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, Extensi ve computer 'pre~oh.s haVé been 

th~" ~U~h~r . té . st~~ f'leM, aMi t~n di~peraion and pârticle motion 
", ~ , 

··--~~ing central qas' injection into ~lihdrieal vessels. In 
.. ----------~~- ~.'" .' 

.conjurict.~on' wit.~ numeri'cal conlputations, experiments wer~' 
~ .. 

conducted in 3>'n~,30 scale water model of a 15,0 ton steel p~ 
, ' 

cessing lad'le, usinq 'a Froude. nuDi>er scalinq' eritérion. "'!'Wo 
, . ' 

f 

typical qas injection co,hfigurations (Le!" conventional 
, t' )\ _ ~ 

central injection and C.A.S. alloy addit'~ori' procedure) were . -. " 
investiqated. 

Flow "(isualization' ,tudi.es were carried out using a sU!'~' 

pended network of s,ilken threaàa, mean velocity vectors and 

ovetall fl~ pàtterns were det.ermi~~d by video recording t;f!clt-

niques, while mean velocity vectors and assoéiated turbulence 
'(> ;, 

" 

level :~ere' also measured with laser doppler velooimetry .• Th~se 

- 'measurements show very reasonabl.e agreement wi th equi valent 

. numerical predictions., 
. 

To sifDulate the subsurface motion of addi tic;>IUJ , Jlpheriç:111 . 

". 

'wOodèn' balls-..of various densities were drqpped from typical , ' 

'. he,iqhts, and their subsurface trajectories, immersion times, 

etc., ;:ecorded by means of a video recorder. Frame by frame', 
~ - .. " r 

/ ... \,.,,, 1 ..: 

analysis of the video tapes showed trends which are in qoo'd 
, 1 

jlcœrp. vi th computed trajectories. 
;' ""\ ~.,~...v.,.J~ r • 

.. "~-'M;txing times of -simulatéjl mlten additions were 
. ,.,.. "\ , .. \', ' " 

~ • ~ ~ 1 ...! "," 

. the conducti vi ty measurement techn:i:qUe. These were 
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.an~ excell~â.t-
from' an eq1,li valen; disperaiô~ model 
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,a«:1reement ac:hi.ved. '-, 

- ~ t 

For ind~t;ria:J.. applica~ion, flow, parti~,le 
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.,JI 
motion, 
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,,' "~ ",.,. ,1 ~ \ ~ ..... , ",.'A t.'~~ 

. ..' . 'Wa 'pr6dJ.é:.tiona n~'riques ont 4tf .~au:é .. · par '1, ~.liuteUr ' .. '., ' ."-. 
, 1 a 1 ~ \ 1 ., r ' '. • .. ~.... ~. • , '" '- "\ ... 

o ! 

, j , . -
' .. " .. 1" r .. l"" • ' .. ' \ ~ , 

. afin.', d,' 'tucU~r 'l,' 6cC?ulement! ,la êl1~per,s'io~ de. addi7ioJ\lI, ~t·.le:·', ... 
.. • ... \, • • ... ~. ~ ~ -'" ~ \ '.. . ~ l' /. ~ ... VI. 0 ~~ , ( .. - .'. 

,'" 1D011vement des' particules. PEtnç1ant 1* J.nj ection centrale:d 1 Un 9U' 
'" •• '. ' 'rl ' , ',' 1 • " 

, . J daf~ des rle~P.1.~ntls ,cy:l:tJlèi;iq~~~.; ~aràllê7~ent~; ~.~~~i,S,. " . 

. ,l! ..' , n~riques, des essais exp~r:i.mentaux ont 6t;,E entrepris. sur, Ùll< t .. - " , " ' 
J > " " '; , ':": - • ' .mOd!le a' 'l"'ch~ile Ô.30',poqr une 'poChe 'qui p~ut tr~tter 150 . ;, 

f ~ .. ,~_ • .... A. ~ ,,_. > ~ ~ j ... " 'L 

.. 1:- __ 1 Il ~. • ,~ .- toime~: d'acier, tout en, util:1B~t 'un' ;"u1If't~ de prOUdê:' 'c~ , . 

" t· ." "c:r1têre d' A~h~l.l~.,· : !lel1?'''' ~~~figUr,à~ion8' ~~i,~~1 'po~ 1.1 i~;~c..:. 
, r " >, t;:ion" de,' gàz' (i· inject_1~'" c~~trai. çon';~nt~?ru\~li~ ~~ la pro .... 

1 i." . ~ .. l' 

, . 
'ç'd'ur'e g,'.ddition 'd't·alliages C:A.S.") ont "~t" eXâ~'i~6ës~. "~ 

, t ~ (; ~ ~ ..( .; ': j -.' ;: .~. ,;..1 • ',' \ '1 

_ . Le~ ~tud"es- ~?ur,f v~~ua~iSe'r l' 'C~Ul.~m:-t -~~t ,ft, ~9ndu1tes 
- ..i' ( "1 1 

;' en' 'util1.sant un 'rAseau' de.. {''ils de soie. 'Les 'vèctèurs ële~, .'v'lo- " 
~ , .. -,.,' .. , . . ," ., 

. :- -. ,\. :, , . " .. ~ . 
c1.tlâ. moy.ennes et lés ~ignès dol ~couîement ont ,'t~ d'termin~s 

~fAit, en~ ';tiiis~ti ~es (i~C~iqueS' d~:ehre9istt-,_~~ ~~. 'vi~Io·. ,-
Il • ,~ : .. -.1' ., •• • " ~,. .. 

-" • • v ' 
. 'Les vecteurs de' v'loèit.~ moyeruies et "les n·1.veaux de turbulence, 

.. .' . ~.. '. '.... -' 

as~ooi6s'ont §t' ~e~UŒ's aussi a 'l'aide 'd~~ laser (vAlo-' " 

.' c1În.'tr~·e- ,do6ie.r) . .'. Ces Ine!f~,es ,S()~t 'ep 'bon :ccord,-'&,v.e1 :~é ' 
~r~~UC~iQ~S~~~i~~~S.' ", ",~ .. ,. .' '~)"'" "~" ',~ : 

Poux S'imul.r le mouvement 'aes: add1 tions '-~~us .la, surface, . 
• ~, .. ... • • .. • l ' 

; . -

des boul«:~' de, bois, 'SJ?h'r,~ques, ~vec( des d!h'S1 tEl ,'va~i~les;' ont 
" ,,, .... ,,' ..'. 

__ " '~l!,lach'es ,a de~,ha1iteurè tyP1que$, pendant que'leurs" ". J ,. 
,;'1' • r. . 

, , t.;.aj'ectoi~~S, ,temps, ·d'.ers1on~' ~tc~6t~1e~t e~re9'iS'1;;".:avec 
. . . ~ ~, ... -. , 

; ,~ 

• 1 .. ' 
.~'~- .. -!" ' .• ~ .. 

.. -, , -".- -
Q."._ •. ,. _'",-,. I.~. __ -. < _. __ , •• _-___ ~ .... -'!: .... _._. _ 1. _ .... : 

f, ~ 
~. l' 

'. 
" 

.3 l "~-h-" 

" , 

;' . .. .. " - ~ \ . 
, . . ,r It ~ 

'," - .-.. ... 1 .... ',,_._ .. 

."1 .,,'" " •. "' • ..~, 

J " 

.' . 

" .. 

" 

'-'1 

. , 

, 1 

. \ 



" 

" ' 

,- \ 

,>-' ' 

.. 

"""',' 

, . 

" 

'" 

• V' ., 

. \ 
" 

, , 

" " 

:(-

• .. 
, .' 

\ . 

l ,. 

, " .,-

1 • 

~ , ~ ( . 
d ; b » r:;f'. 

1 
" ;: '" ' 

, . J ~ p , 

l' .. , 

() ",. " " ", 
1 iVe 

, . ,- " 
, . 

, '/. "" .. 
des réau1tats qui sont encore en bon accord avec' les p~Mic;iàns " 

• '." ' ::. 1 

n~'riCV1es. 
~ '~ 'ft 

'" .... 

1 

Les temps requis' pour ob'éenl.r le mélange complet de ' 
.... '!IIt .. ~ .. ; tI ~ , ' '\.' ... '"" .... 

certaines addi.tions 1 iquides ('fonduS') ont ~t,t déterII!inés par. 
, . ~ '. . . 

, 
, 

1 / ", 

un ,accord' excellent" a' été obt'enu . 
~ J • -, • ~ ... -

> _l, une lIiesure de conductlbL11eé.~ 
, > • , " . 

. lors9Ue ces rêsultats' étaient com~arés ~ux prédictions nÛJnéri-
1 . 
1 
~ \, 

4Ues d'un moda~~ de d1âper~~on équivalent • 
, " • '. . .;* • 1 l ' \ • 

r 
( Pour lEts applic'atlons, ipdustr'.1éll.es, l,' ~coul~ent, le 

1 • 

mouvement ~es p~rtïc~e~ et.les ~em~~-re~i~ po.u~ ·ébteri1~, un 
.. ' ,,'.:" t ~ 

mélange homog~ne ',dans, une "poché qui, peut, trai.ter 150 tonnes '~~..., . ' 
r 1f ... ~ '. ~....... <0 

d.' acie~"'o~t été. ,p~é~its .~t ,leur& signifiCafionà technolog;lques 
'9 • '" ,", 

.' ont' été di Sc::utééS • ~ 
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" ) 

, 
" INTRODUCTION TO THESrs 

In recent years'there ttas been a groW1ng interest in ladle 

metallurgy as a final finishing step in the $.tee~ing 

operation. There have be~n two maj or reasons for the develop-
/.--' 

, /~/ 

ment ~f ladle metallurgy. Gne of these is assoclated wi th the 
, . 

• i 

. high 'cost of electric furnace, operation, whicb made' it attracti~e' .i" 
te use. the latt~r sol~ly as a meltinq unit and to ca-rry out' - 1 

refining operations such as, deoxidation, alloy addltion, J ' 

desulphurization and trim chemical adj'ustments te composition" 
,f' 

in a vessel beyond" the electric furnace~ 

The other impetus for ladlè metallurqy 'has been proQuced by 

the more strinqent requirements for the compositïon'of steel, 
,'1 V • . 

whidt could be att'ined MOst economically by:a separate' P~o-. 

cessing step followinc.:{ ~_ melti.ng or refininq ~perat.i.on .t'hat 

has taken place in the primary steelmaking ves,el •. '. 
'.... . 

As is weIl kn~, ferroalioys and/or al~ium addi;ions 
" 

are still 'geh~rally aàded prior to, or' durin9
o

' :furnace: tapping 
f ••• 

,6 

, 

" 

" 

" 

operations into te~hg ladIes. V,aJ;iable am~unt~ .. of sla9 .~~X:~- " .. 1. l' 

1 ' 

over etc., eàn play. havoc ~ith. ~lloy re~verie~ an'd i~' turn.· 
, ' 

induce unacceptable vaJ::iabili ty into th.- final prodùct ':. 

chetnistry • " 
~., ,'} 

, l " • 

To disPerse ,s.uch additions h~,~ene'ousl.y ,.in the steél bath, ,.' 

te remove particulates, to control tem~rafu~e·.ànd· te'-.. 

eliminq.te tempeJ;ature stratific~tiO~, iner:t gas' bl~i~9 i " V:àcuUlll . ~, ~, .', 
treatment and magn~tic stirring, etc, navè b'e~n, C~~~~i:O~~~l~" "'.; l : 

l ~ , l, .. _~ 

• • , '1 

1 ..... f 

: '.' " ~., ~:j;}" 
··~.!'o.r r~~" ... -';.~.~. 

v , r ,.:.. ~ 

~ el ~~ •.••• \ ~~~ ._ ... ~~,~~ .. ~ .rJ,:-.~ •. :.-~_ .. :: :j:~~~.~~;t;:":' -~:. ,:p:,~~:~~ .. ~-,~:~:~ 

• 'oè r 

'~-'. 

, . 

.. " 

/ .. 
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2. 
, ... ,"' ..... 

- ~ ~~ .. 
pract;sed. Ladle'refi~inq by qas blowirlq has advantaqes· in 

.tJlat its càp~tal cost is low and it qives qood workinq 

" efficieIi'cy" and thus" has been more widely use~ as compared wi th. 

other methods. ", HoWever; 'such. inert qas stir;-inq techniques in . " 

ladIes have,'certain drawbacks: ... 
," 

(i)",,- bi ~xin~ in ,d'upper slaq phase vith an upwellin9' plume 

" ~ élf deôx'i.'dized steei, reoxidation of solutes càn. take place, 
.- ~r.'. ." t • .. .. • . - . .. . ....; ~ ~ , . 

, -' .' "{ii) ,a:J:.r .oxidation of' exposed'liquid steel" .j.n-.tbe eye of the 
\ ..... .. . : ~.. . . ~ -. .. 

. , 

.~. ~.' 

,< , . 

. . 
" 

. .... , ' 

. , " 

" 

" , . 

~ plume i.s.~ possible-, .imd .',. .' . ., 

light Metal additions ois poSsible, 'if' Any atteinpts are made to 

adjUs~< ~~e~t "èh.emi~ ~urin'~-su~ qéis blowing ~·oPe~~tion. 
l ' ' 

. Furthé:rm~r~' as: inent~oned previo-us ly, light. me)'t:al . addi tio~s 
" l ' s _ \_ ..,.. ~ • 

introquced during furnace taPR~g often ~ead to irreproducible . " . 
" 

and erratic recovety rates .. ' In orci\er to âch'~,eve hiqher and 

,lno~ reprod:\1cib;Le alleY ·recoveri~~, .. a S,uper:iror ~ ltlethod of alley 
.. -, f.. ... . l'. *' 1)" - ~ ~, • 

à'ddit'i~n~ kn~ a~' the, C:A'. S. P,r.ocess .(cRmposij:ion adj'usi:1nent 
• l, 

by sealed :arqol,l bubbling)" .was i~trodU~~ by ~ippon Steel" 

COl:p~+ation in 1976 (l). 1 (se,e Ft9". 1) .. 
.; '. '1 

,The è.A.S. ~Process uti.lizes a?=gôn gas that 18 bul?bled iri'éb 
~;~ - .... 

, . , 

the' molten "'Steel through a porous' plug. pr a submerged tance. 
, . ~~ 

' . 

.' 

• , 10 

.. ~.: ~ -. . Th'e risin~ qas· liquid plume creates. an ·opening in ~'le slag cover. 
/. 

.... . . t . 
~~ t'.. • ; ~ , 

;'~, .. ". tl1.rough which' a refractory lined cylinder is lowered into 
• \'1. '" - - ~. ' • 1" q 

: . ~ .' .... 
, , 
'. -

-
:'C' . , . ' 

. ' , 

',,: . . . 
1 

'. " ~. '. 

" ' , 

, . 

, . 

, ~ .... 
" .... , ....... 

After Obtaining an i~ert, sealed fram the 8lag 

a~osphere within the cylinder/receptacle, additions are made 

insidÈ! this slag free reqion. This technology was purchased by ., 

'. , . " 

. . 
" . 

" 

" 
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(a) ". 

sêh~tie of,C.A.S. 
operation as illu-" 
strated in ref. 1. 
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-The ,present se~-
up for the simu-' 
lation of C.A.S. 
methÇ)d of . a110y 

l'" j 
:! " j 

adc1i tion; showinq , 
the injection lance: 1 

and the principal'j 
dimensions, of ~he 
model. 
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':O'.S. Steel and-, is currêntlY in use-at' the Gary. worka (2~. 
,. ~ 

or 4. 4 • 

1 ~IIn an attempt (2) to, ~ir.ically ,optimite thè C~A"S. process, 

, extensi~ 'experimental "trials on in4~trial s'ized steel 
t- ~' .. -' 4 .. ~ .~ .. ~.' ~ ~. .. ... J '... ~~ .. r.. 

processing laqles.have been carried ùut ~t the Gary Wdrks. 
~ li \ • ~.l." ~ . - ~ , . 

~ome ~f the ~se~~/ ~dë at G~ WO~~S have b~~n ~~~ ,in " _ '. 

T~le 1. They: reftect th4! followinq trends:' "\ " ." 
# ... ' • • ," i 

. (i) 
. . 

aluminium variability in mold. wu decreased ana alùmi~i_um . 
. ' -

~ .:" .. 

usage par ton' or steel decreasèd; whén conventional procedures 

'were·, rep).aced by- the C.A.'S. process and .. ". ,. .. ,.. -""'~ ~ ~ ........ 

'(ii) piocessing:!~ti1Ùe:'and argon consumption\ is higher for C.A.S,. 
\ . 

wi th regud to aÙl~ù.ni U11i' wir~' 'feeding oPératiOns. 
, III .. " 

Ne'verthelesit,. i t is ,not clear lf~YO 'the "e~.ngly small 
r - • • .. 

. 'additional .feature of a concentric cylinder, can exer~ such a 

.. ~rofoun~ ilJ,fluenç:e on ~- .dynamic n.ature of the' addi t,ion maldng , 

o-pera.tion~ . 
l 

,'- In orde~ to' àeveloP
J 

a prope~ lun~rstandin9 abO~1; 'the: 
. ..' - ~ 

1 • \'.. • <1. • 

dynà.mic na~ure of the C.~.S. proce~s,.' 'and, to e~al~ate its per-
~~ .... ".'" ~ ~ .. ' 

."formanœ aqainst com7entionil'1 qas injection pr.o~dui;-es, à fun-
~ '.. - ù.' f • ... r' ~ 

.' d8mental i~~éstigàtion b.aS ,bee~, carried out by the author and 
~«) 

t>.. <) ( • 

, . is' reported in 'the subseqùent s~ctions of this thesis. ,- .. 

The flOW gené'rated in cylindrical vessels durinq ~tral 
. -' ' 

injectioll was first ailalyzed~ )'he role o,! grid" spacing, 
~. u ...... , ' • ... .:, ~. 1), .. 

" tui:bule~ce .. modël', and depth. of lance submergence were a1l 
'. '., -• . i ' 

ass'8s-sed. -.Following this, the effecÇ. of a surfàce baffle 
4 t .. ,~ 

'. positi6n';ld aboyé the ~ye of the plume w~ oconsi~red bo'th 

th~oreticaily'. and experi:men-t:a1ly. These inv~stigations have· 
, "Tl: 

< 
' .. 

l ' ,. 
1 

1 

1 

,', 
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.~. : ·~i~~~:~r.~11 :~~t~i~~~ t~:~~Jk!.~~s~l:r~~~;:~~I: 
. ; Conventional CAS ... 
::~ - .' ) .'. .'l'apping"Add,l.;tion. p;~edure. ~ l,' 

• 'O' l " 
'''- " -:l~ 25% . ' t 
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: .A"iùnt..i.niqm RepO\Ter'1 
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! ' AluminiWll Usage : 
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" 1 1 

'\.' L 1 

.1 a - - "~-.' - '. 3 l'~ .' ,1 

Steel, processin-g 1 ~ime and-, tota!!. argon W1ag~, (m J, dUX'lng 
, J. , 

" 
i 

alumi'nimn4wire feedinq ,andi--C.A.S'.' 'proêedure(2) , 
i \ ~.. ..... t ! .. r ,. 

, 
" 

~roce8S ' Tini~ , 
. (sec) 

, '-
~_ ~ c 1 
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(m3 } ~ ~ ,. 
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'~l,~adY'.:?:>ëéJ1' P,~l~~!l~d'(3~~r~" ,~y' ap~ar' in~'~iZ: èn~,ii;~.ty,· .. 

.,' t! • l' ~ • ., • ~ - " 1" •• ' • , \ 

" along'wit'h s~ 'unpublishe.d .interp·retati~ns/calc~lat-i~ns ~' ., 
.. H,' ~ 

• ' 1 

' .. 

pa~,t, l of t:h.e thesis.. The re~ults, "ob;taine~ .;'I) 'part '1. ,formÏ!d" ,: , ' '. 

::. ' , ,t."'l~ bas i. ,of t.h~ inYestigations rep~~ell.n· ~Ubse~nt, chapter~ •. 
• ... - ,. .. <') 

~ ~, "," ~,... ~"" ~ _.', '~.. ' '.. - "," 

. ,": Part' II of 1:he thésis de~ls vith -the subs:!o1rf~ce mo~i'o~ of· _ " 
- .' 

- .. sphèrical ; addi ti,ons . in c;jas ç stirred 'Syste.. ,-Part' of, this work 
, .. .. .. 

has. a1so bee~· Publi~~ fi).·, .The' pr'ese~tati~ in. ch.aPt~r .I--I 'is 
~ _ , " ...' - , - .. -

thus based on this publication as well· as, on seme, Unpublisheë1 _ , , .. . 

Qomp~taeions'and intèrp~etations. 
('~', ' 
..(J, . , , 

!:J' '.' r 
, , rj. . 

.... .. 1 

In part III of the ~e~is, the ~xii1g. ,of mol~en additions' : -' 

~in gas stirred syst.ems has beeh in,vesti-gated. Hath.ematical' 
..... .....,. ,) 1 :... ' • "... '. ' • 1 - • .t; ~ Il>. .. 

.-', models of mixing ha:ve 'been- deve'lopèd' a.nà_·p~eài.ction~ from sucb. 
~ ',. ~: • • '.~ " .. Jo il, • ,. y.. ~",~ r ' ~ 

;: .:ot_~~lS· have' been 'compa~ed ag~illfi'tmeasuremé~t~ • .o;'!'l1e entir~ 
... r • ~ , ~ • ' 

" - , 

presentation in part .III has atieady appearec:f in' a public~tion'(7'). 
, ' . .;. .' ~:; , , ~ .," " ~' ' "," , ." .,'.. .. <:, 

,.- . 'F~fthermore, ,each individUal part of thè thesis bâs been", 
.. -: .. 

. sp'l~~ into li J)_~I: of ~ubheaQings 'nameiy, introducti,ôn, .theoJ:y',' . 

~ --,', è~ti~tâ:~ '~'9r~.~ reBults 'and ~:iscussion, in~U8triai apPliC~S, 
,. ,. • ,-j' \ , .. 

"~d :'C01'?-cj\!t5i?~S •. 'T~ pre·~ent· f~rmat· ~s ~tended to improVê the - , 
i!:?, ., t ' e. 

1 

J 
l 

17e'a,dabili.ty of thè th'esis and conforma wlt1:l the McGrll Univ:ersity' ~. 
• ' .. ,.. 1'" or, • 1 

• # ~u.idèlines 'Concen:ting Thesià "P~eparàtion, Section 7, which 
,. , ". y..' \ 

• , ~ .. « 

iI~._tes that: 
'. 

'. ", The DaJlc:U.d~te has the option, subject '-to 
the approval' of the 'oepartment", of il\cltUiing 

. ,. " .- - . '~S patt of the :thesis ~e ,text of' an, origil1a1 
",', ',' -::- paper, "or 'papers, suitable for submission, .te 

.. leaimecî jb:umal-s for ,publication. In this 
. 'case the tliesis' muât still con'form tp alL othe~~ 
" req.uirements explained in this document;, and ' 
~ditional material (e.g. experimèntal data, . 

\. 

. , , 

" 

.... . .. 

. , 

, details of e9u;~~ and exper~ntal design) 

, '. 

, 
" 

, " 

, . . ' , 

. ' 
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9. 

ABSTRACT , 

Experimental of flows generated in a 0.30 scale 

water model of a 150 ton ladle are reported. These were used 

to test the adequacy of a generalised two dimensional computa-
( . 

tional scheme for predicting flows generated by fully submerged 

and partially subinerged gas injection lances. The roles of 

turbulence models and grid c:onfigurations :were assessed. 

Furthermore,' the presence of ~surface baffle over the ris"ing 

plUlI!e (i. e., the C.A. S. process) Mere considered and it was 

found that the placement of a baffle over rising plumep for 

sla-g free addi tion makin~, causes a strong 1 narrow, recircula-

tory vortex, wi th a complementary contrarotating vortex in the 

main bulk of the liquide 

Predictions for flows generated in a 150 t.ori steelworks 

ladle, with and with~ut tapered sidewalls, and'with and without 
~../ " " p 

surface baffles aro,und the rising plume were also con-sidered 

and their technological significance discusfed. 
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INTRODUCTION , 

The chemical efficiencies of typical prQcessing operation~ 

carried out in steelmaking ladIes are intrinsically related to 

their hydrodynamic performance'. Practically aIl ladle tech-
. . 
niques presently used have one thing in common: most in one 

way or another employ gas, injected through a submerged lance, 

plug or nozzle, to stir the contents of the ladIes. The gas 

rising as a plume to the free surface induces recirc'Ulatory 

flows of fluid within the vessel ~nd thereby effects mixing~., 

promotes chemical reaetions, minimises temperature and composi-

tion inhomogenei ties, and through the generation of turbulence, 
• 

may aid inclusion agglomeration and float out. 

In such ladle metallurgy operations, turbulent rather than 

laminar flows are more usual, sinee the size of the vessel 

employed, often préclude.s low Reynolds number flows. However, 
>~ 

high temperature (16,9D°C) and visual opacit'y of liquid metals, 

make such processin'g units less than convenient case 'studies. 

'A reasonable al;tern~tive. for studying the characteri-stics of 

assoeiated processing operation!:! has been to use low tempera'" 

ture models in eonjunction wi th mathematical models. 

As the recir~ulatory flows typical of sneh processin.g 
- . . 

operations are largely dominated by in'ertial rather than turbu-

lent viscous forc~s, the turb~lent ~apti ties are. ~fte~ ~f" 
, secondary importance in de'termining ...JJmeral flow fields ,(1-3). 

Nevertheless, the prediction of 'correct veloci ty fields and 
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turbulent quanti ties become of real importance, if the ul timate 

objective of computational efforts are to predict associated 

hea~ and mass transfer phenomena, such as t~e times for al10y 

a~di tions to mel t and disperse and' become weIl ~xed within the 

vessel. 

In recent years 1 a variety of recirculatory flows en-

countered in meta1lurgical pr9cessing operations have been 
. . ~ 

rnodelled mathematically (1-21). The general approach 

adopted (1-19) has been to predict single phase flbW fields' 

, . ., 

, 

throuc;:rh solution of the partial differential eguations of con- I! 

tinui ty 1 motion anQ. turbulence over the flow domain of interest, 

using relevant sets of boundary conditions. Predicted re-

circulatory !low fields for ladle flows have· been found to be 

in reasonable agreement with those measured. 

To quant if y the motion, melting/dissolution and dispersion 

of al10y additives dùring such industrial operations, it is 

- . ~ 
self evident that flow fields generated in such gas stirred, ~ 

1 

systems must first be éstablisheg. Although much information 

concerning conventional argoFl injection into cy11ndrical vessels 

is available in literature, no hydrodynami-c i'nformation on the 

C.A.S. bas been publicly document-ed to date. However, to 

suppose similar f10w conditions to those perta'ining' to gas 

stirr.e.d reactors (e. g. 1 conventional a"rgon stirreCi ladIes) , 

holds, could be qui te erroneous as will ·be ::;hown in the sub-

~equent sections. 
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PREVIOUS WOlU{ 
i 

Submerged gas injection into mel ts con~ained in l.adles 

and similar transfer vessels has long been practised in the 
\ 

metai processil'\g industries.-
, ' . 

OVer the past decade or so,' and 

owing te the importance of continuously cast steel, one ~has 

wi tnessed a rapid increase in the application of inert gas in

jection' to Sjteel processing ves'sels. This is particul.arly 
- , ' 

true for the chemical and thermal homogenisatiC?n of liquid 

steel in' the teem,ing ladIes. In order to control the process . 
and to reach the desired metall'W:9'iaal results, it is necessary 

to know the princiP~l -characterts:i:cs ~f the ~luid' s motion 

wi thin the ladle duz;ing gas agitation. 

Hydrodynamic analysis of such gas injection procedures 

have often 'made use of physical models in conjunc1;ion with 

mathematical model.s. Sincè the actual physical processes, of 
( 

gas bubblincj are complex in the discrete sense, the mathematicaL 
.' 

formulation ·of such physical phenomena 'is plausi.ble only. by· in

voking a number of simpli.fying assumptions. Although, there 

still remains sorne areas for fùrther development, 'The mathe

matical models for ga~ "'stirred ladIes' have undergone con-
o 1 

siderable refinements, over 'the -past decaç'ie. 

In the following page , these advances in the 'application 

of fluid dynamics to 

summaris~d. Because of 

, 1) 

1 

-. 
irred 'metallurgical ladIes ~ave heen 

breadth of the subject area, th~ 
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13. 

developments made in the mathematical modelling of these pro-

cesses are only considered in this review. 

Szekely, Wang and Kiser (4) were the first to atbempt 

hydrodyncÙnic modelling ~f an argon stirred ladle (i .. e .. , axi

symmetric gas injection in a cylindrical tank). In their 

analysis, they considered the upward movement of gas and liquid 

to be equivalent to the motion ~f a centrally placed solid c~re 
1 

of material., At the -interface between the core and the li,quid, 
" .. ' .. i 

;-<\w 

the hypothesis requiréd the radial components-~ velocity to be 

zero. Consequently, only axial comPonents of velo~ity were 

taken to he responsible -for generating- r~circulation within the 

liquide In the numerical solution scheme,the interface betwe~~ 

the core and thy bu~k 'liquid was treated as one of the bOUfidar-

..... ies, at which the velocitie~ ~ assumed known (these velocities 

at the interface were obta~n~d Jy hot wire annemometry measure

ments' in- -the water model) • The bulk single pha~e flow field 
, . . ....~ , 

was predicted through solution of the Navier-Stok~s equation 

(stream-fùn~tion-vorticity based method (22» together with the 
, 

k-W (2~) two' eguat;i.on model of tux:b,ulêncè. Howeve~ for Je. and W , , ' 

eq~ation~ rather ~realistic bo'undary conditions were applied 

(shear stress correlation for solid ~urface)~at.the ~nterfage 

between -~he bulk oné phase, and the two phase gas-liquid, 

regions. Numerical-ly predicted veloei ty and turbulence kinetie

en~rgy fields were found to be within an order of magnit~de of 

thos~.m~asu~ed i~ the water model. In explaining thes~ 

\ 
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" 

discrepancies the authors acknowledged' that the 'interface' 

. ~ , 
, l' 
1','"1 -tJ 
, ' 

1 

, 
- 1 
J J, 

{. ° 1 
between the rising, core containing gas b~bl-~s' and .the' Dulk' -Q:6 ' ... 

::e t~:q:::r::S 0:0: ::::rs:::::~ctorllY de;1n~· :d' h~nc~c,~Ul~', ',,1 • 

" Since the above study" us~n9 a water Înc>del fOr t~~t~.ng~", J. 

the mathematical representatio~,' ~~s not concius~ve becaus~, :, 
l... _ _" '. 

the uncertainties in the repres~n"t:ation_of the ga's-liquid ' 
, . ~" 'J~. _. t \'. _ -

, region and, t~è ,?orrèsponding, boundary conditions, Szekely, 

Dilawari and Metz (5) then' studied the recir~uiatory flow' 

pattern generated i? a' cylind~ical ve~sel by.a continuousl~ . 

~, moving' cylindr;ical be'lt plac'ed 'axis~etrically a~d runniùcI" at: 
.) " 

a velocity of 5 mIs'. The numerical procedure was exactly iden-' 

,tical to tho~e reported ln the pre~i~us, publication '(4·).~ ~èv~r'- ° 

-theless, for correct prediction of velocity anà,turbulenc~ 

energy in the imme,?iate vicinity of the solid walls, .standard 

wall functions were used and recommended. It was fo~d that. 
, 

,olpred.icted vel?city and ~urbulence kinetic energy fields were in 

more sàtisfactory agreement'with those measured. 
, , 

Although~ the mathematica~ models describing "turbulent re-', 

cirè~latorY flow systems have bèen "found to y~eld quantitative 

result~, yet', there remained ~he question of .tackli"lg· the two 
, ->.. ~.'" ~ • 

. \ . 
pha~e nature of the flow in ~on stir~ed ladle~ (i.~., the pre-

cise representation of the gas injection phénomena, so tba~ 

hydrodynamic, variables can be Gomputed over the en tire domain, 

'without invoking any unrealistic constrains 'on the cômputati~nal 

, 
1 .. , 

.. 
~ ! 
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- , 
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~hf1!me) . In this respect, Oebroy, Majumdar and Spa~d1z:lg (6) 

were the first to recognlse tbe importance of buoyancy, (i.e., 
, . ~ 

free convection) ,in 'su~b systems and to propose computational 
;r. . ~ 

, ' 

schen'Ies wherein' 'tpe gàs-l'iquid mixtures contained wi thin the 
- '... ~ ~ .. 

. two p~ase jet region was represented by a f~uid of variablf2 

. density. >,The buoyancy force due to .this density de'ficlt in ' 

the two phase ragion was add~d to thé axial momentum 'equation 
, 

as 'a body fox;ce term. Symmetry boundary conditions .( Le., zero. - , . 
, normal derivative) were appliéd to the flow variables. In .. . , 

, . . 
orcier to es~~mate the dep&ity deficit in the gas liquid region, 

two 'distinct situations were considered i..e., • no-slip', where-
'.. . . ,\, 

in the. ga's 'and liquid, move together and, • slip', wnere;n the' 
" 

, ) 
velocity of .. the gas 'blft>bles exceed that of liquid phase by a 

·t . 
co.nstant U slip. In this calculation scheme" the sùperficial 

inlet vèlocity of gas was taken as a bo~dary condition for the 

deductibn' of .vo~d.pges and so forth' in the gas ~.'iquid region. 

Usi!1g' an ad' -hoc eddy'viscosity formula propc;'sèd 'by' Pun 'and, 
1 ~ .. ~ • 

~ Spaldinq (24), these authors·predicted the velocity field in a 

water model for the same- condi tions· as those reported by 

Szekely and ·coworkers (4). Furthermore" it was concluded that 

~atisfactory agreement ~etweén their pr~d~ctions and Szeke~y 

et al' s measuréments could be achieved' by assWning zero slip 
-

between the gas and the liquid phase', . These a,utl}ors used a 

nU1Ùer1cal -scheme based on primitive variables (,u, -v and 'P) in 

, -

.. 
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" '. -
Which the pressure-v~J:ocity coupling. was' ta:ok.led ,by the 

, . 
S~MPLE (25)', aIgori t.hm of '. Patankar and Spa~ding. '" 

, , -.. 

parall~l to the wo~k of . Debroy, Majumdar and Sp>~1~in9' 

sZ~k~ly, Lehner and Chang (7)' taç:~led' thé' probt.em o.f a~i~ 
#0 _ Q. 

, . 
symmetric gas injection in argon stirred ~adles from 'a s1ight!'y 
, '. _ ,. ~ .. 1 ..... 

different vie'Wpoint. These authors employed the same ,heaJ:'- . 

stress cônditions (i.e~., those used at 'the interfa:c~ beèween 
, -'\l, ~ 

) '\ ' ,. M 

the bulk liq~d and t~e moving cy~indr:t.cal belt (5)) ta pr~-

dict 'flow fields and eddy p.iffusivity values' in' 7 ton argon . , 
. , 3 ". 

~tirrèd ladl:e wit~ an argon flow rat~ of ·Q.,05 Nm, /min and :in a " 

~O ton iadle 'With ~n argon flow rate of o. 055 Nm~/min~"" Aga.i.n,;' 

a stream function-vortici ty based numerical prQcedure whs used 

together with the k:-W (23J t.wo ,equation turbulence model. How-,. -ever, boundary velocity val'u~s ~djacent to the cylinqrical cor.e ' 
, , 

of'gas were estimated ~roJ\l the- 'plumè -curt-aln~' ris'e velocity 
• ~ • l' • • 

" relationship gi~en by Buls-on (26) ~ '~ixing tin\~s based ~n pre':', 

dfcted eddy. d.if.fusivitie~ were calculated and c~aimed ta be, in 
• • .. • ~ l' 1 _~ 

good agreelI\ent with mix~n~ t,imes mèas~red e,?Cperimen"tally • 
, ' 

Nevert~eless, these authors "l'gain acknowle:dged' .that the great- ' 
, 4 ~ 

est weakness of their model is that the repr.esentation of. the 
, 

, ' 

plume (i. e~, the bubbl~' rich region of the vessel) was only .. 
• .)! " ~. . 

..... 1 \ __ • • - ~ 

approximate. They ptopo.s;ed fùrther wor~, for a more precise 
. . .' ~ 

detini t:i.on of ,the bubbling z'one :a~d the pre>per bq~~ary. condi7 

tions for i ts preci~'e representation. 
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, Some experimental studi~s on flows generated in a 60, tô~ 
~ # .... 

steel melt, stirred bye' argon were then ,reported by Hsiao 

• 

Tse-çhianq~ Lehner and Kjel1berci ('S):' . Çentral plume vèlocities 

were measured in a 60 ton 1adle and i~ a , watei':JJ!odel lacne " . ./~".. -"', 
, . 

usinq a drag form - strain gaùge system. ' Measured plume velo-
, . 

c1ties were faund to be closely represented·by. a-Gaussian 
> • 

\ 

distribution aurve.· Furthermoré, the average pl ume veloci ty 
\ 

8- ' - " 0 24 . 
. '~~as found to be propor~iona1 té (ga& f10w rat~) • ,while the 

-:near surfa'ce ve10city was found to b~ .. propoz:tiona1 to (gas flow 

r~te) 0.33 • 
\ 

..: Szekely,' El-Kaddah and Grevet (-9) next adopted the compu

ta:tion~l pt:~cedu~s_ of De.broy et al. (6) d~scribed previously., 
1 

to predict flaw field and tracer ~ispersion in a water model of '-\ __ 1 

a~ argon stirrèd l~J.è:-- Slippage was assÜnled between t·he gas \ 

l,and the liqu;d phases ~'n~ 'the 'gas voi.dage within the plume was 

calculateèl fram the so cal1ed 'drift flux' (27). model. A pr:i-. 
'J1Ù:tive v.ariable .-formulation' was adop:ted by these authors for 

the first time. Turbulence within the system was modelled 
" 1 • • 

using.the Pun-Spalding (24) fOrmula. Measurements and pre-
6 

dictions were claimed tÇ) be in fairly good agreement, exeept in 
- , , 

the vlcinity of the walls, wheré, the' discrepancy was attributed' 

'to an 'o~ere'St:Lmation of effective viscosity ?y the Pun-Spa1ding 
... 

(24) formula. Nevertheless,-'these authors concluded that use 

of Pun-spal(hn~ effective '(ri.seosi ty formula could provide a 
g 

satisfactory Mean for performing engineering calculatio'ns. 

\ ) 

'-. 

\ 

1." 
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Thi.s simplified effective viscoslty mode-I was al~o' ~sed t;o, ' 

- " ~ - ", . 
.... L" .... 1 

,~reâice tra<?e,:r dispe~sion in a pi}ot seaIe" 6 ton :·v,essel and~ 

very rèasonable agreement achieved. . ' 

" 

-/ 
- '.', ", .. 

Sze~eIy (10) pre- '~,~, 
.' , ' ,~ , f\ 
(' - ,. t;. \. " 

" III a. subsequeI\t i?aper, Eï-:"Xaddah :~n,~ . .. . 
sented a mathematical model for desulphlirisation kinetics in _ ' 

• ~ ... ~ ~ ~,,-. I,~ .f' . " ", 

argon stirred ladle. The Iq6del ,involved, pred-i.Ction of turbu- '. . " 

f 

,len~ flow fields through the solution' 'Of the Nav:Üer-S.tokes 
, ."" ~ ~ -... ~ 

equation in conjunction w1~h the k-E (28) two eq~tion turbu-, 

lence model. Sulphur transfèr' rates., and t!qUtlibriUm thermo'" 
" ,1 • , , 

dyn~ic relatto~ship~ were tpen combined,with the turb~lent 
.. ~, • i'" 

- ' "'...... , 

flow fi~ld to' 'p~ed'ict rates .'of ~esul~hUris~tj.on i~ :6 ton ",afid " 
•• 'Ir" - " :. 0 1 ~, -. ? -

40 ton ladIes' resp~qtively. Predicted rates ,wer~ ~ouna to, be . 
, , 

'.~ 

# , 
f ' 
1 
! . 

1 
1 

r 

l, 
r.. 

~. ~ i 
t' 
~ 
j 
! 

! 
1 

ï 
, 1 

! . 
j 

'''" ' 

in e~cellen~ agreement with experiméntal ~easurements. :tt was.~ 

fo~d that the ,~ate of de~~~Phurisation d~pended both on tn~ 

rate a~-whtch sulphur 15 tran~le~r~d.thrOU9h t~e melt to~ thé 
~ , ' 

J;'eaction' zone and on the equilibrium condition, prevailinq: in ,~ ... " 
, ' 

~ . 
this, reacti.o~ z!=>,fte ~ : 'C-'Oriseque,~tly, ~l ui~ flc:>w phe~omena ~~ct~ .. - __ 

,turbulence ~were 'shawn :to be _ key parau.eté.rs i~ dèté~ininq 'de- .' ., 
, . 

sûlphur~sation kinetics. . , , 
\ , 

Based on similar calculation procedures (6), Debroy and ' 
. , 

,', 

" . 

"~,lo1ajumdar (1.1) pl:'edicted liquid flow' in gas stirreo systems, and 
~ - , 

hiqhlighted the .influence o~. bUbbJ-e size, gas hold up,' 'and t'he 
." ~ .', 

deqree <>f s11ppaqe bet~een the qa~ and the li,qu,id phase on thë .. 

bul~ circulation of liqUid within the vessel. Thè performance' 

of ,the k-E (28) turbulence model was assessed aqainst ~he simple 

" 

; 
~ , 

. 
" 
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algebraic viscosity m~del of Pun and Spalding (24). The effect 

'of pte d:iJnensions o,n ,n~eriC'al predictions was also analysed 

and ft was demonstratèd that signifieànt variations of flow 

. (only ~9Jrltjde) oeeur l)~ar the-' axis of synunetry, whlle in thé' 

bulk of thejliqUid, the pl~e d~ensions seem ,to have rn in-
?> 

significant effect. Alsa the wall shear stresses on the ladle 
1 

side walls wére computed and their possible influen~e on re-

fractory design dlseussed. It was recognised'by these authors 

'that dependin<1 on bubble size and extent of g~s hold up in the 

sy~tem, physicaI1y two different situations i.e., zero slip and 

no slip,'might exist .in' such systems. 

As men tioned previous l y, Debroy 1 Ma j umdar and Spaldit;i~ (6), 
, " 

'~and Szekely, EI-Kaddah and' Grevet (9), adopted the bulk 

effective .viscosity formula of P~ 9nd'Spalding (24) for pre-
.1} • 

, ~ ~ 

dicting flow in gas stirred liquid metai systems. In revi~wing 
_. . 

the appl~cability of ~he Pun-Sp~lding (24) formula to typical 

l~dle ,metall urqy . si :tQ.a tions- (i : e .. , argon stirred ladIes), 'Saba i 

and -C;ùthrie (12) 'r~coqilised' that, certa,in ambiquitie.s are. associ-

ated with its use. Through dimensional .arguments, energy con~ 

siderations and numeriea,l solution of the governing 4~Iferential 
" . 

equations (Le., turbul-è'nt Navfer-Stokes equation) they prè-
, 1/3 

-3 
posed:. llT ::! 5. ~ x l~ PL L{ (l-a) gO/D} Sahai· and Guthrie 

further Doted that their eff~7-t:ive viscosity model is conceptu-
b 

allY ,di.fferent :tram the Pun-Spalding formula for comb~stion flow 

system: lle = 0:012 02A-3 L-1/ 3PL1 / 3{ m tJ
o

2}1/3. It is to be 

'. 

, -. 

, , 
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l'1:ot;ed here th.at the form~la propos_ed by Sahai- and Guthrie (12) ... 
emphasizes __ the potent1.al ene-rgy of the 1ncoming 9as_~' 'w~ereas 

~ ,.. . ~ ~ 

the Pun-Spalding f~rmulation emphasizes the ~inétic' ene*9Y of 

the-incomipg gas. 
~ 

-
FolloWing direct measurements of çentral plume ve1ocit1es 

at' ~arious gag.. floW', r;tes by Hsiao Tse"'ch1ang, 'Lehner ~lld 

Kje~lberg (8), Sahai and G~th~ie (13)' co~sidered ~~e'question 

of'gas stirred sy~tems from a new stand point. Appreciating 
. . 

the releyanc~'of hydro~ynamic coupling between widely d~spe~sed#' 

large rising l:)ubbles and entrained liquid ~i thin th,é a'sc,end1n9 

plume, they proposed, how plume ri~e velocities in such vessel$ . 
- - . 

could be càlculated from first principles. In estimating pl~e ,. 
velocities, any slîppage between gas and- :liquid pha$es'were ' 

'·ignored. This ,-new inJormation ha~ allow~d f-low fiel.ds..gener,a

-te~ by suhmer9~d gas injection in any system to be ·l?re~j.cted. 

Their analysi.s however was restricted to a bubble column or 

plume, rising aXisymmetrically in a cyl-indrical vessel. Based· , , 

on infqrmati0r:t available on su];>merged gas. jets, Sahai:'and '. 
'"" • t. _ • 

Guthrie argued that any submerged gas envelope', .~netrati~g the 

liquid will become~.hy,drodynamiéally'i.unstable and break down 

within a relatively shor~,distance of the nozzle or o~ifice ~o 

f,orm an array of spherical 'cap bubnles. Each of these' bUbbles 
" , 

J 

will entrain a vol ume 'of liq~i.d in i ts wake which, in tu~, .ls 

exchanged with the bulk liquid ~s the bubbie rises. 'By this 

means, the rising bubble imparts energy to the liquid r~circu-

. ~ 
~I 
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.. 
lating within the bath. Under s~eaQY sta~e cop.di tions , it was 

- -\ .. 
arguèd tliat the Mean velocity at any, location wit;hin the 

1 J.; • 

vesset must be,oomè COIistan~1 ,at 'which tiIIie the total ener.gy 

supplièd by the 'bubbl"es to the bulk 'of the liquid would' equal 

.. the total turb~lent~ energy diS;;ip~tion los ses within the ~b,ath~ 
.. 1 \.......,....--~~# 

This dissipation 108S was calcula~ed, ~aing t.he. twq equatioJ;1 
. . 

k-e: '(28) turbul-ence 'model. Fr~m t-his rnath~matieal treatment 
1. -

it was 8h9wn that ,the average ri se .velocity of t~e bubble pll:1Ine, 

~;. ex' ',(Ql/3 L~! 4 ) l-RI / 3 where ,Q is' the gas. 
-

flow rate adjusted toc. 
't 

me~n h~igh~ and tempe,rature of the bath, L is the_ dep~h' '0:( 

liquid and R i5 the radius, of the vesse+. 
, . 

Sahai and Gutrkie (14) also developed a rnathemat.:lcal model 

for gas, st!r.r~d ladIes through the s'olution ~f- tultbulent Navier

Stoke~s equa'tion.' ,,;rheir nume.rical p~Qced~~,e' was based. on the 

SIMPLE- (25) algo~i thm of Pata~kar a.n9 Sp,alding _, The gas/liquid 

. 'r~gioii was.,tr~atéd: by tl').e GALA (29~ meth~d of spaldin9~' HQ:W-
, ' .', \ 

. eveI' t iris'tead of using a- zero gr~die~t· boundary condition a t. 
'" l " • ~ - f ' .. {,' u· 

t,he; a.x.is of symmetr.y' for 
, -

·u.se~ a. ~~x~d ceh,r~ tine 

the' axial coroponel?-t of ve'loc i ty, they , 
.;;. 

, . 
boundary _condition at the axis of " 

, . 
symmetry l' 'deduced from their plume' model descri,bed earlie~ .. ~ 

Predicted resu~ts i.n a: 0 --1? scalè wate~ moCiel ,?f a' 150 ton" 

.l~die were foun~ te' be' in: exce~lent agreeme'nt: wi th those. 
~~ ;.. 

. . . 
measure_~ experimèn,tally ~ : pre.dicti6~S of veloc,i t~ fields in a , - " 

, one ton water. model we're. aIse .madê for ~o_mparison with experi-' 
, 

mental velocity profiles in the ga,s;"'liquid plume regîon 1 as {" 

\ \ 

" 

, 

1 
! 

'" 

'. 

(' 

... 
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-
measurèd by Hsiao Tse-èh:i,~ng, Lehner a,ncl 'Kjellb(ù:g (8) in 

,their pilot scale water model .. 
" , 

Grevet, ,Szekely and El-KaddaJ?, ~3) ieported an extensive 

th'eoretical and 'experime~t'al s't:udy in a water. mOdel of an, argon. 

st~rred ladle. The com~u~ational procedure adopted by these . 
. 

authors were identicaL to' those reported in a- pre~ious pub·l~-

èa tion (9) ': ~Ùh~U~ il, ,Pqi,-~di!Îg . .Il h eH ecU ve vi scos1·ty 

formula' was replaêed by- t.he ~re ~dv.anoed k-€: (28) differential' 

model of turbulence. These au1:;:hor's .observed that pred~cted 

and experimental velocit.y_ fielt!;S were ,in excellent agreement 
, 

while 'predicted and experim~ntal turbulence ki~etic ener,gy 
. ' , 

fi~lds were in reasonable agreeroènt.. Nonetheless, there were 

sorne serious disQrepancies b~tween me~sured-and p~dicted 
. . 

Reynolds stress componen~s. These discrepancies were attribu- . 

ted to the incorrect selec~ion of constants and'with inherent 
.{o .... <'"..... .. ~ 

shortcomings of the k-c (28) model' tor representinç sy~tems, of 
• ........ ~ ~ bt' d 

• _ this type. Qn the ~basis .of m~asurein'ents, they concluded that 
., ~ .. "'. 

~xcept :i? the vicin.it~ of so~id wall" turbÙlè~~e; wal? fo~d to be 
_ _.. r .. _ _, ~ • .. 

1 ar~ly iSdtropic. Furthermôre, they consi:dered that tl)é ' . 
~- 4 

'principaL mechanisrn of mœ:nènt\lI'O. tran~'fer in the$e syst'ems i5 ' - , 

.a$Soci~ted:iwi'th ·flu'id éonvection, ratbe~ ',than .with' the diffu:':' 
~ - __ ~ - ~ • 1 $ -14 ~ t ) 1 . ' , .' ~ . 

s:i ve transPort mechanism,-: ~nê- thus . the'. Pl'{èdictions reçard:lng: thé 
L ~ ~ .. .' 

ve1.ocity fi~lds~ ar~ :Îlôt: exp~cte~- .to ~be very. sellsi tive' te the 
.. • 1 ~ ~ • \ 

particular 't·U±bule.nce model' '9h9seri-. Ir ' 

. 
,- . 
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McKelliget, Cross and Gibson ~15) proposed a fluid flow 

model of these gas agitated reactors, which in essence is 

different from those discussed 50 far. A retrieved variable 

(stream functiQn and vorticity) based nurnerical method was 

" 
used and the gas liquid mixture was represented as a continuous 

fluid (i.e., no slip) of variable density. However, the densi-
1 

ty deficit in the plume and the plume dimension were not speci-

f ied a priori. Instead, the gas dispersion was described by a 

turbulent diffusion equation. The gas fraction at any control 

volume was estimated from the tu~ulent diffusion equation and 

then the corresponding nodal value of density was estimated. 

From these the buoyancy force owing to reduced density was 

estimated and added to ~he vorticity transport equation. 

~urbulence within the system was described via the Pun-Spalding 

(24) yiscosi ty formula. The model was applie~g to analyse th;r,;ee 

~injection configurations i.e., injection vertically upwards, 

vertically downwards through a submerged lance and horizontally 

1;.hrough a baTik of tuyers. In the latter case only a two dimen-

sional slice of a three dimensional domain was considered. 

The nurnerical predicttions were compared against the_ experi
'~ 

mental measurernents df Sze~ely et al. (4) and semi quantitative 

agreement was found. For injection vertically downwards, the 

,model predictions were al~o found,to be in semi-quantitative 

agreement with the available experimental eviàénce. However, 

the model's appllcation to horizontal injection failed to give 

\ 

! , 
1 -
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, 
adequa~e predictions. In this regard, the r~quirement for a 

model which is more comprehensive in its scope (i.e., 3D, 

transient etc.) was highlighted. 

A Singl~ phase f dimensional mOdei for predict1ng fJ.ow 

fields and associated phenomena with .asymmetric gas drive~ 
, , 

flows ,in systems of cylindrical geometry wa$ first proposed by 

Salc~dean, Low, Hurda and Guthrie (16). The model used a 

fi~ite difference technique based on the MAC (30,31) (Marker 

and Cell) method of the Los Alamos group. Both slip and non 

slip.conditions were assessed. Turbulence w~thin the system 
~ ~, 

was"modelled using the.ad hoc eddy viscosity formula 0t Pun and 

Spaldi;rg _(24): The three dimensional code was validated by 

~~r~~ing sorne two dimens~onal axi~ymmetrical calculations and' 
--- ~ 

comparing the solution with an equivalent calcul9tion of Debroy 

et al. (6 >" . and wi th the experimental resul ts of Szekely et al, 

(4). Satisfactory agreement was found by assuming zero slip 

bétween the gas and the liquid phase. Flow 'fields were pre-
~. " 

dicted by considering the rising pl~e to be conical as we~l 

as cylindrical. Fluid flow is some asymmetric gas injection 
{ 

configurations were also assessed by these authors. Finally, 

the témperature fields in an initially stagnant-and thermally 

stratified liquid resulting from_the local introduction of the 

gas on the bottom sùrface was also considered. 
. ' 

More recently, Salcudean, Lai ànd Guthrie (17) reportea 
, , 

further cÇ>mputations and compared those wi th exper:i)nent.al 

( 

1 

l 

1 
1 
l 

.. 
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results of Oe'ters, Dromer and Kepura (32). Using their)three 

dimensional 'code, the velocity field for a typical axisymmetric 

gas injection situation was predicted. To model turbulence 

within thé syste~, bulk effective viscosity fOrmulae (12:24) 

together wi th the'k -E (2si two equation turbulence In0del· were 

tested. These flow and turbul'ence parame ter fields were used 

to solve the energy and concentration equation~. It was found 
\ 

that the alge~raic mode~sf~r turbule~\e diffusivities in heat, 

mass and momen~uationswere able to reproduce experimental 

observations closely. However, for the physical situation 

considered, the void fraction in the~ubble plume was deduced 

by assuming slip between the gas and the liquid phases. 

The mathematical models reviewed so' far are essentially 

s.inc;f~e phase models, where, the gas-liquid region has been con

sidered to be a'fluid of variable density, restricted to a 

règion, whose dimension is known. Ion the other hand, tl)eoreti-
" -

cal formulations for a mathematical model capable of taking 1n-

to consideration the two phase nature of the flow in gas stirred 

systems have been recently proposed by Markatos and coworkers 

(20,21). $uch a two phase model uses the continuous mixture 

approach and formulates the governing equations on the basis 

that mass, momentum and energy flux~s are balanced over çontrol 

volumes occupied by space sharing interspersed ~nd mutually 

slipping phases. The ·governing equations (i.e., vol. contînui

ty. U' v.w . k and El we~e written for the gtJand the liquid 
\. 
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phases respectively and were solved nwnerically. retaining the 

primitive 'variables, using the IPSA (29) algorithm, -which is a 

development of the SIMPLE (25) algorithme Standard bo~dary 

conditions were used at the symmetry axis and at the walls. 

However, at the free surface, a fixed~ressure bO\lhdary condi

qon was applied on the pressure equation,. rather than app~ying 

any boundary condition on u, v and w at the free surface. 

Furthermore, at the orifice, the ve-l-0city of gas was set equal 

to the superficial velocity of the gas phasé (i.e., a given 
. 

quantity). It was acknowledged that application of k-e: (2~) 

and other two equation turbul~nce models are questionab1e 

particularly for two phase flow sxstems. However, t~ese authors . 

used the k-E (28) model in view of the lack of other informa-
I 

tion. Furthermore in order to estimate the interphase friction 
, 

force appear.ing in the coupled momentum equat~ons, the dr~g co-

efficient - Reynolds number relationship for spherical 

bubbles, based on slip veloci ties were ·used. Finally, the pre

...?ic::J).9ns '(velocity and turbulence kinetic energy)' were çompareCl 

against the experimenta~ measurements reported by Greyet et 

al. (3), and sa·tisfactory agreement achieved. 

if 

., 
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J 

THEORY 

A. Modelling Criteria 

Assumptions in modelling 

I~ert gas injection into liquid metal holding vessels is 

a complex process. The presenc~ of slaq, probable thermal and 
y 

concentration gradients in the molten metal and waves and 
c:. 

oscillations at the free surface etc. all necessarily agqravate 

such complexity. Consequently, in order to desc~ibe such a 
, 

system via an adequate mathematical model, certain simplifica~ 

tians and assumptions need' to be invoked. The following as-

surnptions were made in the mathematical formulation: 

(1) The possible influence of a slag layer at the top, of 

(2) 

(3) 

. (4) 

liquid stee~ has been ignored. ~. 

The system has been assumed to be isothermal. 

The wàvy free surface has been approximated by a flat 

mobile surface. 

The gas liquid region has been assumed confined to a cane, 
!t 

whose d~ensions in the water model were measured, while 

the plume is calculated for the real ladle. 

(5) Any slip betweÈm the bubbles and the liquid were neglected.. 

Consequently, it is implicitly assumed that the gas liquid 

mixture behaves as a single phase fluid, having its own 

thermodynamic and, transport-property relations. 

. (6) Bulk ~low of liquid was thus ind~ by ~he density 
~ 

differences ~tween the bulk one pha~e and the gas-liquid 

mixture. 

. : 

" 

l, , 
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The implications ,of some of' ~ese assumpt;ions are ela": -, 

borated upon in the text. 

Similarity criteria 

In studying ladle metallurqy operations, a reducèd. scale 

water model ls v~ry ofteh employed. To carry out such~del' 

study, '~is importantt<Y identify the essential factts which 

dominate in bath the real and model systems, so as to preserve 

similarity between the two. 

To obtain quantitative results, it is necessary to main-
. 

tain mechanical as weIl as geometrical similarity. The term 

'mechanical similarity' incorporates three components: static 

similarity, kinematic similarit;r and dyn~ic similarity. For 

~û"id' flow problems, the lat"Eëf two are ,important. . Kinematic 

similari ty requires that corresponding particles in geo-

metrically similar systans trace out geometrically similar 

paths in corresponding intervals of time. In many cases it is 

more convenient to calculate the time scale ratio in terms of 

'corr~spondinq velocitie.s', which are the velocities of cor-

.respondi~ÇJ particles at corre~onding . times • ~ 

Final~y, dynamic similar~ty which is concerned w~th those 

fOJ::ces which affeot the movement of masses' in dynamic systems',' 

requires that forces 'of the same kind (e.g., ··cjravitation:al, 
~ - .. ~ , 

etc.) acting'upon cor~espondinq particles at corresponding 

tintes shoula also correspond. In fl':lid sys~ems, ki,nematic .--
similarity necessarily entails.dynamic' similarity. 

• 
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.. . 
~ , 

Provided the governing equatlo~s of th,e sys.t~s. are known, 

it ls re1atively easy to deduce key factors in modelllnq. 

Johnstone'and Thring (33) showed. a me~h?d for deriving. !1imi ... 

larity criteria based on the differentialequat,ions des~ribin9 

the l:Sehaviour of- the system. .. ~. 

For fluid flow in a gà:s stirred .l:àdle, flow fields are 
. , 

essen,tial1y expressed in terms ·of . the Navier-Stokes Equation. 

For reasons of simplici'ty, consider the Navier-Stokes e.quation 
". 

for a steady one dimensional flow prob1em: Expressed in 

Cartesian co-ordinates, thi.s takes the form: 

d d d 2u u _~. + + 
pu dx:ll: dx l.l dx2 pg: , Cl.!) 

~s equation (1.1) must apply for both the real syst.em (system.]) 

. If and 'the model system -( sys",:-em 2),. 

. .(1.2) 

.. 

- '. 

... ~ , . 
Supposinq that linear relationships betwèen 'va·i:.iab~es in equa-. . . 
tions (1.2) and. (1.3) are applied; Le.,.' 

." 

.' . ' - ' . , . 
, . 
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P2 '~ ::z K-p 
p l 

x2. = 'l1,xl 

).J ,:; 
2, KpIJ'l 

Then 'SUbst,itutinçt'equations (1.4) 

•• '. JO • 

'. '. ,1 : 

}. - , 
, 

.. 1 '1 30 • 
1 

U2 _ = K U
1 . ,U . 

. P2 = KpPl (1. 4') 

g2 = Kg'91 
~ 

, 

in equation (1.3) , we opta1n: -
• -

+ ,KpKgPlgl ' 

(L~) 

Compar1ng equations (1.2) and (1.5 r, the follow1ng' equati~ns' '. 

must' he sat1sf1ed to maintain s1milar1~y hetween the two sy~-

tems. 

K K 2 
e u 
Kr, 

.. " 

=- K K. P q 

From these equat1ons, we can'obtain' the fol1ow1nq independent 
, " \ 

\ . 
" 'r~lat1ons: 

,\ 
lC K 2 

, ,p U _ 1 
K .' ,- p 

CI.7) 

Kp~ul1, 
~ 1 

K).J , . 
(1.8) 

, , -
Ku 

2 

- 'l, 
Rx,Kg 

(1.9) 

-

'. . 

" -_rt • 

, t 

" 

- " 
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Substituting ,equation (1.4) in equ.ations (1.7) "'-(1.9), we 'can 

Qbt~rn' the,'followinq d1mensionless g;-oups: 
" 

-.' 

From eq~ation, (1.7), ' . 

= (LaO) 

Tl1iS equatio6t shows' that the ratio of kinetie energy to 
. ' 

pressure should be 'identieal· between model and'the'real,system. 

From equation (1.8), we also.require that, 
~ 

. , 
'~hXs'grqup 1s the,well know*Réyno1ds n~~, ~~presen~ing the 

. . 

• r 

ra,tio of inertial to viscous fotees. 

. , 

From-equation' (1. g,) , 

(1.12 ) 
' . .. . 

The latte}:" qrOJlp :ls a FrOUde ,m:iinber" repres.enting the ratio of 

inert'1.al to qravitat1ona1 forces.' 

" 

, , 
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These dimen$iort1~ss gro,up,s, indicate that. the steady state 

fOJ:Dl .,of th~ 0 Navier-StoKes e~ation in dimension1ess form may 

- ._be written as: 

. 
" 

- f' 
, (p u2 - p uL -

(j> -,-, 
P lJ 

(~.13) 

or, 

., 
p u - u2 

" (, puL , 
'p 

P, • , gr) 
1J 

'1 
= ~" (N

ae
, NFr ) tl.l4' or - ~) . il 1 1\1 1.. . 

l ' 

" Dimension~1 ana1ysis of fluid'f~ôW ineluding surface ten-

sion -as one of' the - factors, '1ndicates -the possible importance . ~ '" .. ~ .. '" '. 

, of another dimensionlèss' group, known as -the' Weber .nUJDber, 

e u 2L " 
., N (1.15) 

C1 -. ,w~ 

If ol'1e- inc1udes this n,umber, simi1arity criteria for the sys-

tem considered can be expressed aSI 

d = p 
(l,.16) 

,. 
• 

, . 

l ' 
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The relative importance of these three dimension1ess 

numbers and the mo-delling criteriJa are discussed in the ~ext 

section. 

In these moQelling.inv~stigations, thermal s~ilarity wâs . ' 

not considered'as mentioned previousl~. Consequently # the . 
'-

possible affects of natural convection have been iqnoreâ. This 

is justified Ln the present case sinee Most of energy re-

sponsib1e for generating the f10w fiel~in this case derives 

from the buoyancy action of the upwell~ gàs-liquid mixture. 

Modelling criteria , 
In general, the ReynoldS', Frrude, Euler and Weber numbers 

are considered to he important in fluid flow problems as dis-

cussed in the last section. Expressing these dimensionless 

groups using characteristic symbols for the variables: 
: 

. NRe = puL (1.17 ) 
1.I 

2 
NFr 

u = --gL 
(1.18.) 

NEu 
P 

= ~ p u 
(1.1.9 ) 

Nwe = 
p u2L 

cr 
(1.20 ) 

In the case considered here, because the equation" of motion for 

flow within the pu1k is described by the N~vier-Stokes eqUation, 

. ' 
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the role' of surface tensiQn is not relevant, éxcept possibly 

at the,.!uppéY;"free' surfa~e. ' . 

Table: 1. i -gi ves the pnysical properties of l.!quid steel 

and water. It is W~ll'~o~ tha~ ~~e kineaatic yiscosities. of 

water and 14.qui'd s~eel are, almos-t idEmtical. This 1S one of 
, ' 

the reasons why water mod~ls aie co~only u'sed for inve~t,iga

tian of ladle ~etallurgy. In a full size'model, i.e., 

= Lf ' it would bé possible to sfmult~eously keep, ~e-' .s . 

spective Reynolds and Frcade' numbers identical by using a . , 

same characteristic vel9,city_ (e.g., gas 'flow rate)' in the model 

as that in the full scale sy~tem. 

Bowever, ~n a'reduced scal~ model employ,1ng fluid of th~, 

same kinematic viscosity, it is imp,oss.1.ble to respect s'inli

larity criteria for bath the Reynolds and Frou~e Qumber. 
, 0 

Therefore, in' this inv~~tiqation, it 1s assumed that the 

process 1S essentially' a Fraude domlnated phenomenon.' This 

assumption ls suppo~ted by the, ~o~ion that th~ i~ertia of the ~ 

recirculating liguid in such gas stirred system is bâlanced by: 

the body force (i.~., buoyancy force'in this case) generated 

by gas injection. consequently, applying Froude criterion be

tween the mOdel and full scale "system, on,e finds , 

02, 

~) model 

-2 
'ù ~) 

'. full scale 
, (1.21) 

'. 

" 

, . ( 
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Table 1.1 Physical properties of water at 29. 3 K and steel 
at 1873 R . 

'Water (293 K) 

Molec~'l.ar viscosity 1 k g/(m-s) f 
- 3 

Density, k gjm ! 

Kinematrt viscosity, m2/s 

Su~face tension, Newton/m 

. . 

0.0-01 

1000 

. 
73 Je 10- 3 

.. 

- ! 

~ . ~ 

. Stf:!el" (f873 K) 
7-

/. 
-" 0,.006-4' 

1000 

0.91 x 10"'6 

1600~ 10- 3 

, 

! 
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" 
\ , ' 

" '. 
Adopt1.rig . tli~· àmpii:Jca1. ~orrelation proposed by Saha:!. and .. . .., , 

Guthr1-e (l,))..' one cal't: eXp'l"éj;s" TI... the inean
f 

f!p~ed of '.liquid re-
-- • -.' ".. ~r ' .. . -

êlrculation r '.accordi1'l.g. -to' ., , . . .. 

= Co.nsta~t (1~22) 

. Substi tuting TI 'fl:O~ equation (1. 2'2~ in terms -of Up ' and R' in 
" ~ ~ f • 0 

.eq~at~o:i!t (1,.21),' gives ~he followin9 ~e~ation~hip between the, 
, , 

model. ô.!ld the full'~ scale systems 

) 1/3 2 
( Up/rR ) l, .' -'1 
. gr. 

. . 2 
, . 1/3 

(U]:,IR. ) 

l ' gu' 1 

f.s 

(1.23) = 

m 

us~~g gecmetrical,similarity between the model and the full 

scale'system (~~e., L = ~~f ), one finds tbat the correspond-, m ' • S 
\ 

ing plume velocitiès in- the model and full scale system ~an be 

,,-.. express~ via, . 

or 

(U ) 2 
P m 

2' 
(ui' },f. s 

-L 
m = 

Lf·. s 

= 

/ 

R2/3 \ 
* li! ;J73. 

f.s 

(1.24) 

(1.,25) , 

- 1 

- jo-

.. 
-

, 
l 
i 
1 
l' 

1 
1 

i 

r .~ 
1 

, 

i 
l, 
1 , 
1 

1 
1 
1 

l' 
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Using the macroscopic plume model of Sahai and Guthrie (13) 

for such gas injection systems, it is poss ible to express the 

av~rage plume velocity Up according to: 

= K o 

where K is a dimensional constant. 
o 

(1.26) 

Substituting Up from equation (1.26) into equation (1.25), 

one finally obtains, 

1 (l-a) lti2 . Ql/3 
lm 

= À 11/12 (1.27) 
... 

1 (1-0) 1;12 . Ql/3 1 
f.s 

..t 

'If we now assume that the volume fraction of gas in the plume, 

in model and full scale system are identica1, then equation 

("1.27) reduces to 

= (1.28) 

This a110ws one to deduce correspondipg flow rates between the 

model and ';he full scale system. 

_ .,Eqy.ation. (1. 28) provides the key to modelling submerged 

gas injection systems from first principles. 
j' 

1 
1 

1 
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Thus, under the -assumption of a Fraude dorninated pheno-

menon, the re1ationships between the variables- in the rea1 pro-

cess and those in the mode1 can be expressed as fol1ows: 

Ladle diameter D = )J) (1.29) rn f~s 

Liquid depth L = ÀLf (1. 30) rn .s 

Gas flow rate Qm = À11/ 4 ·0 (l.31)· 
f.s 

Receptacle diameter d = À.d
f 

(1. 32) 
m _ • s 

Receptacle depth in 1 :; :>t·l (1. 33) 
.liquid m _ f.s 

""~ 

B. Mathematica1 Formulation 

The C.A. S. f10w problem was set in its exist:lng industrial 
. . 

forme This invo1ves the central injeGtion of gas into ,a cylin-

drical vessel in which a concen~ric. ~efll~ctory .cYl:lnder i.s 
. , 

p1aced around the bubble pl ume. Thanks~ to this symmetry, flow 

phenornena are adequate1y described via a two dimensional flow 
. ' 
mod~l in terrns of cy 1. indr i cal po~ar cooFdina tes. 

As will pe shown later, the modelling and exper~ental 
jo 

work were carried out in two stages. At first axisymmetr1c gas '. 

inj ectio~ into cylindrical ,vessels by partially, and fully, 
~' 

subm~rged lances -was cons :?-.dereq q.nd then the presence of a 

surface baffle/snorke1 around the rising gas lîqu.i.d plume was 

tÇiken into accoUnt. ç 

.. 

'. 

, 
j 
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For modelling turbulence within the system, an algebraic 

model for liquid submerged gas injection systems together With 

the two equation k -f; turbulence model (28) were employed. 

The f low equations 

For the situation ofaxisymmett"ic gas injection, the flow 

variables consid~red were assume'ci, to obey, axial symmetry 

, (Le., there is no variation of flow propert1es in the e d-irec

". 
tion). Then in cylindrical pola. coordi.nates, the governing ~l 

dif:ferential equations may be represented as: . 

Equation o.f con.tinuity, 

-au 1 a (rv) J 0 (1.34) 
az 

+ = r ·ar 

... 

Equation of moti.on in axial direction, 

. 
! 

a ( puu) 1 a ( pruv) lE+ d au 
ai + rar = dZ (lleff az) &z 

+ 
:1 a -(rll eff 

au) + Su (1.35 ) - ar r ar 

,where 

a .au + .! 0 .!Y) s = dZ (lleff aï)' rr (ru
eff + PLg<x (1.36) 

u r <l-z 

, \ 

" 

\ 

ù --

.' 
1 ... ~ , 

.~ 
1 
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Equation of motion in rad).al direction, 

a (puv) + 1 
âz r ir (prvv) = _' ~ + a (11 ~)' 

é)r rz .. eff <:IZ 

(1.37 ) 

where 

" 

'(1.38) 

The term invol~i 9 the gas voidage a, and a,ppearinq in the 
\ h 

axia\ momentum equa,tion, was u-sèd to ~odel: the buoyancy f,oree 

gènera~ by differences in density between the bulk on~ phasa, 

and the plume tvo-phase, regions. In the present inveatiqation, 

(1 vas deduced from a knowledge of plume velocity a.nd shape (see 

later) • In estiniatiIlCJ the average plume veloc,ity, slïp between 
" 

gas bubbles and the liquid phase .... vithin the plume vere iqno~ 

t.A det~iled discuss;l.on on bubb1.e slippaqe within gas stirred re

actors is available in referenèe 13. Bowever, it i8 to be ~en-
• 

tioned that Debroy et al. (6) and, SaleuQean et a1.. (16) appi~~d. 

both sli.p and nonslip model$ ta' analyse such physica1. situa-

ti'ons. In their attempëS to compare numerical predictions with 

the ~rimental measurements of Szekely et al. (4), they found 

that very, reasonable Agreement could be 8chieved by assum~9 

zero slip condition. 
/' 

) '\ 
-, 

, 

j 
i 
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The turbu1ènc~ mOdE!ls' 
,'-

Two turbulence mode1s were used. The first, an algebraic 

_ model· devéloped by Sahai and Gu~hrie "(12), is based on the con

cept that the main form of eoergy' input into a gas stirre~ 
b "1('" 

lad1e of liquid !?teel- (or .. ~ny ,othe-r liqui-d~ i,s- pr~·rily . 

potential erie.r.gy ~ Through dimensional argUments and ene'rgy 
- , 

conside-rations, they showed that an eff~ctive, or average, 

viscosity for such gas stirred systems is .expressed by: 

(' 
(1.39) 

'0, 
, , 

II 

The second turbu1~nce model used was the popular k-~.tûrbulence 
-

model of Launder an~ Spalding (28). 'The governing transport 

Equations for turpulence kinet1:c energy, k, ..and i ts dissi~ation 
~ ~ .. ,~ , ~ - . . 

r\_r~te~. g, cao be represented in cyllndrical pO+ar coordinate 

as '28). 

Turbulence kin~tic energy: 

ér . 
+ 1 a a t'eff 3k) . 

ai (puX) (p"kJ -rar raz .0- rz, k: 

, 

\_+ l' a (rU eff 3k) + Sk \ r rr . Ok rr \ 

(1.40) 

" 7' 
where Sk' the net' source ~érm, can ,pe..)represented as ' 

t .L.: rI .... 

" -1\ ...... If l'it'e:\ 
....... '\..- r 

. " 



( 

, . 

( 

an4 

" . '2 2 2 2 
G {2\ ( au) + (av) ~ (_V

r
) "\ + (~Ur' +' _9aV

z
) } = llT ai ar T·. 0 

Dissipation rate of turb~lence energy: 

a 1 a ai (pue) + r rr (-p~s) 

where 

, , 

_ a 'teff 
- li a;-

~ S' 
E 

Effective Visëos,itY"~ef~, =- P'L + llT 

, " 

, , 

'~ , 

l''r 
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, 
L 

(1.41) , 

. ' 
J 

(1.42) 

.' . (1.43) 

f ,,r-,r, ' 

:~ C.l:~4S) , , 

-. 
, \ ..... 

, . 
Followinq the reéommen~t'ion of Laun~er 'and Sp~ldin9 (28) ~ çhè' 1 

~ ,. ~,. , 

five constants appear~ng in- equat:!-ons :(1'.4,0)' tbtPuqh (~.4~! : '.<_, , ' .. ~ f 

; ,. 

"take ~he values', given in Table 1.2.~ 
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Table 1.2 

'. 

1.43 1.92 

'. 

, . 
" 

, . ,. 

." 

'. 

, . 
J, -. 

, " 

, . 

" 

1.00 

" 

" 

o· , €> 

1.30' 
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The maôroscopic plume model 
. - . 

Consider the case, ofaxisymmetric qas :injection '. i.nto a 

cylindriéal ves-sel, in which the lance is submer~ed to a d.epth 
\ ~ - j ~ '.. # ~ - .....::. 

, , < 

of BL, whera J:, is the' depth of liquicl wi~il) the ladl.e and f3 l.s 
-

a fraétion such that o' < a < 1. 

In' est1.matirig· the âverage velocity,.of ~uch ~ plume.' Up~ 
, '. 

the macroscopic plume', model developed, by ~ahai and Gu'thrie (13) . 
. 

- was uSéd as a startinq point. Thus, for the case of central. 

9'a~ injeétion at the ba'se of a ladle, the average .pluine v~1o~ 

'city up wêls shawn to be' relaté~ to' -gas flow, 'Q, 1ié.Juid .dep~, . . ~ . ' 
~, and l:ad1e radius, R, in. thè. fol1owinq manner: 

" 'ô1l lx, 1/4 '. 
Op - kIf '7 Rl 3 

, . 

.' 

(1.46,) 

:In d!!V~l.~ping·'.~he· mod~1_, ·i.n wh1.~h .qas· was 1rijèct~d at: ~e, . , ( 

.. i......... 

J l.adle' s base, the res'idence" t±me of each bubble in' the ri~iJl9' 

plume was comput~d acc.oràïng té, 

: 

't _ L" 
R -- -cr: .. p 

.. 
, 

'(1.47) 
• f •• 

. f-rom wh~cn the ilumber of diser_te bubblé8-' i.n an 1deal.1zeà as-' . , -

cending plume 'was calèulated,t~ ~: . , 

.' 
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. ~ 

In the- present s~udy with ·gas '~njectio~ at fractional depths, 

eL, this equation (i. e., equation (1 .. 48), needs to be rewritten 

as 

(1.49) 

....... ~ ... 
wbere the'residence time of each bubble now corresponds to 

• 
BaGed on Equivalent arguments, it can be shown that the effec-

t1Vè viseosity formula developed_py the same·authors (12) for 

. glis !'tirred V. can :be ~iued te 

(1. 50) 

-. 

l' .j.n comparison ~~ 

1/3 
1(1 -Da.)gQ l ' 

li eff - CIr~L -

. -
W1 th th~se adjustments-, a more generalized versiC?n of the macro-

\ ' 
scopie p1~e model equa~ion'can,be introduced: 

" 

11..52) " , 

.' 
" ' 

. , . , " 
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Through substitution of appropriate physical values for ladle 

radius (R), bath dep~h (L) ,·'gas flow rate (Q), and fractional, 

submerqence of lance (8), an a,verage plume velocity can he cal.-, 

culated. ' 

Applyinq the principle of volume continuity, the volume 

. fraction of gas (a) in the 'las-- liquid region can also be 

readily c~lculated ~rom the folloWinq ~ression: 

a - (1. • .5'3.) 

.. 

Boundary conditions 

The boundary c~ndi t.ions used for the DUme.rical 'ao1utlèn of . 
... '". - . 

1 • • ij .' 1 • • 

the ab~e set of partial differential. equations, a:e: 
. . 

At the aXis o:f ~ymmetry-, .. (r • 0" () < "Z"'-' L>' 
,.~, 

" v ·~O . / 

'A~ tJle free surf~ce, (z - L, 0 '" r < lU 

.J. 

~ 

-li - Ol '~. (,,' - and.' * -b ~. 

~ 

-
" 

) 

-, 

. ' , 

. -, 

, . 

. , 

r 

1 
1 

1 
1 • 
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At the'side walls and bottom surface, 

U = 0; v = 0; k = 0 ànd e: = 0 

Close to -the v1cinity of the walls and the bottom surface, !-

" 

where variations in flow prope~ties are steep, the momentum - " 

(u' and v) and scalar (k and E) fields were ncdelled using wall 

functions (i.e., logar1thmic veloc~ty profile for parallel 

velocity component etc.). The latter procedures are standard 

(28) and are not reproduced here. 

C.~ Calculat10n Procedure 

Numer1cal procedure 

Discret1zat1on equations der1ved ,from equation (1.34) 

through equat10n (1.38) ~nd from equation (1.40) ëhrough equa

tion (1,.44) 'were solved uS,ing an implic1t f1nite differe'nce 

procedure 1ncorporateà in the TEACH-T program code and referred 

. to as SI~LE (25) (Semi-Impliéit Method for Pressure Linked 
. 
Equations) • 

FO~ ~alYS1S of the qas-liquid region, the GALA (29) (Gas 

and Liquid Analyser) procedure was incorporated into the SIMPLE 

algorithm. In this, the physical properties of the fluid mix-

,ture 1n a cell in the two phase r~g.i?n was averaged on a volu

metrie basis. This requireo the convent1onal mass continuity 

equation being replaced by a volume continuity equation, such 

that the volume of fluids entering a volume element equalled the 

, total volume of fluids flowing out. Evidently there çan be 

1 , 
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slqnificant discre~cies between the' total mass inflow and 

outflow to cells' "on the edge of the plume when mode1l1ng a two 
• 

phase flow system using a single phase approximation (29). The 

us~ of GA4A allowed computa~ion of hydrodynamic vari4bles over 

the entire f low d~main. 

A var1abl~ gr1d network (typically 24 x 16) was chosen for 

obta1ning numertcal solutions. èomputa.tions were performed on 

McÇH.ll' s Amdahl V7 machine. A typical execution requi,red near-' 

ly 100 iterations. This corresponded te an execut10n ttme of 

about 162 seconds. A convergence èriterion was set «.005) on 

aIl 'variables, and computations were carried out until the ab-" 

sCTlute sum of x:es'iduals on u., v and volume continuity fell be-- - . 
~ 

low the stipulated value. A typical qri.<!l ~ystem 18' presented 

in Fig. 1.1. 

Modlxied numerical procedure for central refracto~ cylinder tn 
i 

the C.A.S.· method 

The refractory cylinder placed ov~r the .eye of tne bubble 
, 

plÙIne ( represents a static solid obstacle ·wH:.hin the .flow, sys- -

tem. At the surface of this obstacle, and within the obs~acle 

1tself, the numerical procedures must predic,t zero velocities. 

Evidently, flow fields must he ~elled prec~sely both in the 

convective and diffusive sense if temperature and solute distri-

butions are to be predicted with any accuraoy. To ensure solu

tions were independe~t of numerical procedures, two different 

techniques (34,3f) were used to predict flow fields. 

, 1 
i 
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Figure 1.1 Schemat,ic of the C.A. S. alloy addi tien system; 
illustrating central gas injection ,and the grl.d 
network~ used for the mathematical representation. 
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The f irst technique ~(34) assigned art1;eicially high 

valuéS of viscosity and low transport coefficdents wit,hin the 

obstacle, together with zero velocities at the' surfac~ of the 

obstacle. The second pr~cedure (35)' introduced 'the concept' of 
I\.~ -

volume' elements (célls) of zero, or fraètional, porosity. The 

two methods are compa~ed by plotting the vertical components 

of the 'flow at two different' axial hei'ghts in Fig. 1.2. As 
-, ' 

seen, the agreement achieved was excellent. 

In the cell block,g~ procedure (35) the problern was solved 

in a calculation domain which included both solid Çlnd -liquld 

regions.\ The finite difference grid chosen for encompassing 

the cylindrical obstacle is illust~ateQ.' in Fig. 1.3. It can 

be shown (36) that the dïscretiz.ation equation for a .çeneral 

variable ~(u,v,k,s or m.) at any nodal point P can,be re
l. 

presented in 1terms of its neighboars, (E,W~N- and S) >~s: 
~' , )) 

ApCPp = ~~E .... ~~W\+ ~cp.N + )l·S<PS + S (1.54) 

\ 
) :.~ 

Here, 'A'S are the.coefficients represen:tlng'both 'cony-ection and· ' 
,-

diffusion of cp, while S stands for ~ae ·source term' defined as: 

s = 
"f' (1.55) 

Sc and .Sp are the two functions whièh d~pend on the particular 

<p.. variable' conoerned": anc;l resul t by casting th,e particular 

'/ 
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Figure 1.3 Confiquration of the central Plexigla~L 
cylinder w~th ,respèc~ to the finite 7-
differenc~ gr~d illustrati.ng. the partially 
and fully blocked contro~olumes. 
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( ~-

partial different~l equa'tian for <p, in the form gi.ven by 

equation (1. 54) . 

Depending on the storage locëitions of the c:lependant 

• variable r for _each of t11e con~rol volume fac:es that was cut by 

the solid refractory cylinder 1 a 910ckage ratio or cell potosi

ty was defined. The coeff:icien~s of the discretization ~qua

tian for the node P w.ere c~lculated in the' normal way (d'esig

na ted as ~ * 1 Aw * and so on), and then ·modir iéd as follows: 

~ ::::: (l- bEl ~* 

~ ::::: (1 - hw) Aw* 

• (1.56) 

~ = (l - b N) ~* /~ 
AS = (l - b ) A * S S 

where b l s are the blockage ratio (or tl-b) , s are the cell 

porosity) for the four control volume faces _ .Evidently these 

~odif'ied ·coeff icients . represent the proportipn of the area of 

the control volume face blocked by the solid obstacle . 

. When aIl the blockage ratios for a control volume equalled 

unit Y , a-ll the neighbour coeff.j.cients of the discretization 

equation became zero and hence the grid node becalne completel,y 
~ 

'isolated from i ts nei9h~urs. The value of a variable at such , 

a ndde éould be fixed at any dèsired value, <P by P, desired' 

redef ining the components of the source term as: 

... 
i 

j 
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• 

s c 

With such a prescripti.on, equation (1. 53) reduces to 

or 
s c 

4>p = --s- ,= 4>P"dê!?ired_ p 

• 

54 • 

(1.57) 

(1.58) 

Such a techniq~e allowed the value i>f the dependant variable to 
-

he fixed wh~re needed. 

In the other procedure (34), the problem was again solved 

by using a câlculation domain that included bath the fluid and 

sol id. regions. This calculation procedure essentially rests 

on the ability ~o handle a large s~ep charige in the valuè of 

diffusion coefficients (Ueff' reff , Ueff/O'k' etc.) (in general 

r) through the harmoni.c mean interpolation technique. When the 

velocity equations were solved, lJ for the grid points that fall 

in the fluid region was maqe equal to the viscosity of the flu1d, 

while for .. t.he, grid poïnts ly ing in the solid region l.l wa,s set 
* .. ~~ , 

equal to a very iarge number (e.g., 1030). This ensured that 

the zero velocity specified at the outer surface of the wall' 

.prevailed throughout the solid regi.on. By this means the fluid 

region again experienced the correct boundary conditions in the 

alternative 'numerical procedure. The zero velocity condition 

was specif-ied at the surface of the obstacle through the stan-

1 

t 
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dard techniques- al~eady mèntioned. For solvLpç the scalar 

tr~sport equations, 'the r field .was specified by employ~ç 

true values in.the solid-and the liguid regions resPectively. 

- . 
The TEACH-T code and the p~e&ent-computer prog~am 

The p~esent comput~r program represent~ an ·extended ver-

sion of the origi~al TEACH-T computer code for pipe flow 

prQblems wi th, 

(~ adaptation to an aXisymmetric submerged gas in~ 

jection system, with baffles,' slol?ing sidewalls, etc. 

(ii) incorporation of an unsteady scalar transPort 

equation, 

(iii) provision for TOMA traverses in four c:li.reGtia1s per 

sweep for improving convergencè rates and, 

, (iv) harmonie mean interpolation for diffusion co-

efficients in u and v momeptum equatio~s. 
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;:xperimental w6rk vas carried out in a 0 .. 30 scale .water 
\ . 

model of a 150 ton' te'eming ladle.· Gas was injected through a 

central'vertical lance intoa large cyltndrical tank of plexi-
, . 

glass, filled with water, ~d ,~hown, in Fig_, l.4~TO silJ;lulate the 

central refract.ory cylinder, 'another hollow pl:~xiglass cylinder 

was placed symmetrically around the bubble -plume. :Principal 
. , 

dimensions of the model, together vith o~rating parameters 

are swmnarised in Table 1.3. 
... 

A. Flow Visualisation Studies 

Flow visualisation. studies were carr1ed out US~9 a 
- ,b 

suspended qr1dwork of si.lken threads. Some of the observed , 

flow pàtterns alte illustrated in Figs. 1.9-(c),1 1.l5~b) and 
'""10 

l.2l (c). As seen, thes~ clearly showed the- nature o~ recircu- , . 
, 

lating 'flows within the ladie. Flow visualisation etudies ' 
, 

were,also carrie~ out ~ addinq,potarsium p~ganat~. ~olution " 

ta the rec;rculating bath. These a~e'shoWn in Fig. 1.5, and 

also' dèmonstrat;e. the çlirection- of, Je circulat:-ory-loop ·wf.tb'Îll' 

the' main bulk o'f the liquid. -

B. Flow Measlttements with Video-;Recorder 

-Experime~tal data on velocity fields were obt~ined' o~ the 

. ' 

l:Jasis of video recordings Ç>f the motion of small rec,anquiali' . . 
cards (I~ computer- punchinÇJs, 1-~ le 3 JlDIl x 0.-3: mm). , These 

p~ch1nqs when w~t, provi~ed excellen~ propert1e~ and were 

neutrally buoyant. 
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Figure l.4· 
{ \ I~ 
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.' ~ . ~ 

, ' 

Water model showing gas 
injection throuqh a 
vertical 1ance into , 
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cylin~icaJ. tank of plexi.-, 
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. T.ab le;; 1.- 3 . Phys,icai p.arameters uaed in full-scale _. ~d 
experimenta.l model in. the present investigation 

' .... - ... 

. 
1leight, . Un, as fi1led) 

- , 

Diameter, , m 

Nà~zle diameter (mm) 

Ref~actory cy linder 
depth,"m 

Refractpry cylinder 
diameter, m 

'Gas flow rate*, m~/s_ 

Liquid 

- .. \' 

; 

; 

·FUIl. Scale 
150 ton' ladle 

3~04 ... . 
3.65 

20.28 

,O •• :l 

1.26 

-2 1. 88x10, 

stHI 

Model 
Q. 30' c:Yli-ndrical. 

tank 'of p~glae • 

0.93 
\ -

. O.l~ " . 

0.38 

6. blO-4 -

water 

.... 
*Corrected to me~ height and temperature of 'the liquid 
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Figure 1.5 Visua11y obse'ned flow pattern in 
the C.A.S. watér model using Potassium 
permangate as dye tracer. 
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In determining f10w fields, a 50 mm x 50 mm grid network 

was constructed on the front panel of the water model tank. In 

con~tructing such a grid network, due care was taken of the 

parallex effect. A plane light source consisting of a 1500 W 

qu~rtz lamp between twt>paralle1 aluminium plates was used to 

illuminate the IBM punchings on the central vertical plane o~ 
4 

the water model. The trajectories of these cards were then re-

corded on the video recorder. From frame by frame analysis of 

the video tape, time r distance and an~le of these were 

measured and from which the veloc~ty components could be est~-

mated and the mean ~low pattern within thê ladle established. 

Sorne typical measurements are reported in Figs. 1.9(a), l.IS(a) 

and 1.21(Çi). 

c. Flow and TUrbulenCe Kinetic Energy Measurement via Laser 

Doppler Velocimetry 

The experimental set ~p for velocity measures is shown in 

Fig. 1.6. As seen, the eguipment was a back scatEer"type 

L.D.V., employing a 15 mW helium-neon laser. Bursts of laser 

light, ~cattered from impurity particles added to the flowing 

water ~lO ~m silicon c~rbide), were collected by the photo.. 
aetectàr. This eonverted the"optieal signaIs for proeessihg by 

a 1900A type eounter supplied by Thermo System Ine .. The pro

éessed signaIs were subsequently analysed by means of a miero-

computer. 
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Fig~re 1.6 Th~ experimental set-up for velpçity 
measurements . 
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, 

Approximately 1000 data points were collected for each 
1 

point at \ a mean rate of approxirnately 50 per second. The lower 

l irni t of, detect~on wi th the L. D . V. eguipment assernbled was 

10 mm -1 
s Mean velocity vectors, and associated turb~ence 

levels were measured at eight different radial positions and at 

four different axial stations. The maximum variation observed 

in mean ve10city cornponents for successive rneasuremEints at a 

given location was 0-20 mm s-l. To ensure steady state condi

tïons ,: rneasùre:ments were 1 O~ly taken sorne 9 ~-ô, sec.onds fol~owing 

gas introduction into a ~uiescent ladle. 

Experiments wre a1so carried ,out in the 0.30 s'\..a1e .w~ter 

model to s~udy plume geometry as a function of gas flow rate 

and fractional submergence of lance. Sorne typical resu.lts are 

shown in Fig. 1. 7. 
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Fracti onal depth of lance 
submergence =_0.5 

Q,n1}s A.mm B.mm G.mm 

2x1d4 100 70 30 

4x16
4 

140 94 38 

8xlO-4 ,180 110 43 
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FrQctional d epth of Ja.nce 
subme rgence=0,7 ? 

a 1 

Q.m~ A.mm S.mm C.rnm 
2 x 10'"4 110 72 37 

4x1~ 
-

160 95 40 

8x10-4 205 130 50 : 

Figure 1. 7 Plume geornetry as a funct:ion of gas flow rate 
and fractional depth of lance subtnergence' 
(nozzle diameter = 6.35 mm). 
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RESULTS AND DISCUSSIpN 

A. Conventional tÇldle Stirring 

Influence of grid size on model predictions 

The lnfluence of grid size distribution upon model per-

formance has been l1.Mlstrated in F~g. 1.8. This shows how the 

lJ40del predictions for vertical veloci ty component vary A;;r- a . 

variety of grid configurations. It was fOlmd that increasing 

the number of grids beyond 18 tt 15 produces no significant, 

difference in- the nature of model ·predi-ct}pDS. In 'testing a 

25 x 23 gr~d, results'were ~ssentlal~y ic4ntical' to that fÔ-T 

the 18 x 15 grid, indicat'ing that .the latter produces results 

whic-h are effectively independen~ of nodal configuration. 

Comparison between measured and predicted f lows 

It ,was found that flows g~nerated in the 0.3 'scale water 

~' model a,t ;50 pct lance subme:rsion were practically identical ·to 

those generated by gas entering at the base of' the model ladle" 
1 

The' flow fields as depiéted by Fig. 1.9 (a) clearly show a re-

c,irculating v.ortex -located high in the laqle and displaced to-
,--' 

ward the outside wall. Predicted results based on the nUmerical 

solution of governing differential equations are presented. in 

Fig.1.9(b). These exhibit close geometric s'imilarlty with 
o " 

measured flow fields. The quantitative nature' in the ~re~ment 

between the measured and predicted flow fields îs illustrated 

'in Fig. f. .10, where the vertical components of the flow at ' 

various depths in the water model are compared. "As seen, the 

r 
1 
J 
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reasonable agreement betwe.en 'the measured and pr~dicted flow 
... ' \ J 

field ls at ,once evident, ·with relative deviatlons of less than 

20 pct everywhere~ It is to be m~ntioned here' that ,the dis,

crete data points in Fig.l.lO lto1eI'e obtained.on the baSis of 
t 

~ideo recording of the flow • 
. 

I.nfluence of effective viscosity modéls o,n model 'prechcti.ons 

Figure'l.ll shows the predicted d~stribution of vertical 
l' . " 

',' 

velocity components in the water model, uaing two alte+native' . , . 
modela ,for 'eff~ctive viseosity (i.e_, the k-E,mode"l and an 

• .. io L ", 

, algehraic, bulk - etf.eétivè visc~~.ity mocÎeU. ! 'lt, ls séé~ 1!,hat,' 
the' agreement between the flow(f'i.elds,' ~si~<jJ 'èither'of these 

t,~a 1Iloaels, ls excellent and-, indi,catlve of the fact. -that in

~rtial forc~s prèdQthinate in such systems. It ü;" aiso i.~-
~ , 

struct~ve tQ note tha~ tife ratio ~tween the voltkétric averaci~' 

~ , 

bulk eff.~ctive' viscosity predicted by the k-e: turbulence model 
- , ['.J' ' t 

and equatiàn (L.39-) is' ')pprox:t.matel~ ,1'.20 (,1;e,., a :'9:5:, ~ ~ 7,8)". 

plume dimenSions in thé' water ,model and the sensitivity of flow 

prediction to plume dimensions 
'~ 

. Plume dimensions, and ge'oitietry are not, -in reality,' as p;re-

cise- as those suggested in Fig.< 1 ~ 7. 'l'here t.he resul1:s have 

been' pr'esented 'in~terms of a~ 1deal1zed plume, (ltat is,', conical 

in shape, and, has' a ~i~orm diS,t';'ibution of gas voi-dage .-- ·In 

reali ty, the two phase reg10ns are" discontinuous and turbulent, 
~ r ' 

and any 'interface' between the plume and the b\llk of the· 
oS : ..... r .. • 

, ", 
liquid can only be drawn imprecisely.' Th.e uncertainty assopi-

' .. ' 

. ' , 

i , 
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" 

ated with the di:scontinuous nature of ~l:le pl~ wl:)uld ',p,?s~ 
, , , 

almost irisuperable difficultiés \n any' preéi,se modelling of ' 

such gas stirred systems. ;Fortunatèly,' by ,idealiz,ing ,the' 
1 1 1\0. 

actu~l situa~ion in th~ w~y presently ~~gg~sted; ït iS possible 

,to model such b~oyancy dr'iven flows. with sorne c'o~fidènce.', . , 
, ~ '. '" 

~iit~ regard to the volume fx:ac~on, or void!1ge, a, o.f gas 
• .. 9 ~ ~ , 

within the ·t:wo phase region, t~e value incorporated" in the'.' 

,matrhemat1cal model is calculated 'according to equation, (1. 53), aJ'd 

correspo~ds to the value of, Cl'. reÎe~red te:>, t~e ~e~n, pl~e,: 'd, 

height. 'Significant va.r-latiohs, in the dt:mSit'y'-of tlie; ga.~ '" " 

liquid mixture can' ,be:expect~d aion~ th'~,·-ax;i.al' dlréc'Ç,'ion o'f' the' , 

.plume, however. Assuming a Gaussian :veIQci~y distr;i.b.utian. in 

the two phase regioh (37,38), and ~quating tne mass flwé of ,gas 

at two different but arbit,rary axial coox;'dinates, ~1_ and 'z~', ii 

can be shown that the axial di..stribution of a can' ~ e:xpres~:fed ' 

through 

= 

where "b,2 = '2C2 ( h \ 2 z.+ 0' . 

) 

In the' p:r;es'ent theoretical 'tr~at~ent, 
, ,,~ , \' ... , . 

spread" of the' two phas~ region, c, ~and ,~o# 

(1.59) 

. . 

the linear rate of 

the height above' the 
, .. 

\' , . , 

,', 
1 

1.' 
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analytiç origin needs tb '~e'det~~ined experimentally. The 
, . 

constant, c, i5 affeetéd by gas flow rat~, ve$se~ radius, 'and 

liquid dep~h, wh.ile' ho" ,as one can antieip,~te, 'v~ries. pre

dominantly wi th fraetional depth Q! la~ce submergençe; TaJd .. ng 

the present experimentfll r~~sults ,for B = '0'.5,0 in Fig. 1.9 Ca) as 
, 

a' typieal ex.;unple, the an<11e of jet spread, ';2~ , "wa~ 0.384 rad, 
" ,0, , 

while the vi:rtual origln was J.40 mn' below the, noz'zle exit for 
" -4 3' '. 'J 

~o = 0.46 m and ~ = ,6.8 x 10 m Iso ~he'yalue ot ~.at 1/10 
, \ 

and 7/10 of BL wE:j;r;e therefore Il pet;. and, 8 pet, respect! vely • . 
b •• • 

As a -final 'not~;" buik ,flo'W fields a~e. ~elati~ely" inse~si:" 
tiv~ to thé 'p;r~c~se.geomé~ri o~: t~~ bU~~le- p,l~e •. ', "poi' éqUi~ " 

. , . " ~ 

, 'valént ga~ f low~, a 50, pet. w:ide~ plume, wit~ an appropriately 
• ~ i 1 

. . 
reduced voidage will 'generate an essentially simil,r flow with-

•• • r ".;' _ ..... i, 

the width of "tlie $ur-facing: plume- can 'be-,of' si'9~ifiCaht 'pra,c1:.i-,', . ./ -, 
cal interest and signific~nce'. " 

'\ ~ "The C. A. S. ~ethod 

Numer~cal computatio~ of fk~'! l 

~'~reclict~d flow· fié-l~.s f~r' ~ ty~i~ai 'gas ficiw rate of 
, -4 3 ' ' 

6.80 x 10. m, /5' (e.g., 40.8 
" . 

sh~wn in Figs. i,. I~ . an.d .1,.14 ,~esp.ecti~elY. 
, ". '.. .. 1 • ... 

Comparison oetween .. 

~-e: predicj:ions 'in Fig~ i.13 and' obs~~~tions jointly- sho~ ,in. 
, f,_ 

~ . ~ 

Fig. 1.15 (a) and 1.15'(b), respectivelY. c1.êarly demqnstrate. j::hat 

eomputa~i~ns ba~d o.n tl)e st~nd~;rd two . equ~tion mOd,el produpeq 

a very d~fferen~. flow fiel? to' that act'llally observed. Re-

.. ~ 
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Figure 1.12 Predicted velocity 
field (mis) in water 
model for an assumed 
50 pet w~der pl~e 
than in fig. 1.9(a)~ 
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Figure 1.13 

t 

predicted ve10city 
field (m/s) in the 
water model (L = 0.93 m, 
R = 0.56 m) at a ~as fiow 
rate of 6.8 x 10- m3 /s, 
us'îlnsJ the k- e: mode1 wi th 
standard values of the 
empirica1 constants 
(v1z.,Table 1.2). 
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Figure 1.14 Predicted velocity field 

(mis) in the water model
for the same operating 
condition as-those in 
Fig. 1.13, using the bulk
effective viscosity form~la 
(viz., Equati.an (1.39)). 
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Figute l.15(b) Visually observed 
flow field in the 

water model for the same condition~ 
as those in Fig. 1.15 (a), 'using a : 
suspended nr~w~rk of silken thread~ 
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ferring to Fig. 1.14, which shows equivalent computations using 

the bulk effective viscosity formula for gas stirred liquids, 

loi t is seeIi that very realistüc predictions were achieved. As 

seen, the strong recirculatory flow beneath the cylindrical 

baffle, together wi th a much slower anti-clockwise vortex,,-in -~ 

the main bulk of the ladle were properly pred1ct-ed. 

Analysis for failure of k-E'" turbulence model 

The inadequacy of the k- E tlurbulence model, when using the 

standard set of constants, pose~ a serious problem to further 

numerical studies on mixing, he~t transfer and particle motion. 

! Examples cited in the liteJature (1-3) have already shown 

that 

dict 

the k-E turbulence model wilth standard constants, can pre

recirculating flows in ladIes with an accuracy that 1s 

sufficient for most purposes. However, the turbulence model is 

based on a number of simplifying assumptions and these are 

known to fail for various systems. These include axisymmetric 

jets issuing into stagnant surroundings, far field jets and 

wakes ,where the generation and dissipation of turbulence are 

hot, in -balance, e'tc-; 

The k-E model is based on a number of 

i) the eddy viscosity hypothesis,i.e.,l 

ii) isotropie turbulence, 

assumptions: 

dU 
= pv -

T 8y 

iii) a gradient formulation for turbulent fluxes, and 

iv) a local balance between production and dissipation of 

turlJulence energy, 

() 
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together with five empirical constants noted" in Table' 1.2. 
, , 

These were obtained on the basis of simple sfl-ear flows; decay 

of turbulence behind grids 1 etc. 

In seeking reasons for the failure of the k-e: model, the 

possibility of enhance? turbulence in the vertic4 direction of 

the rising plume was considered. However, for the present case, 

the,magnitude of the inlet densimetric Froude Number 

(Fr = Uol!gro(PL-PG)/PL ) was estimated to be 50, indicating 

buoyancy effects on the k and E equation should be negligible. 
1 

Part of the explanation may rest with-assumption (i) of 

the k-e; model. This breaks down across the shear layer between 

liquid in the rising plume and the bulk liquid flowing down-

wards; there the ve10city gradient within an annular region 

around the plume reduces to zero in a region of high turbulence. 

EVident1y, the transport of turl:>ulent motions across this layer 

must generate non-zero shear stresses. It is important to note 

that the simple algebraic model did not run into such difficul-

ties. 
, 

Figure 1.16 shows predicted distributions of turbulence 

energy dissipa_~.ion (at z=O. aH) for the two numerical approaches 

just described. One sees that the algebraic model (curve 1) 

adopts an energy dissipation rate equal to the rate of poten

tial energy input (viz., 7 x (10- 3 m2 s-3) whereas the k-e; model 
, <, 

" • !..> , 

wi th standard cons ban t.~, predictsv-·much higher diss ipation ra tes. 
, 

" Fig. 1.17 gives associated turbulenceviscosities. There, the 

• ) 

,.. 
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, ) 
" -1 -1 . 

two equ~tion values of 1-11 kg m, 's r~n up t~ ten times 
, . -1'" -1 

higher than·those of the.algebraic model (viz., 1 kg ms). 

Howeve?=,' on' increasing "the bulk turbuTence viscosity to 
-1 -1 16 kg m ~ s , the highest loçal valu~ for the standard k-E 

", 

procedure, and re-running the p~ogram with a constant effective 

viscosity, an equivalently incorrect flowfield to that pre

sented in Fi~. 1.13 was produced (i.e.,a single reclrculating 

vortex) • 

" 
~ Comparison between measurements and prediction of flow and 

turbulente kinetic {:!nergy 
. 

The predicted flow field using the modified values of the 
• 

empiricaI,constants '(viz., Table 1.4) is presented in Fig. 1.18 

together with corresponding E and'~eff curves in Figs. 1.16 and 
, , 

1; 17.' One can observe that these exhibit close geometric . 
similar~ty with measured flow fields, while providing a much 

more complete description,of the flow. 

For the purposes of quantitative comparison, the mean 

vertical velocity component~ of the flow at four different 

axial heights were compared with me an Laser Doppler measure~, 

ments. Exce'llent, agreement between measurements and predictions 

'were,achieved as i1lustrated i~, Fig. 1.19. Bas~d oh 'discrete 

L.D.A. data, radial distributions of turbulence kinetic energy 

per unit mass,(i.e. k) at four' axial st~tions were measùred • 
. , 

- ... . 
'These are, compared d'irect1y ag~inst preâic~ions in Fig., ~1. 2~., 

. . 
Again very reasonable'agreement between the two is indicated. 

, 
"-

" 

. -. 
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Flow at half lance submersion: Nurnerleally prediGted flow and 

turbulencekinetic energy distribution and their comparison with 

rneasurernents 
i 

_ Predicted veloei ty fields for 50 pet. lance submersion 

shown in Fig .. 1.21 Cb) again reveal the two vortices that are 

c,haracteristic of the C.A. S. system. The model predictions for 

vertical components of the, flow have been compa,red wi th laser 

dopplex: measurernents in Fig. 1.22, ,while predicted and measured 

turbulencekinetie energy distribution~ in the water model are 
1 

compared 'in Fig. 1.23. Good agreement between rneasuremerits and 
ô 

preâictions is again 'apparent. It ls ta be noted here that the 

depth of, the circulatory loop 'associàted 'with the bubble plume 

shrinks' in qccordance with the extent' of lance immersion,! 
, ,.' Ç'. 

, Sensitivity of flow prediction to plume~gimensions' 

'Co~putations ~resented sa far are Q~sed on ,the conc~pt of 

an idealised plume, taken to be conical in' shape with a uniforrn 

distribution of gas vaidage. In ~eality/.the structure of the 
~ 

pium~ is cornplex and the comp~exity' is further aggràvated ln the 

present, case oy "a' é!-oWl'lcoming stream of liquid adjacent to the 
, . 

plume. This downflow actually entrains a significant 'amourt of 

gas from the upwelling gas-diquid mixture near ta the f17ee 

surface of the liquide Consequent~y, it becomes. extr~mely dif-' 

, ficult ta,drûw,any precis~ line of demarcatian bet~een the 
- ,\ 

" 

the free surface . 
.;, 

Nevertheless, it is useful ta notè that bulk', 

; 

, 
" , 

, , 
1 

" 
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flow flelds are relatively insensitive to the precise geometry 

of the plume. For exarnple, at an equivalent gas flow, a 25 pet. 

wider plume with an appropriately reduced voidage, will gener-

ate an essentially similar flow within the ladle. This is seen 

fr6m Fig. 1.24. FurtQermore, predicted rnean speeds of liquid 

recirculation are also very similar (i.e~, 0.0397 m s-l 

-1 
0.037 rn s ). If however, the plume diameter is arb~trarily 

increased, so that a part of the plume is exposed outside the 

plexiglass cylinder, the resultant flow field can be drastical

ly changed from that piesented in Fig. 1.18. 

Predicted distribution of effective viscosity in the water model 

"-
The use of a differential model of turbulence also clearly 

shows the variation in different turbulence quantities 

(i.e., k,we,u'/u, etc.) within the system, which evidently i5 
, 

not~~vailable via an average effective viscosity prescription. 

The k-c analysis shows that the vortex associated with the 

-3 2 -2 
bubble plume i5 relatively more turbulent (k ~ la m ~ ; 

-1 -1 . 
W ~ 2 kg rn 5) compared to the outer contrarotating vortex 

T -
--4 2 -2 -1 

with the bulk fluid, where k ~ 10 m sand WT ~ 0.05 kg m 

-1 
5 Predicted spatial distributions of effective viscosity 

shawn in Fig. 1.25 provides a very reasonable representation of 

the observed distribution of turbulent characteristics (i.e., k) 

within.the system (see Fig. 1.20). 
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_ 1 < Eff. viscosity <2 

~ 0.1 < Eff. viscosity< t 

~ 0.01< Eff. viscositY<O.l 

Figure 1.25 ,Predicted distri
bution of effectiv~l 
viscosit,y (Kg m- l s' ) 
in water mode1 of 
dimensions and gas 
f10w rate.given in 
Table 1.3. 
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r. - ~ Industrial Applicat~ons 
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1 

Eyidently a comprehensive investigation of full scale 

liquid metal processing ladIes would pose serious experirnental 

difficulties. Indeed, many months and several thousand heats 

were needed to arrive at an empirical optimisation of the Gary 

Works C.A.S. operation (39). Consequently it is useful to 

extrapolate the present mathematical motlel beyond its currently 

validated limits of vessel size, gas flow Fate and liquid, to 

predict liquid steel flows, plume velocities etc. in indus trial 

size vessels. 

As a typical example of the model's capabilities in this 

respect, predicted recirculatory flow fields gener~ed in a 

typical 150 tO?, unbaffled ladl~ at agas flow rate of 

0.0188 m3 s-l and 50 pet. lance submersion are presented in 

Fig. 1.26. The velocity field predicted .in Fig.l.26 shows the 
, ' 

str~ng recircu~atory vortex Characteristfc of the 0.30 scale 

water model. As seen, plume velocities ff about 1.1 m s-l 

,would be o'bserved, and steel' flow down the side-walls would ex

hibit' velocities O,f, ~pproximately 0.35 m s-~·. 

Table, 1.5 presents the average recirculation'speeds and 

the· average- plume velocities as a function of fractio~al depth 

of lance submergence. Although the flow patterns generated in 

these cases are v~ry similar, one can note that ,increasing the 

lance depth by 20 to 25 pet. causes liquid steel recirculation 

speeds to increase by about 8 t6 15 pet. 

\ 
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Table 1.5 Average bath 'recirculation' speed and average" 
plume ~elocity at different depths of lance 
submergence . , 

" Average Bath 
Fractional Depth of . Average Plume_ l Recirculatiîn 
Lance Submergence Veloci ty, m s Speed, m 5-

0.50 0.92 0.136 
'-.... 

0.75 1.06 0.15'6, 

0.95 1.14 0. 1167 

Vessel diameter z: 3.65 m, liguid depth" 3.04 m, and gas flow 

rate = 1. BB' x iO-2m3s -l, 

, . 

" 

, . 

/ 

.' 
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Figure 1. 27 presents the recireu1atory f10w ;ie~,d gener- . 

ated 'during ga~~njeetion at 50 pet. depth of lan,ee submergence" 

for a: 150 ton teeming ladle with a taper'; of 5' deg 1 tapered' 
. , 

rather than vertical ladle ~aIis be~ng mbre typical of in-' 
, 

dustrial praeti~e. It. i5 signifie,ant e to note that the 'taper 

causes à s~condary recirculatary mq~ion, adjacent to the base of , , . 

a typicai ladie. Alsa, ave~age speeds of 'reci~culation are 
, . 

: very similar to th~ .equivalent untapered cà se (Le., 0.129ms-1 

,- ' '. -1 
.' "'Vs. 0 • 136 ms). 

.. 

~ . .. ~ 

Fi~~~~ "'1''-2'8 presents the predicted distribution of turbu-

lenee kinetic energy for the 150 ton ~~dle. As seen, maximum 

,turbuleneekinetic ene~gies ranging between 0.06 to o. <ils m2 s-2 
. , , 

, , 

are to".be' ~6und in "the plume region é\nd close ta, tJ?e free sur-
- ~ 1';. 

l ~ace', showing that turbulen-ce mix:,ing", is most intensive in this 
\ 

" 

. ! 

" ~ p,r,edicted recircplato·ry. flqws gener,at,ed in a, 150 t ladie 
:1 \ ~ .. l( ~ 

dur inç é: A. S. proèed ure are presented. in Fig. 1'. 29. The f :Low 
~ _ .. ~ H, ~ ... \, • . " -

. fierd in Fig .• 1.29 shows the two reciràuiatory 'vortiees in 
... 1 ) '. ~ ( ~ 

.~~~'On w?-th,~-he ,0.,30. sca'le,.;rater"~~del".', As se~~', piume.ve1oci-
\ ... \ , 

; t~es' about, i: 2 ftI:/~ would 'be' observ:e,d; whil,e 'up~ar,d f,lows of 
r) '... , - , (,. ... J'" ,. 1" '," ~ • \ • 1 _ ~ J .. ,. ~ 

stee'l QIQng the v~rtical side walls would bè. al?Qut . 0.05 \ m/ s~' -
.. '..- ~ i 

I~ Ü;? ~owe~,er .in't.eresting t~' nqte' t~at st~el 'f~o~:dG~ t:he wall 
1 ... '.... 1 

"1 , ' ~... ,.' • • ~ ~ l, ,... .... 

of th'e eent~al 're~ract~ry ,cyli~der would exJ:1ihit vel~c~ ties as 
• • ~ \ .. _" ~ ... - 1 ~. .. 

• 1 J ~ '" ~ ~ 

,high as O.?O 'mI5~ The' high mqmeIl't:um .o,f outw?lrd flowing steel'· 
• ~.- ... l 

, , 

, ~ssoqiated Y"itp. ~~is .high"veipcity cab be ..exJ?ecte,d to oause 
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hydrodyri~~c èrosion of thè refrac~ory ,cylinder lining. ThiS, 

,in t-urn,' could represe:r:t a ,source' of inc'lusions. 

F:igure 1.30 shows. 'flow fields generated during C.A.S. 

operations in 'a 150. t' lad,l,e wi th a 'taper of 5°. Two points 

V?orth 'noting h,ere ~re. ',a -5~al+ ,seconqary r'ecirC\~l~ti:on zone

near the junction of ,the surface with' the ladle side wall-s ,and 

secondly, the lower position'o~ the recirc~la~ing vortex'in the 
, , 

bulk compared to previou$ predictions ~n' a, vert,ical cylindrièal 

ladle. 'These differences èss~ntially result from the inclina-, , 

tio~ of the side walls, avèn tpough this i5 only sq. It'is , 
\ 

not~,? that the lower, posi,tion of the vortex in this ladl~ 
' .. 

arises because of a lowe~ rate,of b~~kflë~ ih the upper regions 
" , 

of the tapered side wa!ls as liguid ~oves, fowards the down-
~ 

coming st.ream of steei'adjacent to the rising plume~ Continu-

i'ty requirements f.or- the ~apered ladle then resul t-s in 'yi. lower 
1 

-~ pos~tiàn of the vortex. 
" 
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, " 

A steady-state, turbulent flow mOdel has been developèd ,to . ' 
mode~ various axisyrnmetric gas injection configuratiqps<~OUhd 

in industr~al ladle refining practices.' On the basïs of stuaies 

conducted with a redUcèd scale water model, i t ~_s d~monstrat~d 

that qUqntitative agree~ent' could be achiéved between predicted 
t: .'~ 

,and observed flow fields. , 

.. n 

l''his ju'stifi~s the adequat~e na1;:ùr~ 
1 

of the current -theoretical approach which is based on numèrlcai 
, 

selu'tien of dif:eerential equations ;describing suoh phenomena. 

, . 
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LIST OF SYMBOLS . '. 

Coefficients of discretization eq~a~io~ (1.5~) 

representing the effect of convection and 

diffusion 

The proportion of controq volume faces 

blockedeby~the obstacle in four different 

directions . 
b Defined in eJuation (1.59) 

c Constant in expression for b;equation (1.59) 

C Constant definedJby equatio~ (1.39): has a value of 

0.0055 / 

Dissipation r~te constant; has a value of 0.09 , 
-Diameter 'Or the v~ssel, ru 

\ 
d "Diameter of the central refractory cylinder, m Ls 

k' ~inetic energy of. turbulenc~ - per unï t mass, m2 s-2 

kil Constant defined by equation (1.52); has a value 
4.l9·;;ml!12 s-.2/3 

1 . 
f.s 

L,B 

NB 

NRe 

NFr 

NEu 

N
We 

Depth of'refractory cylinder in the lïquid, m 

Liquid depth, m 

Total number of bupbles in 'the plume 
. ' 

'RèynolÇis n~er, pUL/~ 
. 2 
Froude nUffiber, u /gL 

1] 2 
E':llerJ?umber, p/pu 

" 

2' , 
Weber number, pu L/a 

. 
p .. P,rèssure ~ithin liquid '(gaugei ref-ere'nced to local hyd~o-.. ' 

# 

Q 

static pressure) " Pa ' 

3 :"1 
~as ~.ts=, m s 



Model gas flowrate, 3 -1 rn s 

Q Gas flowrate Ls 
3 -1 

in a' full scale steel ladle, rn s 

r The rad~al coordinate, m 

r Radius of lance orifice, ID 
a 

r av Average plume radius, In (= 1/ /3 radius at surface) 

R Radius 'of the vessel, In 

S The source terrn in discretization equation (1.54) 

s 
c 

u 

u 

v 

z 
o 

z 

Ct 

B 

]1,]11 

Constant part of linearised source terrn 

Thè slope of the lin~p.rised source term 

Average residence time of bubbles, s 

Axial component of velocity, m s-l 

Mean speed of Piquid recirculation, 

-1 
Average plume ve1ocitY,m s 

-1 
m s (Ref. 13) 

-1 
Pree space velocity of air th~ough lance orifice, m s 

Radial cornponent of velocity, ID s -1 

3 Average volume of bubble in the plume, ID 

Axial coqrdinate of nozzle exit, ID , , 

The axial coordinate, rn 

Volume fraction of gas in the plume 

Fractional depth of lance submerg~nce 

Turbulence kinetic energy dissipation rate per unit mass, 
2 -3 m s 

-, ' --1 -1 
Molecular viscosity, kg ID s 

, 

l1e/]1 effEffecti ve viscosity, kg 
-1 -1 

m s 

Turbulence viscosity, kg 
-1 -1 

]1T m s 

t, 



2 -1 'J T Turbulencekihernatic viscosity (= ).1T/ P ) , rn 5 

r Turbulent ex change coefficient, kg rn- l s~l 

P Density, kg rn -3 

PL Density of liquid, kg rn- 3 

-3 PG Density of gas, kg m . 

106. 

t 1> General variable of the discretization equation (1.54) 

<Po The half zet cone angle, radian 

Geornetrical scaling factor (= L /L
f 

) 
m .s 

Constants of k - E turbulence model 

In Mass flowrate, kg, S 
-1 

u -:1 
Fluctuating ve10city cornponent, rn s 

a Surface tension, Newton rn -1 

f eff Effective exchange coefficient, kg rn- 1 

'1 
Ir 

-1 
s' 
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(Kg m- l s-l) in \iater model of dimensions and gas' 
flow rate given in TQ.ble '1.3. 

~ . \. ~ '. 

Predicted veloc~ ty field in a' 150 ton cyl~ndrical 
ladle'wi th, central gas injection at a,· gas flow ' 
rate of 1. BB x lO:2m3 js. (Vessel diameter II: 3.65 m, 
liquid dep~ II: 3.04 m and fractional depth 'of ' 
lance submergence'. 0.5). . 

PreÇlicted veloci ty field in a 150 ton steel ladle 
wi th central gas ln~ection and a taper of 5 degree 
at agas flow r:ate of 1. 88 x lO-2m3/s '. (Vessel' 
radi~ ... 1.825' m, liguid depth - 3.04 m, and 
fractional- depth 'of lance submerg~nce '"' 0.5). . .. 
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'Figure 1. 2 8 

, 

F~gure 1.2.9 

Figure 1. 30 

'. 
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" , 
Pr:edicted turbulepce kinetic energy di,stribution, Ji 

(m2 8-2 )" in the 150, ton vessel of dimenSions and 
gas .t:low rate gi vel',1 in' Fig" 1. 26.' ' 

p'red.icted veloci ty fielp (mis) in thé 150 ton' 
vessel of dimensJons and' Qas flow rate ,g:i:ven in 

.'Table L 3 • 
. 

Predicted velocity field in a 150 toh steei ladle· 
with a' taper of 5°, of' dimensions and, gas, f·iow 
rate given in' Table 1. 3. 
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_ABSTRAÇT 

Throu9~ a series of simple experiments, the extent of 

reduction in steady translational drag force in bubbly Newton-
,/ 

iàn liquids has been analysed. It has' -been found that small 

entrained bubbl~s can reduce drag on large spheres, the- extent 

be.ing proportional to gas. zlow rate. Taking a reduced prag 

-coefficient (~50%) 'in th~'gas-liquid region to that calcu· 
(,,'" _. . 

'. 

l~ted f~om standard drag curve, the trajectories of spherical 

~haped particles in gas agi tated cylindrical la~l1es 'were prë

dicted from Newton's law for, the system. The prèdic~ed trajéc

tories were found to be in very reasonable agreement wïth ,those. 

rneasùred. 

I-t wa~ found that most, buoyant particles (sp. ,gr. = p. 4 
. , ~ 

and 0.6) will hardly penetrate insfde, such baths; whereas 

neutrally p~oya.nt particles have the potential to undergo pro

longed subsurface motion. Heavier particles (sp. gr. = 1 ~ 14') on 
. , 

the other hand always settled to the ladle bottom • 
. , . 

The implication of ·these re'sults together with an assess-

ment of the rele.vance of these resul ts to lndustri'al size lad1es 

are discussed in the' t.~xt. 

.Il 
~. 
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INTRO~UCTION 
, 

The 'aodition of alloying elements to l.i:quid steel ,baths 
, 

for adjust.ing steel chemistry, to required ppecifications is 

common steelmaking practice. In the steelmaking industry where 

large tonnages of many grades of steel are made, 'there is con-

siderable interest in deveIop:i,ng; or at least identif,ying, , .. 
';, -

cheap ef f icient methods of adding' additions, to .. steel ba t.hs . 

'Al though the bulk of the additions in toqay' s steel~orks a:rre 

made in the holding vessels (e.'g., ladIes etc .. ) dU,J;!ng furnace 

tapping, a specifie problem faced by steelmakers for many years 

has been the 19w and erratic recoveries of ,light metal addi-

tions, particularly ~luminium, etc.. Furtherlnore, the con'" 

ventional argon stirring tec,hnique was -not fouhd to be a viable 

alternative f.or introducing buoyant alloy additions 50 as to 

impro,\e their recovery rates". 

To overcome tliese difficulties a superior method of alloy 

addition was introduced 'by Nippon Steel Corporation (1) in 1976. 

This novel addi tion making technique, known as C. A. S. 

(composi tion adjustment by sealed argon bubl:>ling. systems) . 

utilizes argon gas that is" bubbled into the molten steel thro'ugh 

a porous pl,ug or a s~bmerged lance. The rising gas-liquid . 
plume create5 an opening in the slag coveJ; through which a re-

• f,r,.actÇ>ry Iined. cylinder i5 lowered ihto the steel. The essen-

tial idea ïs to make bulk' aIlpy, addition inside this slq,.g free 

region under an inert at'mosphere. This procedure of alloy addi-

\ 
..,.. , 

J 
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. 
tion 1s cur,rently in prac.t;i~e at the Gary wo,rks 'of D.S. Steel 

c~rporatiàn (2 t . ~ltho,ugh- industry. have rep,orted (2) on 

supElrior, and more X'!'!produc'ible aluminium ,recoveries~; the nature 
~ ~ , . , 

~f Faiticle' liguid int~ractions in such syst~ remains yet to 

',be quantified. 

Also, it'ls necessary to reqognise here'that the additions 

in the'C.A.S. procedure fre introduced,i~to à gas-liquid region, 

rather than into the bulk of a single phase. The purpose of 

the present work was ta elucidate the movements of solids 

through this upwelling gas-~iquid mi~ture. For convenience, 
1 

the motions of spherical shaped additions were chosen for study. 

, , 

\ 

" , 

t' 
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\ 

PREVIOUS WORK , 

For.a subrnerged spherical particle, moving through a 

fluid, Newton's second law Qf motion takes the following 

forrn (3): 

dU, 
4 TIR 3 ---I2 
3" p Pp dt = 

C 
4 TIR 3 (p .., p) _ ~ TIR 2 U lu 1 
3 pg p 2 pPr r 

1/2 t dU 
- C R 2 ( TI PlJ ) f--E 

Hp.. dT o It - T 

dT 
(2.1) 

Guthrie et al. (4) showed that this equation was able to de-

scribe partlcle trajectories in a stagnant bath rernarkably weIl, 

even though a cav~ty was formed during entry of the solid 

sphere in"to the liquid phase. In a serie,§ of model experiments! 

these authors (4) determlned the trajectories of wooden spheres, 
d 

dropped from typical industrial heights into vessels contain-

l'I 

, 

1 
i ' 

ing water. Comparisons were made between experimental and pre- ~ 

dicted trajectories, the latter being obtained through numeri-

cal integratlon of equatian (2.1). It was shown that equally 

satisfactory r or even better results could be obtained withaut 

using the Basset history term. In their calculation, CD was 

deterrnined using the standard,drag coefficlent curve, and a 

classical value of 0.5 was iaken for CA. Predicted and 

measured maxlmurn penetratlon depths were found ta be in excel-

lent agreement (wlthin 5 p<2t.), over a wlde range of candltlons. 
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Tanaka (5) extended 9uthrie et aIls model (4) to p~edict 

spheJ;'ical particle trajectories in recirculating flows (Le., 

the motion of spherical particles in cylindrical vessels during 

simulated furnace tapping operations). In that study (5), not 

on1X was the effect of partial immersion of the particle at 

ini tial entry taken into account, but 50 al 50 was the, effect of 

cavity formation on the added mass coefficient. Based on 

published information (6), the added mass coefficient for the 

1 cavity running particle 1 was taken ta be 60 pct. of-- i ts stan-

dard value. During partial submersion, each drag force was 

multiPiied by the fraction of sphere volume immersed. Allow-

ance was also made for initial entry in the added mass term. 
/ 

~né'e aga in , measured and predicted maximum immersion depths, 

___ -/ ---------, ,f total immersion times etc. were found to be in excellent agree

ment. < 

The computer program originally developed by -Tanaka (5),' 

was used by the author to predict subsurface trajectories of 

spherical additions in the C.A.S. system. These trajectories 

were calculated for the flow fields which had already been 

established and reported in Part l of this thesis. 

( 
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PRESENT WORK 

In making numerical predictions of particle motion in the 

gas-liquid plume region of agas stirred ladle, it was not 

obvious that the standard drag coefficients for subm~rged ob-
~ 

jects in steady translation could be used. However ,a litera-
1 

ture survey on the subjec~ yieId~d no information on the matter. 

It was found that the depth of penetration of 25.4 mm 

diameter buoyant spheres (0.4, 0.6 and 0.99 specifie gravit y) 

into the ~~r/regiOn ~ere sorne '50 to 60 pet. greater than 

those predicted on the basis of Newton's law for this system (4). 

The effect is illustrated i~ Fig. 2.1, for a typical buoy-

ant addition (sp. gr = O.99). As seen predicted and measured 

subsurface trajectories show major differences. Since the flow 

fields, added mass effect, buoyancy forces and gas voidage were 

weIl prescribed, it seemed likely that there might be a more 

fundamentai reason for this discrepancy, i.e., reduced drag 
, . ) , 

forces on submerged abjects i~ bubbly flow systems. 

A. Measurement of Drag Coefficient in Bubbly Newtonian Liquids 

Figure 2.2 shows the apparatus that was built to test this 

hypothesis. A vertical plexiglass colurnn (L = 0.85 m, ID = 

0.076 m) was provided with three inlets at its base so that 

water and air could be introduced. A perforated plate with nine 

symmetricai holes (5.0 mm diameter) was fitted inside the col~ 

at a height of about Q.16 m from the bottom, in order ta produce 

a fine dispersion of gas bubble& within the rising flow of 

\ 
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Figure 2.1 Predicted subsurface 
trajectory of buoyant 
spherical partic1e 
(Sp. gr. = 0.991) in an 
unbaff1ed water model 
1adle (L = 0.93 m, 
R = 0.56 m, Q = 6.8 x 
10-4 m3js, B = 0.94) 
using drag coefficient 
va1ued derived from 8 
standard Re 'v • Cn cu~e 
( U t = 3. 83 ml s) • en ry 
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Figure 2.2 The experirnental set-up used for rneasuring drag coefficients 
in bubbly Newtonian liquids. 

(a) The plexiglass (b) A suspended wood~n sphere 
column filled in a gas-liquid d~spersion. 
with water. 
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liquide Three wooden spheres with specifie gravit y .approxi-

mately 1.03 were made, their features and properties being 

listed in Table 2.1. 

At the beginning of each experiment, water was introduced 

inside the column th~ough the central inlet, and a ,~here was 

dropped inside the column. The flow of water was the~care
fully regulated 50 as to position the sphere into a zone of 

equilibrium, within the flowing liquide Using this approach," 

liquid flow rates could he recQrded, and an average liquid 
o ~ 

velocity determined. 

Once the sphere was essentially stationary for periods of 

30 to 40 seconds, gas was then introduced inside the column 

using the two other inlets .. _Î The spheres would then begin to 
1 . 

sink and liquid flows had to be increased, so as to establish 

the sphere in its equilibrium zone. The water flow rate needed 

to do this was again measured and an average liquid velocity 

determined. Three measurements were carried out on each sphere 

,and averaged. The procedure was repeated for aIl three spheres. 

Three gas flow rates were investigated. ~hese were chosen 

50 that the volume fraction of 'gas inside the column var'ied 

between 1 to 10, pct., this being typical of sorne chemical and 

metallurgical gas injection practices (7). 



Table 2.1 

Sphere 
No. 

1 

:2 

3 

1'24. 

- . 

Physical cnaracteristics of wocden spheres used for 
measurement of drag coefficients. 

Mass, , Radius, vOlume) De~5ity, 
10- 3 kg 10- 2 ID 10-6 ID 10 kgm-3 

9.03,2 1. 278 8.743 1.033 

9.027 1.279 8.764 1.030 

8.984 1. 277 8.723 1.030 

.. 
1 . 
I
i 

! , 
! 

, l 

1 
1 
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B:' Measurement and Prediction of Trajectories of Spherica1 ' 

Partic1ès in Gas-Stirred LadIes 
t 

Mode11ing criteria 

To"determine the experimental conditions"necessary to pro

vide' adequate s,imu1ation, on the basis of Froude mode1ling 
. 

criteria used for the f10w field investigation' outlined ip 

Part -l, it was necessary that 

(i) the particle diameter be, 

di = À • d p,m p,f.s 

(ii) and the entry velocity of the ,partic1e be, 

Uentry,m = lÀ • U entry,f.s, 

(2.2) 

Recognising that the forces of greatest signif.i;cance act

ing on a submerged particle in the present system, were those 
• 

re1ating to the particle weight, Fg' its buoyancy, FS ' flu~d 

drag forces, FD, and added-mass force, FA' resulting.during 

periods of acceleration or decele~ation 'in the fluid, Newton's 

equati9n of motion takes the following forro for a spherical 

shaped particle: 

\ 
\ 

= (2.4) 
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where, 

F =!3 IIR 3 p 9 
9 P P 

(2.5 ) 

F
B 

4 3 =-- IIR pg 
3 P 

(2.6) 

TIR 
2 

P 
F

D =-c 12 Ur IUr 1 0 2 
(2.7) 

and ~ 4 TIR 3 ~ 
FA = - CA '3 p P dt 

1 

The added rnass terrn, ~A' can be regarded as an 'apparent (or 

added mass') of fluid associated witn the particle. Thus equa-

tion (2.4) becornes 

(2.9) 

where, 

= (2.10) 

and = (2.,11 ) 

Equation (2.9) signifies that the trajectory Of the particle 

together with its 'apparent rnass' (MS + MA) i5 deterrnined by 

gravi ta,tional, buoyant and drag forces. 
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Based on Froude number simi1arity between mode1 an~ proto-

type, the ratio of equiva1ent forces then became: 

Simi1ar1y, 

(F )k PE,m 
À

3 9: = 
(Fg)f.S P p,f. s /) 

(FB)m Pm 
À

3 

(FB)f.S 
= 

p{.s 

(FD)m (CO)m Pm >.3 
(FD)f.s 

= 
(Cn'f.s 

-
pf . s 

(.MS + MA)m - "IVm + (CA)m 1 

(Ms + MA'f.s = Ivfos + (CA)f.sl 

\ 

(2.12) 

(2.13), 

(2.14 ) 

(2.15 ) 

As is c1ear from equation. (2.9), corresponding partic1es in the 

mode! and in the full scale system will e;?Chibit geornetrica11y 

simi1ar trajector'ies if, and on1y if" 

dU 
= (Tt) (2.16 ) 

f.s 

or, 

:= l (2.17) 
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Using re1ationships from equation (2.12) to equation (2.1SJ, 

one finds that the identity (viz. equation (2.17) holds between 

model and full scale provided \)" the particle/liquid density 

ratio, is equivalen~ for the two, and provided the values of 

drag coefficient and added mass coefficients are identica1-for 

both systems. Even though the drag coefficient is a function 

of Reynolds nurnber and turbulence intensity, i t does remain 

practic~llY constant at 103 ~ 105 Re~nolds numbers, provided 

turbulence intensi ty is sufficiently small.. Therefore, if 

corresponding partic1es in model and full scale system experi

ence Reynolds number of 103 ~ 105 at sma11 levels of turbulencè 

intensity, they shauld exhibit qeometrically similar trajector-

ies in recircu1ating baths and ladIes. 
\ 

\ 

~owever,.apart from the above-rnentioned case, drag co-

efficients in the model and prototype generally .. differ from 

each other de~ending op their Reynolds number and depending on 

the turbulenceintensity of the fluide Consequently, in this 

investigation of partie le t~ajectories, the agreement between 

the results of the model study and those whieh are to be ex-

pected to happen in full scaie systems is considered to be. 

quite representative, but not completely quantitative. 

The mathematical model 
, 

As mentioned previously, the history te.rm in equation (2.1) 

could be ignored because the Reynolds number is high throughout 

the sphere's motion. Consequentl.y, equation (2 .cl) takes the 

1 

l ' 

\ > 
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fo11owing forro: 

4 3 dU 
-, TIR P ---E = 
3 P P dt 

or, 

where, 

dX 
dt 

1 

= U 
P 

., 
• 

4 3 CD 2 
-3 TIR 9 (p - p) - --2 TIR pU lu 1 ppp 1: r 

., 

1 • 
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(2,.18) 

(2.19) 

(2.20) 

Figure 2.3, shows, in schematic forrn the forces acting on a 

spherica1 particle. Since both particl~ and fluid are supposed 
, " 

ta be in motion the force directions are not'simp1e_ Fg a~d ,FB 

represent the gravitationa1 and buoyapt forces respective1y, 
• 

and, as such are paralle1 to gravity. FD, the drag force, i5 

taken ta be para11e1 to the relative velocity of the partic1e 

in the f1uid. FA' the added mass terrn, is taken to bé parallel 

ta the acce1eration vector of the particlè. Further.more, any, 

.. 
\, 

rotation of the part'ic1e during its translation has' been ignored 

These simultaneous ordinary differential equâtions 1vizfl 

equations (2.19) and (2.20) were first written for the two 
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F1gure 2.3 Forces act1ng on a spherica1 particl~ 
1n a recirculating bath. 

\ . 
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coordinate directions (i.e., axial and radial axes respective-

lyJ. The initial, and boundary, conditions ernployed ~ere, 

(i) at t = 0 and z = 0, tL = U t along the axial coordinate 
p en ry • 

-
and (ii) at t = 0 and r = r v = V (V, = 0 for 

en~ry' p entry entry 
l 

vertical entry) along the radial axis." The set of equations 

together wi th the correspondi,ng ini t:ial and boundary conditions 

we!e then nurnerically solved by a fourth order Runge-Kutta~Gill 

rneth?d (5). 
1" 

However, before carrying out any trajectory prediction in 

gas stirfed systems, it was first necessary to re-evaluate the 

performance of the computeroprogram (5), so that the prediction 

of partiele trajectories could be made with sorne confidence. 

Consequently, àS a preliminary test, trajectories of buoyant 

sph~rical partieles (pp = 600 "kg/m3 , dp =·10 mm and U t = en ry 

2.7 mis) in stagnant water were computed and' in fig. 02.4 

cornpared directly against equivalent computations by Tanaka (5). 

As e~pected perfect agreement between the two sets ,of cornputa
? 

tions was achieved. 

Experimental work 
'\ 

Based on eguation (2.2), four wooden spheres of approxi-

mately 25.4 ~ diarneu€r and various densitieS.were made. The 
v 3 ' , 

densities chosen were 400,600,90'0, and 1400 kg./m as shown in 

Table 2.2, to reflect the apparent densities o! typical alloy 
< 

add~t~ons used in steelmàking. ,The latter are given in Table 

2.3. 
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132. 



133. 

Table 2.2 Dimensions and denslties of spherical partic1es in 
mode1 experiments 

-
Sphere Diameter vo1~ Mas~ Degsity Apparent 
Nurnber 10 3rn 10- m3 10- Kg 10 Kg/rn 3 Dens,ity 

1 25.6 8784.6 3.56 0.000405 o .405 

2 25.5 8682.0 5.21 o .OOOQ o .600 

3 25.4 8580.3 8.51 0.000991 o .991 '. 

4 25.5 8682.0 9.89 0.00114 0 1.14 

/ 

) 
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Table 2.3 Apparent denslties of sorne alloy additions used ln 
steelmaking 

Alloys/Deox.l. dlzers 

Al. 

50% FeSl 

Felin 

PeNb 

1\ 

~\ 

Apparent Density 

" , 

0.39 

o • 58-0.67 

o • 9.0-1. 04 

1. J 5 \. 
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• 1 

The part~cle s 25. 4 nun diameter represented typical 80 '\" 90 

mm lump addl.tions for 'a full scale operation. 

The wooden sphere~ were dropped in free fall, from a 

constant height of approximately 0.2,0 m above the bath surface, 

50 as ta give a constant entry velocity of approximately' 2.0 m/s. 

The veloci t:y of 2 mis was deterrnihed on the basis of equation 

(2.3), ln which frictional effects could be ignored (4), i.e., 

Ueniry,m = 12gH
f ,m 

o :(fll 
/ 

The height lof fall in the model, Hf (=>_Hf f ), was ,m , .5 

! 
esthmated 

( 

accordlng to the. ,0.70 m drop height from thé alloy ehute posi
\, ) 

,tion to the liquid steel, surface in the industrial equ~pment 

\summarised in referenee l. 
\ 

Flow fl.elds w~re generat~d using the sarne equipment and 

technlques as those deseribed in Part I. For observation of 

tra)ee~ories, the whole inside of the tànk was i11uminated 

from above, uSlng two 5 ° 0 ~.z photographie larnps 0' AlI par~cle ' 

tra)ectories were recorded on video ,tape and subsequently 

analysed. To facilitate thls, a 50 x 50 mm grid network was 

eonstr~cted on the front plexiglass plate of the water model 

tank. In construeting the grid network, 'due eare was taken to 

compensate for paral1e~ effects.' A minimum of three runs were 

earr~ed out for each set of conditlons. 

\ 
( 

\ 

-
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It lS to be noted here that for part1c1es with specific 

gravit1es 0.4, 0.6 and 1.14, on1y marginal differences in 

successive tra)ectories were observed as i11ustrated in 

F1.gs. 2.8 through ·2.15. Owing to the complexities (i.e., 
o 

1nte~mittent discontinuous two phase flow) at the edge of 

the gas-liquld boundary it is surprising such small varia-

t10ns were observed experimenta1ly. As a result J aIl tra-

]ectorles. were essentia11y reproducible, barring the 

neutrally buoyant addition as shown in Fig. 2.7. 

It is also to be rnentloned here that to study the 

spherical particle tra)ectories in~he C.A.S. configurat1on, 

two different hollow plexiglass cylinders were ernployed 

(0.30 m and 0.39 m internaI diarneter respectively). Their 
. 

depth of immersion was however kept constant (~0.l2 m) . 

The diameter of the central plexiglass cylinder had practical-

ly no significant effect on the overal1 nature of the 

. . 
part1cles trajectories. 

J 

J 
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RESULTS AND DISCUSSION 

A. Drag Coefficient in Bubb1y Neweonian Liquids 

When the sphere is in equi1ibriurn and on1y water flows 

past it (see Fig. 2.2), drag and gravit y forces must balance-
. 

each other. Consequently, equation (2.1) reduces to 

=' ~ TIR 3(p - Po)g 
3 p P N 

~ 

(2.22 ) 

Since aIl the parameters appearing are known, U~ the liquid 

velocity being obtainéd from QI/At' where QI is the liquid 

flowrate and At is the cross sectiona1 area·~f the tube, ~rag' 

coefficients, CD' are readily c~lçula~le via equation (2.22) . 

. The drag coefficients derived by this procedure, and co~respond

_ing to particle Reynolds numbers between 3000-3600, - are cOI?pàred 

with standard literature values (8) in Table 2.4. These show, 

that despite ignoring possible effects of turbulence intensity 

(9) and the simplicity of the experimental proced~e, reasonably 

accurate values for CD were possible. 

As previously mentioned, introducing gas into the column, 

caused the spheres ta settle, even though a number of micro-. 
bubbles sometîmes stuck to their surfaces. The spheres w~re 

treated with wetting reagents, prior to experiments, sa as to 

'keep such bubble attachment to a minimum. This settling is 

indicative of the fact that gas-liquid dispersions.cause sorne 



Table 2.4 Experimental dra~ coefficients in a homogeneous 
standard values C ) 

Volumetrie Particle 
Flow Rate Reynolds Standard 

Sphere Experirnent of Water Number Drag 
NUJ11ber Nwnber 10-4m3/sec U 1 dp pt/IJ t Coefficients 

A (1) 7.75 4368 0.-385 
l B (1) 7~66 4321 -," 0.385 

C (I} 7.33 4133 0.384 

A(2) 6.5 3666 0.384 
2 B (2) 6.83 3854 0.384 

C (2) - 6.83 3854 0.384 

-c 
A (3) 6.75 3800 0.384 

3 B (3) 7.16 4034 0.384 
C (3) 7.00 3941 0.384 

-

--

liquid, compared wi th 
---., 

Measured Average 
Drag Drag 
Coefficients Coefficients 

0.36 
0.38 0.393 
0.44 

0.39 
0.44 0.433 
0.47 

0.46 
0.44 0.456 
0.47 

1-' 
w 
co 
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reduction in drag below that observed in homogeneous f1uids. 

Consequently, in aIl experiments, 'liquid flow-rate had to be 

increased in order to rnake the entrained submerged sphere 

stationary with respect to the experimentalist. 

Thu5, when the sphere was in equilibrium in an upwèlling 
, .' 

gas-liquid dispersion, the appropriate force balance e'luation 

is: 

~ 2 2 
-2 TIR p. U . P m~x lUX 

= 34 TIR 3 (p _ p ) 9 
p P mix (2.23) 

where, the average gas-liquid velocity is given by 

= (2.24) 

Here the nominal or superficia1 gas velo city , U , and super-, og 

ficial 1iquid velocity, U l' were estimated from corresponding o _ 

f1oW' rates and the cross sectional area of the column. oThe 

mixture density, Pmix' was defined and estimated according to: 

= (2.25) 

( , or Pmix (1 - a) P~ (2.26) 

Here, a i5 the volume fraction of gas within the column. De-

pending on whether there i5 gas 5lippage through the liquid or 
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not, ex. can be approximated via the following expressions: 

Ci. = 
Uog 

U 01 + U og 
(2.27) 

for zero slip, and 

U 
ex. = og 

Uol + Uog + UB 
(2.28) 

for slip. 

UB' in equation (2. 28) ~s the rise veloci ty of a single 

bubble through a guiescent liquide Obviously, U
B 

depends on 

J.. the average bubble size i'n the system. 
'" 

'Using these procedures, drag coefficients in the bubbly 

water environrnents were estimated from eguation (2.23), for 

both slip and non-slip conditions, and reported in Tables 2.5 to 

2.7. 

There, it is clear that provided the physical situation 

with~n the gas-liguid mixture corresponds to gas slippage, there 

can be a considerable decrease in a sphere' s drag coefficients 
, 

in bubbly water. However, if zero slip conditions apply, any 

CD reductions become equivocal as seen from Tables 2.5 to 2.7. 

These also contain drag coefficients in bubbly water 1 as esti-

mated from the standard drag curve and the corresponding 

Reynolds numbers (= lu . d Po (1 - a) 1/1\.1 0 (1 - a) 1) of the three 
m~X p ,., ,., 



Table 2.5 ... 

Sphere 
Number 

1 

2 

3 

? 

:. 

..,/' 

Experimental drag coefficients in a gas-liquid dispersion 
[Q = 0.083 x 10- 4m3/sec]. . 

9 

Volumetrie Partiele Measured Drag 
Flow Rate Reynolds Standard Coefficient 

Experiment of Li~uid Number 'Drag No 
Number 10- 4rn /sec U . d Pt/~~ Coefficient Slip Slip 

m1X p 

A ( 1) 8.83 5024 0.387 0.37 0.33 
B (1) 8.16 4648 0.386 0.43 0.39 
C ( 1) 8.50 4835 0.385 0.40 0.36 

A (2) , 7.83 4462 0.385 0.44 ' 0.40 
B (2) 8.16 4651 0.386 0.40 0.366 
C (2) 8.0. 4.556 0.386 0.42 0.38 

A (3) 8.16 4649 0.385 0.40 0.365 
B (3) 7.75 4408 0.385 0.44 0.40 
C (3) 7.83 4457 0.385 0.43 0.39 

.J 

Average Drag 
Coefficient 

(Slip) 

0.360 

0.382 

0.385 

A 

..... 
~ 
...... 



Table 2.6 Experimental dra~ ~oeffieients in a gas-liqu1d dispersion 
[Qg = 0.21 ~ 10- m /see]. 

Volumetrie particle l1easured Drag 
Flow Rate Reynolds Standard Coefficient 

Sphere Experiment of ~i~Uid Number Drag No 
Number Number 10- m /sec U . d Il î / W 9, C oe f fic i e nt Slip Slip 

m1X p 

A(l) 9.33 5344 0.389 0.43 0.36 
l B ( 1) 9.75 , 5612 0.390 0.387 0.327 

C (1) 9.42 5400 0.389 0.42 0.35 

A (2) 8.83 5099 0.387 0.45 0.38 
-2 B(2) 9.33 5347 0.389 0.42 0.35 

C (2) 9.33 5347 0.389 0.42 0.35 

- .' 
A (3) 9.5 5372 0.389 0.39 0.33 

3 B (3) 9.16 5226 0.387 0.43 0.357 
C ( 3) 9.16 5226 0.387 0.43 0.357 

Average Drag 
Coefficient 

(S 1ip) 

0.347 
0.36 

0.35 

. 
/ 

/ 

1 
~ 
l'V 



Table 2.7 Experimental dra~ eoeffie~ents in'a gas-llquid disperslon 
[cg = 0.29 x 10- m3/secJ. 

Volumetrie - Particle l1eas ured Drag 
Flow Rate Reynolds Standard Coefficient 

Sphere Experiment of LijUid Number Drag No 
Ntunber Nwnber 10-4m jsec UmixdpPQ/~Q Coefficient Slip Slip 

A (1) 9.83 5707 0.390 0.42 0.34 
1 B (1) 10.16 5893 0.392 0.39 0.32 

C (1) 10.16 5893 O. 39 2'~ 0.39 0.32 

A (2) 9.83 5708 0.390 0.40 0.33 
2 B (2) 9.66 5610 0.390 0.43 0.35 

C (2) 9.42 5471 0.389 0.44 0.36 

A (3) 9.83 570n 0.390 0.40 0.33 
3 B (3) 9.66 5604 0.390 0.42 0.34 

C (3) 9.66 5604 0.390 0.42 . 0.34 

L 

Average Drag 
Coefficient 

(Slip) 

0.326 

0.34'6 

0.336 

'i1 

'\ 

...... 
of:>. 
L.ù 

~ 
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spheres tested. These, however, show that for the situation 

of gas slippage through the liquid, the rneasured drag co-

efficients are low~ than the st~dard values calculated. 

In analysing these reductions in drag coefficients as 

shown ~n Tables 2.5 to 2.7, it was found that the percent re~ 

duction in experirnentall~ measured drag coefficient~ (i.e., 

{ lentS - ~,Gas I/CD,s}* 100) is practically linearly related to 

the volume fract~on of gas, within the column. This ~s shown 

in F2g. 2.5. Extrapolat~ng these to the 7 ~ 8 pct. voidage 

f~gure of relevance to the C.A.S. operatlon, one finds that the 

corresponding reduction in drag coefficients is approxirnately 

50 pct.. New particle trajectory predictions could then be made 

on the basîs of this inforrnatlon. 

parallel to thlS, four posslble rnathernatical models were 

also considered in trying to account for the discrepancy between 

the observed and measured max2rnurn penetration depths of buoyant 

addltions. These involved the following speciflcat20ns for the 

governing differential equation: 

(2) reduced fluid density in the plume; standard CD' 

(i2) reduced fluid density and viscosity in the plumei 

standard ~I 

(iii) reducèd fluld density and viscosity in the plume; 

50 pct. of standard Co ln the plume and 

(lV) reduced flu2d dens2ty and vlscosity in the plume; 

standard CD' accounting for the effect of turbulence intensity 

on drag coefficient. 

.. 
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Figure 2.5 Effect of volume fraction of gas in the, 
gas liquid dispersion on the extent of 
reduction in translational drag on three 
spherical particles (viz., Table 2.1) . .. 
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The four correspondlng maxlmum penetratlon depths pre-

dlcted for the buoyant sphere (sp. gr. = 0.99) are given ln 

t> 
Table 2.8, together wlth those measured experimentally. There 

l t IS readlly seen that the predictlons via model (iii) (i.e., 

reduced fluld denslty and vlscosity in the plume; 50 pct. of 

standard CD in the plume) lS the only combination to provlde a 

maximum depth of penetration that is within 10% of those experi-

mentally measured. 

Considerlng therefore, a 50 pct. reduction in CD from r~ • . , , 
q 

standard values, the tra]ectory of the buoyant particle 

(sp. gr. = 0.99) was recalculated and IS shown ln Flg. 2.6. 

The agreement between eXperimental and predlcted tra]ectorles 

tb:ere, lS seen ta be very close. 

The results presented sa far appear to Indicate that gas-

llqUld dlspersions cause sorne reduction in drag coefflcients 

versus those observed for homogeneous llquids. However, future 

wark over a much broader experlmental range is recoromended in 

order,ta clarify and quantify the issue further. 

In the meantime, i t lS worth noting that Hsiao Tse-Chiang t 

and coworkers (10) have reported on central plume veloclties 

and free surface velocities ln a water model of a 7 ton steel 

ladle at various gas flow rates. These veloclties were 

measured by means of a precalibrated drag probe frorn a knowledge 

of standard drag coefflcients and probe dlmenslons. From these 

measurements, the average plume veloclty was calculated to be 
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Table 2.8 Influence of var~ous parameters ~n equat~on (2.18) on 
pred~cted max~murn penetrat~on depths of a mildly 
buoyant sphere (v~z., Fig. 2.1) and their compar~son 
W~ th those measured exper~mentally. 

Speclflcat~on of the model 

Reduced fluid denslty ~n the 
plumei standard CD 

Reduced fluld denslty and v~s-
COSl ty ln the plumei standard 
CD 

. 
Reduced fluld denslty and v~s-
COSl ty ln the 'plumei 50 pct. 
of 5 tandard CD ~n the plume 

Reduced fluld density and V1S-

cosi ty ln the plume; standard 
Cr accountlng for the effect 
o turbulence lntens1ty on drag 
coe ff~cients 

. 

Predicted 
maximum 
penetrat;l.On 

-depths, m 

O. 151 

O. 153 

0.275 

0.15 

( 

Average Experi
mentally rneasured 
maxlmUffi penetration 
depths, m 

0.24 

1 
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proportional to (gas flow rate)0.24, while the near surface 

velocity in the one phase region of the flow was found to be 

proportional to (gas flow rate)0.33. However, Sahai and 

Guthrie (7) have dernonstrated theoretically and experirnentally 

that plume v~locities increase according to the third power of 

the gas flowrate, when recirculating flow is i~duced in a 

confined body of liqu~d. Consequently, in view of the present 

study, lt appears that the empirical relationship (i.e., plume 

ve1oc~ty proportional to (gas f10w rate) 0.24); as reported by 

HSlao Tse-Chiang and coworkerr (10), may have resulted from an 

overestirnatlon of drag coefficient in the two' phase plume 

reglon, and as a result, tao Iowa dependence of plume velocity 

on flow rate. 

It therefore appears that the presence of many small 

bubbles « 5 mm dia.) in the vicinity of a much larger sphere 

(~ 25 mm dla.) can act to uncouple the solid sphere from the 

11qUld and cause a reduction ln drag forces. Such uncoupling 

can be expected to be related to the number of bubbles and 

bubble' sizes etc., in the medlum, which in turn will be de-

pendant on gas flowrates and the physical properties of the gas 

and the 1lquid. 

In the absence of llquid f1ow, maxLffiurn bubble sizes ob-

served were around 15-20 mm in diameter. However, when co-

current strearns of gas and liquid were introduced, maximum 

bubble Slzes were observed to be no more than 5 mm in diameter 
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(OB ~ 0.12 mis). A range of bubble Slzes existed for aIl 

experlments. 

B. Trajectories of Spherical Additlons in Gas Stirred LadIes: 

Reproducibllity of measured partlcle trajectories in the 

water model 

The reproducibillty of partlcle trajectories was found to 

be reasonably consistent, except those observed for the sphere 

wlth a speclfic gravit y 0.991. Several factors may be con-

sldered to affect the stochastlc nature of the latter's tra)ec-

torles. It lS ta be recognlsed that such a sphere, wlth a 

specific gravlty of 0.991, can be consldered to be essentL"lly 

neutrally buayant. Consequently, dynamic lnstabilitles in the 

flow (l.e., turbulence, etc.) partlcularly ln the gas-liguid , 

region, can affect the tra)ectory of su'ch partlcles considerably. 

Thus, although the essentlal features of the flow hardly 

changed wlth tlme, careful observatlon revealed the eXlstence 

of conslderable lnstablilties in the vicinlty of the bubble 

plume. These are presumably due to the complex nature af such 

buayancy drlven plumes. 

Another posslbYe effect explalning thls scatter ln partlcle 

tra)ectories, could be the marglnal differences ln the preClse 

entry location of the partlcles. Even though the particle 

halder together with ltS release mechanisID, was flxed ta the 

desired pOlnt above the reclrculatlng bath, the location of 
( 

particle entry varled sllghtly from'run ta run. The maxlmum 

.r .• 
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observed dev~atian at entry was 20 mm, and normally much less. 

However, i t is ta be mentioned here that the veloci ty ':.iradient 

~n the vicinity of the bubble plume in such a system is very 

steep, and consequently such variation in entry point may be 

quite crit~cal fOr the tra)ectories of such neutrally buoyant 

part~cles. Th~s scatter in the tra]ectory of a particle with 

spec1flC gravlty 0.991 has been shawn in Fig. 2.7. 

particle trajectories in the C.A.S~ system 

Figures 2.8 to 2.11 show the predicted trajectories of the 

four different spheres (v~z., Table 2.2) based on the numerical 

solut~on of the governing differentiai equation. Aiso shown in 

those f~gures are the experimentally measured trajectories. In 

spite of the irregu1ar shape and complex geometry of a real 

bubble-plume, there 1S very close agreement between the observed 

and predicted tra]ectories. Furthermore, it is readily seen 

that using a 50 pet. reduced drag coefficient in the two phase 

region, in the computatlonal scheme allows maximum penetration 

depths predicted to fall much closer to those observed. 

Predlcted and observed trajectories of extreme1y buoyant 

part~cle,s (sp. gr. = 0.4 and 0.6), as shown in Figs. 2.8 and 
1 

2.9, ,clearly show the extent to which they penetrate into the 

bath (typically 80-120 mm). As a consequence, the total immer-
\ 

s~on times of such particles are extremely small \(about 0.5 

secondS) '" Thl.s shows that although there is a strong downwar:d 
~. 

flow in the vl.cinity of the central plex~glass cylinder, there 
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is practically no chance that such part1cles could be entrained 

and undergo, as a result,prolonged subsurface motion. 

On the other hand, the sphere with a specific gravit y 

0.991 was pred1cted to penetrate much more deeply (about 250 to 

290 mm) and only then be carried upwards by the r1sing action 

of the plume (see Fig. 2.10). Following this, the particle was 

again pred1cted to be entrained into the bulk by the downflow

ing 11qu1d in the v1c1n1ty of the central plexiglass cylinder 

wall. Furthermore, it has been observed'exper1mentally that 

such particles are usually caught up 1n the narrow recirculat-

1ng vortex assoc1ated w1th the plume and consequently can under

go prolonged subsurface motion. Nevertheless, ultimately such 

particles will tend to fali out of th15 narrow vortex into the 

ma1n bulk where they can gradually float up to the free surface. 

Contrary to aIl the above additlons, heavier particles 

(sp. gr. = 1.14) were always observed to settle to the bottom 

of the tank (see F1g. 2.11). 

Part1cle trajectories in conventional ladle stirring operations 

USlng the same equipment and procedures, traJector~es of 

the four different spheres were also observed in the convention

al gas 1nject10n configuration and equivalent numerical pre

dictions made. The spheres were dropped from a height 0.75 m 

to give an entry velocity of about 3.83 rn/s. Observed and pre

dicted trajectories are shown in F1gS. 2.12 to 2.15. As seen 

very reasonable agreement between predictions and measurements 
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Figure 2.13 predicted and experi
mental trajectory of a 
buoyant sphere (Sp. gr. 
~ 0.6) during water model 
simulation of conventional 
gas stirring for a particle 
entry velocity of 3.83 rn/sec. 
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was agaln aChleVed. These ~lgures however ref1ect the follow-

lng features. Extremely buoyant partlcles (sp. gr. == 0.4 and 

0.6) wl11 not penetrate the llquld very much at all, -:nd almost 

lnstantaneously resurface. Neutrally buoyant partlcles 

(sp. gr. = 0.9911, on the other hand \·nll penetrate much deeper 

and consequently can be expected to undergo subsurface motlon 

for prolonged perlods of tlme. HeaVler partlcles (sp. gr. == 1.14) 

wlll, nevertheless, always settle to the bottom of the tank. 

C. ;rndustrial Appllcat10ns 

The dlrect observatlon of such addltion making operations 

ln lndustrlal Slze vessels, where hl.gh;,temperature (e. g. , 1600'b 
~ 1 

,- 1 

and vl.sual opaclty pose \erl.ous experimental problems, would 

seem lmpractical based on present day technology. Furthermore, 

the hydrodynamic and thermal phenomena taking place in such 

steel processing unlts are extremely complex and interrelated 

(e.g., the chilling of a steel shell around the solid addl.tion, 

partl.al meltlng of the encased alloy, heat convection and 

buoyancy effects etc.). Nonetheles's a basic understanding of 

the fluid dynamic aspects of such addition making operations 

can be developed by extrapolating the present mathematical 

model beyond its experirnentally validated limits of vessel 

size, particle size and density, liquid etc., to predict alloy 

trajectories in full scale vessels. 

'" Furthermore, as mentioned previously, model experiments on 

partlcles' trajectories provide only semi-quantitative results 1\ 
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~n most cases. Therefore, pred~ctions of part~cles' trajector

~es for a full scale system based on such mathernatical model 

~mproves the quantltat~ve lnforrnation on expected trajectories. 

Slnce there was no exper~mental data on flow fields available 

for th~s appllcat~on, the predicted flow fields established in 

an lndustr~al Slze 150 ton ladle were used. 

As a typlcal example of the model's capabilities in thls 

respect, predicted trajectories of four spherical additions 

(85 mm diameter) (Al, FeSi, FeMn and FeNb) in a 150 ton ladle 

during C.A.S. operation have been illustrated in Fig. 2.16. 

As seen the general appearance of these trajectories is quite 

similar to those presented in Figs. 2.8 to 2.11, indicating the 

effectiveness of the model study pro gram and also the computer 

predictions. 

Predicted trajectories of spherical additions during con

ventional gas injection into a 150 ton steel proce~sing ladle 

is shown in Fig. 2.17. Once again, very similar trajectories 

to those observed in the water model (Figs. 2.12 to 2.15) are 

readily apparent. 

Although the formation of a steel shell around the sol id 

additions would change its apparent density (11), and the 

dynarnic nature of multiparticle addition may be slightly differ

ent from single particle addition (5), it is clear that buoyant 

additions such as aluminium and ferrosilicon, would proceed to 

melt within the central slag free region under inert atmosphere. 
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Thus on the basis of information provided in Part l and Part 'III, 

it can be concluded that such additions would meit a!!9 be dis

persed homogeneously into the bulk of the liquid, before having 

any chance to react wi th the slag. 

3 Ferromanganese (dfinsity = 6980 kg/m ), on the other hand, 
'i~{1: • , 

rnay undergo subsurface melting, or rnay fall out of the primary 

recirculating loop into the bulk and then gradually float up to 

the slag metal interface. If the alloys' content is released 

from within the steel shel1 in the vicinity of the slag metal 

interface; i t is clear that a portion will react wi th any 

oxidising slag present. Heàvier additions, such as ferro-
" 

niobium, will settle to the bottom and only then gradual1y melt 

and be dispersed. However, since the bottom part of the ladIes' 

contents is relativ<'>ly quiescent, such additions will experi- ,J 

en ce considerably longer Iadle mixing times. 

The trajectories of spherical additions shown in Figs. 2.16 

and 2.17, clearly demonstrate the effectiveness of the C.A.S. 

method over any conventional gas injection procedure, as a 

technique for introducing buoyant additions. As seen from 

Fig. 2.17, alwninium and ferrosilicon dropped into agas stirred 

steel bath would irnmediately f10at up to the sla9 metal inter-

face. In view of their affinity for oxygen, being stJ;_ong de-

oxidisers' in steel, both would typically be largely consumed by 

any oxidising slag, rather than being dispersed into the bulk 

of liquid steel. 
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CONCLUSIONS 

The motions of spherical shaped particles in gas stirred 

ladles have been investigated. It has been shawn that gas-

liquid dispersions can cause sorne reduction in drag during the 

particle' s motion through an upwelling gas-liquid mixture. 

Based on Newton' s ;Law of motion for such a system, the trajec-

tories of spherical particles of different densities were pre-

dicted and compared with those derived from water model experi-

ments. Very reasonable agreement between measurements and' pre-

dictions was achieved. 

Trajectories of spherical particles of 'various densities 

(d '" 85 nun) were also predicted for an industrial size 150 ton 
p 

ladle, and their technological significance discussed. 

, .... 

( 
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CD, Gas Drag coefficient measured in a gas-liquid dispersion 
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d p,m 
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) 
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Relative velocity between particle and fluid, m 

Liquid veloc~ty, rn/sec 

Gas-liquid mixture velocity, rn/sec 
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Rise velocity of a single bubble in a quiescent liquid, 

rn/sec 
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V Horizontal entry velocity of particle, rn/sec entry 

v p 
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t 

Tt 

X 

z 

P 

Pl 

Prnix 

Pp 

PG 

À 

a 
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Velocity of particle in the horizontal direction, m/s 

Horizontalvelocity of particle, rn/sec 

Tirne, sec 

Total time,to settle to the bottorn or ta resurface, sec 

Distance, rn 

The axial or the vertical direction, rn 

Density, kg/m 3 

Liquid density, kg/rn 3 

Gas-liquid mixture density, 

Particle density, kg/m3 

Gas density, kg/m 3 

3 kg/m 

Geornetrical scaling factor, (; L /Lf ) m .5 
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. ' 
ABS TRAC T 

The mixing of liquids in ladIes, agitated by a centrally, 

r~sing bubble plume, has 'been analysed~oth theoretica11y and 

experimentaI1y. It is shown tha~ rnixing is a cornbinaeion of . 

both convection and diffusion and that neither~can be dis-

regarded in gas st~rred systems. Bowever, for predicting mix

ing times in such gas injection operations, one can use a ~imp1i-

fied ernpirical correlation'based on diffusive mixing in whic~ 

T : -1/3 L- l RS/ 3 h T' th i' t' . th m a: c- rn ' w ere m ~s ~ rn x~n~ l.me, E:m ~s e 

specifie energy input rate, R,is the vessel radius and L is the 

liquid depth. 

The rate of 11qu~d mixing in C.A.S. operation has also~ 
been ana1ysed both theoretically and experimental1y. It is 

shown that rnixing times are considerably longer and~less sensi-

tive to gas flow rates than those deriving from conventional 
•• ~- " l " 

. 
. • Ut. 

ladle stirring practices. 'l'he relative performance charac:ter-, ~' 

isties of the algebr~i'e mode1 versue the k - e: model of 
, .. 

turbulence ls 'a1.so 'diseussed. 

6 • i 

i 

·1 

1 
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INTRODUCTlON 
. -

The intrinsic efficiencies of many chemical processing 
,/ ..... 

operations carried out in present day steelmaking lad1es aie 
; 

intricately related to the nature of fluid flow and mixing. 

An inexpensive rnethod for promoting ~ixing in such liquid metal 

.holding vessels is by gas.injection through a porous plug, sub-
• ""'t 

mergea.lance, or nozzle. The gas, ri~ing as a plume to the 

surface through Iiquid steel, induces a recircula,tory flow of 

fluid, which in addition to controlling the rate of disperSion 

and homogenisation of adqitions, may aid inclusion agglornera-

,tion and float-out. In the absence ,of such bath agitàtion, 

chemical/therma). and/or particulate inhomogen,eities can origi-. 

nate,. This, in turn, sometimes induce!; unacceptable ~vatiabili-

ti~a in the. final product. 

In~the chemical and metallurgical pracessing industries, 

mixing is usually expres~ed ~n terms of a mixing time needed 

ta achieve a given ho~eogeneity. Cornmonly appearing factors 
. . 

fo~ evaluating the mixing time, or the degree of mixing, are 

the mixing power density, (i.e., the rate of energy input 
. 

per unit volume) and the specifie energy input rate, Em (i.e., 

the rate ~f energy input per unit mass). In order to e~timate 

t~e degree of liquid metal mixing in such refining vessels, 

several investiga tors (1-,2,3)' have recently addressed the pro-
, 

?blem, and explicit empirical mixing time relationships of the 

, 

.1 
! 
1 
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, . 
type Tm - k È' -n have been proposed for axisymmetrica11y v \ 
agitated gas stirred melts. 

1 

o 

Nonethe1ess~ one can adopt a more fundamental approach, 

and ad~ress the. phenomenon of liquid mixing from a purely 

theoretical view point through consideration of the relevant 

partial differential equations describing such phenomena. In 

, ' 

.. 

a recirculating flow system such as the one under consideration, 
. 

the dispersi6n of a tracer added within the vessel ls expected 

to be governêd by the cornbineâ phenomena of convection and .. 
turbulent diffusion. Consequently, the usual approach would be , 

0-

to solv~ the unsteady,convection + diffusion equat~on,with an 
, 

appropriate set of.bounda+y èonditions. Needless to say, such 

solutions require prior"specification of flow and turbulence 

characteristics within the system aS a starting point. 
; 

This latter approach was,aâopted by Szekely and"coworkers 
, , 

(3) who, through numeriçal solution of governing differential 

• i 
\ 

; 
.j , 

'" " .. J' 
e~uations (i.e., the equations of continuity, motion ~and , ,~ ~, A; '~~ S 

turbulence together with mass conservation), predicted mixing 
, -

times in pil?t scale and~industrial size argon stirred ladIes. 

Furthermore,mixing times t~us calculated were found to be in 

geod agreemen~ with experimentally measured mixing times. 
~ 

Nevertheless, it is to be- stressed here that this approach, 
, 

while very attractive, entails a ma/jor computational task and 
..... 

can be jU&tiried only for,problems which require detailed in-

formatio~ about the nature and structure df ~he flow. 

, 
. ... 

.. 
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In t~ present author's efforts to predict rates of 

homogenisation of alloy additions in various axisymmetric gas 

injection procedures, a two stage approach is adopted far de

scribing mixing. In the first part, the fundarnental equations 
, 

are solved to give the time - dependant concentration fields. 

In the second part, these fields are then used to forrnulate and 

tune an empirica1 modele for predicting mixing times.' This can 

be justified sinee recirculatory flow fields in these systems 

have already been predicted with reasonable degrees of certain-

ty. Consequently, on the hasis of experiments conducted in re-' 

duced scale water models, and detailed theoretical analysis of 
, 

the governing differential equations, the resulting m~roscopic 

model for predicting liquid mixing during central gas injection 

into ladIes provide an effective yet simple, way for predict~ng 

mix1ng times in larger size steel p+"ocessing vessels. 

Il 

• 
, 1 

-< 
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TBEORY 
1 • 

. A. Mathematical Formulation 

The differential model of addition dispersion 
~ N 

In the presence of a v~locity field U, the conservation of 

mi is expressed as: .. 

(3.1) 

a Here, dt (pmi) denotes,the rate of'change of mass bf the chemi-

cal species i per un~t volume (mi being the mass fr~ctio~ of 

the species i, defined as the ratio of the rnass of the species 

i contained in a given volume to the total rnass of the mixtur; 

contained in the sarne volume). The quantity PUID
i 

is the con

vective fl,,?JC of. the species' 'i' while Ji denotes its diffuslve [j 

flux. Diffusive fluxes are normally caused by gradients in mi' 

and can bOe expressed as Ji = - r grad (mi)' where r is an effec;:

tive exchange coefficient (=pDe ). The quantity R. on the right 
. .1. 

hand ~idE: represents the rate of generation, Ut any) , of the 

chemical species 'i' per unit volume. 

For a two-dimensional situation with no generation, equa-

tion (3.1') can be written in terms of cylindrical polalr co-

ordinates as , 

(3.:2 ) 

'. 
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AS$uming that the eddy diffusivity, 0 (= r/p), and the eddy e 

kinematic Visc~sit:y v t (= lle/p) are nurnerically equal, s~ce 
1 

they both derive from the phenomenon of turbulent fluctuations, 
. 

then the effective exchange coeffici~nt can either be approxi-

,mated from ân effective viscosity formula proposed by Sahai and 

Guthrie (4) or from a more advanced two equation turbulence 

model (5). Because of the coupling of equation (3.2) with thr 
flow and turbulence models, it is assurned that the distributio~ 

of ,flow and turbulence parameters within the system is known. 

The bOUndary condi ti"bns . . 
, , 

The boundary conditions require~ for the solution of equa

tion (3.2) has to express the physical constrain~ that aIl the 

bounding surfaces (viz., walls, free 'surfaée ~nd s~ef ~iS) 
'are irnpervious ta the additions. In a mathema~ica~ sense this 
" 
corresponds to a zero concentration gradient at aIl the bound-

ing surfàccs i.e. , 

(i) " at 'the axis of symmetry, 
ami 

0 ar = 

(ii) at the free surface of liguid, 
dmi 
az = 0 and 

ami 1 (iii) at the sidewalls and bottom surface, ar t'=R' = 

a:i Iz=o = a 
o and 

In addition to this the initial condition employed for 

eguation (3.2) was 

(iv) 
- 0 
at t ~ 0, mi (I,J) = mi 

. , !-
1 
1 

1 
'r 1 . 

1 

1 
! • 

where the array (I,J) denotes the region of tracer addltio~ . 

\ 
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, 
" It was further'ass~ed that the initial concentration mi

o 
.. . 

qpplied over the control-volume asâocia~ed with grid region 

(I,J). 

- 1 

The algebraic models of addition dispersion 

, S;nce the given flow-fi~lds satis~y conti~uity, eq~atiort 
" 

(3.2) which is a statement ~f conservation of mass, can also be 

written in the forro: 

( 

" am. -'dt + u . div mi = 'De div (gra'd mi) (3. 3)~ 

• 

Now, if we assum~ that the dispers~on of the tracer added to 

the system is predominantly governed by flu'id convection, then , , 

\- equation (3.3) s.;lmpLi.f ies to 
......... 

'~' " JJ 

am~ '" .. 
div ,mi (~.4) Tt = - u . \ 

j. 

Alternatively, supposi~~ the dispersion of tracer to be domi-

.' nated by turbulent qiffusion, equation (3.3) ,s~mplifie~ to: 

" 
1 = (3.5) 

Based on the tpeoretica~ arguments previded by Asai et al. (2), 
, , 

( equatl:bns (3.4) -and (3.5) can be further simplified to yield te _ "\ 
the Ji ollowing rela t;ionship (2) : 
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(3.6) 

for mixinv predominant1y contro11ed by f1uid convection, and 
( '" 

(3.7) 

tor mixing dominated by turbulent aiffusion. ç 

. ~ 

Representing the characteristic velocity of the system QY 

the average speed of liquid recirculation,'Ü, one can ado~t the 

empirical relationship proposed by Sâhai and Guthrie (6), for 
~ ~. ~ 

such bubble driven systems; i.e., 
'" 

'6 (RI / 3)::; Constant 
p 

Replacing the average pl~e veloclty 

lationship (see Part I) 

'--. 

Up ='K 
(BQ) 1/3 Ll / 4 

R1/ 3 

, 
(3.8) 

,~,. by the fol1owing re-

;' 
U 

(3.9)' 

~ 

one obtains the mean speed of liq,uid recirculation, U, in terms 

.of the operating variables, L, R, e and Q 

u CI: , <'(3.1(}). 

" 

'1 • 

! 
1 

\ -

;- . 1 
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, 
Furthermore, denoting th~ c~aracteristic length of the system, 

, 

Le' by the radius of the vésjel, and then Substituti~9 U ',in 

equatio~ (3.6) from equation (3.19), an explicit expression for 
1 , , 

mixing time as a f'unction of vessel geometry, lance depth \ anct, 'l 

gas flow rate resul ts : ' 

, . (3.1,1) 

.. 

The turbulence kinemat1c -viscosi ty, though ~tr1ct1y spa-
~ , 

tiâ11y dependant'- pan be"" convenymtlY represented as àn averagé 

\' 
\ 

1 \ 

\ ' 

effective viscos1ty (4), according to 1 

v .. CL {(l-a) 913Q} 1/3 
t 0 D 

'---
-As thé value 'of the eddy d1ffuSiVity.,De ,can be regarded as being 

as ~arge as the e~y kinema:iC viscos1ty, De 1s read11y deduced 

fr9m/equation (3.12) as 
-C' 

1/3 , 1> 
ç;:, 

18Q (l-~) 1 L ( 
De ex 

1/3 (3.13) 
( R • 

Substi~ution of D from equat.ion (3.'lj) tnto' equation (3. 7),' - , e " ~ , 

,! 

-:.\ 1ead~ t.n ,an explicit re1ationship for mix"iri9 tim~ an terms 'of 

operat1ng variables; i.e., .. 

( 
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7/3 
R 

lt3 
IBO (1-0.) l ' . L 

, , 

1 (3.14) 

. , 
Consequentiy, for the'two P?ssible'limiting-situations of eon-

-. 
vective and diffusive mixing, mixing,times for tracers adàed to 

" , 
gas agitated ~efining vessels (e~g., lad1es) can be represen~ed 

as: 

5/3 
R 

1 
! 

f3.l5) 

" 

for dispersion domlnated by bulk circulation phenomena and J 

R7/ 3 ) _ ... 
(il) 

Tm = ~2 (80)17 3 • L 
(3.16) 

. 'for, dispersion dominated by 'Çurbulent "diffusion phenomena. 
o '"\rI r ., • 

Expecting <jases y oceupy 1 ta 10 pet'. of the upwelling ga!:;-

liquid mixtur;' (l-a) 1/:( has beenset equal to unity. for the 

sake of convenienee~ However, on~ must now addr~ss the question / 

as to,which of t~ese two transport mechanisms dominates liquid 

mixing in sueh systems. AIsa, once the principal transport 

• meohanism has been identified, the constant Cl or ~2 must bè 

determined, so that mixing time can be stated explicitly' in 

terme of L, R,~ S, Q and\th~ c~:>nstants of proporti~nal_ity, Cl' 

~ppearing in equation$ 
1 

1 

\ 

(j.15) and (3.16) respe~tive1y. 

,. 

J 



( 

( 

\., 

. . 
--~---_.-~- ~ ----

o 

185 •. 
" 

, .' 
' .. 

. \ 

. 
B. Calculation Procedure 

, , 

Numerical procedure' 0 

.. 
" ' 

. The 'flow'fields and ,the effective viscosity f~elds calcu

latéd in Part l of the thesis were used to sqlve the mass con

servation equation (i.e." equàtion (3.2». The transi.erl.t term 

in the mass congervation equattion ~as approximated by a fully 

~II!plicit marching integration procedure,' while for the represen

tàtion of the total flux .( i. e.! conveotion + diffusion}, a 
1 

hybrid differencing scheme (7) was adapted. Equation (3.2) . , 

, though a l~nea~ differential' equation, was solved iteratively.' 

\ 

'. 

. 
using a line by line solution scheme. A convergènce crite~ion. 

\J l' ." 

.was set 50 that the a~solute sum of x:esiduals-.pf mi fell" below 

1..Q -6 .r.> • Abou.t 12 to ii5 i terations were requ~red to S~ti5fy this 

criterion. 
, ' .. 
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EXPERIMENTAL WORI< 

, 
Measurement of Mixing Times by Conductivity Measurement Tech-

nique 

,/ 
Mixin~ times were measured in two d~f~ent cylindrical 

• 
tanks, in which water was agitated byair, injected through a \ 

central vertical lance. Fig. 3.I(a) give an outline of the 

experimental set~up used for rneasuring mixing times. There a 

conductivity cell, made from a pair of platinised stainless 

steel electrodes recorded ch~~~ in the local concentration of 

a pulse tracer addit~on of lN hydrochloric acid. This was 

made to the bath at point T in Fig.3:~(a). The change in local 
"\ 

ion concentration around the cell was measured through changes 

i~ the wate~s electrical conductivity, and recorded via a 

stripchart recorder. The recording of the tracer response w~s 

carried out until the ~oncentration was considered to have 

attained the homogeneous concentration value. The analogue 

response curves (Le., millivolt against time) thus obtained 
• 

were used to ~valuate mixing times. These are defined in the 

present context as the time required to allow the monitoring 

""point concentration to continuously fall within a 5 pet. de

viation b~nd of the .well mixed/homogeneous value. ~st 
/ 

four measurements were made for edch operating 'c~ndition. It 

was found that maximum deviation in m~ured mi~ing times for( 

each operating'condition amounted to,;no '~han 10 pct. 

(see Fig. 3.12). ·However, for the sake of convenience, an 

average mixing time was determlned for each operation c~di-
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( 

) 
Figure 3.1(b) The e1ectrode assembly 
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,tion, and a linear regression analysis was' carried out to 

make&a straight line fit to the averaged points in ( 

" 
Flgs. 3.2, 3.3, 3.4 etc •. 

In addition to these measurements, the effect of 

a) monitoring point location, b) tracer addition sites, 

c) different types of electrodes. and d) cell width (i .e., 

distance ,of separation between the electrodes) on mixing 
• Ir' 

times were studied. The types of electrodes used and the 

cell width had practically no effect on measured mixing 

times. However, monitoring point and tracer addition loca-l . . 

tion were found to be quite sensitive to measured mi King 
fil 

times. It was found that measurements made wi th the c'ombi-
. ( 

nation of tracer addition and monitoring point location of 

• 
the type shown in Fig. 3.I(a) closely correspond, to, and 

~ 

could be interpreted as t~e bulk mixing time. The implica-

tion of the term 
, •• • 1 
bulk ml.xl.ng tl.me is discussed in the 

next section. 
c 

Although the tracer addition sites were essentially the 

same for aIl experiments (point T in Fig. 3.I(a).), a somewhat 

different location for the probe (i.e., point C in Fig. 3J9, 

which is different to that ind±cated in Fig. 3.l(a» was used 

for measuring mixing times in the C.A.S. ConfigUra/ion. This 

is elaborated on in the text~ ( 

-
1 

\ 

l, 
1 
l 
1 

·1 
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RESULTS AND DISCUSSION 
'c] 

A. Conventiona,l Ladle Stirring 
\ 

Mechanisms of addition mixing and an empirica1 mode1 for mixing 

Figure 3.2 shows -the change in experfmental mixing 

times as a function of R7/ 3/ ISQ)l/~1 and R5 / 3/ 1(8Q)1/3 L1/ 4 1 

respective1y fpr a wide-range of operating ~onditions and 

vessel geometry. As seen in Fig. 3.2(a) 'a11 the experimental 

data there can be described by a ~ingle straight line passing 

through the origin. There is practical1y zero scatter, whi1e 

in Fig. 3.2(b), the scatter in data sets relative to the mean 

straight line happens to be significantly 1arger. 

These figur~s suggest .that experimeritally observed mixing 

times can be described accurately via ~quation (3.~6), and that 

mixing in such systems may be primarily related to eddy 

d\ffusion, ,rather than melt circulation, phenomena. 

To test this hypothesis" further, the governing differentia1 

equatio'n (viz., equation (3.2» for material mixing was re-so1ved 
. 

numerically, by (i) retaining eddy diffusion terms and elimi-

,nating convection terms, i. e. , 

(3.17) 

and by (it") retaining convection tenns and e1iminating eddy 

diffusion termsi i.e., 

\, 
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• <J 

a (pmi) +..!. (PUm
i

) +!..t (prvm
i

) = 0 at ClZ r dr 

Corresponding predictions for Tm for one of the two 
1 

(3.l8) 

(~yeSSelS studied (L = 0.93 m, R ~ 0.56 m), are i11ustrated in 

" Figs'. 3.3(a) and 3.3(b). As seen neither of these two equa-

tions (equations (3.17) and (3.18» produce predictions which 

are close to experimen~al mixing time observations. Indeed 

solutions based on equations (3.17) and (3.18) predict mixing 

times that are both about an order of magnitude greater than 

those measured, whereas mixing time predictions incorporating 

both diffusion and convection (equation 3.2) pro duce quite re

alistic estimates, as seen from the same figures (1. e.;' Figs. 

3. 3 (a) and 3.3 (b) ) • 

Consequently, although measured mixing times for a wide 

range of operating conditions and vessel geom~try fall on à 
e 

line 

7/3 

Tm ~ ----T~~----
(SQ)lj3 • L 

(3.19) 
" 

mixing times cannot be characterised solely in terms of either 

the two transport mechanisms. Previous investigators (1,2) 

have attempted to characterise mixing phenomena in ter.ms of 

bulk convection and/or eddy dixfusion mechanisms, while the 

present study clearly shows that mixing in ~uch gas stirred 
4) 

", 

1 
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systems ,are governed by the combined p~enomena of convection 
1 

and turbulent diffusion. 
" . 

Experimentally measured mixinq times, at agas flow rate 

-4 3 of 6:67 x 10 m /5 1 (e.g. 1 40 lits/min) are illustrated in 

Fig. 3.4, as a functiori of liquid depth,L. Ther~ the relation

ship appears·to be T oc L- O. 96 • One can àgain note the rather 
.' , m, 

fortuituous similarity between the experimental exponent of 

L (=0.96) and that suggested by equation (3.16) •. 

,Based on their extensive experimental measurements in 

different sizeq vesse~s, Asai et al (2) suggested an empirical 

corr~lation T oc Ë -U3
L-l R4/ 3 for estimating mixing times in 

~- rn na u ,~ 

such gas injection systems. By manipulating equation (3.16) 

one can produce the practically equivalent relationship, 

1. e., T oc Ë -1/3 L -1 R 5/3 : 
m m 

Equation (3.16) can be tuned to describe experimental ob-

servations fairly accurately and has'a form equivalent to 

empirical correlation proposed by previous investigators (2); 

for estimating mixing tlmes in axisymmetric bubble driven sys-

tem. Consequently, mixing times in cylindrical tanks agitated 

by a centrally rising bubble plume, can be adequately descrtbed , 
via the following empirical correlation 

. , 

(3.20) 

, <:> 
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or 

, '(3.21) 

c2 ; .~he empirical constant in equat10n f3.20) can now be d1-' l' 

< rectly deduced from.Fig. 3.2(a) (Le., C2 = Tm' wherei' 

.. R7 / 3 
173 = 1) and C21 is found to be 25.4. Consequently, w1th 

(60) • L \6" 

C2 = 25.4, mixing times in such ladle refining op,erat1ons can be 

exp11c1tly r~presented via the 'foll,owing relat1onship: 

" = 25 • 4 (6Q ) 1/3 (3.22) ,. L 

However, it 1s instructive to note here that equation(3.22) 
, , 

15 applicable only for central gas injection into cylindrîcal' . .. 

tanks, and only in the high gas flow" regime (greater than 30 

lits/min of flow in Fig •. 3.6). Furthermore, the numerical 

value 'of C2 'will generally reflect a degree of bulk mixing only 

-up to 95 pet. mark. Evidently" C2 would assume a higher value 

if (l~?/3/·I(BQ)1/3 L) l'in Fig: 3,.2(a) were to he compared against 

99.9 pet. (say) mix~ng times. 

In ~stimating the constant C2 from -Fig. ~.2(a), due, care 

was taken, so that mixing times referred to there represent . 
bulk 95 pc~. mixing times. As mentioned previously, the mixing' 

tirne has been defined as the time taken for the concentration of 
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tracer at location ~ (see Ftg. 3.5) ~o fall continuously with-
; 

~n 5 pet. of the weIl mixed values.~ It is naturally important 
f 

to justify whether the band width (i.e., 1.0 ~ 0.05) selected , 

is appropriate as a criterion. Fig. 3.~ shows how,the normal
~ 

lzed concentrat~on (mi/mi'bulk ) varies as a function of,time 

for three different regions in the water model ladle. As seen 

the local rates of mixing in these three r~gions are quite 

different, with region A exhibiting the slowest rate of liquld 

mixing. Consequently" it can be concluded that a measuring " 

probe immersed.near region A, i5 best interpreted as represent-
."" 

t 1ng the '95 pet. mixing time, rather than 95 pet. mixing times 

registered at locations Band C. " 

The effect of gas flow rate on mixing 
i 

Experi.mentall'y ~easured mix.i:ng tim~s in one of two veSSEÜS 

(L = 0.93 m, R = 0.56 m) as a function of gas flow rate has 

been illustrated in Fig. 3.6. It i5 seen that the relationship 
0 

0-0 • 48 at betweeri T and Q is T a: low gas flow rates followed 
1 m m 

by a shift to Tm cr 0-0 . 34 at flows greater than about 5 x 10~4' 

m3/s (or 30 lits/min') • It ls interesting to note that the expo-
1 

nent of Q for the high flow rate reg~me is practically slmiiar 

ta one su~gested by equation (3.16) and (3.17) respectively. 

The effect,of lance depth on mixing , 

For central gas injection, expérimentally measured mlxlng 

times, for various depths of lance submersion, i9 111,ustra..ted 

in Fig. 3.7. "" It ls at once clear that any increase in the depth 
(" 

, 1 

". 

, ' 

\!! 
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of lance submergence enhances mixing considerably .As seen-, 

from equations ,(3.~O) and (3.21), the specifie input energy 

rate, Ëm' is direct~ proportional to, (gas,flow rate x lance 
, 

depth). Consequently the extent of influence of these two 

parameters on liquid mix~ng can be readily anticipated. To 

i11ustrate this further, Table 3.1 has been incl\lded, which 

shows how the mean speed of liquid recirculation and eddy 

diffusivity tends to vary with gas f10w rate and fractional 

depth of lance submergence and thus affect the rate of llquid 

~ixing. 

B. The C.A. S'. Method 

Influence of time step size.on mathematical modei prediction 
~, 

Ta compare the predictions from thè differential model with 

experimental measurements, it ïs necessary that the model pre-

diotions be independent of grid distribution. Since a·lB x 15 

grid network has already been found to produce practically grid 

in,dependent resul ts (see Part I), the purpose here is to de ter

mine an optimum time' step 6t, which will produce results in

dependent of grid configurations in both sp~ce and time. The 

influence of time step upon model performance is illustrated in 

Fig. 3.8. This shows the variation in di~ensionless mass frac-

. tion (mi/mi' bulk) as 'a function of ti,me, at a particular loca

tion for four different time steps~ It is readily seen that re~ 
, 

ducing the time step below 5 s~cQnds, does not produce àny 
> , 

, 
s~gnificant change on the nature of model p!edictions. 
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Table 3.1 predicted
2
mean speed of liquid recirculation (mis) and eddy diffusivity 

values (m Is) as a function of gas flow rate and fractional depth of lance 
submergence for conventional ladle stirring ,operations. ' 

-
Vessel Radius = 0.56 m Liquid Depth = 0.93 m 

D 

Mean Speed 
Eddy Mixing times, sec 

1.:. 

No 

Gas Flow 
Ratel 
m3s-

Fractional 
Depth of 
Lance 
Submergence 

of Liquid 
Recircu1a'tion 
ms- 1 

Di ffusi vi ty , 
m2/s Experimental Prediction 

If 

1 6.67*10- 4 '0.94 0.073 91. 4* 10- 5 82 91 

2 8.33*10- 4 
0.70 0.0711 85.8*10- 5 86 97 

3 10.0*10-4 0.94 0.0807 103.5* lo.~ 5 71 78 
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DEL TA t.2. 5 SEC 

DEL TR r-s. 0 SE~ 

DELTA T-I0.0 SEC 

DELTA T-20.0 SEC 
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Figure 3.8 Effect of ~t on numerically predicted mixing 
time curves for an 18 x_1S space gr id net
work, and rnonitored at location C in Fig. 3.9. 
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Consequent1y, ~t = 5 seconds was taken to be an optimum time 

step, with the 18 x 15 space grid network used, and 'numerica1 

computations can be expected to be practica1ly grid independen~ 

Comparison of numerica11y ~edicted and experimental1y measured 
" 

mixing times fo'r various operatin'{ conditions 

Assuming that eddy diffusivity and eddy kinematic viscos-

~ty are of identical magnitude, sinee they both der ive from 

~he phenomenon of turbu1eht f1uctuation~, 95 pet. mixing times 

have bee~predicted, for ~arious operating conditions, and are . 
compared with experimenta1 measurements -in Table 3.2. "As seen, 

both 'effecti~e viscosity models' appear to simu1ate experi

mental measurements rea1istica1ly, with the predicted homo-

genisation time via')the rnodified kre: mode1 being somewhat 

closer to experimental observation~~ This suggests that k:, 

model can simu1ate turbulence chara~eristics within the system 

somewhat more accurately than the volumetrie average effective 

viscosity formula. This one would normally expect because of 

the transport type nature of the governing equations in the two 

equation model. 

Criterion for evaluating 95 pct. mixing times_ 

As previously mentioned, the mixing time ha§ been defined 

as the time taken for the concentration of tracer at location 

C to fall within 5 pet. of the weIl mixed value. It is natural-

v 1y important to justify whether the band width (i.e., 1.0! 0.05) 

se1ected ls appropria te as a criterion. Figure 3.9 shows how 
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Table 3.2 Comparison of experimenta1 and predicted mixing tirnes 
for various operating conditions in the 0.30 scale 
water'mode1 during the C.A.S. operations. 

Vesse1 Daimeter:= 1.12 m Liquid Depth = 0.93 m 

Predicted 95 pet. 
r4ixin~ Time, sec. 

Fractional Experimental Bulk k-f: two 
Depth of 95 pct. Effective Equation 

Gas Fl~W Lance Mixing Time Viscosi,ty Turbulence 
No. Rate,rn /s SubmergeJ;1ce Sec. Formula Model 

1 6.8 x 10- 4 0.5 250 173 235 

2 6.8 x 10- 4 0.7 210 164 195 
~. 

3 6.8 x 10- 4 
1 0.94 i 150 120 1.39 

.( 

'1 
1 

; 

j 
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Figure 3.9 Predicted variation of dirnensionless mass 
fraction (m./m. b) as a~function of time//~ 
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model (Q = 6.80 x 10 rn /s, S = 0.91), 
showing the criterion for evaluating the 
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95 pet. bulk mixing time for the C.A.S. 
procedure. 
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the norrnalised concentration (mi/mi'bulk) varies as a function 
- ( 

of time for three different regions of the model C.A.S. ladle. 

As seen, the local rates of mixing in these three regions are 
~ îi f' 

qui te different, with region C exhibiting the slowest rate of 

liquid mixing. Consequently, it can be concluded that a 

mea~uring pro,be irnmersed near region C, ~s best interpreted as 
'> 

representing the 95 pct. mixing times, rather than the 95 pet. 

mixing tirnes regiStered a t location A and B - (see Fig. 3. 9) . 

Comparison of rnixing times between the C.A.S. and conventional 

'central gas injection procedures 

Figure 3.10 compares the experimentally measured mixing 

times for the two different gas stirring operations (viz., 

conventiona1 central injection and C.A.S.) as a function of gas 

flow rates. As seen, .the rate of liquid ,rnixing in these two 

systems differ widely, with C.A.S. exhibiting a mueh poorer 

rate of addition ·homogenisatiqn (i.e., about SQ to 60 pet. 

longer mixing t,imes under the same operating conditions). It i8 

to be' mentioned 'that a sirniiar observation has been made in 

larger size steeb processing lad~s at the Gary Works of the 

u.s. Steel Corpora~ion (1). Of particular interest here is the 

funetional relationship between mixing times and gas flow rates 
, 

for the C.A.S.' system, which has been illustrated on a log-log 
" 

• 
plot in Fig. 3.11. There it i5 seen that the relationship 

between T and Q is T tt' Q-0.63 at low gas flow rates, followed m m 
-0 10 4 3 by a shift to Tm tt Q • at flows greater than about 4 x 10 m 15 
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(or 24 lits/min). It is impor~ant to note the index on Q 

(particularlY in the high flow rate regime, which is very 

different from the corresponding experimental exponent of Q 

(i.e., -0.34) for conventional central injection . 

• 
We may now consider the physical phenomena incorporfte~ in 

the axisyrnrnetric C.A.S. operation. It is evident that placing 

a cylinder over the eye of the upwelling gas/liquid mixture, 

may stifle high radial outflows across the free surface and de-

flect these vertically downwards (Fig. 1.18, Part 1). This plung-

ing annular stream of liquid adjacent to the centrally risi~g 

" gas-liquid plume will tend to increase the rate of turbulence 

energy dissipation between the plume and adjacent liquide 

Evidently, this energy consumption will occur at the expense of 

energy transfer from the rising plume to the main bukk of re

circulating liquid within the ladle. In other words, given the 

sarne energy input, and ~as flow rate, less of the available 

energy is utilised in the C.A.S. than that used during normal 

c~ntral in je ct. ion. This explains why the rate of recirculation 

of bulk liquid, and rate of liquid mixing were. lower in the 

" C.A.S. i~ comparison to those observed during ~ormal central. 

injection~ 

In the U.S. Steel operation, argon consumption and pro~ 

ces~ing times are greater as a result (8). Such C.A.S. opera

tions graphically demonstrate that the 1 univers al relationship' 

;. -0.4) proposed by Nakanishi et al (1) (i.e.,Tm ~ k ~v is less 
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universal than recent literature wauld imply. ,Obviously vesse! 

shape, baffles, method of energy input, .and mode of dissipation, 

aIl preclude such generalisation. 

~ / 

Effect of sorne operating variables on mixing times in the C.A.S. 

operations' 

Experimentally measured mixing times for three different 
~ 

depths of lance submersion -vers~s gas flaw rate are given in 

Fig. 3.12. As seen, the depth of lance submergence appears to . 

influence mixing considerably. As previously mentioned, four 

mixing times were measured for each condition. The var~ation 

sh9wn in Fig. 3.12 amounted to not more than 10 pet. (for co~n~ 

cident points, onlyone point has been marked). 

The geometry of the centrally placed cylinder (i.e., its 

diameter and depth of immersion) over the gas liquid plume can 

ëi1S0 exert profound effec't on the rate of addition dispersion 

in such a system. As shown in Fig. 3.13, the mixing times C 

appear to increase sharply as the depth of immersion of the 
" , 

. central plexiglass cy1inder increases. It 1s impo,rtant to note 

that as the depth of immersion increase~, more and more of the 

bulk becomes quiescent and consequent1y mixing time increases 

sharply. 

;. c. Industrial ApplicatiOns 

Gas injection into ladIes is p:actise9 ~rincipally to homo-

gen1se the bath chez:n1cally 1 to r.emove particulates, to control 
.t. ~~\ 

temperatures, and to eliminate temperature stratification. ~ 
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reasonàble estLmate about homogenisation, or mixing rates, in 

such industrial operations can be made êither, 

(i). from direct measurements taken under sorne typical 

operating conditions and/or, 

(ii)from a theoretical approach of the type outlined in 

t'he previous section. 

However, high temperatures (e.g., l600o C) and the visual 

opacity of liquid metals make such processing uhits less than 

convenient case studies. On the other hand numerical mod~lling, 

though very promising, involves a certain degree of computation-
r! 

al effort and consequently cannot be justified for each indivi-

dual problem. 

Thus, to test the applicability of equation (3.22) to 
" 

larger si~e steel processing units, mixing times in a 60 t ladle 

have been predicted for three different blowing rates. Further-

~m~e, subsequent ~~edictions,were made from the more detailed 

difÙrential model (viz., equatiqn (3.2». The comparison 

between the predictions has been illustrated in Table 3.3. Very 

reasonable agreement between the t~o arè· readily apparent. 

The applicabili ty of equation (3.22), on the basis of the 

comparison illustrated in Table 3.3, to indus trial size vessels, 
" 

further enables one to relate the mixing times in the model 

làdle to those in the full scale 'system, through the geometri-

-
cal scaling facto~ À, accordirig ta 

T m,mod = 
, 4/3 * À _ 

1 
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Table 3.3 Comparison of 95 pet. bulk mixing>tim~~ predicted 
from th~ differentia1 model and equation (3.22) for 

. . an ~ndustrial size 60 ton ladle 

No 

l 

2 

3 

Vessel Radius = 1.225 m 

Gas Flow 
Rate i m3s 

3.82*10- 3 

7.96*t'O-3 

10.6'2* 10 - ~ 

\' 
>" 

"\ 

(. 

Fractional 
Depth of 
Lance 
Submergence 

'" 1. 0 

'" LO 

'\, 1. 0 

( 

Liquid Deptn E 1.50 rn 

predicted 95 pet. Mixing 1imes, 
See 

DifferentiaI 
Model, 
[Equation 3.2] Equation (3.22) 
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As a final not~, it is ta be emphasized tha~ the flow 

fields in the full scale ladle and the water model are very ,< 

r. 

similar. One can therefore expect that the mechanism of dis

persion and mixing of a110y additions will be practically id~n-

tical. Mixing in~ 150 ton ladle during C.A.S. operation 

at agas flow rate of 0.0188 m3 s-l, which is shown in Fig. 3.14 

exhibit close similarity with the observations made in the water 

model study. At this' gas flow rate, about 400 seconds blowing 

is needed ta disp~~~r~e additions hornog~neously in the bath. 

Also, on the basis of numerical solution of equation (3.2), 

\ 

predictions were made for rnixing times ~~j C.A.S. and convention

al gas stirring operation in a 150 ton ladle at a blowing rate 

of 0.0188 rn3 /s. Predicted rnixing tirnes are approxirnate1y l55 

seconds and 280 seconds respectivéIy. Of particular importance' 

1s however the rates,~f mixing in the vicinity of the free sur-

face. As shawn in Fig. 3.15 the rates of mixing near the free 

surface are considerab1y different. '~hls essentiaIIy arises 

because of the surface baffl~ in the C.A.S .. This sluggish rate 

of Iiquid rnixing near the free surface in the C.A.S. operation 

can lead to a mi~imal transfer of dissolved additions between 

metal and slag phase, which can help in slowing fading and 

~proving recovery rates of a1loy additions such as a1uminum. 

\. 

1 
\ 

1 

[. 

1 
1 • 



~-.-

'. 

( 

l 
z 
c z -CI .... -t-a: a: a: CI: .... 

t-, Z 
l.LI Z 
t.J I&J 

Z u 
t:) z 
U le 

U 
...J 3C a: 
t.J ...J 
t:) ;:, 
...J CD 

\ 

.. 

( 

I
~--

~ - ~-~~---~ _._-_ ... -----~- , 

1 
217. 

. 
i 
j 
1 
J 

- l 

2.0 

1.8 

1.6 

~1.4 

1.2'-

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 o. 40. 80. 120. 160. 200. 240. 280. -320. 360. 400. 

TIME.SEC ~ 

Figure 3.14 Predicted distribution of dimensionless 
mass fraction (m./m. h) as a function of 
t~me in three ditfeféfit regi~ns in a 3 
150 ton cylindrical ladle (Q = 0.0188 m /5, 
B = 0.94), during C,A.S. alloyaddition 
procedure. 

. . , 

1 

1 

1 
1 
1 

! 
. l 
" ,1 
! 

l 
l 
f 
~ 

1 . . 

l' 
j 



Î 
:z 
D :z -D 
1- -1-a: CI: ,cc cc 1-
:z .... 

:z LLJ LLJ c..J c..J :z z D D c..J c..J 
-J ~ a: ..J u :::l D CE) 
-J 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

O. " 

0.2 

0.0 

c , 1 

\1 

218. 

(" 
) 

O. 40. . 80. 120. 160. 200. 240. 280. 320. 360. 400. 

FiÇPlre 3.15 

TIHE.SEC ~ 

Predicted m1x1ng rates in the vicinity of 
the free surface in a 150 ton industria1 
1ad1e at a b10wing rate of 0.0188 m3js for 
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CONCLUSIONS 

Liquid mi~ing in gas stirred metallurgical melts has been 

investigated from a theoretical as well as experimental view 

point. It has been demonstrated ,that addition dispersion in 

such gas injec~ion operations" is expected to be controlled Py~ 
a combined mechanism of eddy diffusion and bulk convection. l 
Empirical correlations fbr estimating rnixing times during 

central injection into cylindrical vessels have been ,proposed. 

Liquid mixing beh~viour in th~C.A.S. process has been 

compared with conventional gas injection process. Mixing be-

haviour in industrial scale ves~els have been predicted on the' 

basis of these results, and their technological significance 

discussed. 

Finally, quantitative relationships were developed for 

estimating alloy dispersion times in industrral C.A.S. opera-

tions. 
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-2 Acceleration due to gravit y, m s 

220 •. 

Dimensiona1 constant in equa~ion (3.9); has a value 4.19 

Liquid depth, m 

A characteristie length, m 
, 
Characteristic length of the model, m 

'Characteristic length of the full sca1e system, m 

Mass fraction of species i 

A given mass fraction of species i 

Gas flow~ate, m3 s-l 

Vessel radius, m 

Radial coordinate, m 

Time, sec 

Mixing time, sec 

Mixing time in model, sec 

Mixing time in full scalè system, sec 

-1 The axial velocity component, rn s 

Average plume velocity, m s -1 

-1 Mean speed of liquid r~eirculation, m s 

Veloeity, m s-l 

The radial ve10city component, m s-l 
() 

Axial coordinate, m 
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GENERAL CONCLUSIONS 

PART l 

From the experimental,and theoretical studies reported in 
1 • Part l the following conclusions can be drawn: 

(i) The sensitivity of the computation to the choice of, 

grid size and the choice of an' average .effective V;iscosity 
" 

J 

i 

J 

~nstead of the oetailed k - t model has been verified. It was 1 1 

found that a relative c~arse gr1d and average viscosity would \ 

provide a satisfactary answer ta the problern of predicting 

flow fields. 

(ii) Bulk flaw fields (except in the irnrnediate vicinity 
J 
of, a solid wall) were faund ta be ïnsensi ti ve ta the cholce of 

an effective visco~ity model, illustra~ing that gis s~irred 
, 

~ystems tend ta be dominated by inertial rather than turbulen~ 
'or 

viscaus forces. 
,~ 

(ii,i,? It is alsa shown that bulk velocity profi~es are 

relatively insensitive tQ the deta1Is of the bubble plume ... 
. structure. ., ~ 

(iv) Finally, the model is ~sed to predict the effect of 

a cylinder at the free surfac~ of the ladle, the effèct of 

tapered walls, and extrapolation to large scale ladIes. 

(v) It has been shown that the placement of a baffle over 

rising plumes for slag free addition mak~ng, causes a strong . 
na~row recircula~ory vortex, with a complementary contra-

l' 
rotating 'vortex in the main bulk of the liqui~ . 
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(vi) Computations based on the standard k - E two equa-

tion turbulence model produced incorrect flow fields for C.A.S. 

operation. Ad hoc adjustments to two of the five ernpirical 

constants were made and realistic flow fields could then be 

achieved. 

(vii) -In spi te of a number of sirnplifying assumptions in 

formulating the problem, it has been demonstrated explicitly 
) 

that the distribution of flow and turbulence parameters in 
- ~ 

such systems can now be predicted wi th reasonable accuracies, 

and hence full scale predictions can be made wi th sorne confi-

dence • 
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PART'II 
';~ \ \ 

From the experimental as weIl as mathematical model 

studies reported in Part II, the following general conclusions 

can be drawn: 

(i) Agas liquid dispersion can evidently cause some re

duction in steady translational drag forces on sUbmerged 
, 

spheres. consequently, when additions in gas stirred ladIes 

are introduced over the eye of the bubble plume, they are 

expected to experience a reduced drag force, than that antici-

pated for an equivalent homogeneous flow system. 

(ii) "Buoyant additions (sp. gr = 0.4 & 0.60) will hardly 

penetrate inside such a bath. On the other hand, neutrally 

buoyant spheres c;an undergo prolonged subsurface motion. 

Dénser spherical particles (sp. gr = 1.14) will alwGlYs settle 

to the ladle bottom. 

(iii) Consequently,additions like aluminium and ferro-

silicon will not undergo subsurface melting, whereas ferro':" 

manganese has the greatest opportunity to undergo subsurface 

melting. Denser additions such as ferroniobium will always 

settle towards the "bottom, as they gradually melt or dissolve. 

Because of a quiescent bath, the meltingjdissolution times of 

dense additions that have settled out can be sig.Qificantly ex-

tended, and mixing considerably delayed. 

(iv) "Since buoyant acldi tions such as aluminium, feI'ro- ' , 

silicpn etc. will always float up prior to any melt:ing, li has 

) 
, , 
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been demonstrated that an alloy addition procedure such as the 

C.A.S. will be an effective way of introducing such buoyant 

additions from the view point of better recovery and better 

process control provided control of the atmosphere ab ove the 

" free surface is maintained (i.e., air must be excluded). 
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PART III 

The following general concrusions on the behaviour of 

liquid mixing in gas stirred ladIes can be drawn f·rom Part III: 

(i) Mixing cannot be characterised in terms of either 

bulk èonvection or eddy diffusion controlled phenomena. Mixing 

in gas agitated ladIes occurs by a combination of these two 

transport mechanisms. 

be 

(ii) Miri~g in con,ventional ladle stirring 
{ 

adequate)i described via an empirical model Tm 

It has beenfshown that this simple model produces 

operations can 

cc ~-l/3L-IR 0/3. 
m 

resul ts which 

are consistent w~~?)a more advaneed differential model. 

Liquid mixing in the C.A.S. is slu~gish and re-

\ 

(iii) 

a;ively insensltive to gas flow rates. It has been shown that 

the free surface of liquid in such systems can be expected to 

be essentially quiescent. 

(iv) For an equivalent gas flow rate, mixing in O.A.S. 

procedure is about 60 pet. slower than in conventional ladle 

stirring operations. 

(v) Because of the quiescent nature of the free surface, 

the rate of slag-metal reaction in such systems is expected te 

be slow. Furthermore, beeause of the presence of the refraetory 

cylinder over the plume, dissolved additions will be dispersed 
~ 

pornogeneously into the bulk steel bath prior to reaeting with 

the slag. This will in turn irnprove the recevery rates of 

buoyant additions. 

\ 
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" 
CLAIM Ta ORIGINALITY 

Practically aIl aspects of this thesis constitute, in rhe 
~ 

author's opinion, new and distinct contributions to knowl~dge. 

The major contrlbutions are: 

(i) This is the first detailed hydrodynarnic investigation 

of the C.A.S. method of alloy addition. 

(ii) For the~fi~st tirne, the dynamics of two gas in-
" 

jection processes have been compared directIy on the basis of 

hydrodynamlcs, particle motlon and liquid rnixing and correspond-

ing process efficiencies explained. 

(iil~ Much new experimental data in ~much Iarger pilot 

scale unit than tha t used by Sahai (ref. 14 Part 1) has been 

carried out uSlng both partIy, and wholly,submerged lanpes. 

(iv) The data obtained were used to valldate several 

no~ mathematical models developed during the course of this 

research:' 

(v) The work contains the first 'report in the Iiterature 

that bubbly Newtonian Iiquids can Iead to a reduction in stan-

dard drag coefficIents on submerged objects. 
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