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Exper imen ta l  measurements arc r e p o r t e d ,  on t l re  v e l o c i t y  f i e l d s  and 

. d 
: : .  * 
, . w  PI turbulent., p a r a m e t e r s  on a w a t e r  model of a n  a r g o n  s t i r red  l a d l e .  These  . ,  hS . '. 

I . i % ? g  4 w  g ~ v e l o c i t y  s c r s o r c n e n t s  are complemented hy d i r e c t  h e a t  t r a n s f e r  measure- 
= biu . . 

I ments ,  o b t a i n e d  by s t u d y i n g  the rate a t  which icc r o d s  i p n c r s e d  i n t o  t l tc  
I 

(0 cu 
i \ sys t em m e l t ,  a t  v a r i o u s  l o c a t i o n s .  The t h e o r e t i c a l  work urldcrtaken introlv-  

r3 
C9 

crl t h e  u s e  o f  t h e  t u r h u l c n c e  ladvier -Stokes  e q u a t i o n s  i n  c o n j u n c t i o n  w i t 1 1  t h e  
b 

4 P 
U k-E model to p r e d i c t  t h c  l o c a l  v e l o c i t y  f i e l d s  arid . the  maps o f  t h e  tu r l . 1~ -  

i H o r  4 
. Ha 
a U % l e n c e  pa ramc te r s .   he& t h e o r e t i c a l  p r e d i c t i o n s  v c r c  i n  r e a s o n a b l y  g o ~ d  

U 
j u w a  =- 
. H O P  aqrcement with t h e  expe r  i n c r t t a l l y  measured v c l o c i  t y  f i r l d s ;  t h e  aqrccmcnt  
i 4 W m  - 
/ dp; 
i - 0  b e t v c c n  t h e  predicted and t b c  measured turbulence p a r a m c t c r s  was less pt%r- 

f e c t ,  b u t  s t i l l  s a t i : i E a c t o r y .  The i m p l i c a t i o n s  o f  tfrcne f i n d i n g s  to  tile 

m d c l l i n q  o f  l a d l e  mc? ta l lu rq i ca l  o p e r a t i o n s  a r c  d i s s u s s c d .  

. 1NTRODUCTION - . .- 
;a *, 

m w  
* , A U  

Durinq t h e  p a s t  clecade t h e r e  h a s  been a growing i n t e r e s t :  i n  t h e  deve lop -  

3 :OD4 
" it-4 03 ment and a l r p l i c a t i o n  of l a d l e  rn t l ta l lurqy  a s  a means O F  the f i n i s i ~ l n q  t r ea t . -  

1 0  L)C 

ment of mol ten  steel. Indeed  seine form o f  a Ladle rnctall\:iq;, step. s8:ch a s  

a rqon  s t i r r i n g  i n  o r d e r  t o  a c h i c v c  homogenization h a s  bccomc. all cctaS?ishcd 

c o o i ~ o ~ i e n t  of tlrc o v e r a l l  stc-lf?Jmakirlq st?quer.cc, ( 1 , 4 )  

P a r a l l e l  t o  tht! i n d u s t r i a l  dcve lomcn t s  a q r r a t .  dca l  of \:s:.ful rcscarch 
hF 
% I _  h a s  twen doric o n  v a r i o u s  a s y ~ ~ c t s  o f  l a 3 1 c  m c t a l l u r q y .  It is u e : l r r a l l y  
.' I 

a p p r e c i a t e d  t h a t  a p a r t  from p r o c e s s  c h e m i s t r y  t h e  f lqcid f low phenoccna,  such 

<, 1 .as t h e  f low yat:r!rns and t h ~  e x t e n t  of oqi taLior r  p l a y  a key r o l e  iq d e t e r -  
.." 

, ,, - . >  

mininq  t l te  o v e r a l l  c f  f i c .  *. -3.f t h e s e  opnra t - ions .  I n  qcncral ladle . . 
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3 n e t a l l u r g i c a l  sys t ems  m y  bc a g i t a t e d  e i t h e r  by t h e  i t r j c c t i o n  o f  qas 

streams or by t h e  u s c  o f  a n  e l c c t r o l ~ g n e t i c  f o r c e  f i e l d .  I n  v iew o f  t l i c  

topic o f  t h i s  c o n f e r e n c e , o u r  a t t e n t i o n  w i l l  be r e s t r i c t e d  to 98s h u b b l c  

d r i v e n  c i r c u l a t i o n  s y s t e m s  o n l y ,  b u t  w i t h i n  t h i s  framework m? s h a l l  s e e k  

to r e v i e w  rece t r t  e f f o r t s  aimed a t  t h e  better u n d e r s t a n d i n g  o f  t h e  b e h a v i o r  

of t h e s e  sys t ems  t h r o u g h  t h e  u s e  of 

. mathemat i ca l  mode l l i ng  

p h y s i c a l  mode l l i ng  

p l a n t  s c a l e  experimentation. 

I n  c o n s i d g r i n q  qas bubb le  d r i k n  c i r c u l a t i o n  s y s t c m s  i n  g e n e r a l ,  s u c h  

a s  a n  a r g o n  s t i r r e d  l a d l e ,  from t h e  stiindlmi;<'of t r a n s p o r t  i>henomena KC 

a r e  f a c e d  w i t h  t h r e e  q r o u p s  o f  problems:  

( i )  The d e f i n i t i o n  o f  t h c  gross f e a t u r e s  o f  t h e  c i r c u l a t i o n  sys t em,  

t h a t  is t h e  o v e r a l l  £low p a t t c r n s  and t h e  mixing  t i m e .  

( i i )  The d e f i n i t i o n  of hcat mass and momcntum t r a n s f e r  between t h e  

melt and t h e  boullding s u r f a c e s ,  i.e. problems conce rned  w i t h  r e f r a c t o r y  

e r o s i o n ,  s l ag  - metal r c a c t i o n s  and oxygen t r a n s f e r  from t h e  r e f r a c t o r y  

to  t h e  b a t h  and f i n a l l y  

ii ( i i i )  The d e s c r i p t i o n  o f  t h e  d e t a i l e d  s t r u c t u r e  o f  t h e  t u r b u l e n t  f l ow,  

2 
3 ,  such  a s  t h c  n a p  of t h e  t u r b u l e t i t  e n e r g y  d i s s i p a t i o n  which would be tleedcd 
"f . 
C .  to  model d e o x i d a t i o n  k i n e t i c s ,  t h e  c o a l e s c e n c e  o f  i n c l u s i o n  p a r t i c l e s  

.L. I$r ' ' , . c I . and i n  g e n e r a l  t h e  i n t e r a c t i o n  bctwecn s u s ~ ~ c n d e d  p a r t i c l e s  and t h e  m e l t .  
. . 

I n  r ev iewing  p r c v i o u s  work, tnajor  a d v a n c e s  have  bccn  made r c g a r d i n q  

t h e  d e f i n i t i o n  o f  t l lc  ove ra l l .  f low 1)att.crns and  t h e  mixing  times. th rouqh  

& I  t h e  u s e  of ptlysical modc l l inq  and t h e  a y p l i c a t i o t ~  o f  v a r i o u s  t u r h u l c n c c  

(1.-13) 
modcls .  Indeed i t  may l)t? s t a t e d  w i t h  some cotifidcncc! t h a t  t h e s e  . ) ) rab lems 

are w c l l  u t ~ d c r s t o o d  for c e r t a i n  q c o m c t r i e s  would be essentially a r o u t i n e  
8 

t a s k .  
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u 6 ~ s a l r  i l lustratioir  ~ i q .  1 s ~ r o w s a p l o t o f  t h e m i x i n g  t i m c a q a i r r s t I  

, the ra te  o f  e n e r g y  d i s s i p a t i o n  t i . @ .  t h e  to ta l  power i n p u t  i n t o  t h e  

sys tem)  and it is s e e n  t h a t  most s y s t e m s  of m c t a l l u r q i c a l  i n t e r e s t  may 

be r e a s o n a b l y  w e l l  r e p r e s e n t e d  on t h i s  plot. 

I t  strould be n o t e d  t h a t  t l i c r e  are sound fundamen ta l  r e a s o n s  why 

such  a n  improved u n d c r s t a n d i n q  o f  t h e s e  s y s t e m s  was r e a d i l y  deve loped .  

A s  f a r  as t h e  c i r c u l a t i o n  o f  t h e s e  s y s t e m s  is conce rned  i n  t h e  b u l k  t h e  

i n e r t i a l  terms r e p r e s e n t  the key f a c t o r s ,  t h u s  t h e  o v e r a l l  f l o w  f i e l d  . .. 

may be r e a d i l y  model led  ( e i t h e r  m a t h e m a t i c a l l y  or p h y s i c a l l y )  . # e n  i f  

. . 
t h e  v i s c o u s  ( i n c l u d i n g  the cdrly phenomena) componcnts  are n o t  a c c u r a t e l y  

r e p r e s e n t e d .  T h i s  is a key f e a t u r e  o f  body f o r c e  d r i v e n  f lows.  

The s i t u a t i o n  is r a t h e r  lcss s a t i s f a c t o r y  r e g a r d i n g  t h e  o t h e r  two 

problem a r e a s ,  namely f l u i d  to w a l l  (or s l a y  - m e t a l )  t r a n s p o r t  and t h e  

d e f i n i t i o n  o f  t h e  f i n e  s t r u c t u r e  o f  t h e  f low.  No twi ths t and ing  t h e i r  

o b v i o u s  p r a c t i c a l  importance, t h e s e  a s p e c t s  o f  t h e  problem r e c e i v e d  v e r y  

much less a t t e n t i o n ;  w h i l e  a t t e m p t s  have  been made to  e x t e n d  t h e  theo-  

r e t i c a l  t r e a t r n c r ~ t  to t h e  e x p l i c i t  r e p r e s e n t a t i o n  o f  t h e s e  phenomena t h i s  

work h a s  to  be r e g a r d e d  a s  l a r g e l y  t e n t a t i v e  a t  t h i s  s t a g e ,  because  o f  

t h e  a b s e n c e  o f  h a r d  c o r r o b o r a t i n q  e v i d e n c e .  

The p"rpose o f  t h e  work t o  h e  . d e s c r i b e d  i n  t h i s  p a p e r  is t o  report 

on  r e c e n t  r e s e a r c h  a d d r e s s e d  to  t h e s e  problems.  The a c t u a l  r e s u l t s  w i l l  

be p r c s c l ~ t e d  unde r  t h e  f o l l o w i n q  t h r e e  hcad inqs :  

(1 Mathcn;ilt i c a l  Modc?l ncvelojjment 

( 2 )  P h y s i c a l  Model l inq  and tlrc Comparison o f  t h c  

bleasurcments w i t h  P r e d i c t i o n s  
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(3 )  Plarit Scale .Measurcmcnts 

2. MATHENATICAL MODELLING 

In essence the qas bubble driven circulation syste~n represents 

an axi-symmetrical turbulent rccirculating flow problcm of the type 

(5-8, 10-12) 
which has been tackled by numerous investiqators, 

of the main problems encountcrcd in previous studies was to obtain 

a proper representation of the boundary between the qas bubble rich 
. + 

jet cone region and the bulk of the liquid, both inetqrms of 

psitioc an3 in terms of s.tating the proper boundary conditions for 

the velocity and t h e  velocity qradients. . 
The following assumptions have been made in .the developing 

of the fluid flow equations: 

(1) The two phase reqiofl was confined to a plume, the 

dimensions of which were determined experimc?ntal ly, c. g .  from thc visual 

(8 , 10) observation of the "break through zone". 

( 2 )  The two phase reqion was assumed to be homogeneous 

(3)  The velocity and the momentum flux were assumed to be contin- 

uous across the jet cone (plume) boundary 

( 4 )  The two dimensional, turbulent Navier-Stokes equations were 

used in conjunct.ion with the k-E model to represent the fluid flow field, 

which was colisidcred to he driven by the density difference in the two 

phase region. 

Assumptions (1)-(3) arc illustrated in Fiq. ( 2 ) .  

Within thc frnmcwork of thcse assumptions the governing equations take 

the iollowing form: 



equation of conbuhity : 

Clomonturn hilance in the z-direction 

.- au a atJz 1 a r - 
t2 - az  IUerf + - -(U r + "a 

r ar eff 

Momentum balance in the r-direction 

3 aur a + --[p - 1  + - [  -1 - 2Ur"cf E 
a z  eff a2 eff az r 

2 

where 

It follows that for the purpose of modelling the whole domain 

has been treated as a homoqcnous medium, hut with a spatially variable 

density. Usinq drift flux modcl which allows the slip txtwccn the 

bubhlcs and the fluid, thc quantity may tc expressed as (14) 



where U, is the rising'velocity of a characteristic single bubble, which 

is estimatcb as 40 crn/s. 

The boundary conditions for the equation of motion take the 

following form: 

at the axis 

at the walls 

Ur = uz = 0 

at the free surface 

at the orifice 

Eqs. (1-12) constitute the complete statement of the fluid flow 

problem except for the definition of effective viscosity. In the present 

case we used thc well established k-C m d c l  for computinq the turbulent 

(15,161 viscosity. 



3. PHYSICAL PlODELLING AND THE COMPARISON OF PIEASUREEIENTS WITII 

3.1 The apparatus 

.A < 

$ 8 .  The apparatus was so constructed to allow the convenient measurc- 
=& - 
* : 

: 1 ment of the velocity fields at13 the 'turbulence chpracteristics in a 

cylindrical tank containing water, which is beinq agitated by ar 

ascending gas bubble stream. . . 
In essence the apparatus consisted 0f.a cylindrical tank, contain- 

ing water which was agitated by a gas stream, intrqduccd through the 

bottom of the container, via a centrally located orifice. This cylin- 

drical tank was surrounded by a square tank, also filled with water, 

in order to eliminate thc parallaxis effccts in the optical measurc- 

ments. 

Fig. 3 shows a schematic sketch of the apparatus, which also indicates 

the principal dimensions of the container. Fiq. 3 also shows the support- 

ing and positioning assembly used for the melting of ice rods. The actual 

melting rate was determined using photographic technique. 

A schematic outline of the apparatus as a whole is shown in Fig. 4 ,  

. where it is seen that the measurements of the velocities and of the 

turhulencc characteristics was accomplished through the use of a laser 

anemometer. A TSI 1,aser nnc?mometcr was used, r?mploy inq a Spectrophysi cs 

No. 124, IIc-Nc laser. The anemometer was operated in a dual beam mode, 



with a analysis of the forward scattered light. 

The velocity measurcrnents involved the usc of cssontially standard 

procedurcs commonly cmploycd in laser ancmometry. Thc Reynolds stresses 

were obtained by taking measurcrnents regarding a certain direction and 

0 
then displacing these by 45 following the relation: 

where Ui 
2 1 2  

and '2 
are the fluctuating velocities at +4s0and -4s0 from 

the coordinatcs i and j. 
. . 

The procedure for obtaining Reynolds stresses by such means is 

again well documented. (17) 

3.2 Experimental Mcasu~cmcnts ancl Con\puted Rcsul ts 

In this section we shal.1 prcscnt a selection of the experimental 

measurements and these will.he compared with tho computed values of the 

corresponding parameters. The material to be presented will include 

information on thc velocities, on the turbulent kinetic energy and on the 

Reynolds stresses. 

The mean Velocity ~ i c l d  

.1 Figs. Sa,b show a comparison between the experimentally measured and . . 

the theoretically predicted velocity fields. It is seen'that the agree- 

ment between mcas~lrcmcnts and predictions is reasonably good. It shoulci be 

noted that the use of k-C. modcl in colljunction with ai>propriate wall 

functions will give a significantly better agreement betwcen tlre mcasure- 

ments and the predictions, especially in the near wall reqions than would 

the use of simpler computntional procedures, employing a s i~rgle  value 

0 0 )  of the effcctivc viscosity. 



10 

Fiqs. 6+,b,c shows a ~oml,~~rison between predicted and the measured 

absolute values of the velocity vector at throe axial posit ions.  I t  is 

seen that the agreement is quite reasonable throughout the domain. 

rjq. 7 shows the computed velocity distribution in the jet cone 

reqion, which has been normalized with respect to the maximum (centerline) 

velocity. It is seen that this normalized axial velocity is essentially 

independent of the axial position. The Gaussian tyGe ,distribution 

found seems to be in good agreement with the experimental mcasuremcnts '. 
of Tse-Chang et al. It is noted thdt ncasu~enents were also made of 

- 
Uo 

which we found to be close to zero in ell' cases. However, as will - 
be shown subsequently U'* # 0. 0 

TURBULENCE CllARACI'ERISTTCS OF TtlE SYSTEI.1 

Fig. 8 shows the profiles of the rms velocity com~m-ients norna1izc.d 

with respect to the mean velocity in the jet cone at the corresponding 

vertical position. A somewhat .simplified analyticrl method was used 

for estimating the lattcr quantity. (11) The turbulence appears to be 

fairly isotropic cxccpt in the vicinity of the solid surfaces (side 

walls and the bottom), which is esserltially in line with expectations. 

The other interesting feature of these results is the similarity exhibited 

by the plots shown in'figs. 9a, b. 

Fiqs. 10a,c show a comparison bctwcen the cl)xerimentally measured 

and the calculated values of the turbulent kinetic energy. The agreement 

seems to be within ahout a factor of two in,most cases, which is not 

unreasonallc; but this discrc?l~ancy ir~tlicates that further study of these 

phenomena would LH! fully justified. This further thcorctical work could . 
involve .-ithcr the adjustmcnt of the ~~aramcters in the k-E model or perhaps 



. C;I, 
3 . 3  HEAT TRANSFRR AND PllASE CllANCE 

1 
, 

I n  t h c s e  s e r i e s  OF exper iments  w c  s t u d i e d  t h e  ratc! a t  wlrich ice 
i 

F ; rods  melt, upoh immersion i n t o  a  gas bubble  a g i t a t e d  wa te r  1-1. TIic 
1, i .- , 

3 .  

i main m o t i v a t i o n  f o r  t h i s  work was to o b t a i n  a  b e t t e r  i n s i q h t  i n t o  t h e  
* i 
2 .  

e f f e c t  o f  t h e  v e l o c i t y  f i e l d s  and t h e  l o c a l  t u r b u l e n c e  pa ramete r s  i n  

t h e  system on h e a t  t r a n s f e r  between t h e  f l u i d  and a n  imrncrscd s o l i d  
. . 

body. These t y p e s  o f  problems a r c  o f  c o u r s e  o f  c o n s i d c r a b l c  p r a c t i c a l  . . . 

i n t e r e s t  b o t h  r e g a r d i n g  w a l l  e r o s i o n  and d i s s o l u t i o n  k i n e t i c .  

"s- 
f 
& 

F A ~ .  12  show t y p i c a l  photographs  o f  t h e  m e l t i n g  i c e  r o d s  f o r  

v a r i o u s  v a l u e s  oE tjmc. 

F i g .  13 ,  show t y p i c a l  p l o t s  o f  t h e  p o s i t i o n  o f  t h e  m e l t i n g  i n t e r -  

f a c e  a g a i n s t  t ime,  o b t a i n e d  w i t h i n  t h c  jet: cone and o u t s i d e  t h e  jet 

cone respectively. The near  l i n e a r i t y  o f  t h c s e  p l o t s  i n d i c a t e s  t h a t  t h e  

time r e q u i r e d  f o r  t h e  a t t a i n m e n t  o f  s t e a d y  s t a t e  me l t in?  c o n d i t i o n s . w a s  

r e l a t i v e l y  s h o r t .  Ficjs. 14-18 show pSots  of  t h e  i n i t i a l  m e l t i n g  r a t e  as a  

f u n c t i o n  of p o s i t i o n  w i t h i n  t h e  a g i t a t e d  l i q u i d .  

F i y s .  14 and 1 5  s l~ow t h e  r a d i a l  v a r i a t i o n  i n  t h e  m e l t i n g  r a t e  of 

two c o n s t a ~ i t  a x i a l  p o s i t i o n s .  It is seen  t h a t  t h e  mel t ing  r a t e  is t h e  

. h i g h e s t  i n  t h e  j e t  cone and t h a t  it d e c r e a s e s  q u i t e  r a p i d l y  w i t h  t h e  

r a d i a l  d i s t a n c e  from t h e  a x i s  o f  t h e  g a s  jet. 

. F i q .  1 6  summarizes t h e  r a d i a l  v a r i a t i o n  i n  t h e  m e l t i n g  r a t e s  a t  

v a r i o u s  a x i a l  p o s i t i o n s  i n  j e t  cone. The maximum mel t ing  r a t e  is seen  to . 
occur  a t  t h e  ccrrtcr  a t  an i t r tcrmcdia tc  h e i g h t ;  it may bc sliown t h a t  t h e  

f l u i d  v e l o c i t y  is tllc! maximum a t  t h i s  p o s i t i o n . ,  

ORIGINAL PACIE IS 
OF POOR QUALlM 
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F iqs .  17 and 18 slrows t h e  a x i a l  v a r i a t i o n  o f  t h e  mel t ing  r a t c  f o r  two 

f i x e d  r c ~ i i a l ~ p o s i t i o n s  w i t h i n  t h e  t a n k ,  one n e a r  t h e  wa l l  and t h e  o t h e r  

i n  a n  i n t e r m e d i a t e  p o s i t i o n .  F igs .  17 and 10 show a mot\oronous increase 

i n  t h e  r a t c  o f  mel t inq  w i t h  t h e  d i s t a n c e  from t h e  bottom of  t h e  v e s s e l .  A 

; :  
s h a r p  i n c r e a s e  . i s  observed on approaclring t h e  f r e e  s u r f a c e .  T h i s  behav ior  

< " 
. , 

~~ , . . is  a t t r i b u t a b l e  to t h e  h i g h  loveL o f  turbulence i n  t h e  v i c i n i t y  of t h e  f r e e  
;' i 
, . 

sur face .  Fig.  17 d e p i c t i n g  t h e  behavior  o f  t h e  system a t  a n  i n t e r m e d i a t e  
* : . . 

r a d i a l  p o s i t i o n ,  shows a minimum i n  t h e  mel t ing  r a t e ,  corresponding to tlre 
I_... C 

, c e n t e r  o f  t h e  v o r t e x ,  wlrich of course ,  is a q u i e s c e n t  p o r t i o n  o f  t h e  v c s s e l .  

4. PLANT SCALE MEASUREblENTS b .  

A t  p r e s e n t  t h e r e  a r e  o n l y  a l i m i t e d  number o f  p l a n t  s c a l d  measurcmcnts 

wherc s u f E i c i c n t  d e t a i l s  arc! a v a i l n b l c  on t h e  system t o  a l low a meaningful 

* comparisotl hctween thc rneasuremellts and the p r e d i c t i o n s .  N o t ~ c t h c l e s s  it is . 
important  t o  c i te  t h e s e  bccausc t h e y  p rov ide  t h c  u l t i m a t e  test of  t h c  r e s u l t s  

o b t a i n e d  i n  t h e  mathematical and water modelling work wlrich h a s  been d e s c r i b e d  

i n  t h e  bulk o f  t h e  paper. 

. . 4.1 Mixinq 
d 

$ Mixing is t h e  t o p i c  which has  bcon t h e  most c x t e n s i v e l y  s t u d i e d .  Indeed 

L numerous d a t a  are a v a i l a b l e  on t r a c e r  dispersion and mixing a v e s s e l  o f  
-\ 

v a r i p u s  s i z e .  (8'10113' S i n c e  t h i s  f i e l d  is now q u i t e  ; e l l  unders tood,  w e  
i * 
:$ : -- s h a l l  p r e s e n t  on ly  one,  t y p i c a l  example, i l l u s t r a t i n g  t h a t  t h e  t h e o r e t i c a l  

:: j 
p r e d i c t i o n s  p rov ide  q u i t e  s a t i s f a c t o r y  answcrs regard ing  t h o  mixitrg t i m e .  It 

<; 
-2 ' should be notcd t h a t  In  most i n d u s t r i a l  scalc systems,  wherc t h e  flow is 
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'd mechanisms, namely t ~ u l k  c o n v e c t i o n  a ~ ~ d ' e d d y  d i f f u s i o n .  Thc! a c t u a l  

* e 

c o n v e c t i v e  time scale i s  v e r y  s h o r t ,  i n  t h e s e  sys t ems ,  t y l j i c a l l y  o f  t h e  
1 .. o r d e r  o f  a few s e c o n d s  ( l i n e a r  d i m e n s i o ~ r s  b e i n g  o f  t h e  o r d e r  o f  1-2 m,  
,- 
.t . . ; 
;. ! 

w h i l e  t h e  c h a r a c t e r i s t i c  v e l o c i t y  b e i n g  a b o u t  0.3' m / s )  . Thus t h e  ' r a t e  

d e t e r m i n i n e  s t e p  i n  t r a c e r  d i s p e r s i o n  or mixing  w i l l  h e  eddy d i f f u s i o n  

between t h e  r e s p e c t i v e  s t r e a m l i n e s  wit11 e d d i e s  o f  smaller time scale 

( ~ o l m g o r o f f  e d d i e s  t=(lJ/Cl 'I2 --1s) dr s k e t c h e d  in' F iq .  19 .  T h i s  b e h a v i o r  

is o f  c o u r s e  c o n s i s t e n t  w i t h  t h e  d i s c u s s i o n  p r e s e n t e d  i n  t h e  i n t r o d u c t o r y  

s e c t i o n ,  c o n c e r n i n g  t h e  f a c t  t h a t  t h e  mixing  c h a r a c t e r i s t i c s  o f  a sys t em 
. . 

may be  r e a d i l y  r e l a t e d  to  t h e  t o t a l  e n e r q y  i n p u t .  

4.2 ~ e s u l f u r i z a t i o n  K i n e t i c s  

~ i g .  20 shows a s k e t c h  o f  a t y p i c a l  a r r anqcmcn t  u sed  f o r  t h e  d e s u l -  

f u r i z a t i o n  o f  steel mclts. (18) 
~t is s e e n  t h a t  a s o l i i  d c s u l f u r i z a t i o n  

a g e n t  i s . i n j e c t e d *  i n t o  t h c  me l t  t o g e t h e r  w i t h  a c a r r i e r  g a s ,  t h rouqh  a 

s u i t a b l y  p l a c e d  l a n c e .  The o v e r a l l  r a t e  of t h e  d e s i r l f u r i z a t i o n  r e a c t i o n s  

depends  on two f a c t o r s ;  i n  a d d i t i o n  t o  t h e  o b v i o u s  cr i ter ia  de te rmined  by 

thermodynamic e q u i l i b r i a .  

( i )  The ratc a t  which t h e  i n d i v i d o a l  p a r t i c l e s  r e a c t  i s  de te rmined  

by t h e  K i  lmogoroff  c d d i c s  , 1 * 2 1 '  which c l e a r l y  depends  on the l o c a l  r a t e  

of t u r b u l e n t  e n e r g y  d i s s i p a t i o n .  

(ii l  The r a t c  a t  which t h e  r e a c t a n t ,  t h a t  is t h e  s u l f u r  is b e i n g  

t r a n s p o r t e d  t o  t h e  r c q i o n s  where t h e  r e a c t i o n  is a c t u a l l y  t a k i n g  p l a c e .  

h s  mc~r t ioncd  e a r l i e r ,  (11 cont icc t ion  w i t h  mix inq ,  t l ic  r a t e  o f  t h i s  t r a n q ~ o r t  

w i l l  be l i m i t e d  by eddy d i f f u s i o n .  



'1 u , Figs. 21a, b, shows a comparison betwccn the cxpctimentally nwasured 

and the thooretically predicted desulfurizcition ratos, for a pilot scale 

and an industrial scale system respectively. (18' IL should be remarked, 

that while these two sets of curves appear to bo'.loite similar the actual 

reaction mechanism differed substantially in the pilot scalc and in the 

full scale system. 

In the pilot scale operation, where the system was heaviiy deoxidized, 

..... & 

the reaction took place in the plun,e, while in the industrial scale unit 

which was not strongly deoxidized, most of the desulfurization took place . 
at the slag metal interface. The very qood.mixing which was provided by 

the gas bubbles in tllc largo scale system provided an adequate rate of 

transport to the reactions zone. 

4.3 lieat or mass Transfer to Imnlcrsed Surfaccs 

A key problem in the olz~atio~r of laclle mctallurqical operations 

is the definition of the faytors that govern wall erosion, and ttdncc the 

lining. Rclativi?ly little modclling work has been clone in this area, 

but a uscful start has been made regarding tho study of the rate at drich 

immers-d bodies dissolve. 

Fig. 22 shows a typical experimental arranqement, used at klEFOS in 

the study of the rate at which immersed graphite rods would dissolve in 

. 6 ton iion melts, and the actual expcrimcntal results are given in Fig. 23 

in the form of ttw local mass transfer coefficients. 

The ~rumcrical values of tlresc mass transfer coefficients wo'dld be 

difficult to predict from first principles (anA the same applies to thc wall 

erosiotr rates) because thc local fluxes at the solid surface will dclrenrl 



not only on the local vclocitics but also on the turbulence lcvels in 

the system. Movevet, a preliminary prediction may be made regarding the 

numerical values of thcsc transfcr coefficients through the appropriate 

scaling of water modelling experiments, which wcre rcprted in Section 3. 

Upon considering that the conditions of turbulence were comparable 

in the water nodel.systew and the pilot scale exf;criments (indeed the 
. . 

water nadels were designed with this objective in mind) .the mass transfcr 
-... L 

coefficients may be scales with the aid of' the following formula: 

The actual numerical va1.ues that one may obtain for the mass transfcr ' 

coefficient ranycd from about 0.002-0.05 cm/s which ccnip,rre reasonably 

well with those found in the pilot scale, hot metal studies. 

6. DISCUSSION 

In the paper a brief review was presented of recent work conccrned 

with the mathematical and physical mcdclling of transport phenomena in 

qas bubble driven circulation systems of interest in ladle metallurgy. This 

Rodclling work was auymcntal by some plant scale rneasurcments. 

The present status of this effort may be summarized as follows: 

' 

(1) Through the statement of the two dicensional turhulcnt Navier- 

. Stokes cquat ions and tlrc proper boundaries conditions, thc use of the 

k-E model. provides an exccllcnt rcprescntation of the overall flow field 

and givcs fairly good guidance rcqardinq the spatial distribution of the 

turbulence parameters. 

( 2  It must be realized that the' k-C model itself cannot predict the 



loc.11 h c a t  or mass t r a t r s f c r  r a t r s ,  h u t  t h a t  t lrcsc q u n n L i t i c s  have- t o  be 

introduced i n  t h c  form s f  ttrc lmutrdary c o ~ t d i t i o n s .  I n  t h o  a b s t n c o  of 

o t h e r  r e l i a b l e  informaLion t h c s c  Imuticlnry c o ~ r d i t i o t r s  have to L* deduced 

from scmi-empir ical  c o r r e l  a t  iot is ,  wlrich however do cotr ta in  tlre computcd 

v e l o c i t y  terms,  somr* d i s t a r ~ c c  from the i n t e r f a c e .  I t  fo l lows  t h a t  t h c  

c a l c u l a t i o n  of t h o  l o c a l  h e a t  or mass t r a t r s f e r  r a t e s  is n e i t h e r  e m p i r i c a l  

nor  e n t i r e l y  fu~rdamcnta l ly  hast*d, but  is  scunc? compkomisc Lctwoe~r t h e s e  
..... .. 

t.w, cxtrcmcs.  

( 3 )  ~xyer imrr r l ; r l  mr?asrtrcmc?nts t ~ s i n q  watcr  models and Laser Velocimctry . . 
havc? Iwen very  trclpftrl i n  ~ x o v i d i ~ r g  n r i g o r o u s  t c s b  o f  t h c s c  models. I~ rdeed  

t h c  above c i t e d  com)mr i sons  were hilsi~I on tlrcssc mcasurcmcnls. On combitr ing 

t h e  known v e l o c i t y  f i c l d s  w i t h  t h o  dirrc-t  me;lsurcmcnt of t h e  l o c a l  lwa t  

t r a ~ r s f c r  riltc!s, tlrroucllr ttrc s t t ~ d y  of t h e  r a t e  a t  which jcc rods melt i n  an ' 

a q i t a t c d  watcr  jrool v a l u a h l c  ins iq l i t  h a s  been cbbtaincd. Tlris work has  

c l e a r l y  shown t h a t  i n  a d d i t i o n  l o  tlre l o c a l  v e l o c i t i e s ,  t h c  l o c a l  t u r b u l e n c e  

l e v e l s  a l s o  p l a y  a  ve ry  important  r o l e  i t 1  dc tcrmininq t h c  l o c a l  h c a t  (or mass) 

t r a n s f e r  r a t c s .  

( 4 )  A t  prcscwt  otily n  1 imi tcd trumbr of p l a n t  scale m c a s ~ r ~ a e n t s  may 

b~ c i t e d ,  w?rich mciy tzc uscd f o r  t c s t i n q  t h c  ~ ~ r t d i c t i o n s  based on t h e  m o d c l .  

Ilowrver, t  l ~ c  dntn  a v a i  l a h l c  i n d i c a t e  t h a t  thr? combi 1rcc1 approdch us ing  bo th  

phys ica l  and m;rt.hcm17tical models A ~ ~ C A ~ S  t o  IIC- vc ry  1~0wcrfu1. 

( 5 )  Clcnxly a number of problems r rmain utrsolvcd and a  g r e a t  d c a l  of 

' fu r l l r c r  work ~ w u l t l  be des i r ; rb lc  i n  a trum1,cr of a r e a s ,  i n  p a r t i c u l a r :  

( i )  It  wottld be d e s i r n b l ~  to olr ta in  a b e t t e r  unf l r s t a n d i n q  o f  tlre 

f a c t o r s  t h ~ i t  t j o v ~ r n  tlrc l o c a l  Ilc.;\t: and mass t r a n s f e r  r i l t c ~  between t h e  b a t h  

an4 the wal l  end ttrc ba th  atid i t  slnq covcr. 
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( i i )  It would be 'helpful to apply the known sl;atial distribution 

of the turbulent kinetic encrqy to develop more comprehensive models 

for deoxidation kinetics. 

(iii) And finallyI while the k-C model has jrroven to be quite 

satisfactory, the develoymcr~t of an improved model, which has a sound 

theoretical basis should bc a future long term goal. 
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Tabla (1) Mcasul-cd and C. l l cu  la tctl Rty~rolds stunsscs pug it' 
, for l . G ?  mls.  I -  ncauttrcd 2-conputcd r t' 



,' '4 
---- 

Tnhlc 2 Mccrsurcld and Calctrlatcd Rcytlolds stresscs PU'U' for 
3.2 m/s 1-mcasurd 2-computed. r z 



F i g .  1 RelaLionship  between t i m e  r equ ired  f o r  complete  
mix inc l  and T b and ratc o f  d i s s i p a t i o n  o f  encrqy 
d o ~ s i t y  i i r ~  various  steel  p r o c e s s i n g  o p e r a t i o n s .  

----. . . .,. . .  
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Fig. 5 h com(\arison of t h e  exl\crimcntally mensurcd and the  
com!)utcd v c l o c i t y  13rnCilcs f o r  a l i n e a r  crrrs v e l o c i t y  
of 1 .  G m / s  a t  tlic or i f  i c e .  !I,) exl)crirnc?trtal measurerncnts 
(b) t l ~ c o r c t i c a l  prod ict.ioticl. 



Fiq. 6a 
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Fiq.  6 Thc r,~ctial  dcj~c.ndcncc of tlrc i l l>~ol \ \ tc?  value of tllc 
v c l o c i l y  vcc tor  - n c ~ m p n r i s o ~ r  of ttlc ~ r r e d i c t i o n s  with  
mcnsurt,mc:trta; a t  vnrjr>us a x i a l  lmsi  t ions .  Exlwrimc!rrtal 
mc.~!;rirt.mc*nts f o r  nn o r i  f i c e  vt.1oci t y  o f  1 0 2  cm/s ( A )  and 
320 cmls ( A ) .  Tlrc.orct.ic;rl ~ ~ r c d i c t . i o r ~ s  for an or i f  icc 
v c l o c i t  y o f  I r,? cm/s ( -  . -)  Q I I I ~ I  3 2 0  cnr/s (- 1 



F i g .  7 The predicted r a d i a l  variation of the normal velocity 
in .  tllc jet cone region for var ious  a x i a l  positions: 
z/H=0.85 cm(-), z=0.60 cm(- - - -1 ,  and 
z = 0 . 3 3  cm (- . - 1 
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Fig. 8 TIlc rirdial variation of the rms velocity components for an 
o r i f  icc vcloci t y of: 

1.62 6,s - p / u c , J T u C d F ' , u  c for ~ , t 1 = . 6 8 1 * , 1 ,  01 

and z/ll-. 40 (A ,  lli , 0) 

L.. - 



F i g .  9 The cxperimcntally determined, normalized radial profile of the 

I 
t i 

rms velocity cam1m11mts. a linear orifice velocity 1.62 nls; 
(b) linear orifice velocity 3.20 m/s; 

. , 

c ,. , 

a i r .  ; b 
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Pig. 10 (b) 



I .  

Fig. 10 Tht? r a d i a l  v a r i a t i o n  o f  tlic t u r b u l o ~ t  k i n e t i c  energy - a : 

comparison of the nrcasurcmcnts w i t 1 1  p r c d i c t i o ~ l s  a t  v a r i o u s  . 
a x i a l  ~>ositions.  Expcrimcrltal mcasurcmnnts for  an o r i f i c e  ; 
v e l o c i t y  of 162 cm/s ( A  and 320 c m / s  ( A ) .  Experimental 
mcasuri:mctits for  an o r i f  i c c  v e l o c i t y  of 162 c m / s  (.- - -1 ; 
and 320 cm/s (--- ) 
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TIME (s) 

Fig. 13 Ice rod diemc.tcr ve. time a t  z/tl=0.3 
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F i q .  15 Radial distribution of the initial ,mclti~~q 
rstc a t  z/H=% 56.  
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Fiq. 16 Radial distribution of the  Initial melting rate in the 
j e t  cone at d i f f c r c n t  axial lmsitiona. 



Fig .  17 Vcrtical distribution of t h e  i n i t i a l  melting rate 
st r/R=0.9. 



, . 1 ' a .  
I 

Fig. 18 ~ r r t i c , l l  c ~ i s ~ r i h i l l i o l ,  of the  i n i t i a l  m e l t i ~ )  rate a t  
r/R=O. 6 .  
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Fig. 19 Schc-matic s k e t c h  of the tracer dissipation as 
affected by the e d d i e s .  







SULPHUR, w t  -% 

Fie, 21 cc,nllclyi*;nfl b - l t g p m  axl~t~l-irnrlltal \ y  mc.asorcd iilld thcor~tical ly 
p r ~ d i c t  ~~1 ~ ~ l t , l t -  ~ ~ l l t t : t t t  i t )  hrtjon-St.ir1.~11 ladle a s  [unction . 
of t i m t : .  ( a )  6 toll l ad l e ;  (b) 90 Lon l e d l c .  
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2 h, ,IO crn i' 

F i q .  23 Mcasurcd valers o f  mass-transfer coefficient 
. - for carl,on dissolution sllowing effect  of immersion 

dcjjth and locat ion.  
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