 1

0 B . 0.05 _ 0.1
GAS FLOW RATE. Nm3 / t.H.T. min. '

Filgure 4.8: ‘The effects of gas flow rate and slag
) weight on the rate of slag/metal
reactioin (liquid slag condition).
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where Km s the rate oF desulphurization in 1/s; Q is the
935 flow rate in N m3/t/m1n: W is the CaCp w319ht in kg.

’ . L
fThe coefﬁicient oF the_exponent-on.gas flow rate.

for the dry slag initial econdition is Found to be 0.68 and

that of 1iquid slag initial condition s 0.47, The influence

- of slag wetght on the rate oF reactlon are also shown in the

above—mentloned correlation equations. The:correlated ‘value
of the exponent on the weight of top stag for both the dry

slag and the liquid slag are 3.25 and 3.19, respectively.

The typfcal results of slag chemlstry aFter

.‘inJection are shown in Tables 4.3 to 4.5 for the three slag
:types. There was a considerable number of metal drop]ets'

" embedded in the slag. The size distrlbution and we1ght.

percent of metal droplets are shown in Tabl e 4.6 for the dry

slag. Approximately 50-70% of the slag weight was Found to

vbe irons mostly in the form of spherical droplets, and 20-

30% of the metal droplets were fn the Form of very finely
dfspersed iron (less than 300 um) mixed with 5lag powder,
The est[mated contact surFace for the dispersed metal in the
slaqg is in the range 3 to s m2/(kg. of slag). Figure 4.9

shows photographs of metal drcplets.

The metal droplets were cleaned to completély

‘Tremove the adpering slag, and analysed for C and Si. The

results are shown In Table 4.7. The carbon and silicon
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- . be expected to be slmilar For all injections. : !
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contents were higher than the. corresponding bulk

concentratlons oF hot metal

In order to calculate the eFFiciency oF reagent

uti!izatlon. the sto{chlometrtc equatlons for

desulphurlzation with Cacz and lfme in the PSR mixture are

_ & ) -
C0 (s) +§ = cCas(s) + Q (4.6)
and
70 C8C a(e) +S 2 cas (s) + 2C (4.7)

Thus if the erp in sulphur content From the initial value

[%S(1)] to the final value after gost bubbling [1.55]
corresponded to that expected From the total amount of CaCz
and CaO injected and reacted according to Eqn(4 s) and
Eqn(d 7)., the desulphurization eFFiciency WDuld be 100%.
Since the DSR reagent used was nominal ly 81% CaCz and -10.67

Cao. the ratio of desulphurlzatlon from each component would
AN
~

Figures 4.10 o0 4.13 shows these efficlencies of

. desulphurization plotted as a function of inftial sul phur

content. One can see thpat the efficiency fncreased with
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Table 4.4 .
A —— . ‘.' . .

Typical Chemical Analysis of
Slag” Composition

A —

W

s . 3.98 %
510, . 13.4 %
Ca0 63.5 %
Atooz 6.0 %
CMRO. 1.2 %
Met. Fe 11.9 %

_*Initiaisﬂagconditfon:lfquid slag. .
(after calcium carbide injection).

e e

Table 4.5
S ————

Typical Chemicatl Analysis of

Slag” Composition
S - 4.05%
5102 7-61 ’
Cao a1.57 ‘ N

Atz03 25.4%
MnO 1.05%

Met. Fe - 20,47

= Initial slag condition: modified ary
slag(after calciumcarbide injection).
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Table 4.6 :
Typical .Screen ‘Anqus_is of
Metal Droplets -
" Mash Size ( mm ) % . \
. 4 La.75 10 - 30
e
8 2.36 15 - 25
- 10 1.70 7 =-15
16 - 1.0_ l-';O - 15 .
28 0.6 10 - 20
48 0.3 1o - 20 7
J Table 4.7 "
\ , L
Typical ChemicaI'Analysis.of
Metal Droplets -
Injection run S 1 c%
- l ' HBR3 s e o
bulk conc. 0.10 4.07
droplet conc. 0.18 R -
HBR4
-  bulk conec. g.12 4.20
droplet conc. 0.18 4.22 v
bulk conc. 0.14 4.15 .
-droplét conc. _ 0.18 4.19 a
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 HIOR3

- bulk conc. °  0.13

droplet donq. . \0.148

. .'Hl4R4 .

o bulk conc"._' . . 0.4

droplet conc. -

MH15R4

bulk conc. 1.53

droplet cong o -

' A -
R .
- .
. -
. .
-

4.1z . L

4.39

3.94
4.53

4.03
_ 4.55

&

J,
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o . Figure 4.9:  Photograph showing metal droplets from
: ‘ . top slag. . ‘
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sulphur"conﬁent It can be seen by compering Figures 4. 11 to .

4, 13. the eFFlciencfee are improved slfghtly by moving 'From

.dry slags to liquld sleg. and improved even mdle by the'use

of dry slag modiFled {lth aluminum. The eFFiciency also

depends on loading (L) and this wl ¥ l~ be discussed in Section

4.3.

The degree of sulphur removel was simply the

fraction of sulphur removed.

C[% S¢q - : i \ ' o
11 [‘L Se] )x 1007, r » L
[% sil _ . a8y

These quantities a're,' plotted as a Functlon of Kg-o%—'

" DSR added per tonne of hot metel ‘for the four different 51 ag

Anitial ‘conditions in Figures 4, 14 to 4.17. One can ;ee that

the fraction of sulphur removed fncreased with the emount of

addltion,'and Improved progr‘essively through the four

different top slag cond,itions. In Fact for the aluminfum- .

modiFled dry slag,  -the degree of sulphur removal was well
et

over 959 corresponding to final sulphi’.lr Ievels of-‘ 0.001 to °’

0.0037.

- In order to .develop a useful Index for the rate of

- desulphurization, it was decided to use.f‘
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for the runs with no initial top slag.’
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Figure 4.16:

Kg CaCa / TON HOT METAL —~

) I8
Fraction of the {niti{al sulphur removed
as a function of the amount of reagent
added for Jthe liiquid slag cases.
Loading refers to the ratio of the
solid injection rate to the gas flow
rate., °
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| INITIAL SLAG CONDITION
SO 10 Kg MODIFIED DRY SLAG

LOADING
e L <30 | al
® 30 <L < 70 o
¢L>70

‘o DOUBLE SLAG WEIGHT

Figure 4.17:

© 6. RO 12.
Kg CaC, / TON HOT METAL

Fraction of the tnitial sulphur removed
as a function of the amount of reagent’
added for the dry slags modif]ed with
aluminfum. Loading refers to the. ratio
of the solid injection rate to the gas
flow rate.
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- (4.9)
t

Strictly speaking. thls expression can be applied only to

kinetlc processes whlch are Flrst order with respect to

-

sulphur contentv Clearly.-the present results show the

slag/metal reactlon are First order reaction klnetfcs after

i
1nJectlon.

”fbe close to Flrst order reectfon kinetics as shown in:

Figure 4-24; Thus the overall‘reaction kinettcs should appear

to be First order wlth respeot to sulﬂhur by the summation

of both plume and slag/metal reactlons except durlng sulphur
”reverslon from the top slag. It may be reesonable to use

'thls lndex to represent the extent of the reaction rate for

CaCz desulphurization. ' f~

This 1ndex is plotted as a function of the powder

anectlon rate For the three different top slag condltions

in Flgures 4.19 to 4.21. Once apain one sees that there is a

- small, but progresslve lmprovement in rate n moving From a

dry slag to a Ilquld slag and Flnelly to the aluminum-

modlfled dry slag. From Flgures 4.13,4.17, and 4. 21, it is
Found that the use of double modified dry slag

signlflcantly improves the eFF1CIEncy, rate, and fraction

oF'sulphur removal,

The plume: CaCa desulphurization was alsd Found to ,
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Figure 4.18: Desulphurization rate as'a‘#unétioﬁ of
the reagent {njection rate for no top
slag. Loading refers to the ratio of

thé soiid inlection_ rate to the gas
“flow rate. o
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Figure 4.21:

CaCa INJECTION RATE, Kg / min

r' ' = - £
Desuliphurization rate as a function of
the reagent Iinjection rate for the

. modified dry slag. Loading refers to .

the ratio of the solid tnjection rate
to the gas Flow rate.
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‘As- can be seen From Figure 4 lA. the incubation o

period appeared at the initial stage oF inJection. The'”w

phenomenon of Incubation period can. - be explained as sulphurg;

reversal From top slag with poor desulphurlzationzr

properties. or the inablllty of the top slag to physically'

or chemlcally~hold the reaction product oF calcium sulphideu

particles.The Formatlon of a sulphide—saturated Fe-O-S-CaO

liquid slag could provlde a possible explanation of thisu

sulphur reversion phenomenon. it has been reported[99] [169]d‘

that both FeO and CaS are. eFfective Flukes: for lowering the

" 11quidus temperature oF the Ca0- based slags. For the

inJections in which the hot metal was initially uncovered

by a top slag, the hot. metal ‘was liable to be oxidized by

atmospheric oxygen. It is speculated that the oxidation of
-the- hot metal will form s liquid layer of highly active FeO
©on the surFace of ‘hot metal This highly oxidizing 'slag melt
is thought to flux the reaction product. calcn.lm sulphlde,
to form a sulphide saturated liquid slag. ThereFore. the
sulphur in: the slag will tend to revert ta the hot metal

Later on (30 to 50 seconds Iater) the unreacted’ calcium
carbide in the - top slag will be suFFicJent in quantity to
deoxidize the: slag and desulphurize the hot metal,.

Consequently. the reversion will stop and the incubation
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period will be over. In the dry slag condition. the mixturex;

\

of calcium oxide (CaO) and silica. (Sioz) 'is chemycally[_

unable to dissolve calcium sulphide due to the solid state

' ‘oF celclum oxide in this dry slag mixture but physically'
"'able to hold calcium sulphide From the slag/metal interFace -
to reduce the extent of sulphur reversal. This results in a

T -slight shortenlng of the incubation period AFter passing

“

through the incubation period. the accumulatlon oF the‘k'
,unreacted calcium carbide at the top slag may not only

dilute the FeO content in the slag. but also turn the slag -

into a "dry and reducing condition"l ThereFore.the

lslag/metal desulphurization can be deécr ed as the solid

L

desulphurizer/metal reactlon which Forms a stable reaction,

product oF Cas. In Fact. this reduclng condition has been

confirmed’ according to the present experlmental results

that the carbon and silicon contents In the metal droplets

are higher than that fn the metal bulk.’ Furthermore. Figure

4.2 shows that the apparent sulphur partition ratio

increased rapidly to a higher value after passing through

the incubation perlod. indicatlng that‘the top>slag

'possesses very strong desulphurizatlon capability. Ba5ed on

'_the experimental obsenvatlons. the presence of a large‘

amount oF the unreacted calcium carbide mixed with the metal
droplets at the top slag implles that there was excess

calclum carbide available for the desulphurization. The

: rate oF slag/metal desulphurlzation can be described as:
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'Ng = kmar.2s 1  (4.10)

. .
o ' ‘
e s .

- o™

!t can be seen From thfs equation that high. react!on rates

are expected with large interFacial aree and high sulphur

mass transFer coeFFicient. The large slag/metal lnterFacial

“area (in the range 3 to 5 m2/(kg of slag)) can explaln the

high desulphurization rate during tnjection and,post-.

-

bubbling period with the dry slag.

Similar incubation phenomena are also observed

in both hot metal "ae/ulphurtzation and steel

desulphurization in full scale .plant operation. Figure 4.22

shows:the typfcel hot metatl desulphurization . curve of

calcium carblde inJection at Stelco’s Lake Erle works. An

.'

Incubation period oF slow desulphurization occurred during

-the fnjection. Approx&mately‘dﬂ-to 50 percent oF the

torpedo cars desuNphurized were reported to exhibit this

phenomenon[l?O]. Bruder and Haastert et al[172] used the

" T.N. process teo desulphurize steel with various

desulphurizers such as celcium sllic!de calc1um carbide or

magnes fum. They elso Found that no-. sulphur removai was

observed with no .top slag on the steel melt. They

explafined this phenomenon as a result of the oxfdation of

the sulphur—bearing reaction product by atmospheric oxygen

-

T at the surFace oF the steel melt. This caused,constant

. resulphurization during 1nJection treatment.. Consequently,

A
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a,anthetlc top. slag 13\ueuelly'used for steel @‘
desulphurization or sulphide shape control. .

-~

4.2.2.2 The.éffect of‘liquid slag and-modified‘dry slag

As can be seen From ngure A IB. ne incubation

period was observed at the In!tial stage of InJection for

_both the Initial quufd slag and modiFied dry slag
conditions. The sulphide capacity of the inltial 1iquid slag
- can. be“calculated by the emplricel expression prbposed by .

: Haughton at al{l?l].

Log( 'Cg ) = --5.704+3. i5 XFeo
' ' Y : +. 2 65 xCaO + 0.12 XMgO e
+ 0 77 XT{OZ + 0.75¢( XNaZO

* X K20 ) (4.11)

where X is'the mole fraction of the constituent oxides. The

abcve empirical expression is based on the measurement oF

‘the solublllty oF sulphur in blast type alumtnosillcate

melts. Because the composition\ranges-are similar to those
fn the tiquid slag used in the present work, [t was decided

to use this equation to calculate the sulphide'eapacity of

. fhe inttial liquid elaéJ For an average oxygen..activity of

2.7 ppm, the correspoding sulphur equilibrium partition

=
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rafio is calculated to be 5. Thls theoretlcel equlllbrlum

sulphur partltlon ratlo is ln good agreement wfth the

apparent“su1phur partition ratio shown ln Figure 4. 3. Since

the melt was covered by 10 kg oF liquid slag, ln terms of ‘

thermcdynamlcs. the slag can hold 1. 6 moles oF CasS from

plume reectlon wlth 0. 05 wt?% . sulphur in hot metal. The

.reectlon product of CeS From Pplume desulphurlzatlon Is

produced at the rate oF 0 .26 mole/s' based on the injection

conditlpns of 6 Kg/min CaC2 "with 10% eFFlclency. Therefcre.

. at. the fnitial stage of anectlon. the reactwon product Cas

fs absorbed by this liquid. slag te prevent. sulphur
reversal} ' '

For the condltlon oF modiFled dry slag, even h:gher

sulphur partltlon ratlo can be obtelned ~due to the lower

i

oxygen activity ln the melt and the ﬁormetion of molten

calcium alumfncsllicate w1th high sulphide capaclty. The

equlllbrlum sulphur prap ltlon ratlo is- calculated to be

2000. (The oxygen ac vlty eFFects are more Fully discussed

fn Section 4.4), Again the sulphur reversal was prevented
lnltlally by both the hlgher slag volume and equiiibrium
sulphur partition ratlo. Samalarly the, effect of slag Flux
agent on the hot metel desuliphurization can be explalned by
the formation oF liqutd slag with suFFlclently high slag

volume to dissolve calcium sulphlde.
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4.2.2.3 The aﬂ“ect of slag voluna and gas Tlow rate on

slaggmetal desulphurization

The reFInlng rates of . Caca-saturated top slags

during or aFter anection were found to be dependent on

" their volume/weight and the injection-gas flow rate. The
rete oF desulphurizetlon was eorreleted with fhe gas flow

rate and the slag weight The regression equations are given'

in Eqns.hid) and (4.5) for lnltiel dry sleg end Ilquid.sleg

conditions, respectlvely. The_stat:stjca! analysis shows

' that the deeulphurization-rate_obtalned from these . twa

diFFerent'type of s{ggs'have a similar standard error at

0.05 significant level. The t test statistics.indicate that .

'the meen“vaiee of the dry slag desulpnurization rate has a
'significantly higher value than that of quuid slag. This is’
due to- the df fFférent types of reaction mechanisms involved
in these two slag/metal reactlons. For the initial dry slag
condifion, the siag compositions were developed during
inject{on; The‘accumulafion'of- unreacted calcium carbide
turns the‘sfag into "dry and reducing” condition, In which
thé‘CaCZ—saturated dry slag behaves-as a solid
desulphurizer. Therefore. good desulphur{zation is. expected
In contrast. for liquid slag 1nitia| conditions. due to the
presence of large amounts of quuidJe}ag. the ‘slag will
develop ineq the “semifdry" condition. fhe liquid portfon eF

the“slag could provide ‘a_path for thesulphur to reverse as

e
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the slag becomes saturated with sulphide. Therefore. a

desulphurization rate was observed

Although an Incu ation period was obgerved for dry slag. the

>"strong desuiphurizeti n rate aFter the incubetion period

compensated For this slow desuiphurizetion and mede the

overall desulphurization similar to. the liquld siag

'condition.

As stated in the previous section. the rete

P

constant of desuiphurization s defined as (KmA/V) IF_we

Fix the vaiue of hot metel volume as a constent. the rate

,constant is directly proportionai to mass transFer

coeFFicient km and slag/metal reaction interFace. It is very

L D e bt S~

diFFicult to separate the mass transfer coeFFiclent km from

the reaction interFece A. However.~the mass transfer

coeFFicient can be predicted by using Eqn(Z 42). This

' equetion shows that the mass transFer coeFFicient is

proportional to QO 5 which meens that higher gas Flow rates
will enhance the desulphurization rate, According to the
Previous work of Asai et alf136}, the slag/metai reaction
rates are enhanced by the increase of the gas flow rate,
Figure 4.23 shows the comparison.oF the present results

with the prevlous work in terms of the exponent. n, in the

reletion of Km aqn, against gas flow rate per unit mass of

1iquid, Q.The exponent of the gas. f]ow rate varied from

0.2 to 2. l It can be seen that the Present results are

g
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consistent with most oF the previous works.'f Asai et al

{

aiso pointed out that the siag/metal reaction rate does not'_{

strongly depend on the maas transFer coeFFlcient but matnly'"'

-—»45~- —ﬁ--reiy on the increase oF the reaction interFace. In theirf

study oF the mass transFer rate oF benzoic acid—between
tetraline (stag phase) and water (metal’ phase). they Found“f‘

that the mass transfer rate is proportional to the gas Flow;

rate They Found that there is a critical gas Fiow rate‘

'abqve which the abrupt change oF the exponent on ‘Q is
observed They attrihutes this to an entrapment oF water
dropiets into the tetraline due to the turbuient condition-e‘

o i' In their system. the criticai gas Flow rate is. approximateiy'
110 (Nt/t/min). However. in the present work._a conssderable_

- ‘ ' number of metai‘droplets were Found in the slag even when
7 the gas Fiow rate were very 1ow (20 NL/t/min). ThereFore. itf
!s apparent that the critlcai gas £1low rate varie? from

system to system, and «6F3Baply depends on . the inJection'

- } conditions, type‘oF slag, and Furnace SIZE‘and_geometry,

The strong dependency oF the slag/metai
: desuiphurization rate on alag volume/weight (the exponents
in Eqn(4.4) and Eqn(4.5) are 3 25 and 3.19 for the dry and
iiquid slag conditions, respectively) can also be attrib ted _
to. the meta| droplet Formation. If there were a consj\ht
number, distribution and residence time of the metal

‘droplets in the slag, the exponent would be one. Therefore

L
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these quentltles apperently chepge as’ the slag volume

ot : X .

04"- -

increases. Thls is an interesting area for Further etudy.

e

In summary. the eFFect oF slag on the rate of .

desulphurlzetlon cen be outlined as. Follows-_

(1) The type of slag is lmportant. _ .
~The llquld slag letgood only under the-
‘condltlons-' of hlgh baslclty and loﬁ oxygen
-actlvlty ln hot metal. The llquld slag wfth'

relatlvely low sulphur cepaclty will cause

serlous resulphurlzatlon when it reaches the' o

‘-reFlnlng Vimit, However. the llquld sleg can*f
lnltlally prevent the sulphur reversal TF the
suFFlclently hlgh llquld slag volume erel
‘presented. The CeCZ—seturated dry slag behaves'

as solid desulphurlzers.thereFore relatively

high desulphurlzetlon.rates are observed

(2) The gas F‘l ow rate‘-ls important. ‘ ;"‘
The hlgher gas flow rete is Favoreble for the

improvement in desulphurlzatfon rate5.~

(3)The‘slag welght/volume fs tmportant.
The'hlgher:sleg volume 1s Fevorablerfor“the
rate  of desulphurlzatlon due to. the large

amount of-slag/metal |nterfaoe.h
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4.3 Effect of.injection condition =~ =

A L
4.3.1 Rlsults

- : . - ¢ o

© . As was mentioned in the previous section. the .

te

‘Ioading has a signiFicant impect on the‘efficiency of

desulphurlzation.;Fraction of suiohur removed and
{ et ‘

de5uiphurizction rate.-The loading parameter used ih the
this’ study. L, . is the solid Feed rate (kg/min) d1vided by.“

H,Lthe carrier gas Flow rate at normal conditions (Nm3/min);-

g :Thus L is the solid to gas ratio in ‘kg/Nm3.

L “The sulphur'reﬁova,

change. The typical semi iogarithmi

E

One can see that‘in'Figures 4.10 to 4 13 for

eF'Ficiency. Figures 4.14 to 4 17 'For 'Fraction oF sulphur
-removed and Figures 4.18 to 4.21 for desulphurization rate
'that lower loading impq‘tes the resuits regardless oF the

top slag condition. ThereFore for comparable solid addition

(

~amounts and rates. more carrier gS% has a beneficial eFFect

*

~ desulphurization was obtalned by s{ibtracting the sulphur

change due to the siag/metai reactio From the total sulphur;

plots of sulphur change
versus time are sHown in Figure 4.24,The iinear elope of the
desulphurization curve fn this Figure indicates that the
Plume catlctfum carbide desulphurization fs close to first
order’ kinetics with respect to sulphur. The desuiphurization

rate constant caiculated From the semiiogerithmic plots for

133

rate due to Plume
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: all InJectlon tests are listed 1n Table a4.8." As shoutd be.

‘the casea. the rate oF plume desulphurizatfon shows no trend

- with slag cond!tions.

/, The dimensions oF the plume were, determined

‘;3experimentally From‘the visual observation of the 'breakQ‘f

through zone’, Photographs of break through zone were taken
by a camera. Figure 4. 25 'shows a- photograph of the hot
meta] surFace durlng fnjectfon. The uneovered area shown in
the photograph is the 80 oalled 'break through zone’. The
dfameter of break through zone’ was measured From the
plctures taken under various injection gas Flow rates.:A
plot of plume dlameter versus gas Flow rate is shown in
Flgure 3.26. It 1s found that the plume dtameter.ts'

proportional to the InJect!on flow rate in the present'

«
]

experiments.

/

The'posit{ve effect oF-the'low loading;injeotion on

. the rate and efficiency of CacCz 'desulphurlzation can be

explained by the fol lowing:

(1) The creation of large slag/metal reaction

interface by the high gas flow rate.'

(2) The improvement of plumelreaotjon‘kfnetios is

.?’

'mainly;due'to the fntensive mixing and the
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.". .. -. Rate of Plume Desulphurization . =
v “

" . Run Gasflowrate CaCp %ﬁiectioﬁ‘ Desulﬁhurizatipn rate
w L edmin) orate kg/mim) o gy oS

'HIORZ . 0.050 - '_ 5.15 - . . o 2.92 X 10-4

x

HiOR3  d.057 . . o9.24. . 1.30 x- 1073

10-3

HIOR4.  0.050, T 367 - 1p
‘H13R2 - 0.050 L 376 - L "~ 7.25 X 1074

CHIIR&  @.051 .- C1.se - ... " 9.28 X 10-4

f N H11RS 0.049 - 2.85 - 5.23

X X XX X X

 H1O0RL - ‘q,dsz- | " 4.80 L 1.61
WHIIR1  0.078 -« 5.54 . . 1.09

X x
— —
o o
I
w w

B ' HI5R4  0.080 Ceu72 T © 2.20
H7R2 0.118 5.00. 2.99 X 10-3

x
. A
e
2
w

HOR2 0,126 70100 . 2.40

HI2RI  0.120 a3t . . v exe

R
—
o
|
I

HBR 1 0.125 2.3s . . 9.35
HI2R2  0.120 4,44 : 1.62
'HERZ 0.155. h 5.71- ' 2.67

H6RI  0.155 “10.02 . - .08

X X X X
=
o
[3V]

H6R3  0.168 . o 7.32- 2.23

10-3

-

" H9R1 0.162 © 10.00 ' 1.89
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Targer reaction lnterFece provided by gas-

bubbles for CaCz to res{de and react with

- -,
~ /

- The details regarding plume desulphurizatfqn ktnetics wf!l'

' -sulphur.

' be discussed in Chapter 5.

8
4.4 Effect of oxygen
4.4.1 Results o o
As Table 4.) indicatgs. oxygen brobe readings
were-taken before and after most of the injection ﬁeSte;'For‘
the inJectton tests with no ‘aluminium addition. the EMF
values’ show a sllght downward trend which is probably due to

the temperature drop after the inJection {Figure 4, 27).

For the injeetion tests (HI4 and H15, Figures 4‘28
and 4 29) in. which aluminum addttlons was used, \gne can see_

that the aluminfum plunging lowers the EMF to. between —150
and. -200 mv. llmmediately aFfer the CaC, injection, it rose
to between -100 and -150 mv. The dext aluminum addifion.‘ln
preparation for the'next‘InJection._ depresses the EMF value’

again. Cleerly. the aluminium lowers the d{ssolved oxygen

content in the hot metal.

The eai!bration equation suggested by the probe

manufacturer @o determine the dissolved oxygen Is:

\[\ 7 | - - _ N~
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Los(8g) = |.36 +0.0059(E+0.54(T - 1550},
| ¥0.0021(T - 1550) . (4. 12)
@

Thus; PSO a;d -200 mv correspond to 2 7 ppm  and 0.35 PPm
oxygen act{vity reSpectively In'the hot metal at- 1350 oC.

~ The Former value is quite close to silica saturation with
sfifcon In the Hot metal;_whtch s expected to control
"oxygen fn the carbon-rich {(unsaturated) hot.metal_at.auch"

low temperatures. The equil ibrium oxygen activity cén be

calculated according to the reaction,

-

'St +2Q = Sioz2(s) EECRED

where the free énergy‘chéﬁgg bF react{on'(4.13)AoG is

e
' )y

4 4Go = -594128.0 + 230.1T (J) (4.14)

The activity coeFFlcient,oF oxygen and sflicon in fron alloys

. may be estimated by

| ,
Los fo - ear 2§ ] ‘ (4.15)
{ ~n
J .
Log Fsi: £ esi[ %3 1] ' (4.16)
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T
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'state. For the Si and O dissolved in hot metal.

. X , - . .

-

_fwherQZ[ZJ]“a}e‘ the concentratton of. the alloying elements

ael  Jd :
and e, | esi{ are tha Intaraction coefficfents for the eFFect

of element J on oxygen and siiicon. respectively. Itis
jmportant to note that Eqn(4 15) .and . (4.16) are
‘approx!mations.reasonable ohly For low concentratibns of

-alloying elements. The equilfbrium constant Ke ZFOH"

‘reaction (4.13) is. given by . o -

AGo = R T Ln Keq (4.17)

. - . .
-, .

. . - ’ 2 ' R »’ .
Keq = asioz/ {agjao)= e(-AG? /RT)
A | (4.18)

1

" where the activity oF silfca is relative to the pure solid

the actlvity

fs reFerenced to Iannfte dilution with lweight percent as

standard state. Introducfng Eqns (4 15) and (4 16) into

equation (4.18).and assumlng that the actlvity of SiQ2 is

unity. . T

Los( 85 )= ~15600/T +6.02 -0.5 Log(Fgi)
‘ =0.5 Log(Wt% Sf ) (4.19)
\ .

S 7 1 I



'“Figures 4 30 and 4 31 show the -tmmmrimxm of oxygengf
,aotivities calculated From Eqn (4 19) end the measuredﬂ“~fh
oxygen activlties From the oxygen probe. The equilibrium-

->oxygen activities based on the—C—D equillbrlum. on thev

assumption that P,

‘0C are alsq.shown in the lower curves oF Figures 4.30° and,

4.31, Very good agreement is obtained between the oxygen‘;

activity calculated From Si—O equillbrlum and the measured :

*oxygen activity by oxygen probe. This indicated that the

oxygen activity is close to the Si-O equllibrlum. rather

~ than to that: of C-0 equl 11brium, [ .

4.4.2 niscﬁssion. E

Aluminium is the strongest deoxidizer common l y used

in steelmaking. Recently there, have been many trials carried ‘

out to deoxidlze the hot metal for the purpose of improving

-the desulphurization rate and reagent eFFiciengy. The

standard Free energy change for deoxidation oF hot~ metal with o

aluminum additron is represented by the reactlon.'

2 A_l_ + 30 = Alzoa(s) . | (4.20)

AGO = —1219050 + 394 T (J) (4.21)

co s one. atmosphere. in hot metal at 1350 -

s
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where- the oxide activity is relative to the pure sol id state

as sfenderd state. the activities oF Ai and 0 dissolved In

hot metai are relative to 1 wi:'l. -as standard state.

In the present study. the oxygen activity after
such large additions of aiuminium should be beiow 10-3 ppm.
However. fn such.an open system oxygen is avai iabie From

'manyq‘sources. i.e inclusions in hot metal. air In the‘

'atmosphere. reducible oxides in the slag. and Furnace

lining. Therei-‘ore instantaneous oxygen reading is Just the
balance point between the rate at which’ oxygen {s entering
the metal end the rate at which it is being consumed by the

dissolved aluminium. This is consistent with the fact that

‘the oxygen readings drif-‘ted upward during or a‘Fter the'

inJection.

.The role of oxygen must be careful 1y considered for -

both the plume and top slag reactions. °
4.4.2.1 Plume reactions

Oxygen c¢an aiso compete For caicium carbide

. according to:

1

v

CaC2(s) +.Q'= Ca0(s) + 2C(s) - (4.22)

,0-'. . C

, and in Fact this reaction is more Favored than the desired

L

. N
. . . i L
LI - : .
. - . ’ & ’ . -
a g B . L N . - -
. » .
. N s
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.desulphurlzatlon‘reaction at normal‘hot'netal temperatures.

1The calclium carbide desulphurfzation in general can be

- equal oxygen and sulphur activity. _the deoxidation

Figure 4 33 The pllot plant experfments were conducted at

" . Co . 150.

IS

' - described as Follow:

«.  CC2(s) + 5 =cas(s) +2¢(s) - (a.23)

F}

' The free energy changes of these two reactions are plotted

as a Functlon oF oxygen actlvlty for Eqn (4.22) and sulphur’
activity For Eqn (4. 23). One can see (Figure 4.32) that at

is more

:Favored.' Therefore for desulphurization to oceugp, there

must be a much higher sulphur actlvlty,'The lowest ™’

achlevable‘hotfmetal sulphur content can be-predlcfed from
the competlt{on between oxygen and sulphur For calcium

carbide. and is governed by calclum oxlde/calcium sulphide

equflibrium, ;L B i

CaS + 0 =Ca0 + 5 (4.24)

) The theoretlcal‘mlnlmum sulphur to oxygen activlty ratio -
(one welght percent Henrian scale) For desulphurlzatlon to

proceed 13 plotted as a Functlon of temperature In

1350 OC.'at'which thls,ratio-is 90. This ratio becomes
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smaller at hlgher tehperature as Figure 4.33 indicates.

4—" - \ '
Using the measured oxygen activitias of 2. 7 and

et S 1
wm

0.35 ppm, one. would predict on a thermodynamlc basis that -

the Iowegt sulphur leve?s attainable would be 0.009 anq

0.001 wt%, respectively (assuming that the su 1l phur acttvity..

-coafficient is 2 7). This agrees well with the plant results

from Ste[co s Lake Erie WOrks[ITOJ. However for some

" injection-tests without deoxidization, sulphur levels helow

these values were obtéfned This coUlq be attributed fo' the -

desulphurtzation through the slag—metal reaction. As might be
expected In the iate period of carbide inJection. the oxygen
‘potential is reduced to a very low. level in the slag..The
estimated value. oF oxygen activity is approximately 1 pPm

{(calculated based on the sflfcon activfty In the metal

droplets) which'is,a_factor of two lowgr‘than that of the

metal bulk. Therefore further desulphurfzation is possible .

by the slag/metal reaction.:

.- For the'lnjection runs of HIR1, HIRZ, and HZRé,

the saltjcoated magnesium was simultaneously injected from a

separate dispenser for the purpose of stirring and’

‘dedxidation. The results show that very low sulphir levels

-were easfly obtafined (< 0.010 wt%). For the injection runs
with aluminium additions (modifled dry slag with aluminium
additions), the results of all the final sulphur were at

‘very low levels. This again tndicateﬁthe fmportance of

L f”' &
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deoxidation for the low sulphur desulphu?jiatfon;'

4.4.2.2 Top slag reactions

The'dry top slag.posseSSed_negl!gible

. progressed there was an increasing amount of calcium carbide

in the top slag. This unreactéd.céT;?hm carbide. can continue

to react.wtth sulphur at the slag/metal tnterFace and with

sulphur'in iron droplets entrained into the slag.

) . :

/’. . Thé'liquid slags or dry slags modifled by

alumfntum whlch become l.iqutd can-beranalysed by

conventional,31ag/meta]-thermodynamtcs as discussed in

. Chapter 2. _“ ‘ ' . <

The oxygen potentiel Poz is. in theory. governed
by the predominant redox equil ibrium. Fon in{tial s lag
conditions of dry and liquid slag, the oxygen potential at

the slag/metal interface. can be calculated by the feactionz

Si + 2 0 =( sio, )  (4.25)

. :

For the modified dry slag with aluminium additions, the

— —— PR ¥

oxygen potential is governed by the reaction: o

2 Al +3 Q = (A1203 ) . a (4.26)

.ldesulphhfizétion{cepaoity. However as ‘the injection_

~



e ———y—— .
. . ‘

b , . . 158

T e

The siiicoh'ahd carbon eontente in the metal
droplets obtained From the slags were Found to- be higher

than those In the hot metai.‘. This indicatee that a

strongiy reducing condition was Formed during the carbide

“injectifon. From a thermocdynamic point oF view. the starting '

temperature for the silica reduction is 1200°C. based on
the assumption that activities of both the silica and

carbon In the slag are unity and that_the si11con content 1s

. 1.2 wts%. Theref;ore for the present 'experimeritai temperature,

of 1350 ©oC, it is reasonable to expect an increaee in the:

siiicon content In the metal droplets. The calculated ;‘

slag/metai interFaCiai okygen-ectivity; based on .the

.aesumption that the'activity‘oF-SiOZ in the slag was .

approximated by its molar fraction, was Found to be 8 Fector
oF two to three lower than that tn the bulk. metal. This
suggests that a reiativeiy higher equilibrium partition
ratio can be achfeved ' in the droplet etage of carbide
injection.Figure4134 shows the dependence of the sulphur.
partition ratio For the iiquid slag in the present study at
1350 ©C calculated acco%Fing to Eqn(z 16). One can see that
the equilibrium eulphur partition ratio, at normal hot metal
oxygen activity of 2.7 ppm, is 5. Thisﬁie very iow,compared
to that of modir‘led dry siag. Hoeever. the partiti'on ratio

increases to moving from 2.7 ppm oxygen activity to 0.35

'Ppm ThereFore the deoxidation of hot metal can improve the

- desulphurization capabi 1 ity -of slag-

4
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The iime and‘aluminum are two essential
Ingredients For eFFective deoxldation and desulphurization

of \Iquid hot metal because of the Formation of calctium

‘aluminate or- calcium alumlnosil!cate as the reaction
. product Tha extent of decxldation and desulphurization is
B determined by temperature. stag compos!tion. and

_concentration oF residua\i aluminum fn 11quid hot metal.

The oxygen potential at the slag/metal 1nterFace

can be calculated by Eqn (4 26). Since the rel iable values

for A1203 activity In CaO-Alzo_-g—s!oz slags at hot metal

‘temperature of‘ 1350 1400 ©C are not vet availablie, the

_acti vity of A] 203 could be assumed to be the same value of

its molar‘ fraction, For ,instance. lf the Hquid metal

' contains 0.2% Al - in equi ibrium with alumina in the slag, -
the caltulated equiltbrium oxygen activity would be lO‘prm

_which corresponds to an equlllbrium sulphur partition ratlo

of 2000.' To compare this with the 1liquid slag (without

aluminium addltion). the sulphur rartition ratio is

'-caiculated to be 400 time higher than that of the llquid

Pt g

sIag (without atuminfum addition).

*

In summary. the reduction of oxygen actlvity fs
benefical for both the plume reaction and the slag/metal
reaction, so that both are desulphurizing effectively
together. The use of aluminium addition or magnesfum co-

fnjection @"deoxidizeﬂhit.—metal may be an’ effective way to
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ultimately solve the extra-iow sulphur problem in this

¢

;j - study,
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CHAPTER 5
Kinetic Model for Calcium Carbide. ..

Injection Desqlphufi;atidn

‘5.1 Introduction . | R .
' ‘ . .
In order to analyze the. present experimental data :

quantitatlvely. a klnetlc model has been developed to

describe the calcium cerbide-desulphurtzatjpn. This model

"extends the model.of Farias and‘lrone[lée]‘ Fop’momentum
and ‘heat tpaqsfer fn the plume td 1nclude‘maes trehsFer'and
chem{cal reaction. The present.model'celcdiates the volume
Fractlons. velocities. temperatures and compds1ttons df the

gas. liquid. -and sod!d phases in the rlsing plume during
calcium carbide inJectfon.

2

Desulphurlzatlon of the hot metal occurs itn the

.

ascending plume and at the top slag/meta! fnterface. A

number of prexious investigations[l73]-[175] have been

‘carried out to clariFy the {mportance of both the top
slag/metal desulphurization (permanent contact reactlon) and
the plume desulphurization (transitory reaction) during the
powder inJectjpn.ﬁF{dd;els.l .shcws the schematic

representation of the plume and top slag/metal reactions.

The overall rate equation can be generally expressed as

follows: . : : N
” . : 159

o
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and top slag desuliphurization.

-

Schematic representation of the plume

-
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Figure 5.2 schematically shows the physical and chemical

-,.phenomena oF calcium carb!de desulphurlzatlon in the rlslng

s ka1 e

- plume.A Jet of calcium carbide and argon 1ssues from the"
b Iance tip and penetrates untfl fts momentum fs dissipatedx' L :' i
At the bottom oF the jet, a plume Forms comprisfng gas,

particles. and quuid which rise to the bath surFace.jThe

contact oF calcium carbfde particles with. 11iquid hot meta1

-—-' , is a complfcated hydrodynamic phenomenon. Calcium oarbide

Particles could be tn the melt. on the bubble surFace. or in:

the bbbl es. The calcium carbid;\p\j:lcles which: come into

— ‘ .
n contact with llquld metal are hea rapidly to reach the

R ume temperature._At this temﬁé}ature. calclum carblde is _
partially thermal]y dissociated to form Calcium vapor. The W}H
catecium vapor diFFuses through the reactlon product Iayer to
] react with sulphur at the surface of partfcles. Meanwhile_ . ‘""
the carrter gas controls the rate of 1iquid recfrculation in - L J’
» the Iad!e to Pump fresh sulphur—rich 1iquid metal 1nto P lume
) where react:on occurs. Once the particles reach tﬁe bath

surface they are !ncorporatd in-the top slag and contfnue' 4

desulphurization through slag—metal reactions.
. . - ! . L
The proposed calcfum carbidé\desulphurization

_‘ B

kinetic mode ] consists oF tWo parts. viz.

Yo
i



H

GAS-POWDERLIQUID | " -
LIQUID T

“PLUME"

[ HOMOGENEQUS

162

CONTACT
CONTROL

"JET"

Figure 5.2:

o

Schematic representation of the

physical . and chemical

phenomena of

calcium carbide desu.l phur!ization in a

rising plume.
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(a) Dasulphurization of a single calcium carbide
particle.

A model has been 'devéloped‘to.descrlbe a
'Slndle ~.calctium carbfde: harticle
desulphqr}zation phenomena. This mode! is based
oﬁ the reaction mechan!sm hroposed‘by TalbailaA

“~ | et al.[176].

~(b) Model for overall sulphur balance in the

Plune.

"

A differential eqﬁation baseq on the sulphur’
balahce over a control volume'unlt in the pluﬁe
Is developed to simulate the overall rate:
rPhenomena 6F calcium carbide degulbharizatton
during injection. This model extends: the above-
menfioned model of Farlas and Irons :to

— calculate fluld flow, heat, and mass transfeg\

rate. )
5.2 The plume model for Fluid Flow and heat trmee;‘ "._7, :
S
A non-1sothérmal, steady-state, one dimenslonal
three phase plume model has been developed by Fariag and
Irons. The predictions of 1fquid velocity were found t;“be
in reasonable agreement with the previous experimental
data{1521.[177],[178]. Therefore, it is decided to adopt

this plume model to plume desulphurization kineticsa
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5.2.“1 Equations for plune momentum conservation

~In their piume model, separate momentum equations
have been written for the three phases, in which the

velocity of solid, gas and 1iquid can be calculated,

5.2.1.1 Mode! assumptions

(a) Plume éeomatry is known from experiment.

-(b) Liquid éntratﬁmént fnto the piume Is governed.

by dfag Forces,ohly.

ﬁc)‘A "top hat" profile has been assumed for the
velocity and momentum flow rate of the phases

In the plume.

(d) Viscous Fbrdgglﬂgve been fgnored.

(e) Gas and powder concentrations are tow so as to
ignore bubble-bubble and parttcle—paqtfcle

interactions.

(f) The ladle is sufficiently large  that the
_Pressure gradient outside the Rlune is gfven‘by

“ the head of 1iquid.
5.2.1.2 Mathematical formulation

The bubbles are assumed to be composed of a

mixture of gas and a fraction of the particles so that the
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mixture density can be written as
Pm= 8gpg + £ 8ppp EOU C 33

Y

where f 1s the Fractfcn of the particles residing with the
- gas. Therafore, thé‘consarvaticn-of mass_in the pubbies can

' - . g

be exXpressed as

d{pmugApt )
—miofet) | . (5.3).
dZ . s ,

where ‘Aps  is the plume cross-sectional area. Similarly for
the powder in the 1iquid. ' ‘

d(lnﬁ)epppupgp, o
d z

(5.4)

Y

It should be noted that 11quid mass is not
conserved because 1iquid 1s entrained into the plume by the

drag from the bubbles and particles.

The'momentum of bubble and particle phases Is
fncreased by the buoyancy forces, while the drag forces from

the liquid phase will resist this aceceleration:

dp 2
o R Fd (5.5)
dZ ap ap-% .
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d(l - £ e SU2A RS
I PPP P p":- Fb

dz P

While the 11iqufd experiencei\the réactive

component of the drag Forces- \

3

I

. -
\ ’

.
4

.0y 50 2A ‘ c T .
Ll i S + Fd (5.7
- d2z gp-t | p-t ‘

\ | o Yy

The buoyancy forces For the gas and powder in the

bubb!es and the powder in the 1iquid, respeétively are:

ng [91(39 + Fep) < PmlgApy (5.8)" ] k
¢
FS = (1 - )y - PplOpgApy (5.9) -

The Interphase drag functions were developed as

the product of the drag Force on one partlcle or bubble and

© the number of particles or bubbles per unlt volume of plume.

For the bubb[es rising In the liquid, the Interphase drag

functfions ‘“are aliven. as
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R i

e o 0.75 pycagtug - Ug)2(eg + Fop) Apt
: ' -t - -
. : P dy . :

) (5.10)

For the partlcles'rising in the Ilauld

.

rd = 2 T5Pacap(lp - ug)2(1 - Flega,
. .

(5.11)
‘The Qas denslty is a function of temperature ang -

pressure.

Patm + oy g (H - 2)
Pg= _ : (123
R Tg

5.2.2 Equations for energy conservation

. e

5.2.2.1 Model assumptions

(a) The assumptions of the 1sothermal mode] are

still valid.

'3

(b) There !s no exchange of mechanical and thermal
energy, thus only thermal ehergy balances need

be considered,

(c) The speci{fic heat cabécfty d?-aLl pPhases do not

Y
¥ o2 \
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vary significantly with pressure or fémperathre.
(d) The heat of wetting the solids fs negligible.

(e) The particles are SUfficiently small so that

internal temperature gradients can be ignored. -

(f) Conduction of heat radlally and axfally is
negl fgible in comparison to that of convective _

transport.

v {g) The important heat transfer mechanisms are:

(1) Radtation from liquid to particles

uniformly dispersed inside.'the'
, ‘ . bubble (Gi)-

(1t} Convection from 1iquid to particles in the
N

liquid (Gp)- i
(ili) Convectron from 1iquid to the bubbles(G3)
(iv) Convection from gas to particles inslde

the bubbles (G4). The particles are

assumed to be dispersed inside the bubble.
(h) The cooling effect of the lance is fanored.

(1) The entrafned 1fquid 1s at the bulk bath

temperaturef

5.2.2.2 Mathematical formulation

N ) <

The heat flow rate balance per unit volqme OoFf
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plume is written for each phase:
Liquld'phase:.

. O2peUsCpt dTy, / dz =

1
(7]
LY
-
~h
|
_|
Th
Q
e

E‘:, o

PeCot (Thr = Te ) degly / oz

+

; (5.13)
Particles in the 1iquid ot :
o /

= P 8popUgtop aTpe/ dZ = G2, ( Ty - Ty )

. {(5.14)
Particles In the gas

FOppplglpp d Tpg / dZ = Gy ( T - Ta ) ‘

+G4 ( Tg - Tgp )

Ay

(3.15)
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Gaﬁ Phase ' i I §

engngg,d Tg / YHZ a G3 ( Ty = Tg )
| - G4 (Tg =~ Tgp )
N o ‘ (5.16)
Fer the radiation mechanism the particles were

assumed to behave as gray bodies wfth a radiaton shape of

onea, thus ' . .
6 f BE a _
dp . ‘ =~
G * :

‘ Fao b /( (8g + Fop ) dp &) + 1 /ep -1
(5.17)

For convection to the particles In the tiquid

Shy (1 - F ) 8p

Gz = . (5.18) ;
dg .

where the heat transfer coefficlient hp was obta1ned from

the Ranz—Marshal! correlation for spheres.

Nu = 2 + o.s'Reé/z Pri/a . (5.19)

e
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\’ Nu K, ‘
Pp' o (5.20)
dp : Y
%
For convectlion to the bubbles e '
6 by 86g + fop )}
. Gy =
‘ : dp
. J ,

(5.21)

where the heat transfer coefficlient hy was obtaiﬁéd From
‘ .

- penetration theory applied to the gas phase resistance.

Po= 2pgCpg [ aglUg - UL)/Mdpl0-S o0
(5.22)
A Y
Finally, for convectlon‘to the particles {n the

gas It was assumed that the particles were dispersed within

the bubble and travel led at their terminal velocity. Again

-

w

6 hgore
gpfép . :
Gq = (5.23)
dp . -

where

Nu K : *
; ap = ———— : (5.24)
. dp -
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Nu = 2 +0.6 Rel/2pr1/3 . (5.25)
gh g
' PgUrdp . : : .
. ' Regp' = A (5.26)
| o .

‘ The drag coefficlient on the particles fol lows Stokes 1 aw,
thus
Ppgd?2
Ve [ ) : (5.27)
lBug

5.3 Model for single calcium carbide desulphurization
5.3.1 Mode! Assusaptions

In order to develop a model for a single calcium
carblde parficle desulphurizaticn, the following assumptions

are made:

(a) The resistance due to chemical reaction rate
is negligible. (Desulphurization and calcium .

carbide decomposition reach equflibrium.y . _. .___

'(b) The  effeckive diffusivity and total
concentratioﬁ of galcium vapor are constant at

the temperature of interest. ) .

(c) Quasi-steady state prevails within the

product tayer of calcium carbide particle. -~
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(o) The ca“cium',carbide partiéfés are assumed to
be Sphqrical in shapa.'Their initiai chemical
composition oF calclum carbide .15
constant throughout thelr volume and the’

excesa C -and Cca0 do not participate in the

reaction.

(e) While the desuiphurization is taking place, the
reaction Product layer of the calcium sulphide
fs assumed to be eveniy Forded around the
carbide particile. The outer diameter of calcium
carbide particle (is increasing due to the

formation of calcium suiphide.

(f) Due ‘to the low solubility of calcium In the
carbon-rich hot metal and the fast reaction
rate of calcium wvapor witn sulphur, - the

. reaction sfte 1s assumed to be at the

carbide/hot metai interface,

(9) The densities of Pure, dense CaC2* C3% and C

are used For caliculation, ailthough diffusion

Ilkely accurs through mi ropores.

5.3.2 Hathematical formulation

When calcium carbide s injected into the carbon-

rich hot metal, ft partial ly decompose to form calcium vapor
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N

and grapite. The calcium vapor diffuses through the reaction

‘pfoduct layer of calcium sulphide and residual graphite,
and reacts with sulphur transported from the hot métai.
It forms. calclum sulphide at the surface oF calclum

© carbide particle adJacent to 1iquid hot metal,

The overa]l plume calcium carblde desulphurizatton
is postulated to Involve the following lnd!v!dual steps as

sketched in Figures 5.2 and 5.3. ) _ ' - -}1‘

(a) Mass tranafer of sulphur through the bodndary

\

layer to the calecium carbide particle surface.
(b) .Thermal decomposition of catcium carbide.

(c) Diffusion of calcium vapor through - the
micropores of the,react{on product layer to the

outer surface of calcium carbide.

(d)'Chemical reaction oF calctum with sulphur
takes place at the Interface of the calcium

carbide particle and 1iquid hot metal.

For high temperature metal lurgical reactions, the chemical
reaction rate is generally very fast. Therefore the rate of
steps (b) and (d) are fast enough to be ignored. At steady
state, the above-mentioned mass transfer and diffusion steps
must ocecur at the same rate. Thus, in terms of sulphur and

4

calcium vapor, the fol lowing two rate equations are equal:

\ : ~

. S

. : 174
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.



- 175

" ORIGINAL -
INTERFACE -

!

_, PARTICLE/METAL
"~ INTERFACE ™

UNREACTED CORE
"B
J BOUNDAF{Y

ol
Cs |
CCI.CO_ . ci,eq

< LAYER b - -
. : _ ﬁ [ 8 :

.Qq

. ©. Cacy—~ Ca,)+2C LY
'CaCp+S == Cas+2C  REACTION

‘ PRODUCT
® gf'gz;ﬁ“" Cas . LAYER

Figure 5.3: Schematic repi-esen‘tation of the
‘ concentration profile of calcium vapor
and sulphur along a secticned spherical

- CaCz particle.
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" (a) Mass transfer of sulphur thr‘ouéh solfd/1liquid

4

i T e st .

Vo ‘ " boundary layer.

f. ’ V Ns, = fnpkpAp( Cgl = Cg?{ ) (5.28)
(b) Diffusfon. of calclum vapor through the

reaction product layer.

e - e - ——— —
P RSV NI T S . -~ —— 3 .- . . . -
———— . rm— e a——— T ) - AW - -

47r; o Degr | eq - Ppeq
Neg = 0 P PeffiCa Pl cace Ca,iy =

A r RT
- ~

! - , . ' ' . (5.29)

At steady state, the equf | fbrfum .concentrai:ions of . calcfum .. .

; vapor and sulphur at the calcium carbide particle surface

i ‘ can be calculated according to the equations:

\ Ng = Ncg | - (5.30) "
and .
Cas = Cacyy + 5 ' (5.31)
[

where the standard states are pure calcium sulphide (Cas),
pure calcium vapor at 1 atm, and one weight percent for

su lphur in the carbon-rich t1gquid hot metal,

£
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" For mathematical simplicity. we consider that the

. sulphur at the liquid surface diFFuses inwards through the

reaction product layer and reacts with calecium vapor at the
interFace of the unreacted core. rather than to use’ the more
iikeiy mechanism oF calclum vapor diFFusion through the

reaction product leyer, - The flux of calcium was converted

mathematioally to a numericaliy equal flux of sulphur vapor

30 that consecutive steps of sulphur transport could be used

Fbr convenience.

For the equivalent sulphur diFFusion; the transfer

of sulphur from the T fquid hot metal to the interface of the

unreacted core oF calcium carbide takes the form of the
concentration profile shown in Figure 5.3. The. hypothet!caiw
concentration of sulphur vapor at the calcfum carbide/hot

metal surface 1{s assumed to be tn equilibrium with the

surface concentration of sulphur in the hot metal. Thus the

equil fbrium constant or partition ratio q: s(g)/C; can bhe

calculated by the reacticn (533)

§ = S(q) 1 (5.33)

AGO . =+293697.1 - d:;;;fi () (5.34)

Rearranging Ean(5.28) and (5.29) gives
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1
) npkpAp 5 -
(5.35)
Ar Na= Ps(g) Pg?g).Cacz ‘
- \s= .. ‘ |
4nnprlroDeFF,5(g) RT
(5.36)

| 1 ¢ .ci ‘ .36 :
Using n=c3(g€ g Elljld dlfviding Egn (5.3 .) by.n gives

4 r

= Ci - ceg
4ann

/ n
‘prironDerfr,s(g) &  S(g).CaC2

| : (5.37)
At steady state, Eqn(5.35).and (5.36) can be combined to

eliminate the {nterfacial concentrations. Therefore the

overall rate equation becomes:

Ar

o ) N =
TpkpAp 4Nlnprirondeff,s(g)

(€2 - C*9%(q),cacz/™’

(5.38)
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v

The t cb - ceq
e term ( R /)

Force in term of sulphur concentratfon. ce " is the
s(g) CaC2 . o

sulphur concentration in the 1iquid hot metel which §s

represents the driving

hypotheticalfy in equilibrium with the pure calclum

‘carbide. The lgFt handside of Egn(s 38 represents the sum
_'of the transport resistances: The First terms corresppnn5M*“_
to mass transfer through boundary Iayer and the second term

oorresponds to diffusion through the reaction product

layer. These transport resfistance term are conveniently

expressed as Fo!lowa-'

Rl e ) ' (5.39) "
‘ MpkpAp ' ]
Ar
R2 = :
4“”p"i"o“neff.s(g)
{5.40)

Thus.'the overall rate constant of the reaction is ekpresseo

as fol lows:

R1 + R2

The equivalent effective diffusivity of sulphur

vapor through the microporee of the reaction product 1aver
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.can be obtained by equatfng the vapor diFFusion Flux oF
e
calcium to that of sulphur vapor.

Deff,Catg)  PEG . - Peq 7} |
O T

(5.42)

Deff,s Peq - pP®9a :
Istg)= z s(g)r 3(g). i s(g),CacC2 )
S RT .

(5.43)

'Fixing Jca(g) = Js(g). the equivalent eFFectfve sulphur e

leFusivlty can be obtalned ‘as fol Iows-

Peq - peq _
Deff,s(g)= Deff,Ca(g) ( Ca(g).CaC2 o Ca(glei ) - ol

(=] - e
Pele).1” PET),cac2

(5.44)

]

5.4 Equation for plume sulphur conservation
S5.4.1 Model. assumptions _

The mode! for the overall sulphur be]ance in the
plume developed for the present study (s mafnly based on the.

following as sumptions:
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(a) The plume 'is cylindrlcel ln shape; the size
6F’plume is measured experimentally.

B (b)’The’diFFusion flux due to. the gradient of

sulphur in plume is negligible._

(c) The calcium carbide deeulbhurization is

~confined to the plume for the transttory

reactlon.»

(d) It 13‘assumed that the calcium carbide
particles are evenly spreed and well mixed at

the surFEce of the bubbles

(€) The size of bubble is taken to be 25 mm fn

eeuivalent.dlameter and constant during rise.

"(f)} The calclum carbfide - particles ' after
travelling through the plume are‘absorbed by

the'tob slag.
5.4.2 Hathematical formulation

After anectlon from the lance tip, the gas and
calcium carbide particles penetrate together as a Jet unti
its momentum is dissipated. At the bottom of the jet, a
P 1 ume Ferms comprising gas, particles, and llquid, which
rises to the bath surface. During. the rise of the particles.

“the eilcnum carbide continuously reacts with sulphur. Once

the particles reach the bath éurFace they are incorporated
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in the tcp slag.'The rate of desulphurization ln Plume can

'be descrlbed by Formulating the conservatlon equetyon of

' sulphur over th- contral volume unit\ At steady state. the

sulphur balance over the control volume unit ln plume, as

shown in Figure 5.4, fs as fol lows:

1

Convective -} Entrained

Transfer of + Transfer of| + |Desulphurization =.0

sulphur o sulphur-'

(5.48)

The terms of the above sulphur balance can be written in a

diFFerentlel form.,

de,cPtA_, u |
I PPl by, - \Rxes= 0

dz s s (5.4é)

The first term on the left-hand side {s the
convectlve Flux of sulphur into the plume for a control.

volume of thickness AZ with plume cross sectional  area Apy..

. The second term on the'leFt—hend>slde is the amount of

~

sulphur entrained Into the plume From the bulk oF hot meta!

Both the convective and entrained Flux of sulphur are

pPrincipally controlled by the the carrier gas flow rate., The

rate of hot metal entralnment can be obtalned by the hot

metal mass .balance, L
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Figure 5.4: Sulphur flux balance over a plume
' ; control! volume.
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Convective Flow éntrafned Flow Accumulation
. : + : 1 = T )
of Hot Metat! - "~ lof Hot Metal . Jof Hot Meta)
(S5.47)

At steady state, the rate of change of hot metal mass is

equal to the sum of the rate of the hot meta]l convection and

entralinment.

- d 8ypyApy Uy ,
———toVn = 0 . - . (5.48)
dz = - - -

Thus the liquid entrainment rate Vm is

-1l dogpanuy
Vy = :

P dzZ . : " (5.49)

The third term on the Ief-‘t-—hand snde of Eqn(5.46)
is the desulphumzatton term which "has a negat1ve value as
the r'eaction_ represents conversion of" gu1phur to calcium
su Fphide. The desu | phurization term confains the overal l

mass transfer cofficient, Kov,b which accounts for the two

mass transfer steps:

"{1) The mass transfer of sulphur through the

bc;undary layer to the surface of particle.

(2) The diffusion of calcium vapor through the

-
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reactlion product ‘layer .to the reaction
Interface. -~ : ‘

[ . A e ’ -

‘The desu | phurization term can be expressed

d Cpow,b

NRX b= (l - F)A Ube S

e T
(5.50)
Where
' d Cpow,b K
. 5 = - ov,b g -~ e
. ¢ cp ~geec?—<:aczi~"“” '
d 2z ) npVplb

(5. 51)

Putting Eqn(5.49) and (5.50) into Eqn(S 46) gives

T 80cR AnLuy_ €8 deypgan,uy

dz Py dz
g a - F)e Kov, bA '
phov,hfps
- Pt - ceq
v (cs cs(g).CaCZ/ n o),
NpVp ‘ _ ‘
P o (5.52)

where f is the pPowder fraction in the gas phase, 'ep the
'solid fraction of ﬁcwder particles in the plu-me.' Vp the
volume of particle. . ‘This diFferent1al equari:mn is the
general statement of Sul phur conservation in the system of

one-dimensiona 1., three-phase desu | phurization kinetics.

L
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Since the calcium carbide partic les are% to

be retained on the sur‘f-‘aca of bubbles. the di ssolved sulph r

is considared to diffuse onto the surface oF bubbles to

react with calcium carbide. Thus_._ by assuming potential

Flow éey_eloped over the front or upper surface of the

bubbte, * the theoretical wvalue of the mass traﬁsfer

coeff"ic{ent can be obtained by the Baird & Davidson[?Z]

Formula.

L

- kp= 0.82 D}/2UL/2 rgl/2 (5.53)

where Dy is the diffusivity of sulphur in the melt.Up—y the'

relative velocity between gas phase and solid phase.rp the
radius of the bubble. ) ' ‘

5.5 Methods of solution

Eans(5.2) to (5.53) constitute the complete
mathematical formu 'la'\l:i,ons of fluid flow, heat transfer, and
mass transfer of su'l phur qu catcium carbide
desulphurfzafion fn the plume. These equations were sol ved
With proper initial and boundary conditions in conjunction
with the rate equation of s!lag/metal desuiphurlzation

Eqgn (4.1‘) s©o as to obtain the overal.l rate. of

desul phurization during injection.

e
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5.5.1 Solution procedure for pl ume reaction
» C

5.5.1.1 The boundary conditions for £1uid Tlow equations

The velocity of powder particles at the 1ance tip

is given bg 1 OW‘.

Up = 0.5 Ug ' (5.54)

Thus, the corresponding volume fraction of powder particles

can be calculated as fol 1ows:
- .

89= ( My/pp )1 0.5 mg/p (g)STP + mp/pp)~!

(S.55)
and ! . . ‘ ’/‘j
‘8o=1 - go /05756')

9 = -

The initial conditions for the 1iquid, solid, and gas

fraction at the bdttom of the jet (Z=0) are calculated by

the fol lowing equations:

6.—- g0 - o] 5.57
=] Bg eleg ( ).

-
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e
P= 08 — 6826y - (5.58)

\ Pravious work [154] o'F Irons and Farias" fndicated that the
\ liquid volume fraction is not very hig'\ at the bottom of the

‘\ Jet, we therefore chose 8y +to be 0.}\\Ipp—ga$ and powder
. \\ 0 : B

‘velocity at, the bottom QF Jet can.be calculatéd by the
\ . .

‘equations wn as fol 1ows:
, .
' Comg- .

Ug= (5.59) ,
8grgape

) mp |

o= (5.60)
epapApL

The .liquid velocit; at the bottom of jet is determined by
A3
using . the average recirculating velocity from Sano and

2
1.17(.Q g H A5, 10.339

u, o = . - -
L Ure H/ACDE - DE) {5.61)

Where Q@ is the gas flow rate at the bul_k 1iquid temperature
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and mean pressure.
S Yot - R . . .
5.5.!.‘2 The boi.mdary conditions _for\haat trahsfer equations
- ‘ |
The temperature of cal cjum carbide and gas at the

bottom oF the jet: (Z = 0) are .assumed to I;:e 250C (room

temperature). For, 1iquid '.temperature.' it. s assumed to have

the same’value as that of bulk metal temperature.

5.5.1.3 Theboundary conditions forp1lumesul phur
' conservation equation .
. ‘. ' At the jet bottom. the .sulphur concentratmn in

the plume is assumed to have the same, value as that of bulk

‘ concentl‘at1on. The lnitial sul phur content in the powders is

assumed to be zero. Thus

Cngr-: 0 - (5.62) ..

Using the Gear’s method[ 179] for stiff first order

-.ordinary differential. equatioh. the fluid flaow and heat

g tr‘ansf‘er equation have been sol ved simultaneously with plume

sulphur- conservatlon equatlon. The details of computer

Program is. Iisted n Appendlx V. The sotution procedures and o
the important parameters involved in the calculation:

&
" .

Presented in the fol lowing sections.

is

Y P

/:.‘
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-

,5.'-‘5.2 Solution procedura for slag/metal reaction

e

As has been stated 1n Section 2.3.2.2, the

slag/metal desulphurization general ly can be described by -

Egn (4.1), _ The rate of slag/metal %esulphurization is

R

increased during mjection due to the constant increase of

stag vqume

For a short =] riod of reaction tlme. the value ‘of

‘reaction rate can be consndered constant. Thus the

solution of Egn (4.1) is given as

e

= £ r - L o (- ‘-
Clsrs't €8t /n + { cg" c§ / n) Exp (-Km t)

(5.63)

Where Cb ¢ is the sulphur content in hot metal at time t,

and Cb is the initial sulphur content of hot metal. Since
the dasulphurlzatwon rate is wvaried during injection,
empirical correlations of Eqn (4.4) and (4.5) are uséd for
the calculation of the rate constant of desu !l phurization.
How'elver., for the dry slag initial condition, the
incubation period at the early stage of linjection can

be simulated by the interplay of desulphurization and

resulphurization. The criterion for the resu l phurization to .

take place is given as fol lows:



........

S . © 191

e . p

( {%S) -n[‘I.S] ) = ( CSt - ncb) -
100 Mg : ’ '

< - ‘ (5.64)

Where M; g the molecular we:ght of sulphur, p is the

density of hot metal r 0 i5 the apparent equil ibriurn sulphur S

partition ratlo which was obtained ‘df'r-‘eétly from
expeﬁimenfal data. (i.e. the apparent su | phur part|t1on‘
r‘atio was correlated as a function of calcium carbide
"1nJection weight) Ths sulphfde-satur‘ated stag will
. continuous | y reverse sulphur to the hot meta ] until the
| value FQ!"' the criterion of reg.qlphuf-i‘zaticm (Eqn(5.64)) is_
négat!ve. According to the present experimenta

obsaryati'ons. _ﬁhis incubation period ‘is ;aquivalent to the'_'

time for the first 1.4 Kg/é.H.M._ of calcium carbide

1fnjection...

Since the su ) phurm removed from _the plume is

v ahsorbed by the top slag, the sylphur contents in the slag
var‘led during injection. Using a mass balance oF‘sulph_ur‘in

the system, based on the ass'umptlon that all of thg sulphur

removed from the Plume s transferred to the slag phase, -the
sul phur content J§n the s1ag pha‘se at any time t can be_'

calcuiélted, dccording to the equation:
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‘ : | ' wmef
(Ct) = (CSt )+ (Cb - b
Se S'i ' _S'i N 't W
- st
.
~ (5.65)
Wse = Wep, i +wte - ° " (5.66)

\
wherea Cb . and Cg!’-j ?‘T‘e the initial sulphur contents in
metal and s)ag, réspectivély- Wmet.and W s are the masses of
hot meta i and slag, respect:vely. The term Cb'i; %t_::_tls the
total amount of sul phur removed From 'the hot matal | 1‘;1 a time

interval., w is the calc:um carbide inJectmn rate.

SGConputedrault! : .' S P

As has been stated previously, a . steédy—-state.
one~dimensional, three-phase n'/odel for the ﬁlurﬁe
desu | bhurl;éation kinetics haé bééh sol ved  simul tar.:‘eous ly
with fluid Flow equatiql;as and beat transfer equations. The.
computed results and the expearimental data of the plume
desulphur'izélt;'onkl-"até are shown m F‘lgures 5.5 to 5. 9 For‘
five different gas f-:low rates. The computed results and the |
ea;per;'men‘tal first order reaction rates are Found in
t‘easonable 3greement under such‘a mde range of injection.

condﬂ:ions. Furthermore they show no trend with the type of

top slag, providing strong support for the val idity of the

model.
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Figure 5.5: First-order rate constants for
desulphurization in the plume from
experimental data and the present mode |
. for various solid in,jection rates (50
¥ L/min).
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Flgure 5.6: First-order rate constants for
desuiphurization in the Plume. from
.experimental data and the present mode!
for varfous sollid injection rates (80

. L/min). ‘ co
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The typ'ic:al simulatfon results for the Cacz ‘
desulphurization are shown in Figures 5. lIJ and 5.11 for- the

initial slag conditions of dry slag and I'Iqurd slag.

' respectively. The Fi1 led circles in these diagram.are the

exper-lmenta l- desulphurization data obtained during
mJection. it clearly shows that good agreement is obtained )

betw2qn the results of model predictions and experiments.

Figure 5.12 present".v. the ccmputed volume fraction
For‘ solfd ligquid and gas phase in a rlsmg Pl ume. One can
see that at the bottom of, the pl ume there is a large émount
of gas Phase. However. the Tiquid is entramed quickly into
the rising pPlume. The computed average volume Fractlon are
appr‘ommately 101. and 0.2%-in the plume For the gas phase
and solid phase, respectivel Y. Flgure 5.13 shows the
computed vel ocity profile for ‘gas, solid and 1 iquid phase in
the r_-ising Plume. In Figure 5.14, the temperature’ proF'l‘éS'
f-;or the gas (TG), liguid (TL), and solid (TPL) phases. are
presented. The partlcles ‘dispersed in the meit are found to
‘be hegted very quu:k‘ly to the 1igquid meta l‘ ;tempt\'-_'rature. Oon
the contrary,the gas phaée is heated slowly to the 1iquid

temperature.‘““

=2 -
[

5.6.1 Effect of initial conditions

The equations of fluid flow are made very stiff by

the choice.of initial conditions. Low density gas is placed
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Figure 5.10:

75. o 150.
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Comparison of desulphurization curve
between the experimentai data and the
computed results from the present mode |
(162 L/min, 10.7 kg/min, dry slaqg).
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at neer z‘ero. v'e‘l ocity in a high der’\sity 1iguid. " The -
: -resulting Forces accelerate the gas to its terminal velocity-
.lin a ver‘y short distance. It was f"cn.mcl that the imt:al
--‘_cenditions oF phase Fraction and veloctty could be chanQEC!
' quite dramatical ly m'l:hout any appremable drFFerence m the

end results.‘ However. when the initial gas velocity was set

too high (comparabl.e. to Uiy, the Fireclii:ted yelocities turned

O‘l..lt larger.‘."Farias ‘and lrons[lBD] pointed’ out that the

. ‘highly unstable conditmns chosen For the imtlal conditions

sheuld quickly rearrange thernselves to bubbles risfing

'through the melt with a terminal velomty W'lth respect to
. the qumd. Velocity solutions’ were alsoc very msensrtive to -

the chcnce of - 1iquid velomty at Z=0.

=

LY

5.6.2 Effect of bubbl'e size

.The' bubble size in the plume is daperident on

4

liq'uid'propert'ies and ‘gas flow raw‘:.'es. An estimate oF the
bubble size can be made ‘From the exper:mental resu 1t of Sano
and Hori[66‘] For the 1ron system, the ‘bubble diameter is
likely to be betweem 20 and 1d0 mm. Therefore in the

present model, the bubble diameter has been chosen to be 25

' % , and the calculations “were. performed on -the assumption

that al 1l of the Cacg particles are evenly spread and we L

mixed at the interface of the bubbles. Due to the
compl icated hydrodynamic s:tuations in the plume, the bubble

Size may vary during inJectlon. It was. therefore necessary

S e it



-

e ]

e

Rty

l”

© 208

to examine the sensitivrty of-' the r‘ate and efFiciency oF

CBCz desulphurization to the variatlon of-‘ the bubble\?

diameter. The computed plume desulphurization rates and

e'Ff"lciencies for various bubble diameters. . under the‘.

.lnjection conditions of‘ 6 kg/min of CaCz and |50 g,/mm of

carrier gas rate. are shown in Flgures 5. 15A and 5. lSB. !t

may be noted that the computed values of. the plume

dest | phurization rate is sngni‘chant 1y mF 1 uenced by thev

variation of bubble‘diameter. An increase of bubbile diameter
by a Factor o‘F two results in a 331. decrease ln calcium
carbide" eFFthency. However. sma | 1 bubble size Ieads 'I:o a

h:gher pl ume desu l phuruzation rate end Ca(22 eFFIciency. This

fs because more bubble 5urFace is eval lable For the reactlon

to teke plece which ean e'FFectrvel v lmprove the contact of .

. ; ] . e T T

ca 1 cium carbide with ho't metai. In meta) Lurgical systems. it

is wel l‘_known that surface—ective agents reduce mass

transfer rates for spherical cap bubbles. This is gene‘rel Iy
due tzb the immobil ization of the bubble surFace, rather than

to a reductlon of 'Free sites on. the bubbles. In a simi lL.ar

_manner. the residence of-' CaCz on the bubbles surface could

‘cause the reduction  in surFace tensuon. This may be related

to the extent of the stagnant region. l‘eslul_tln‘g in a

-reductlon of mass transFer rates. As can be seen from

Figures 5.16A and 5. 168. a modified Factor to reduce mass

transfer rate was introduced to take account of. the .

'lmmobx 1 lZBtIOI‘I eF'Fect on the overal desulphurtzatton rate’



. 206
. - - '
: ST
&l
- ?
4.E-03 y . ' v — :

n
M-

[ .

=]

W

T

~

GAS FLOW RATE: 160 L/MIN .
'CaC2 INJECTION RATE: 6 Kg/MIN

PR 1 X 1

1.E-02

-Fjgure‘S.lSA

3.56-02 ' . B.E-02
BUBBLE DIAMETER, m

Effectt of bubble diameter on.average.
CaCz desulphurization rate (gas flow

rate: 160 L/min, caC, injection rate: &
kg/min). -



-, i o rrtiage
S T it o )

TN R g e

%

- €aC,-EFFICIENCY,

0.

1

N\ - L R _‘_'20'7

——
(=]
T

T T — T T T a3 Y

GAS FLOW RATE: 160 L/MIN’
LaC2 INJECTION RATE: 6 Kg/MIN i

Figure

©3.5E-02 - UBE-02
' BUBBLE DIAMETER, m

S. 158 EFFect of bubble diameter on average

caCy desulphurization efficiency (gas’
flow rate: 160 L/min, CaCz 1nject1on?

rate: 6 kg/mtn).

o



S frnc T

T N Ny

1/SEC

RATE - OF DESULPHURIZATION,"

208

3 E"03 ' T L — T Y T r
o GAS FLOW RATE: 160 L/MIN |
. [ caC2 INJECTION RATE: 6 Kg/MIN - B
1.56-03 ]
!
.'\‘l‘ . e
- "\\\ | | N 1
0. i, y A . N ) L \ : , \

0. . 0.5 R
Sy IMMOBILIZED FACTOR

\ : | | B
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CaCpz desulphurization efficiency (gas
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rate: & kg/min). o .
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arﬁ\&f‘ﬁmency. Thus.. if the bubble surFaces are immom 1 tZEd-
b;;c\zﬁ-ticIeS. one would expec‘t the desulphurizahon‘
/rate\end eFFicieney to decrease. The -immobilized Factors of
'l ‘and 0.1 represent estlrnetes For the Hmiting case oF Free‘
.circulaqi:mg and total 1y stagnant region, respect1vely. As
can be _seen the desulphurlzation rate and ef‘Fimency
decrease - sl fghtly  with decreasmg 1mmol:n I ized Factor.. An
immobi.lized factor of 0.5 leads to a 101 reduction in the
‘de$ulphurizatmn rate and e'FFu:iency. Th'lS 15 ascrlbecl to
the fact that the reactmn is dcmmated by the product layer‘
contro!.‘ The.ref-'ore. the rate and ef’f:q;ency of the reactmn"

is rather insensitive to the mass transfer rate of su | phur

Ain the melt. However, a further reduction of the mass

transf“er rate of sulphur would change the control mode mto
the step of sulphur mass transfer. Thus, a modified 'Factor
of 0.1 résults in a 55%~ reduction in the desu | phurization

rate and eFFiciency.

5.6.3 Effect of solid, gas Flow rates.i and su 1 phur content

AN

It is well known that the chemical reactions in

. most high temperature metal lurgical refining systems are

very fast and irreversib]e. Under these conditions, the rate
?F CaCZAdesulpHurization is control led by the transport of
sulphur or calcium to the reaction interface. Whether the
control lies solely in the. steps of‘_n_;lixing. (i.e. pumping

control), mass transfer of sulphur in the hot metal (i.e.
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contact control), or diFFusion of calcium vapor thr-ough the

reaction product layer (t.e. produtt layer control J» or
whether ther'e fs mixed contro by these stepsy ¢ 'pen'i:ls
mainly on the injection conditions and sulphur content of

hot metal. Figures 5.17A, 5.18A and 5.19A show the

variation of the control for each i:ranepo‘rt step in the
lfising-p_lume. computed for 0.08 wt% sulphur in hot metal
and various 'injection ecnditions.. The corres;:onding

cumu | ative eF'Fimencres of CaCz desulphurization are also

.shown in ‘Fxgures 5.!-7B.- 5.188 and 5.19B. As can be seen

-

from these diagrams, the low 1oading injections are
kinetical ty i:‘avorabl‘e_for ‘ CéCz desulphurization. At a.F‘ixe::i
carrier gas 'Flow ra'Ee. 1ower’ %oadmg anectmn results in
less CaCpz being inJeeted along w1th carrier gas. Therefore,
the thickness of the cacy layer on the bubble surface is
thinner than that of higher 1oachng anectlon. At the bottom
of’ the p 1 ume, :ontrol mainly hes with the Pumping corrtrol

and contact control. but tiE product layer control gradual ly

dominates as the Cacz particles rige towards the surface of

the melt. This can be expl ained Py the large amount of gas

Hhich exists in the bottcm of t P lume. Accordingly. there

'is 1 ess hot metal which can bri sufficient sulphur into

the bottom o-F the p lume for the reaction. Consequent 1y, both

the pumping and contect control dominate 1nitxal 1y. Later

as  the Cacz particles rise towards the surface of the melt,

the reaction product 1ayer thickens, and control gradual 1y

/,
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Flgure 5.17A: Fraction . of control for each.mass
transfer step as-a function of distance
from the bottom of the plume (sulphur
concentration: 0.08 wt%, gas flaw rate:

160 L/min, CaCy; jnjection rate 2
kg/min). . . .
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Figure 5.178B: CumulattVe‘CaCZ plume desulphurization
' efficlency as a function of distance

from the bottom of the plume (sulphur:

.¢éoncentration: 0.08 wt%, gas flow rate:
. 160 L/min, CaC; jnjection rate: .2
- kg/min). i
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(sulphur concentration: 0.08 wt%, gas
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' Figure 5.198: Cumulative CaC_
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: Shii-'ts -to mixed contact control and product 1ayer
ccntrol . Final ly, as the reaction product Iayer COI'ltanES‘

growing to Further retard the calcium vapor d1Ffusion rate.

the procluct Iayer' control prevails. Flgure 5.20 il 1 ustrates

the sulphur pro'ﬁle in the plume clurmg CaCz ,nJect,Qn_ The

* .“-‘.

computed sulphur content i}'l the rising P 1 ume is seen to be

decreased sharply at the bottom of the pilume untrl reachin,’g

the minimum sulphur content. and then' starts ancreasmg to.
the surﬁece of: the plume. This phenomenon is attrlbuted to

" the 'Fresh hot metal being entratned into the rlsﬂ'\g Pl ume to

increase the sulphur conten't: of the hot metal. Fur'thermore,

due to the slow._ reaction rate of CaCz at the upper. portion

remo ve the entrained su 1 phur. —

As the sulphur content of the hot metal decreases-
.from 0.08 wtz to 0.02 wt%, the computed results shows that a
Sigmﬁcant change in the reactmn control lmg mechamsm-
occurs. Flgure S 21A lndicates that +the contec’t contr'o]-

becomes 1mportant and has more inf1 uence on the reactmn at

a low sulphur content compared with at 0 008% S. At a 1 ower

sulphur content, less sulphur fs transported to the .

reaction interface due to the lower' chemical potential of
sulphur. Consequent | ¥s» the efficiency of CaCy ytilization is
low. Figure 5,218 shows the corresponding’ Ca'cz efficiency.

Sequence of CaCj desu 1 phurization is varied

the CaCy can not eF‘Fect1vely and completel y
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transfer step as a.function of distance

from the bottom of the plume (sulphur

concentration: 0.02 wt%., gas flow rate: )
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Figure 5.21A: Fraction of controt ‘For each mass
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) during the overal ] II'IJEC'thI"I pProcess. F'lgure 5 22A shows -

tion of contra I

for each tra ort step during m,)ection-.

A

A

, inJection wH{h r sulphur content in- the hot\meta1, the .
_con-trol 1 ies ma_j.n\l\y with tha product layer' contr‘ol As -tl'lle :

-desulphurizetion pro eeds. the sul phur in the melt

continuously decreases and theref-‘ore the control gralduel 1y

.HShIFtS to the—/contact control F1gure 5.22B shows the

. corresponding CacC2 plume eFF1c1ency change durmg injection.

5.6.4 Effect-of‘ p!ume ml:ry :

\\he recirculetlon rate of hot metal in the p1ume

‘was obtained accorchng to the equa'lnon. '

~

Vm=0g Uy Apg ' -
) - ‘ (5.67)

i
-

. cylindrical p!ume was assumed for the present model

calculetions_. ThereFore. the area of plurne can be teken to

" be the breakthrough zone which is observed cm : the bath

surface. There is controversy about the plume geometry..

Fruehan and Hartonfk[ lBl] proposed that the. piume fis
cylindrical in shape above the m,jectnon point.‘ More
recently, lrons and Fartas[ 1801 used a water model to

simu l ate the downwerd in.jec‘tfon and found: that the rising

the sfer-’c of ..

A
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' plume is r‘ougﬂy eylindrical. However, Hsiao et al [178] and B
SZF.'kely et alt[l 2] have suggested that themtsmg p l'ume is
'ednicell in shapea. - T-hereFore.‘ it was necessary to examine.
. "the .eFFe_ct -_of-‘ Plume geometry on the rate oFl
des_u“‘l phuriiation. Calculations based on a comcal P lume
'éhape 'were carried - out. The computed results show an

-.‘msigmﬂcant effect o'F the plume geometry on the rate of

desu!phurizatlon because mixing does not domlnate the

react fon.

5.6.5 Effect of temperature
| ~_

Both good particle-liquid contact and suFﬁcnent_

‘thermel energy are. essential for -f-‘ast_ and ef-'ﬁcrent CaCz‘

' dESulphurization \Theref-‘ore,the CaCz particlas mﬁst bel. in
contact with the hot metal_znd hested rapidly to reach the

hot metall temperature. As stated in Section 5.5, the CaCp-
par‘t‘icles. in the melt have been .essumed 'to' be trapped on

"the bubbles and free to. circulate on the bubble serFa'ce.
Thus 'ail CacC2 part.iclee are aesmned to come into contact

7 “with the hot metal, (i.e. in this case f= 0). Consequently,
' the CacCp particles are assumed to be heatecl rapidly to reach
the hot metatl temperature. However, the present model does
not. take into account the heating of the partiel"és on the
bubble surface, therefore, cautions must be paid on the

sensitivity of the temperature variation of cal cuum car‘blde
\-.,
/
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Pal"t;'llc 1 éS on tm rate QF CaCz desu i phurization. - FIQUI"ES'

.. 5.23A and 5 23B- show that the rate and eF'Ficiency oF CaCz

desulphurizat1on are af‘f‘ected by 'the temperature. Lower

ternperature leads to a lower rate and eFFiciency or‘ CaCz

"dEBulphurlzation. Thls is mainly due to the fact that the

therma 1- decomposition of CaCz is an EndOtth'mlC reaction. A

'decrease of ‘500C of particle temperature causes a I5q

_reduction in the CaCz eFFicuency and desu]phurazatlon rate.

5.7.6 Effect of ealeiuu vapor difﬂ:sivity ”

Tre effective diffusivity of calcium vapor deduced

from the data of, Tabal la et al.[l76]. is in the range of

1. 0X10-5 o l 0)(10"7 m2/5. A value of 1. OXIB 6 m2/s was used

for the Present modei calculation, and fairiy good agree'nent

: between the experimental resu 1 ts and .the computed resu 1ts oF

plume desulphurizatmn were obtained Furthermere. For a
better understandiqg of the eFFect of the effective

di'FFusivity on the rate of desulphurtzatmn. calculatmns

'have been carrled out to examlne the sensﬂnvrty of the

'desulphurization rate due to a change in the effective

diffusivity. Figures 5.24A and 5.248 show the eFFects of"
variations in the e'F'Fective d1ff-‘usivity of calcium vapor on
the rate and efficiency of - desu | phurization. Increasung the
eF‘Fective dif-'f"usivity by a factor of five results in a 309
improvement in the catcium carbide eFFiciency, showing that

the desulphurizatn:n rates are very sensitive to the

a
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eFf‘ective diffusivity ofr caicium vapor. Thig is n‘nain'l'y due’

to the fact that the product ! ayer .control do_minai:es_

desulphurization for ‘most conditions 'studied.' Theref‘ore. L

rate of calecium vapor diFFusion couid be increased. eifher

by thir‘ming 't:he product layer or by . enhanclng the

diFfusixity oF calcium vapor.

e

- 5.6.7 EFfectfoi' calcium carbide particles position

) bubbles. on the buEque surf‘aces. or m the meH:) strongly

mFluences the calcium carbide eFFiclency and . the

desuiphurization rate. For a better understanding

eF'Fect of calcium carbide contact with hot metai -on plume
desu i phur‘ization. four other particle-1| iquid con

pattern were chosen f-'or the investigation ‘besides the

pr‘esent model assumption _of CaCZ trapped on the bubbie

] surFace (Table 5.1). Case 1, the present model assumption.

corresponds to a1 calcium cart:nde ‘being trapped on - the

interFace by surFace tensuon because calclum ‘carbide does

?

-

not -wet hot metal..The cal c:um carbide is assumed’ to be free

to circul ate on the interf—'ace. and thus all caiclum cartndes
t‘eactq This is s:milar to 8 mode | proposed by Engh[ 129] For
I'iouid fluxes. Case 2 is based on the f-‘indmgs of Iroms and
Farlas[ 183] that the bath cool mg rate For powder mJectron

was only 30 percent of that WhICh wou 1 d be expected if all

.--\ | o ///

The posigﬁion oFf i:he parttcles (i e; in the

lcal<:.‘ium carbide desulphurizai:ior, couid be improved if ;the |

1
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kR -Tbblé 5.1 Cases Used to lnvestigate Particle-Liquid Contact

.

1 D

Control in Plume De5ulphurization

. Case’

‘1

'.particles circulate

N

. «Same as case t. except

ﬁi* '
‘

Description "

r

" Contact .Controi Factor

.1001 of particles on
bubble interface

-

30% of particles are.
dispersed’ 'in 1fquid -

.shme as case. 2, except.
particles .on interface
are stagnant ~

‘reacts

'.dtffusion oF sulfur to
bubble interface and to .
particles

in. ligquid

.same as case 2, except
that only a mono'l ayer
of particles on bubble

- 100% particles In liquid ”.diFFUSion.to particles

.1001 of partfcles as .diFfusion

stagnant layer on bubble~
fnterFaCE

N —"\ -

G’

to bubbles

with monolayer reaction

-

.diffusion of sulphur to
bubble interface

L
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the particles Were in melt. For- the calcium c:arl:nde in the.

S

‘mel ‘I:. an extra desu l phurlzatmn term is added to the overal l

plume sulphur balance equation (Eqn(S 52)) The_'__l

-clesul phurizat{on terrn for the ca l cium carb1de in the mel t is

"glven as Fol lows:

. " .. . d CPOwsp
NPON-P‘= ‘F' A U . -57. . .
ts. . pll. pep‘dz-
- (5.68)
where

d.CPoWw K., . ‘
oS = - OVP ¢ cpf- - ceq /)
T : Ve U ‘s eq.CEtCZ

dz E Mp,m e

where £+ is the fraction of CaCp in the ‘melt. Turbulent

mass transfer coeFﬁcuents[GZ] werea used to ca!culate the

mass transfer f1ux to the Cac?_ partlc 1 es.

Ko dp 1/3
Ngh = = 2 + 0.4 (e dp / v3)1/4 Nsc)]
Ds -~ ' ) .
| (5.70)
Owing to the small ‘particle size, the mase transfer

coefficient kp calculated from the above equation is c1ose

to the one calculated under the condition of a'single sphere

(5.69) TN

-
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-‘at rest in a. large volurrle of", stagnant Fluid. (i e. Nshzz.

- the ltmiting value of Sherwood Number For radial dlfi-‘usion )

| ~recirculat:on. Thus. oniy a monolayer oF cal cium carbide. -

Case 3 was the same as case 2 except that the

' particles on the bubble sur'Face are stagnant which was;

chosen to show the? e'FFects o*F very slow particle

particles on bubble suri—'ace reacts. For case 4, it is_

"assumed that 1001. particles are in liqui'd wl-nCh represents_

ari : estimates i-'or the FastEst reactlon rate. Case 5 is based
on the assumption that all the particles Form a stagnant.

layer on the bubble surf‘ace which represents an estimate For .

slowest reaction rate. The various contact control cases are

compared with the experimental first order rate constants

for the plurne reactions For two carrier gas Flow rates (50-'

© Y/min and 160 t/min, Figures 5 25 and 5 26). Al1l the data

fali between the limiting cases of all the partlcles in the

tiquid  (case 4) and stagnant particles on the bubble

interFace {case 5). It is dif‘Ficult to choose the contact

pattern among the cases 1 2 and 3 due to the scatter in the.

data. Nevertheless. a signiﬁcant 'Fraction oi’ the particles

are obviously on the bubble tnterFace and, therefore,

techniques_ to improve particl e—i'iquid contact shbould improve

'desulphurization rate and calcium carbide e'FFiciency. For

example. lrons and Farias[1333 have Found that the use of

incl _ined or "hockey-stick" 1ances and the use of gas release
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5.6.8 Duu‘l pl'unzing contribution oF s lag/metal reaction and.

Lo

agent (i-.e.~‘ CeCO3 in 'the fdse of cacz injection) improve '

partic le=1 iquid contact ‘as measured by “bath cool ing-

rates[lBB]

L1 1

Plume reaction A -

The results of the present model analysis md:cate
\

that the desulphurizlng contrlbutlons ‘made by both.

slag/metal reactmn (permanent-contact reaction) and plume

‘reactlon (transitory reaction) varied during ln;jection. .
&

T .

-

Whether the desulphurtzatlon is dominated by the slag/metal

reaction or -by the plume reaction, mafnly depends on the

type of slag, injectlon conditions. and the amounts or‘ CacC,

‘anected.

Figures 5.'27i“and 5.28 showthecompouted resul ts of

the cumulatl\)e slag/metal desulphurizing contribution as a
f-‘unction of €aC; injection rates after 12 kg of CacCp
injection for the initial s1ag conditions of dry slag and.
1iquid s1ag, respectiv‘ely. As can-be seenl from Figures 5.27,

for the case of initial dry slag condltion. tha slag/metal

--desu 1 phurizing contributmns are only weakly affected by the

-‘C_aCZ ln_]ectlon rate. This is because the plume

)

desulphdrizat'ion rate is. mainly dominated by the bubble
surface area which can be cal culated From gas Flow rate. At ‘

a fixed gas flow rate, the plurne desul phurization rate is

1

N ]
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A

‘ not sensitive to the CeC2 inJectlon rate (see Figures 5.5 to

5. 9)-- Thus, a decpeese of Cacz injection rate only sl ightly,

reduces the pl urne reaction rate and consequ\ently results in

v

a slow improvement oF the slag/metel desulphurlzing

contribution. For the same amount oF CaCp ‘“JECtEd into the

‘ V_hot metal. Figure 5. 27 also inchcates that Iower gas flow

rates Favor slag/metal desulphurlzation. Althoug-l It is

_known From the present work that both the plume and

s1ag/metatl desulphurization rates ‘are - aFf-‘ected by the gas

flow rate. the P lume desulphumzation is found to be more

| sensitive to the gas flow rate than that of the slag/mets]

reaction.' Therefore, ' the decrease of - gas flow rate wil
strongly reduce the pI ume desu 1 phurization rate end
consequent 1y result 1n an increase in thae 51 ag/meta 1

desul phurizmg contrlbution.

Figures 5.29 and 5.30 show the effect of the

mount of CaCz injection on the cumulative slag/metal

‘slag/ etal desulphurizmg contrlbution is dependent on .the

total amount of Cac, fnjected As explained in Chapter 4,

the rate _of slag/metal desu!phurnzat‘ion is increased'

proportional 1y to the slag weight. More CacC, injection
im'pl"ies that more slag weight is formed. _Ther'ef‘or'e. the

slag/metal desulphurizing contribution can be improved due

to the increase of the total amount of. CaC2 injected. Since

hurizing contribution. It can be seen that the"

e
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INITIAL SLAG CONDITION:
BAS FLOW RATE: 50 L/MIN

DAY SLAG
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Figure 5.29:

~ AMOUNT OF CaC , INJECTED, -Kg

Effect of amount of CaC, injected on
contribution factor o S|lag/meta)
desu!phurization (dry slag, gas flow
rate: 50 L/min). ’
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Flgure 5.30: Effect of amount of Cac, injected an
. contribution factor ofz slag/metal
desulphurization (dry slag, gas flow
rate: 160 L/min). ‘
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the contact pattern oF calcium carbide in tha plume has a..
‘strong inf“luence on the plume desulphurization rate.. _ it is
' pecessary to check the sensitivity oF the contact pattern O{l

the slag/metal desulphurlzmg contribution. As can be seen :

“al l the experimental data i‘al l between the llmltmg cases oF

al 1 the particles ln the melt (case. 4)‘,and. -sta‘gnant" B

particl_es on the bubble‘surﬁace (case 5). VA

Y S 4

Similar phenomena are also Found in the case oF__..

\

-initial liquid slag. Figure 5 28 shows the computed results---
of the cumu 1 ative slag/metal desu l phurizmg c&ntribution as: a

.a FU“thOH of CaC,. injection rate under two - diFf-‘erent gas .

Flow rates o'F 50 !./min and 160 z/min. It can- be seen that

,the liquid siag is more sensitive to gas Flow rate._-‘

thereFore. the decrease in the. gas. Flow rate results in the -

rapld ll"ll:l"EElSE of slag/metal desulphurizatlon. Flgures 5 31

.and 5.32 show tha - computed results of the cumulative

slag/metal desu i phurizing contribution as a function of the

amount CaCz inJected for the gas Fiow rate oF 50 i./mm and

‘160 !./min. respectively. Good agreement is obtamed between

- the computed resulte .and experimental resul ts, in which all

‘-experimental results fal l between the two llm'ltll"lg cases-of

contact .pattern. T C ' . ‘ N

According to the present mode! calculations, it
indicates that the si1ag/metal desul phurizing contribution of

dry slag and liguid‘slag are roughly equal which isg

B 7T S

ST Y S

[
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. INITIAU SLAG CONDITION: LIGUID SLAG ° .
| BAS FLOW RATE- 50 L/AMIN .~ ..eo00

| T .~ CASE ¢
R L S——— st 4

. . - g,
AMOUNT OF CaC , INJECTED, Kg—

Figure 5.31: EFFect of amount of CaqF injected on

~ . contribution factor o s |lag/metal
desulphurization (liquid slag. gas Flow

. rate: 50 L/min).
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‘consistent with the ‘experi‘mental resu 1 ts. A lfhough an,

,-incubation period was Found initial ly in dry slag oondltuon.
the hign desulphurization rate was obtained aFter passmg
through the incubation period which compensates For the .

slow desul phurization raj;e.

5.-7 Discussion -

. L}
- . b v
~

5\7 1 Daulplurization mechamsm ‘ _ A '

Calcium carbfde Is produced in submerged arc

Furnaces. The reaction stolchlometry is given by the overa] 1

L]

equation..
. >

Ca0 + 3C = CaC, + CO (5.71)

The binary phase 'diagram Cacz-€a0 (Figure 5.33) shows a

eutectic point at 1850 C ~at 53% CaCz[lB4]. Commercual ly

avatlable calclum carl:nde is produced with a hlgher ‘Cacz

content.. The typical compositlon is approxlmately 801. CaC2

Lmth tha remainder being mainly Cag0.

: desulphumzatfon and is not £ 1 uxed at

Since calcium carblde ‘ '

does not melt at the temperature of’ hot metal

r'educmg conﬁd-itn'o'ns 27
wtth an oxygen activity oF 2 - 3X10-47- in carbon'-'-ri‘;cn‘holtb

meta]. thé desulphurization I"EECtIOI"I is a so ] id-liquid .

‘Teacticn between calcium cartnde par*t1cles and Ilqund hot

_ metal. The process of desu 1 phurf:ation with solid CaCZ

. -
possibly takes place by tihe dlffusion o'& sulphur or calcmm o

-

. o - o : .-
\ o . . = .“ . . ac

’ N
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oo """"" CaCy CONTENT', wi. %l‘-—-—l_ .
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Figure 5.33: Binary ph'ase"d'i-agrar_n of CaCu-ca0 system
.o . : [l8.4] Y ‘
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atoms thrcugh the reaction product tayer cf eal c1um sul phu:le

and graphite. chever. the diffusivity of sulphur 1n a

,calcium sulphide matrix is apprcximately 4. 9x10“15m2/3 i'n“

the temperature range of 1375°C ¢o 1600°C C 135]- ThfS value

is abcut the cr:ler oF magnitude that one would expect if

‘sol ld-—state diFFusion dcminates. Siml larly. the diFFusivfty

of Ca atcm in a Cao single crystal is approximatel y 5X 10'16

:'. mz/s at 1350°C [186 ] « Such hetercgeneous reactions invol ving

sol idﬁ:ate diFFusion are extreme 1 y sl OW.

Few studies on the mechanism oF calcmm carl:nde.

desulphurization have been repcgbed. The rnechamsm proposed

by Meischsner[ 187 ] and Oeter"s[ 188] is based on the Flncﬁngs

that cacC, and Cas have simi 1ar crystal- structures and f-‘orm '

solid sclutions over the entire composition range{189]. They

postulated that su Iphur in hot metal is absorbed due to thel

substitution of carbon in the Iatttcc of celclum carbide.

The r'eaction based on this mechanism. can be expressed as

2 CaCz '+ § = Ca(Cy,S) v+ 2C . (5.72)

where Ca(Cz,S) r‘epresents the solid solution of CaC2 and
- 'CaS. The sulphur substituted by carbon .of cal cium carb:de

has to chssol ve at the surf"ace oF calcium carbide first ‘and

then dl'FFuse instde'_the calcium carbide particle. As Has
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been explained previgQusly, such heterogeneous reactlons'

invol ving solid state di’FFusion are kineticail Iy rather
unFavorabie and the reaction rate is extremely slow.
Consequentl y. the desulphurization rate of calcium carbide

is expected tolbe'very slow. This ‘is in conflict with the

i’act‘ that calcium‘ carbide is an effective desul pn'ur,ization

agent.

. Oeter[188] postulated that sulphur is transported to

the surface of the particle and reacted with r_:‘a.l cium carbide

to form a su!phide'i'onicr melt. T-hus"the-concentration .

'gradient .of 52 ions between the surface and unreacted core
m

carbide is built up for the sulphide ions

. diffusion. The reactfon at the interface of calcium

carbide particle and hot metal which was suggested by
C_l-eters[liael is gfven as fol lows:

- ] : '
_[S}.f Co =524+ 201" ~ (5.73)

>~

The Fact is that calcium carbide has to rematin in solid

state under the conditions oF hot metal desulphurization The

reason for this.has been.e;eplamed previous | y. Even if it

-

¢
were possmle to Form slag melt at the surface of" calcium

L)
carl:nde pai‘t‘lCIE. low sulphide and carbide d!FFu5|V|t1es

wou | I d a !so make the reactlon rate very slow. In general the

element diFFus1vity in the slaa metlt is m the range of 1079

249
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ta 10-12 m213£1'901. which fs ‘three to five orders of

ntagnit'it‘dde lower than the eF‘Fe_pjnve diFFusfvity of cal cium

'vapor deduced From Ta 1 bal la 5 . exp ental resul ts.

Furtherrnore. the reaction(s 73) o_ccurs in the presence of

carbon . saturated hot metal . Tne carbon’ in calc1um carbide

woul'd not tend to dissolve mto the hot metal in this
) situation. This has been conFtrmed by the exper:mental

'Findings oF Tal ba] 1a (see Append1x IV). In their study oF the

mechamsm of calclum carbide desulphurlzatlon. the carbon

content of hot meta} did not change as the calcium carbide

desulphurization proceeds. Consequent ly, the react1on(5 73) |

propo_sed'by Oeters is unlikel,y-to be true. It is‘more

1ikel v, thereFore. that desul phurization with calcium

carl:n‘de is topochemical ‘reaction'. The desulphurization -

_occurs via the diffusion oF the decomposed calcium vapor

trrough the micropores of the reactlon product layer.

Once the ‘calcium carbide c'ontacts-'the hot metat,
calcium vapor 15 produced due to the hlgh temperature. The

equi ) ibrium cal cru ‘ partial pressure can be calculated

_ accordin'g to the Fol 18wing equation.

-

At '1350°C » the equil ibrium partial pressure o'F calcium .vapor '

is 1.44 x 19~¢ atm which corresponds to a concéntratio_n_' of

R
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'1'0'8><‘10"3 ;-nole/rn3 _calclum vapor.
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Thermodynamic

' calculat1ons[ 1911 have shown that monatomic sulphur gas 15‘

the predominant gas specfes escaping From carbon—saturated

'h°t metal; CS’"‘*SZ and COS are of‘ 1 esser importance. The

T equil ibrium partial pressure of monatomlc su 1 phur gas can be |

calculated Frorn Eqn(S 33) and (5. 34). For 38 hot metal with a

sulphur actl\nty coeFflment of 3.0 and a su bﬁ(r'\content of

: 0 05 wt?.. the equlltbrium partial pressure of monatomlc

'sulphur vapor is 1.34 X 10"6 ~atm at 1350°C. This value is

‘e

-two order‘ of magmtude lower than the EQUlllbl"lUlTl partial
\pressure of calclum v3por. Theref-‘ore it ‘is reasonable to

ignore the e'FFect ‘of sulphur vapor di'FFusion in the present

mode] . ’
It has been reported that. - the retentron tume of
the sol id desu 1 phurlzer in the melt js very short and

genera | I-y ls close to the time: of the desulphurlzer

travel Hng through the melt[192], [1931. In order to check

- this point, the chemical analysis of sul phur for the meta'l.

sample taken shortly aFter the mJectlon test “were compared
wlth another sample taken after a holding-period of severa |

mmutes. The resul ts (H 12R4 and - H16R4) show that the sul phUl"

-content;; For both metal samples have the same val ue,

' .:nchcatmg that the retention ~-timer of the calc:um carb1de is

very short and the calcium carblde f 1 oats up quickly after

the injJection. This can be attributed to the. poor
. . o
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L wettability and the low density of calcium carbi‘de- which

-reduces the retention time of cal cium carbide in the melt.

b e

Ogawa et al. [194] in their study of dispersion of partlelee -
ln a powder‘ anec‘tlon B’Facéss, also concluded that the
DEhavior of dtspersion is influenced by the wettability oF
the powder. In the case of poor . wettabllity. all ‘the

particles f'loat up quickly. .

5.7.2 Two-Dimensional effecqés

In tbe~present one-dimensiona rnodel. the other

two dimenslons are handled by assuming that the plume

-

-dimensmn are determmed experimental ly and that the plume

is axzsymmetru:. The model parameters are. averaged evenly

.ovei‘ the 'plume cross-section. ‘It {s .wel] known from

- -

experiment that void Fractionr liqmd and gas VE]OCltlES

vary across the: plume. and are usual ly Fitted to a Gaussian

" dtstr.:butstion. Since the calmum carbide particles are

likely trapped on the surFace of- the bubble and d1spereed in
the mel t, the retentlon time of calcium carbides is affected
by the Gatisslan distribution of bubble @nd solid veloc1t1es.
In the present wori, both the bubble and soltd velocrtles
are averaged evenly across the cross-—section of the %’l ume.
it ¥s be iev.ed'that the vetlocities of bubble and solid
calcu].aged from the present mode]l 'rep'r_'esents the average
value from the Gaussian distribution; the eFFicien‘cy of

calcium carbide based on the present model should have the
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same value as that of using Gaussian distrjbution for the
bubble and solid velocity.

R

. 5.7.3 Axial mixing

The extent of axtal mlxing can be measured by the

turbulent Peclet number. for example, an extreme_l_y 1 arge"

Pec let number represents negligible axla ] mlxi'n‘g. .. The -

turbu lant Pec:let number is defined by

L ‘UL
‘ Pe=

(5.75)
Dt

ay

. It can be seen that the turbulent Peclet number is the ratio

. .of the strength of convection ‘and turbulent diffusion. Since

this is not a molecular process, the turbulent su 1 phur

dtffuslvlty would be expected to very with the fluid
temperature, intensity of +turbulence .and kmematic

~ viscosity of the .'Fluid. In the turbulent system involving

"mo lecular diffusion, the turbulent Schrmdt number can §e

-approximated to be of the order of unlty[lGl]. Thus\ the
turbulent diffusivity -can be obtained' according tb the

turbulent Schmidt number given as- fol lows:

(5.76)
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The' effective visc:dsit_y-ntl, has been mode 1 1ed by Sahai aﬁd
Guthrie[167] to describe turbulent mixing in an gas-stirred
vessels, -In this c;ase the_ averag'e'ef‘f-‘ective viscosity

formutla is‘given as fal lows:

o | gQ(1-a)
Ye=5.5 x 10-3py L[ 9 ]

(5.77)

Where Py is the density of the liquid, & is the volume
fraction of gas within the p1ume, L is the depth of the

liquid in the vessel, D is diameter of the vessel, Q is the

gas flow. rate.-

Since the turbu lent diF'Fu51 v1ty can be calcu l ated

'based on those formul ae, an estimate of the turbulent

'S

Peclet number in the pré!t‘enft-situation is apprbxim?tely in

AN . ‘
the range of 400 to 600, indicating that .the diffusion type

of process is not’ important. This is consistent with the '

present model assumption' of ignoring' the Influence of

diffusion mass transfer within the plume.

© 5.7.4 Comparison with other mathematical models

Few mathematical models describing

desul'pljgrization kinetii:_s‘ f‘or submer‘ged injection of pawders
\ .

have been reported. E 1 ~Kaddah and J. Szdely[ 164] proposed a

'model v in which a set ﬂ“l u1d f1ow Equatlons (Nav:er—Stokes

*"\_

R TR TS
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equations) together with K—E turbulence model are solved
simulteneously to obtain the Fluid Flow velocity and

turbulence Fields. :.' A convective-*diF'Fusive equatlon for

sulphur conservation was used in their model +¢o examine the.

Influence of turbulence and f1luid flow properties on the
mass-—transf‘er process The predictions brfsed on- their model

were Found to be ln good agreement with experimental

measurements obtained from 6 and 40 t ladles. Chguchi and

Robertson[l?B] developed a mode] to simul ate the

desulphurization kinetics by submeraged powder inJection.

'Kinetic rate equations For transitory reaction and

"permanent—contact reaction were used to take account of the

desulphurization due to plurne reaction and slag/metal

- Teaction, respectivel Y. This model was used to s:mulate
'smal I-scale powder inJection experiments (injection of CaO-

based powder into 3.5 kg hot metai). in which “the

contributions of‘ the permanent contact and transitory

reaction were found to be roughly equal.

The present model differs From the above-—mentioned
m"c;dels In that the volume Fractions. veloc.ities.
temperatures and compositions of-‘ the gas, - liqi.lld and sol id

L]

phases in i:he rising plume can be calculated during powder
inJectton. However. the El-Kaddah and Szekely ii‘iodel" ignored
th_e' ciiscre't’eness of each phase,in which the three phase

region was treated as a single homogenous phase. Ohguchi and”™
. N .

T
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'Robertson’s mod'ei did not take Iinto account the

‘hydrodynamic eFf‘ect on the reaction kinetics' they simply. -

assumed a resu:ience time for the particles.

In the present modei. the detailed. reaction
mechanism of CeCz particle desu 1 phurization and the plume

desu 1 phurizatlon mode | were devel oped. The computed resu 1ts

are Found to be consistent with the experimental data. In .

E1-Kaddah and Szekely’s mode1, the behaviour of the solid‘

reagent desulphurization was over simplif-‘ied. It was

.assumed that. the reaction ‘occured at the surface of the

| injected particles where the reaction products will form a

liquid fi Im which® adheres to the sol id surfacs. They assumed
that the diFFusion of the reactants tl-rough this iiqu‘id Fil:'rn
was the rate-iimtting step.’ However. in the1r model no

mention was made of the dii—'i’u51wty oF sutl phide ions through

this 11iquid film. in Fact,.the'rate equation (E_qn 24 in

their paper) used to tiescribe the diFFusi_on through this
liquid product 1 ayer .actual Ty represents su l phurl mass
transfer through the 1iquid boundary layer. In their model v

no ment1on was made regarding the particie posrtlon in the

rlsing Pl ume.

1

In Ohguchi and Robertson’s model, the controi ling
mechamsm regarding the CalO- Can-A!.203 based reagent in. the
transitory reactlon is not reported They assumed the f1ux
was in i:qund state and even l Y spread around the bubb1e. For

1

286
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the purpose o'F evaluating the transitory reaction.‘ the‘

parameter E. whlch is a measure of the eF'Ficlency oF the‘

il

' transitory reaction. was introduced to fit. the experlmental

‘?nodel- and experlmental data.

data. A value of 0. 14 for the eFf’lclency oF the transltory.

reaction was used to Force good agreement between their. .

'

'The presen:t model clearl Y shows the important

Factors aFf‘ecting the desulphurizlng contrtbutlons made by‘
“the transitory and permanent—contact reactlon. ln general .'

the desulphurlzing contribution of these two reactlons are

. dependent on the type oF lmtlal slag condltions. . 'j ct1on

v condltlons an("l the amount or' reagent mJected. Iin E —Kaddah

and Szekely 'S model v thay did not report any details of the

relatlve desulpl'urization contrlbutlon of plume reactlon and

slag/metal reaction. In Ohguchi and Robertson s model, they

[

'Found that contrlbutions made by the plume reactlon and

slag/metal reaction were roughly equal. However, ,due to the
S :

simplicity of their model, It is difficult to use their

method to evaluate the inf"luence of injection condltions on

the desul phur:zatlon contribution of sl ag/metal and pl ume_ '

reaction.‘ A

-

5.7.8 Implication for the industr_ial‘p’ractice_

hJ

Increasing the: carrler gas flow rate f-‘rom 50 to 230

z/mm enhanced the plume reactlons as mdicated by F,tgures



n

. U
O & Lk AL A fL B SRi B S

—

i
3

-

¥

- 5.5 to 5.9..This result is -u;?-to_ better hot metal mixing
ea

: and ‘more cubb le -'surfece

Normal 1y, commercial operators minimize the carrier gas Flow

"rate. This situation only appears to be contradictory; the
._{gas release 'From the Hmestone in the coml‘nerclal mixtures is
: general 1y.an order of magnitude greater than the carrter gas :

‘Flow rate, which generates considerable mixing and bubble

surFace area. Neverthel ess, In torpedo car desulphurization.

an additional resistance to su |1 phur transport exists because

+

of-‘ poor mixing in the ends of-‘ the car[73]. This aspect was ‘

not included in the present model because the small scale

!induction fFfurnace is close to being we | l—mixed.

LAY
-

s tasg

' at . Jncreased F1 ow rates,’

RTOCRYT




L,

o | . " CHAPTER 6
CONCLUSIONS

- This fnvestfgation was initiated to study the

kinetics of calclum carbfde desulphurhjtfon of hot metal by . .

powéer inJection. Forty-eight successful i.njections of

come'rc-ial’—grade caic.iur:i carbfde(DSR) into 2.5 Tonne heats

of hbt metal wer‘e carried out Four slag initial conditions
we studied° no slag, adry top slagy a | fquid slag and the

Yy slag mod{fifed by pre plunging of aluminum. The

experimental conditions of the so! id to gas loadings ranged

between 15 and 160 kg/Nm3. After an analysls of the

experimental results, the fol lowing conclusions were drawn:

(1) The most important parameters which affect the rate and

effictency of .calcium carbide deiéulphur!zation are the
type of top slag, injection conditions(i.e. solid to gas

loading) and oxygen activity in the hot metal.

(2) The type of initial slag condition has a significant

influence on the rate and efficliency of calcium carbide-

desulphurization. with the use of no s1agor dry slag as

an initfal slag condition, a 30 to 50 second incubation
Perfod was observed. This can be explained as sul phur
reversfon to the hot metal due to Poor properties-of the
top'slag. Contral of the initial slag condition through

. . 259
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addition.of liquid slagcwtthout deoxldation) or modified

dry slag (deoxldation) can effectively improve the top

slag properties, and ellminate the incubation period.

The post-bubbling results oF slag/metal desulphurization
demonstrated that the slag/metal desulphurization Is
first order with respect to sulphur content in the hot

metal.

The plume desulphurization rates were obtained by
subtracting the sleg/metal desulphurization from the
overall desulphurizat!on. The plume desulphurizatlon
reaction appeared to be close to a First order reaction

with respect to the sulphur content in the hot metal.

Lower loadfng InJect!ons:are klnetically.Favorable for .
both. slag/metal desulphurizafion and plume
desulphurization. Therefore, 1t Is benefical to the
calcium carblde utilization, the Frgﬁtion of sulphur’

removed: and the reaction rate.

Oxygen activity measurements indicated that aluminum

addjtione were assoclfated with low oxygen activity and

~

excel lent desulphurization.

A plume desulphurizatlon kinetfic model was developed to

,

stmulate the plume desulphurization kinet{cs The

computed results are consistent with the experimental
. 2
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results,

(8) Mathematical model for the alume,desulphUrizatlon
indicates that dIFFusion through the reaction product
layer on the calcium carblde particles offers the most
signlficant resistance to the overall dasulphurization.

"The experimental plume reaction rate is slower than that,

-predlcted if all the calcium carbide particles were 1n
the l]qdld. suggesting thét sfgnificant numpqrs of the ﬂ)
p&rticles,are jn the carrier gas bubble interfaces.
'Furthermore; mixing . ln'the‘plume. as inFluence by °
carrier gas flow rate, exhibits some control over the

F
processes.

{(9) As a result of the present study, the contribution made
by slag/metal react!on(pei:anent—contact reaction)

towaﬂg\Epe overal | desulphur~ﬁation {s dependent on the

injection conditions., initial slag éondition; and amount
of calcium carbide injected. In general, lower calcium
carSide injection rates, lowér carrier gas flow rétes
and higher total amounts of calcium carbide }njéctfon

favour the slag/metal reaction.

(10)The experimental work and mathematical model ling
. ) ;

quantitatively demonstrate that both the slag/metal and
pPlume reactors must be working together for effective

desulphurizathn.
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Several aSpects oF this Thesis constltute. in the

Author s opinion.‘new and distinct contrtbutions to

knowtedge. The major contrfbutlons are-

(1) Although the fmportanceon slag/metal desulphurization
has been appreclated Previously, this work
systematical Iy demonstrates and explains the important
parsmeters which aFFect slag/meta| desUlphur!zatlon such
as the type of initial slag conditions, .gas flow rate
and slag volume. Furthermore. this is the first time

that the effects of dry slag have been studfed.

(2) This Is the First time that the caleldim carbide powder
fnjection experiments were carrfed out at the 3 Tonne
pilot scale over a wide range of injection conditions.
This quantitatively demonstrates the effect of sollgy

loading on both slag/metal and plume desulphurization.

(3) In the present work, {t Is shown that calcium carbide
plume desulphurizatton Is close to a first order
reaction, which has not been reported in the |iterature

previousty.

(4) A quasi{-steady state model for calcium carbide

desulphurization of a single particlie was developed. [t

262 g
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)

-successful ly explains the kinetic phenomena of calctum

carbide desulphurization.

This {s the first time that a” steady-state, one-

dimensional, thFee-phase-mddel was developed to model

the plume desulphurization kinetics. This prqvides a

thorough\lnvestlg&t!gn of plume desutphurization..

The present work clear!yfﬂemonsﬁrates and explains the

| )
Importanﬁ\parameters-affectlng the desulp&yrization

contribution made by both_slag/mefal and plume reactions

which had not been previoﬁsly'unqerstood.'- -

LY
\ .
LN
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Appandix I

The Calculations of Oxygen Activity

Solid oxlde electrg)yte cells have been used as a

. measuring tool to control oxygen activvties in steel melts.
in general, the E.M.F. of an oxygen‘concentratien cell is’

: dependent on the difference of oxygen potential at the two

electrodes and the transport properties of the solid oxide

elactrolyte. However at low oxygen ectivfty and high

error in electromqtive force heasurehents.'The possible

+

experimental errors are:

~ (@) Electronic conduction.

(b) Dissolution of the unstable Ceramic oxide of

the cell which is in contact with liquid metal.

el

-~

(c) Thermoelectric voltage in the cell.

For the Celox oxygen probe used In this study, the
correlation suggested by the  oxygen manuFacturer to

determine the dissol ved oxygen activit:es is'as fol lows:

Log ag= 1.36 +:0.0059(F + 0.54(T - 1550 8) '+
0.00021¢T - 1550%¢)) )
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. temperature, one has to be aware of the various sources of
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This recommended cal ibration equation has been deternined

empirically in the steeimeking shOp on the basis oF the

theoretical consideratlon QF Eqn(Z).

-

A comparison of this probe cal ibration with

" those of using theoretical equations was carried out The

require s the use oF the empiricaily determined parameter
P;. Then. the true oxygen activity in the melt can be

obtained according to equetion.

\ . *

o ’ .
4G 1/4 i1 174 E 2
ao= Exp(- _—ﬂ[( Pe + Po2 )EXP(";—;Q - Pé/4]
o (2)

where F Is Feraday*s constant. 23050ca|/mole~volt. and R is
gas constant, 1.987 cal/degree—moie. E’ is the modified.
E.M.F. after the correction of the.thermoelectric voltage

created by Mo and Fe conducting ejectrodee. thus[1]

E‘’= ~(E + E"")/1000 Volt ‘ (3)

where E’” is the thermoelectric voltage generated due to Mo

and-Fe conducting electrodes(2].
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10000C ¢ T ¢ 15360C - '

"E’*= (-685.9 + 0.861 X T)0.5 mv , 4y

.

15360C < T < 1700 oC

E’’= (7.44 + 0.001124 X T) mv )
AGO is the sténdard free energy change for the dissolution

of cxygeh in the meit[3].

0.50, . g o (e

AGO= -137124.3 + 7.8T (J): (N

P'; is the equilibrium oxygen partial Pressure with Cr-Cr203

reFerence electrode which can be calculated according to the

react,t on[3 1:

Crzo3 = 2Cr + 3/2 02 ' (8) Lk
8GO= 1077733.8 - 232.5 T (J). (9

Pe Is the characteristic oxygen partiai pressur‘e- due to
electronic conductivity which Is deFined as the oxygen

partial pressure at equal ionic and electrcmic conductivity.

L Y : " IR TN
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‘Thq characteristic oxygen partial pressure depends on the‘
terrperature and the composition of solid oxide electrolyte.

v

For the type of partiel ly stabi fzed Zro, (7 mole‘x.) in the

temperature range of 1300 to 1600 og, the value of Pe can be

axpressed, as(4]

74370
Log P

e = - + 24.42. (Pe, bar) (10}

T

‘With the use of Eqn(2), the calcuiated oxygen activity are
listed fn Table 1 to compare with these from the cal 1bratfon
»equation (Eqn(l)). A comparative!y godd agreement ie
obtained between the oxygen activity using Ean(2) and the

cal tbration equation. An 201..dir‘Ferer_\ce' is estimated 'FDT'HEFFE) ’

calculation under the eonditidns of ~50mv and 13590 -oC.

i
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ENF ~ Oxygen Activ

Table 1

T T e A o pogus e 3 R a et

ity Relationship at 1350 of

Neasured ENF (mv)

-25
~50
-75
~100
-125
~150
175

-200 "

Oxygen Activity (ppm)

Equation[2] Calibration Egn.

2,97 3.76
2.05 2.68
1.42 1.91
 0.98 1.36
l0{67 0.97
0.46 0.69

S
0.31 0.45
0.21 0.35
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HSR1.
H5R2
HER2

" HER3

H6R4
HTRI1
H7R2
HTR3
H7R4
HBR1

- HBR2

HBR3
HER4
HIRI1
H9R2
HIR3
HIR4
H10R!

H10R2

HIOR3
H10R4
H11R1
Hi1R2

HIIR3

‘Appendix 1  ®

Hot Metal Cclmosl_tion

cCsx Mm%  PI
3.57  0.50 0.042
3.62  0.50 0.042
3.81  0.49  0.040
3.85 . 0.48 0.040
3.86 0.48 0.039
3.94 0.50 0.041

'3.83  0.48 0.039°
3.87  0.46 ' 0.038
3.94 0.49 '0.040
4.14 0.48 0,042
'q.lé 0.50 °  0.04]

- 4.07 0.53 0.043
4.20 0.54  0.044
4.05 0.53 0.044
4.04 0.54 0.042
4.15 0.54 0.041
4.15 = 0.53 0.041
4.13 0.53 0.044
4.12 0.52 0.043
4.12 0.51 0.041
4.12 0.52 0.044
4.10 0.53 0.046
4.11 0.55 0.043
4.13 - 0.55 0.043
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HIIR4 ~ 4.127

H11R5-<:/4,12
‘HIZRi,A 3.98 "

— " HizR2  3.94

HI2R3  4.04

HI2R4 4.0l

N CHI3RL 3.95
- W3Rz 391
'HI3R3  3.95

_H13R4' 5.95'

H|4é1‘ 3.92
HI4RZ 3.85

H14R§ © 3.89

HI4R4  -3.94

HISR 4.03

" HI5R 4.03

HI6R 4,02

CHI6R 4,01

—
S

.0.56

0.56.

0.58 -
0.62
‘-.0.64

0.63

. 0.61

0.58

0.59

0.60
0.59
0.60

0.58
0.59

0.97

0.84

0.80
0.82

¢.09

0.10

0.35

0.31

0.32 -

0.37

0.34

0.38
0.42
0.42
0.44

.0.48-

0.42

d.46
1.53
1.63
1.43

1.52
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Appendix 1v

Estimtion of the Effactive Dif‘f’usivity of Calcium '

Vapor through the Porous Reaction Product Layer )

The mechanism oF calctum carbide desulphurization,

rwas clearly descrfbed in Chapter 5 It was found that the

' Formation oF the calcium sulphide and graphite layer will

reduce the rate of desu!phurizatlon. The reason for th:s Gs
‘that the diffusion of calcium vapor 13 hindered by the"
reaction product layer. ‘This phenomencn can be described by‘-

the Following rate equation in spherical co—ordlnates.

o ac
(Nca)r,t =4HFZDEFF Catz— (1)

whéré {Ncalr,t is’ the rate of calcium vapor diffusion.

DeFF,ca is‘fhe effective diffusivity of ca[cjum vapor

—
-

through the reactéd 1aver. '

r is the distance from the center»of the particles.

t is the time of reaction.

When desulphurization is occuring, the interface pF the

308 .
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Where r{,_ie the radius of the.aneacted core of cal;,Lm

L, T T 309

unreacted core moves towards the center of the calcium
' carblde partlcle. ThereFore the eFﬁective cross. sectional

area For diFFu:lon oF calclum vapor is changing constantly..

Since the rate oF_thFusiqn is_much‘greater than the

‘movement oF'theireeetton'1nfeﬁFace.‘It 15 reasonable to

‘assume that.quesi—steady state is attained within the N\

partlcle. Therefore by Integrating Eqn (1) wlth respect to

the d{stance only. one obtafns ' T

o . .4“rori
. Neg = -

UeFF.Ca'( Cca - CE3

—
(To ©(2)

carbide.
-

partiEle.

DeFF,CakistheeFFecthe diffusivity of calciumvapor

through the reacted‘layer.

Figures 1A and 1B show the desulphurization results of . .

Talballa et al[l1]. The eFFective_thFusivity can be

: calculated,based on such data. In their experiments, a hole

of 56 mm fn diameter and a depth of 20 mm was made In the

center of the calcium carbide block and a small amount of

v

o vis the ocuter radius of the'ealcium carbide

~

\.
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iron—carbon sulphur alloy wetghing S grams was pIaced in the#”\j
hole. Experiments were carried Qut at two, diFFerenta‘

temperatures.'l.e. 1378 oC and 14500C. The reaction time was3

‘ precisely cont?plled AFter Finishing the exper“ments. the”—

B Tt s L e At

argon stream was used to quench-the crucible and samples.

The samples were then analysed by microprobe and X—ray"

A

difFraction technlques in the interface region between the

calcium carblde aﬁg’EErbon alloy metal. The resultS'oF their

g e TV ey e e

- microprobe analysis are shown in Frgure 2A. Figure ‘28 showzm\\
the the schematic representatfon of the unreacted calciu -
,,,f—-ﬁarbfde together w{th a product layer consisting of ca!cfum

| /,;’/ ‘ carbfde and residUa] graph[te_ According to their results. o .

: - 1t is ev{dent that calcium carbide decomposes to Form.

T T graphite and calclum vapor. .The calcium vapor diFFuses

h through the reactioﬁ product 1ayer and reacts with su]phur
B - “at the 1nterFace to Form calcium sulphide As the reactlon

c prdceeds- the graphite layer recedes towards the' center of

-

. the partfcle. In the meantime. the calctum 5ulphide layer is

o . "growing outwards ‘from the original'lnterface.

T LIt 1S apparEnt thaét the desulphurization curves
o .

. '~ can be divided into .3 regions For the purpose oF analysns.
-~§f For-all the curves, the desulphurization were found to be
fast initially (region A}, then slowlng-down to a plateau

(region B), and finally the desulphurization power of

carbide were resumed aga{n:(region C). Their microprobe.

LN

| - | /
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data lndlcate that the reaction: oF reglon A is due to a
large amount oF .dissociated calclum avallable at theL
lnterFace of ‘the carbide and melt. Thus Fast;
desulphurléation is observed. The reactlon of region B’ can -

be explained as the region in. whlch the reactlon product

layer retards the leFusion of calcium vapor. The resumptlon

*  of calcium carU[de desulphur!zation of reglon C may be
caused‘by_the development oF Flssures and cracks at the'

interface to proVide a Fresh calcltnn carbide surface.

N Therefore more calcium is avatlable to react wfth sulphur.
| Accordlng to this: experimental observatlons, lt is e
reasonable to consider that the reactlon oF region B could
be the limJtlng step due to the reactlon product 1 ayer
'control which dominates the desulphurlzation klnetlcsr

ThereFore the eFFectlve dfFFuslvlty oF\calcium vapor through

the reacted Ia:er can be calculated by this lsolated

desulphur mechanism. The effective d:ffus1v1ty is

defined as the ratio of the diffusate flux over the
; . ) . - £

leFusate concentratioh gradient. Thus the effective

diffusivity of calcium vapor can be expressed as fol lows:

Jea(vy o 4 _
AC/ATr )

/ _ . ‘
where Jea,(v) is the flux of calecium vapor, AC/Ar is theb:'//<‘
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‘produot layer..

N TN

:_concentratlon gradient oF calclum vapor across the reactlon

- ) .
.

For the purpose oF obtainfng the calc{um vapor'

-leFuslon Flux. the desulphurlzation data ls used to-
--calculete the sulphur Flux removed by the reactlon. Then the ..
‘equllvalent calctum vapor Flux can be lndlrectly obtalnedgt

‘through the stoichlometlcal relatlonshlp of the reactlon-f

Sen

.It is noted that the'consumption of one mole of calgium

vapor requlres one mole oF sulphur. For Instance, the
lnltlal and final ' reection tlme of reglon B8 can be. estlmeted

From FlgureIB.The amount of sulphur flux removed by the.-

i

Areactlon is Found to be about 2 96x10“5 mole/ m2/s at l370

The thlckness of the reacted layer can be calculated by

the stolchiometlc relatlonship-' °

CaC2 = Ca(y) 2 C : (3}

.

Slnce the amount of sulphur removed by the reactlon ls

known. the density oF calc1um-carb1de. the reaction product

3

-layer of calclum sulphlde. and resldual graphlte are also

'known. the thlckness of. the reaction product Layer of

\
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calclum sulpthe and graphite can be calculated accordlngly.‘,

For the present case. the thickness oF the graphlte and the

' reactlon product oF calclum sulphide are calculated to be‘

l 7X10-5 and. 2 leO 5. m. respectively. .: ;;':-, . ‘

-
-

The equllibrlum calclum vapor concentratlon can be -

. calculated by the Following equation- ) ' T

2

c R PCa- i e _(é .
V) = ——— T }

- Catv) _ RT _ r oo } ‘ ;

o . b/ .
where pCa is the equllibrium partial pressure of calc1um

vapor wlth pure calcium carblde.‘R is the gas constant.

8 314 d/ mole/K. :|s the temperature. K.

* The equllibrium partial pressure of calcium vapor.

with pure calclium carbide can. be obtalnedey the reaction:

CanA=_Ca(v) 4-2 C(g) ‘ : - A7)

N

At 1370 oc, the equi ]l fbrium partlal’preSSUre of calcium
vapor is calculated to be 1.74x10—4 atm. ThereFore. the
corresponding calcium vapor concentration isvl 3x10-3

mole/m3. The.concentratlon gradlent is calculated to be
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- 33.9 .- mole/m4 Finally the, eFFective diFFusivity can be

-calculated From Eqn(BL The calculated eFFective leﬁusivity

Is about9 35X10'7m2/s at 1370 OC The other calculattons at

variqus Inltlal Eulphur contents are shown in Table l-'

At
» .

of . calcium vapor throgh the. reaction product layer of

catcium sulphide and residual graphite is estfmatede

approxfmately to bein the range 1.0X10-5 to 1. 0X10‘7 ma . /s.

N

Thbﬁai
The Effective Diffusivity of .

Calcium Vapor at 1370 ©C

ST D (mss)

« - 0.5 7 - 4.14x1076
0.4 % elasxie7

0.2 7 _3.77x10-7

Reference‘

“ Liquid Iron Carbon Alloy with Solid CaCz and Ca0’, AFS

-Transactions, 76-122, pp.775 - .786.

in summary. the value of the effective leFUSIVIty'

i M. Taibal 1a et al, 'Hechanfsm of Deshlphuhizationl_qf

-
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‘Microprobe results of Ca, S, Fe.:

and C cgoncentration profile

across Fe/CaCs interface after S
minutes reaction time 'at 1370
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Figure 2B
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Schematic representation of the
reaction product layer in the
reaction regfion between CaC, angd
Fe. ‘ .
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. PROGRAM ONEPLDS - . e .
c|«u¢noqwuao.a-oaaaaaaa«&ca»anaoccooociicoiccc G
C As dicusswed in Chapter3, a ONEPLDS FORTRAN~language computer c
c grngraa was developasd to model hot. metal desulphurization kinnticl c
C by calcium carbide powder ln wction. This praogram uses Qear’s msthod C
‘C to solve & sat of aordinar ff.r.nttal equations for momantum, heat C
C ;and mass transfer ina T s:ng plume. The model calculatas the volumeC A
C fractions, velocities, temperatures, and compositions of the gll, c
g llauld and solid ahacns as- they rise in the plume. C

PLICIT REAL (A-Z
ON R.: HE. @) RHQL- PATH. RCD, BD. HF'RO: AP- DAP: RNUSQ -

._ 'i

ON RHOP. PD; MFRP, MUG,
D CPLA:CFLB:CPLC:CPPA-CPFB:CPPC.CPOA.CPDB-CPOC
B!OnE"Bl.a EPSP. HKL. RKQ, AWL. AWR, AWQ, HPL, HBL.; HP G, REPO
ON CPOWS, KOVS, VPOW ATNDI; €88, RST31, R3TSA, R8TS]
ON KER.1, DSUL., D IBFE;DP.XKVIB:BCB-FATND.PATNBS APOW
0 DPR-BD!.HETVOL TCEQWS3, THRT, LS80, DEFFS. ROI-RD2.DX.CBS!
KOVS1, J, THL.1,DTHL, METWT, F1
ON. /ABC/ LP.D\J:FRD » GAM] N
EGER NoNETHnHITER-INDEX-IUK(?)-IER.K-L
. Y(B), WK({1B80). H: X, TOL., XEND,; MFRQ, MFRL, MFRP . XKVIS .
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EX;ERNAL FCN1, FCN2, JET1O | .
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g INVECTION CONDITIONS
SRXNI;a‘IHPUT REAQENT INJECTION RATE(KDININ)‘-
MFRP=MR/&0. O
PRINTQ:‘INPUT CAS FLUH RATE(L/MINY ¢
READ(3, #)CR
. MFRQO=u1, 481, OlEBIZQB 0/296. 3760 OllOOO OnGR -
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3
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¢ HOT METAL CONDITIONS ;
¢ 'PRINT#, “IMPUT HOT METAL TEMPERATURE C° }
MPUT HOT METAL KEIGHT Ko’ . _ _ﬂ'
MPUT INITIAL SULPHUR CONTENT IN WTX':
MPUT SILICON CONTENT IN WTX '
RINT#. ‘IMPUT CARBON CONTENT IN WT%’
RINT#®: “IMPUT Mn CONTENT IN WTZ’
PRINTS, “INPUT. P CONTENT IN WTX* _
C HOT METAL DEPTH o
DIBTAEEEGBEEEgéﬂ(O 332-;930A3D 80TTOM OF LADLE
CHaDEPLG-O0. 43
EFFECTIVE DIFFUSIVITY OF Ca VAPOR

PRINT#, *IMPUT EFFECTIVE DIFFUSIVITV ‘OF Ca VAPOR'’
READ(3. #)DEFCA

CALCULATION OF SULPHUR DIFFUSIVITY
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CALCULATION OF PLUME DIAMETER ’
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. Fa. 0001 - ~ c .
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IN!TIALIZE zm0.0 . - . e
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- PH=(RHOL#ORKE) /ALOG( (PATM+RHOL#GSHE ) /PATH)
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MFRL=AP#RHOL®THLOY() . - . - Lo TRl .o .

FLUX. OF LIGUID
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*'C PRINTING OF THE CONSTANTS USED ~ . : ’
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SUM2=0, ' .
SUMI=0. .
_ SUra=0.. . .
SUNS=0. : .

DO _10-Hm
-'END‘*LOAT(K)l(FLDAT(L)/HEJ
DX=XEND—

SUML=0, e

DO LOOP FOR THE CALCULAT!ON OF BLUME DIAMETER AS FUNCTIUN oF Z

AP=3. 14/4%DIAPL#DIAPL

KEUL1=C, BQD(DSULl(V(l)—Y(R))IBD)!!O

Pi=(1, O1ES+7000. 089, Se(HE=-XEND)) /1, oxss ) R
CR1=GR/1000. O#{Y(71) / (P1#40, O#298. O

NOBLEB=GR1/(4. 0/3, O3, 4-nnno3.0) : )
TAREA=NOBLB#4, O3, lA*BD**R.
APOWa4. OR3. 140 (12, OE-4) #a2. O

g CALCULATION OF CALCIUM.CARBIDE PARTICLES RESIDING ON BUBBLES

PATNOR2=TAREA/ (3. 14812, CE~6802, 0)
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3;2(P31N0¥ LT. PATNO1 ) THEN L
BSTSt=1. O/ (PATNONKSUL LAPOM) N
PATNO=PATNOL : T -
RETETm1 - 67 (ATNOSKSUL1 #ARDH) -
ENDIF

Fa( PATNU!-PATNQ)IPATND! ' o -
IF(F Lgl . Q001 )} THEN ’

' FRmi-F o -

c
C CALCULATIDN oF EQUILIBRIUH PARTITIDN RATIU oF SULFHUR EETHEEN GAS/METAL PHAS

ocasa--as7sax 3+293. 1w (TEMP+273. 0
LOKCAS=GLASS/ (=2, aoana.ax4-(TEnP+273)J
RCAS=T0- Gastoncas o .
KCAS1=UCAS#R(=1.0) . ,

. GSSGmRTI4BA, LB-B. 198 ( TENP4273. 0) . N
LEKEE=GE50/ (=2, 30348" 314m(TEMPI273. 0))

) -

'#gFﬁsoollich-o OEbﬂHTNN+O 028#WTP+0. 00646#HTSI~O. OEBQNTS }f
- .

LSSOBFS'KSS/(O 17996(TEHP+273)3 i T

ACTES=WTSHFS

MS1=PATNDSUSUL 1+AROW

MS3m12, 56*PATNDIR02§ROIQDEFCA/THRT

QCAC=R1B070, 1-40. EB#(TEMP+273. 0)

LGPCARGCAC/ (=2, 303+8. 314*(TEHP+273 01)

PC 0. Oa#LGQRC

A,
1=CI1-CI3
ELEL. LT, 0. 000) THEN
RETSim{. O/(PATNO'RSULI'APDH)
RSTS3w=Q, O
PEI=(CI1-CIT)/CIR . : N
ALCULATIUN OF EQUIVALENT - EFFECTIVE SULPHUR VAPDR DI USIVITY
DEFFS=DEFCA#{PCA/PSI} .
CALCULATION OF FRACTION QOF CUNTHBL FOR. CONTACT CONTR
RSTS1=1. 0/ (PATNO#KSUL 1 #APQW)
CALCULATION DF FRACTION OF CONTROL FOR PRODUCT LAYER CONTROL

EEE?QHI 0/(IPATND'LSSG*RG2§RDICDEFF5l/THRT)
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anno aon Qoo -

CALCULATION aF DVERALL.CUNTROL
RST$4-RST91+RST82+RST53 ’
USE DEGEAR

CALL DGEAR(N.FCNI.FCN?,X H-Y-XEND:TUL.HETH;HITER-INDEX.IHK,NK.IER)
- IF{IER. GT. 128) <OTD 2 - R

EVALUATION OF VARIABLES USING RETURNED Y VALUES

CALCULATION OF QAS PHASE DENSITY IN RISING PLUME
RHOG=(PATM+RHOLAG® CHE=X 1 ) /R/Y(7)

CALCULATION OF QAS PHASE VOLUME FRACTION _'

" THBMFRG/AP/Y(1)/RHOG -

CALCULATION OF SOLID PHASE VOLUME FRACTION
THP=MFRE /AP /RHOP / (FR#Y (3) +F#¥ (1))

CALCULATION OF MIXTURE DENSITY OF GAS AND SOLID PHASE
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(CALCULATION OF LIGUID CIRCULATION RATE
MFRL=ARSRHOLATHLAY () | . = °

CALCULATION OF THE THICKNESS OF THE 'REACTION. FRDDUCT LAYER

-CFONS#-TCPDHBSIPATNU!
.- ‘TCPOWEZ=TYC
L CPLHSITCPGHS JMETVOL,
. : -HTS!:ﬁgs S#METVOL#0. 032)IHE1H|'100 Q
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EFF={12, OE—&"S 0~-ROL##3. Q) /12, OE~6¢'a.OOIOO Q
PRINT#, ‘EFFICIENCY OF PARTICLE‘ EFF

EVALUATION OF SOURCES TERM
CALCULATION OF FLUX OF LIGUID GOING THROUGH PLUHE

[+1274]

noan

’ ;ﬁ S FL&L(J)-HFRL/AP

' INCREMENT OF LIQUID FLUX AS FUNCTIDN OF DISTANCE
SRCEw(FLXL(J}-FLXL(K) ) /DX '
RENOLD NUMBER '
REP=RHOL*FD#* (Y (3)-Y(2) ) /RMUL
ACCUMULATION ' > ‘ : .

[ " ¥+ SUMIMFRL#DX+SUMI ..
. oo .7 SUM@wY(2)#DX+5UM2 |

anno aao onn

. ' suna;guna+KSULx~nx
I I . DTHL=(THLL (K)~THLL (K=~11) /DX
Lo .H=SUM4/ XEND"
e XEND
CALCULATION OF CALCIUM CARBIDE DESULPHU?}ZATIDN RATE

ATE=LOG(WTS/{HTS~-WTS2) )/
STDRING DATA FOR SUBSEGUENT FRINTING
EFFF (K )=EFF

O 0oaa

PRNUSG (K ) =RN USB
PREPG(K)I=REPG
... CF1=RSTS1/(RSTS1+RSTS2+RSTS3)
-~ {3 CF2wRASTS2/(RSTS1+RSTS2+R5TSI)
- CF3=mRSTS3/ (RSTS1+RSTS2+RSTSI)
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cunccn:-cuu ' .

FRINTINQ ‘OF FLUID DYNAHIC DATA

HRITE(3.104) X-Y(I).Y(:’;Y(S)-TH:THP MFRL. DA, RHDO.RHQH
10 CDNTINUE

' . FINAL SUM QF THE AVERAQES
- s . [ SUHtEgTO-;EFFICIENCY DF CACEf:EFF.’RATE!‘.RATEE(K)'

nan

s

00

vt g e ey

HE
PRINT#®, ‘EFFICIENCY’, EFF
FRINTQ-'RATE aF DESULPHURIZATION‘ RATE

RESIDENCE TIMES FOR QAS AND PARTICLEB

RTGmHE/SUME _ .
RTP=HE/SUMA- .. S '

PRINTINI aF. AVERAQE VALUES

FRINT 109, SUML, SUMZ-
-+ - - HRITECD, 109 sun:.sunz
. - “PRINT 1 SiMa
. CRITE (3 5100 SUM3, SuMs ‘ _—
- PRINT. 111.sun5.s UM& B o BN

WRITE(D, 111) SUMS, SUMs . . . SR

RINT 112 AT0;

HRITE (3, 112) Rro.RTF

RINT 113. )

WRITE(3, 113) usn.usc

PRINTING HEAT TRANSFER DATA
WRITE(3:1110) oL .
gRrTE(E.}o4) zc.TLo.Tco.TPLu,TPcu : o

HRITE(3.104) LK), TL(K),TO(K) TPL( K TPO(K).FHPL(K).PHBL(K)
HFO(K) PRNUSO( 1 PREPG(K) .

. . 40 CONTINUE

: DaxTEtaLxxa)

’ EﬁlgE(a.l!é)EFFF(K) RATEE(K).CFF!(K).CFF2(K) CFFS(K) KOVSS ()

o gRITE(3L117) . .

. ) ? Eﬁ[TE(E.l!S)AP:(K) + DAP2UK). DTHL2(K) . PATZ(H), CDNC(K)

) ) T stop

ERROR MESSACES FROM DGEAR

20 CONTINUE
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» EPEL., EPSP,

-THRT
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HE XI)V/R/IYLT)
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P, XKVIS, 5
53, THRT: Lé

SOrDEFFS:RDIpRDE-DX-CESl
P-HPL.HFG;KSUL.KSULI KDVS-KDVO.K! K2

‘UG-H/S'-SX.‘UL-H/S' &%, ‘UP, HIS' QX.
726X, ‘DR, M7, 3X, ‘RHOG: K/M3 1, 35X, “RHOM, K/H:!'. /)
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TH:RCD:BD.HFRG-AP-DAP.RNUSG
» RMUL., RMUG., §
PLB-CPLC:CPPA:CPPB.CPPC.CPOAaCPOBuCPO
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CBS:RBTS! ASTE2, R

BL-HSO-REPO

NG, PATNOG: A
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Q(TH+FnTHP)I

/PDY/THL/Y(2)
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NUSG®2, +, H#REPGw», J#PRGA+, 333
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- END .
' SmUBRDUTINE FCN?(N: X. Y. PD)

"IN 'IT-OER N, IND Fﬁ :
AL 2 H(2. 9). X TﬂL- XEND, ALFA. ALFAD- CONK; PI, AND( 10000)

" ROMm . +THL#¢QAM=1

END
SUBROUTINE J

COMMON /DUES/

Y21, C¢

EAL .
EXTERNAL EV
FRO=FRO1.
QAMeGAML
N‘H-2 '

‘N=2

F'l'-:i 14159
CONK=_ 04
'{DL-O 0001

X=0Q,
Yil)mi Q |

~Y(2)m1] 0

THLw1, -1, /Y(1)

DO 10 K=i, 1000
XEND- 1+X

LL . DVERK (N, EVAL., Xﬂ(! %EN T'OL

AN(NKJ-R *180.
LP=XEND

T DJmy(2)

wo

IFCIND.LT. O CR,
G0 1O 15

IF
CONTINUE"
CONT INUE
RETURN

TE!
.REAL_Y (N1, PD(N. N}, X.
- RETURN : .

JET10
CEI!"IHDN -/ABC/ I.P. 0J. FRD:I.-

GAM1
0, GAM: CONK: ROM, THL., PT

/Y(Eg/Y(E)

. .-

#ATANC (Y (237 1) END

IER OT O) THEN -

. END '
SUBROUTINE EVAL(N, X, V. ¥
- COMMON_ /DUES/ " FRO, GAM, CBRAK. RO, THL. Pl

" ROMm1. Tl

REAL Y(N!a YP(N)
THL=1, =1./¥(1)/

YP(1)= (1, —GAM/R
YP(2)m2, #CONK#R
RETURN .

N.l-l

 X5TRO, GAM. CONK, ROM, THL
(23/ve2)

OM) /FRO/Y (L )—~4. 'lClJNKlY(l
ROM/| PI/G&H-‘Y(Z)CYP(IJ/:.

o We
p

p
(1)

IER)

Y 2)
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