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The study of p r o c e s s  me t a l l u rgy  should include the theory  of heat ,  m a s s ,  and momen tum 
t r a n s f e r  and a l so  the t echn iques  of p r o c e s s  ana ly s i s  and design which have made c h e m i c a l  
eng inee r ing  an ind ispensable  p a r t n e r  of the c h e m i c a l  s c i ence .  The ana ly t i ca l  tools  which 
can be used  in a p a r t i c u l a r  s i tuat ion depend en t i r e ly  on the ingenuity of the m e t a l l u r g i s t  
and his w i l l i ngness  to adapt and u t i l i ze  the ex is t ing  methodology.  Var ious  t echn iques  of 
p r o c e s s  ana ly s i s  a r e  exempl i f i ed  in th is  paper .  

T H E  study of e x t r a c t i v e  m e t a l l u r g y  can be divided into 
two m a j o r  a r e a s :  chemica l  meta l lurgy ,  which is con-  
c e r n e d  with t h e r m o d y n a m i c s ,  c h e m i c a l  k ine t i c s ,  and 
diffusion,  and p r o c e s s  me ta l lurgy ,  which examines  the 
in t e rac t ion  of the above with the phys ica l  phenomena  of 
m o m e n t u m ,  heat ,  and m a s s  t r a n s f e r  in indus t r i a l  
f u r n a c e s  or o ther  types  of r e a c t o r s .  

In the pas t ,  the growth of knowledge in the domain  of 
p r o c e s s  m e t a l l u r g y  has  been v e r y  slow, probably  due 
to the fact  that m e t a l l u r g i c a l  p r o c e s s e s  w e r e  deve loped  
and opera ted  e m p i r i c a l l y  and, t h e r e f o r e ,  t he r e  was 
l i t t l e  incen t ive  for t r a in ing  s p e c i a l i s t s  in th is  a r e a .  

The s tagnat ion of p r o c e s s  m e t a l l u r g y  as  a s c i ence  
might  have cont inued if it w e r e  not for the i n c r e a s e d  

compet i t ion  in the meta l  indus t ry  and the need to p r o -  
duce me ta l s  m o r e  e f f ic ien t ly  and with the l eas t  poss ib l e  
was te  and effect  on the env i ronmen t .  T h e r e  a r e  now 
c o n c r e t e  e x a m p l e s  of the succe s s fu l  appl ica t ion of 
sc ien t i f ic  p r i n c i p l e s  in the design and opera t ion  of 
me ta l  ex t rac t ion  p r o c e s s e s ;  the myth that m e t a l l u r g i c a l  
f u r n a c e s  a r e  too l a r g e  or  too hot to be subjec ted  to 
s y s t e m a t i c  ana lys i s  and s imula t ion ,  is g radua l ly  dying 
out. 

Most  e x t r a c t i v e  r eac t i on  s y s t e m s  a r e  he t e rogeneous  
and, t h e r e f o r e ,  a r e  con t ro l l ed  by the t r a n s p o r t  phenom-  
ena in the r e a c t o r .  F a i l u r e  to app rec i a t e  th is  fact  has 
in the past  r e s u l t e d  in many l a b o r a t o r y  s tudies  which 
w e r e  of l i t t l e  p r a c t i c a l  use  to indus t r i a l  m e t a l l u r g i s t s ,  
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s ince  they could not be r e l a t ed  to the " r e a l "  world  of 
the plant .  

Thus,  the p r inc ipa l  ro le  of p r o c e s s  me ta l lu rgy  is  to 
br idge  the exis t ing  gap between the chemica l  m e t a l -  
lu rg i s t  and the plant  eng ineer ,  by showing to the fo rmer  
the range  of condi t ions  which should be inc luded  in his 
study, and p re sen t ing  the la t te r  with design c o r r e l a -  
t ions  which t ie  the bench r e s u l t s  to the i ndus t r i a l  
plant .  For  example,  a l abo ra to ry  study on i ron r e d u c -  
t ion must be c a r r i e d  out under  wel l -def ined  flow and 
heat t r a n s f e r  condi t ions;  a r e l i ab l e  m a s s  t r a n s f e r  c o r -  
r e la t ion  is  then n e c e s s a r y  to r e l a t e  the l abora to ry  
r e s u l t s  to a f luidized bed or ro t a ry  ki ln  r e a c t o r .  

In order  for p r o c e s s  me ta l lu rgy  to fulfi l l  this  ro le ,  
it i s  n e c e s s a r y  to de t e rmine  the phenomena  occu r r ing  
in a pa r t i cu l a r  r e ac to r  and then desc r ibe  them in t e r m s  
which a re  suff icient ly quant i ta t ive  to be read i ly  usable  
by the design engineer  and the plant  opera tor .  For  
ins tance ,  the ideal  p roce s s  m e t a l l u r g i s t  should be 
p r epa red  to work his way through the packed bed of a 
b las t  fu rnace ,  examining  the path of gases  through the 
charge ,  noting the t e m p e r a t u r e  p rof i l e s  and col lec t ing  
al l  so r t s  of useful  in format ion  which will  allow him to 
analyze  the p r o c e s s  and guide the design and operat ing 
eng inee r s  accord ingly .  

On another  occas ion,  the ideal  p r o c e s s  m e t a l l u r g i s t  
is  in jec ted  bodily into a copper conve r t e r  through a 
tuyere  and e m e r g e s  in the bath where  he obtains f i r s t -  
hand in format ion  on the t r a j e c t o r y  of the a i r  jet and 
i ts  physical  and chemica l  in te rac t ion  with the mat te .  
Such a he rcu lean  effort would ce r t a in ly  be worthy of 
a doctorate  degree ,  i r r e s p e c t i v e  of the r e s u l t s  ob- 
ta ined.  
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Fig. 1--Air-cooled probe for sampling reverberatory furnace 
bath. 

Natura l ly ,  there  will  not be many ideal  p r o c e s s  
m e t a l l u r g i s t s  to vo lunteer  for such demanding jobs but 
the p r inc ip le  r e m a i n s  the same:  how to obtain the m a x -  
imum amount  of "inside" in format ion  about an exis t ing 
or envisaged p r o c e s s  by me a ns  of actual  m e a s u r e m e n t s ,  
pilot p lan ts  and physica l  and ma thema t i ca l  models  
which s imula te  the p r o c e s s .  Col lec t ive ly ,  these  tools 
may be ca l led  techniques of process analysis. Several  
examples  of the i r  appl icat ion will be desc r ibed  in th is  
paper .  For  a m o r e  comprehens ive  t r e a t i s e  of this  sub-  
ject ,  the r e a d e r  is  r e f e r r e d  to a r ecen t  addit ion to the 
me t a l l u r g i c a l  l i t e r a t u r e .  I 

With r e spec t  to the quest ion what cons t i tu tes  an 
"adequate" quant i ta t ive  descr ip t ion  of a phenomenon,  
the answer  is  that this  depends on the complexi ty  of the 
sys t em and the ingenuity of the r e s e a r c h e r .  It may 
range  f rom a theore t i ca l  de r iva t ion  to a s e m i e m p i r i c a l  
or  emp i r i ca l  c o r r e l a t i o n .  For  ins tance ,  the flow in a 
g lass  mel t ing  furnace  may be defined adequately f rom 
the f i r s t  p r inc ip l e s  of t r a n s p o r t  theory;  on the other 
hand, the mixing condi t ions  in an open hear th  furnace  
a r e  so in tense  that one may have to r e s o r t  to an e m p i r -  
ical  eddy diffusivity by a s suming  that bulk flow in the 
bath follows the laws of diffusion.  The succes s  of an 
ana ly t i ca l  method does not depend on the amount  of 
theory  which it i nco rpo ra t e s  but on i ts  r e l i a b i l i t y  as  a 
m i r r o r  of r ea l i ty .  

Var ious  techniques  of p r oc e s s  ana lys i s  a r e  d i s cus sed  
in the following sec t ions .  

MEASUREMENTS IN AN EXISTING PBOCESS 

a) Concen t ra t ion  and T e m p e r a t u r e  P ro f i l e s  

Useful in format ion  on an exis t ing p r o c e s s  can be 
obtained by m e a s u r i n g  the t e m p e r a t u r e  and c o n c e n t r a -  
t ion prof i les  in the r e a c t o r  p roper .  An example of this  
technique is a study c a r r i e d  out on a c a l c i n e - s m e l t i n g  
r e v e r b e r a t o r y  furnace  at the Noranda s m e l t e r .  The 
object ive was to de t e rmine  the composi t ion  and or ig in  
of a " m u s h y "  layer  which had been observed  by the 
ope ra to r s  to exist  in the bath above the mat te  l ayer .  

In o rder  to obtain r e p r e s e n t a t i v e  s amples  of the 
slag at  va r ious  locat ions and leve ls ,  a sampl ing  probe 
was devised which could be lowered into the bath 
through an opening in the furnace  roof, Fig.  1. The 
design of the probe was s imple  but ve ry  effective.  It 
cons i s t ed  of two concen t r ic  s teel  pipes which were  
cooled by a i r  flowing f i r s t  through the inner  pipe and 
then through the annulus .  

In the opera t ion ,  the probe was f i r s t  lowered into 
the furnace  a tmosphere  and al lowed to heat up to the 
bath t e m p e r a t u r e ,  without any a i r  flow. After  a few 
seconds ,  it was lowered fur ther ,  into the slag layer  
and, once in place ,  the a i r  flow was s ta r ted .  In a few 
minu tes ,  the a i r  cooling r e su l t ed  in the sol idi f icat ion 
around the probe of a slag layer  which was r e p r e s e n -  
ta t ive of the slag composi t ion  at va r ious  leve ls .  The 
probe  was then withdrawn f rom the furnace  and the 
sample  was divided into sec t ions .  

This  method of sampl ing  was r e l i ab l e  and al lowed 
sampl ing  of the en t i re  s lag l aye r .  The r e s u l t s  of the 
ana lys i s  showed that the " b l a n k e t "  cons i s ted  of p r e -  
c ipi ta ted c r y s t a l s  of ch romi te ,  Fig.  2, and was due to a 
r e l a t ive ly  la rge  input of c h r o m i u m  oxide in the charge .  
An in tens ive  effort was made to e l imina te  some of this  
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Fig. 2--Concentration profiles of Cr203 in 
reverberatory slag, as a function of slag 
depth and distance from fire-end wall. 
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" s a n d y "  m a t e r i a l  by blowing the bath with a i r  l ances  
and thus en t r a in ing  some of the ch romi te  c r y s t a l s  in 
the sk immed  slag.  Fu r the r  sampl ing  of the slag layer  
af ter  this  work showed that  some of the blanket  had 
been e l imina ted ,  Fig.  3. 

During the same per iod ,  extensive t e m p e r a t u r e  
m e a s u r e m e n t s  were  made in the furnace  bath, Fig.  4. 
These were  r e l a t ed  to a study of the flow phenomena in 
the r e v e r b e r a t o r y  furnace  which has been publ ished 2 
and wil l  be d i scussed  b r ie f ly  in the next sec t ion.  

b) T r a c e r  Techniques  

The average r e s i d e n c e  t ime  of a fluid in a cont inuous 
flow r e a c t o r ,  e.g. conve r t e r  slag through a r e v e r b e r a -  
tory  furnace ,  can be ca lcu la ted  by dividing the volume 
of the bath by the vo lumet r i c  flow ra te  of the fluid. 
This  ideal  condit ion would p reva i l  in a plug flow r eac to r  
where  al l  the fluid is involved in the flow, i.e., the re  
a r e  no dead volume reg ions .  In p rac t i ce ,  dead volume 
reg ions  invar iab ly  exist  and there  is  a c e r t a i n  degree  
of mixing so that fluid e l emen t s  spend different  t ime  
per iods  in the r e a c t o r .  

The effect of mixing condi t ions  on the p e r f o r m a n c e  
of a cont inuous flow r e a c t o r  can be v i sua l i zed  by con-  
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sidering the behavior of a first-order leaching reaction, 
where the leaching rate is proportional to the acid con- 
centration in the solution. 

Let us assume that in a batch reactor the required 
time for the acid concentration to decrease from the 
initial concentration, Ci, to the final, Cf is t b. In the 
continuous plug flow reactor, the acid concentration 
is altered only by chemical reaction and, therefore, 
the required residence time is still t b. However, in 
the presence of backmixing, the acid concentration at 
any point is diluted by fluid elements from downstream; 
consequently the rate of leaching is decreased and the 
required residence time is now greater than tb, Fig. 5. 

In the extreme case where the continuous flow re -  
actor behaves as a perfect mixer, as in the case of 
fluidized roasting, the entire reactor volume is at the 
exit concentration Cf, the concentration driving force 
is at its minimum, and therefore the required res i -  
dence time is much greater than in a batch reactor. 

A convenient method for determining the mixing and 
flow conditions in a metallurgical furnace is by means 
of radioactive tracer tests, z As an example, in a study 
of copper losses in slag, 2 a few grams of radioactive 
copper were added in a ladle of converter slag which 
was transferred to a reverberatory furnace. Samples 
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Fig. 4--Temperature profiles in reverbera- 
tory slag as a function of slag depth and dis- 
tance from fire-end wall. 
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of the sk immed  r e v e r b e r a t o r y  slag were  then col lec ted  
at r egu l a r  i n t e rva l s  and analyzed for rad ioac t iv i ty .  

The r e s u l t s  were  plotted in the form of a c o n c e n t r a -  
t i on - t ime  curve ,  Fig.  6, which r evea led  that a l a rge  
por t ion  of the slag l ayer ,  86 pct,  behaved as  a dead 
volume reg ion ,  due to the p r e s e n c e  of a " b l a n k e t "  of 
p rec ip i ta ted  ch romi te  and magnet i te  c r y s t a l s .  A c a m -  
paign was then under taken  to en t ra in  some of this  
b lanket  into the moving slag by blowing the bath with 
a i r  l ances .  A second t r a c e r  tes t ,  made af ter  this  
campaign ,  showed, Fig.  6, that the act ive volume of the 
s lag l ayer  had been n e a r l y  doubled and the dead volume 
reg ion  was reduced  to 76 pet.  In Fig.  6, V r e p r e s e n t s  
the total  volume of the s lag  in the furnace ,  and Vp, 
V m ,  V d the volume f rac t ions  behaving as  plug flow, 
backmix,  and " d e a d w a t e r "  reg ions ,  r e spec t ive ly .  

The rad ioac t ive  t r a c e r  technique has a l so  been used 
by the Noranda Resea rch  Cen te r  in the ana lys i s  of flow 
of m a t e r i a l s  in an indus t r i a l  mi l l  producing zinc 
concen t r a t e s .  3 At a l a t e r  s tage,  the " t a g g e d "  concen-  
t r a t e s  were  used to de t e rmine  t h e  r e s i d e n c e  t ime  in 
an indus t r i a l  f luidized bed r o a s t e r .  

C) P lan t  Tes t s  

One of the mos t  common methods of developing an 
exis t ing  p r o c e s s  is  by a l t e r i ng  sl ightly the opera t ing  
condi t ions  and then s tanding by, with a ce r t a in  amount  
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of apprehens ion ,  to obse rve  the r e s u l t s .  Under p roper  
planning,  this  technique may a lso  be used to obtain 
va luable  in format ion  as  to the workings  of a p r o c e s s .  

A good example of this appl ica t ion is some work con-  
ducted by the author  on the genera t ion  and d i s t r ibu t ion  
of heat in a t h r e e - e l e c t r o d e  f e r r o  al loy e lec t r ic  f u r -  
nace.  4 In the case  of submerged  arc  opera t ion ,  where 
the e lec t rodes  a re  su r rounded  by the solid charge ,  
mos t  of the heat is  genera ted  in the arc  s t r ik ing  be -  
tween the e lec t rode  and the charge .  However,  in the 
s e m i - i n d u s t r i a l  fu rnace  under  study the charge was fed 
a round the pe r iphery  of the furnace  and the re fo re  the 
bath sur face  a round the e lec t rodes  was exposed.  

The quest ion was whether  mos t  of the heat was being 
genera ted  in the slag layer  br idging  the e lec t rodes  or 
at the pe r iphe ry  of the e lec t rodes  which were  in con-  
tac t  with the s lag.  The answer  would have an impor tan t  
bea r ing  on the e lec t rode  spacing and d i ame te r  r e q u i r e d  
for sca l ing  up the p r o c e s s  to a l a r g e r  fu rnace .  To 
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Fig. 7 - -Ro ta ry  ba tch  fu rnace  used  as  a sec t ion  model  of i ron  
reduction rotary kiln. 

r e so lve  this  p rob lem,  the depth of i m m e r s i o n  of the 
e lec t rodes  in the s lag l ayer  was i n c r e a s e d  p r o g r e s -  
s ively ,  at cons tant  vol tage.  The r e su l t i ng  c u r r e n t -  
vol tage r e l a t ionsh ip  was analyzed by cons ide r ing  the 
a l t e rna t i ve  paths  of e l ec t r i c i ty  through the bath. 

The r e s u l t s  of this  ana lys i s  showed that the r e s i s t -  
ance per  e lec t rode  was i nve r se ly  p ropor t iona l  to the 
sur face  a r e a  of the e lec t rode  in contact  with the slag.  
This  finding s ignif ied that the major  r e s i s t a n c e  step 
was at the e l e c t r o d e - s l a g  in te r face  and was probably  
due to the " c o r o n a "  effect of a f i lm of ionized gas.  
F u r t h e r  conf i rma t ion  was obtained by m e a s u r i n g  the 
t e m p e r a t u r e  of the slag layer  by means  of consumab le  
p la t inum the rmocoup les ;  the highest  r e co rded  bath 
t e m p e r a t u r e  was inva r i ab ly  adjacent  to the e l ec t rodes .  ~ 

An excel lent  example of a s imple  but ve ry  ingenuous  
indus t r i a l  tes t  is  that c a r r i e d  out by Prof .  Kellogg s on 
a Cominco  z inc - fuming  furnace  and la te r  on at the 
E1 Paso  fu rnace  of ASARCO. For  a few minu tes  the 
coal supply through the t uye re s  was in t e r rup ted  while 
s t i l l  blowing with a i r .  The r e su l t i ng  changes  in the 
FeO and Fe304 content  of the slag bath provided a v a l -  
uable insight  into the m e c h a n i s m  of the z inc - fuming  
p r o c e s s .  

PILOT PLANTS AND MODELS 

In o rder  to cons t ruc t  a pilot plant  of a p r o c e s s  on a 
scient i f ic  b a s i s ,  it is n e c e s s a r y  to observe  four s ta tes  
of s i m i l a r i t y  between the prototype and i ts  model :  
geome t r i c ,  mechan ica l ,  t h e r m a l ,  and chemica l  s i m i -  
l a r i ty .  In genera l ,  a pilot plant is designed to encom-  
pass  all  these  s ta tes ,  while a model s imu la t e s  only 
ce r t a i n  a spec t s  of the p roces s .  

Thus ,  a r o t a r y  batch furnace ,  Fig.  7, can be u t i l ized  
as  a section model of a ro t a ry  ki ln  by using the same 
charge ,  loading,  and t e m p e r a t u r e  and by r e l a t i ng  i ts  
speed of ro ta t ion  to the prototype.  

Usual ly  there  a r e  two s tages  of pilot p lants  in the 
development  of me ta l l u rg i ca l  p r o c e s s e s .  The f i r s t  
" s m a l l  pi lot  p l a n t "  stage d e t e r m i n e s  whether  the 
p r o c e s s  is  t echn ica l ly  feas ib le  and a lso  p rov ides  some 
idea as  to i t s  economic potent ia l .  The second " s e m i -  
indus t r i a l  pilot p l a n t "  s tage is  to prove  the economic 
feas ib i l i ty  of the p r o c e s s  and, poss ib ly ,  to produce 
la rge  quant i t i es  of the product  for m a r k e t  t e s t s .  

Undoubtedly,  the s e m i - i n d u s t r i a l  pilot plant  should be 
a nea r  r e p l i c a  of the prototype.  However,  the same  is  
not n e c e s s a r i l y  t rue  of the f i r s t - s t a g e  sma l l  pi lot  
plant .  In the past ,  l a rge  amounts  of money and effort 
have been expended in bui lding " s o u p - t o - n u t s "  m i n i a -  
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Fig. 8--Ini t ia l  concept  of the Noranda  P r o c e s s  fo r  the con-  
t inuous s m e l t i n g  and conver t ing  of copper .  ~ 

t u re  p lan ts  of a new p r o c e s s  and a t tempt ing,  usual ly  
aga ins t  the odds, to operate  them cont inuous ly .  Thus 
va luable  energy which could have been d i rec ted  to -  
wards  the unders tand ing  of the phenomena in the r e -  
ac tor  p roper ,  was wasted in opera t ing and ma in ta in ing  
an a r r a y  of m i n i a t u r e  aux i l i a ry  equipment .  

In the a l t e rna t e  school of thought, the p r oc e s s  under  
study is analyzed into i ts  components ,  which a re  then 
examined  individual ly  in the light of the exis t ing knowl-  
edge. It i s  poss ib le  that some of these  components  have 
a l r eady  been proven,  e i ther  expe r imen ta l ly  or in i ndus -  
t r i a l  opera t ion .  Consequent ly ,  they need not be included 
in the f i r s t  s tage pilot plant  which is  des igned to con-  
cen t r a t e  on the r e m a i n i n g  unknown fac to rs .  

An i l l u s t r a t i on  of this  p r inc ip le  is  the development  
of the Noranda P r o c e s s ,  8' 7 Fig.  8. Despite  the fact that 
s ince  i ts  in i t ia l  conception the p roces s  had been based  
on the use  of a cy l ind r i ca l  furnace  and tuye res ,  the 
f i r s t - s t a g e  pi lot ing was done in a sma l l  r e v e r b e r a t o r y  
furnace  us ing l ances  which were  lowered into the bath 
through the ce i l ing  of the furnace ,  Fig.  9. It was r e a -  
soned that the p r o b l e m s  of opera t ing s m a l l - d i a m e t e r  
t uye r e s  would outweigh the i r  advantages ;  a lso ,  the 
p e r f o r m a n c e  of t uye r e s  in conver t ing  was well  e s t ab -  
l i shed f rom the operat ion of the P i e r c e  Smith con-  
v e r t e r s .  

Thus  the bulk of the f i r s t - s t a g e  pi lot ing of the 
Noranda  P r o c e s s  was d i rec ted  towards  the p r inc ipa l  
ques t ion of whether  it was poss ib le  to sme l t  concen-  
t r a t e s  and produce meta l l i c  copper s imul taneous ly  in 
the same fu rnace .  This  was es tab l i shed  by actual  
s m e l t i n g - c o n v e r t i n g  t e s t s  in the smal l  r e v e r b e r a t o r y  
furnace  and by m e a s u r e m e n t s  of the mixing  condi t ions  
in a flow model  of the Noranda P r o c e s s  r e a c t o r .  

Other  components  of the p roces s ,  such as  the s m e l t -  
ing capacity per  unit  sur face  a r ea  of the bath,  the 
r e c o v e r y  of copper  f rom the slag by mi l l ing  or py ro -  
me ta l l u rg i ca l l y ,  and the p r o c e s s i n g  of the copper p r o -  
duced to anode copper were  s tudied in va r ious  p ieces  
of equipment ,  including a sma l l  exper imen ta l  conve r t e r .  
The final syn thes i s  of al l  these  data indica ted  that the 
p r o c e s s  was technica l ly  feas ib le  and led to the dec is ion  
to bui ld a 100 TPD s e m i - i n d u s t r i a l  pilot plant .  

It should be ment ioned  that rad ioac t ive  t r a c e r  t e s t s  
on this  r eac to r  (7 ft diam) showed that despi te  the ex-  
tens ive  effort  on flow models  and in the pilot r e v e r b e r -  
a tory  furnace ,  the mixing condi t ions  in the la rge  ves se l  
had been unde re s t ima ted .  This  did not affect the s m e l t -  
ing and conver t ing  funct ions of the r e a c t o r  but p reven ted  
the product ion  of a low-copper  slag,  without i n c r e a s i n g  
the slag se t t l ing  zone apprec iab ly .  However,  p rov is ion  
had been made in the or ig ina l  p lans  for the a l t e rna t ive  
t r e a t m e n t  of the slag by mi l l ing .  

It can be seen that the design of me ta l lu rg i ca l  p r o c -  
e s s e s  is  not as yet a p r e c i s e  sc ience .  
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MATHEMATICAL MODELS 

As ment ioned e a r l i e r ,  the task of the p rocess  m e t a l -  
l u rg i s t  is  to combine the ava i lab le  chemica l  and t r a n s -  
port  theory  with his exper imen ta l  r e s u l t s  and develop 
ma themat i ca l  models  which a r e  read i ly  usab le  by de-  
s ign and opera t ing eng inee r s .  These models  may be 
in the form of an equation, a plot, or a tabula t ion and 
may range  f rom the highly theore t ica l  to the fully 
emp i r i ca l ,  provided that they r e p r e s e n t  rea l i ty  with a 
ce r t a in  degree  of accuracy .  

Natura l ly ,  those models  which have a ba s i s  on s c i e n -  
tific theory a re  bound to have a wider  range  of appl i -  
cat ion.  For  ins tance ,  let us a s sume  that a r e s e a r c h e r  
d i scovers  that the p r e s s u r e  drop through a pipe is  a 
function of the veloci ty of the fluid flowing through it; 
he therefore  plots a curve  of p r e s s u r e  drop agains t  
veloci ty  and this  is  an empi r i ca l  model  which is fa i r ly  
adequate for anyone working with the same  pipe d i a m-  
e te r ,  fluid, and range  of ve loc i t ies .  However,  someone 
e lse  who is  more  en t e rp r i s i ng  takes these  same r e -  
sul ts ,  combines  them with the equat ions of cont inui ty  
and motion,  and cons t ruc t s  a model which involves  a 
f r ic t ion  factor  and is  usable  o v e r  a much wider  range  
of operat ing condi t ions .  

Mathemat ica l  models  should be defined i n t e r m s  of 
the m i n i m u m  poss ib le  number  of v a r i a b l e s .  This  can 
be achieved through the use of the d i m e n s i o n l e s s  

n u m b e r s  which a re  groups of p rope r t i e s  in a sys tem 
that a re  independent  of the uni ty of m e a s u r e m e n t s  and 
can be used as c r i t e r i a  of s i m i l a r i t y .  

The d imens ion l e s s  n u m b e r s  can be der ived  e i ther  by 
means  of the d imens iona l  ana ly s i s  technique 1 or on the 
bas i s  of the d imens iona l  homogenei ty  of the equat ions 
which r e p r e s e n t  the sys tem.  As an i l lus t ra t ion ,  let us 
cons ider  the case  of un id i rec t iona l  m a s s  t r a n s f e r  by 
diffusion and bulk flow. The equation of motion under 
steady-state conditions and in the presence of natural 
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convect ion is :  

OU 32U 

where 

p : 

p :  

U : 

g :  

T :  

X : 

+ g ~ p T  [1] 

fluid densi ty  

fluid v i scos i ty  

flow veloci ty  in d i rec t ion  x 

acce le ra t ion  due to gravi ty  

t he rma l  coefficient  of volume expansion 

t e m p e r a t u r e  above a ce r t a in  r e f e r e nc e  datum 

dis tance  in the d i rec t ion  of flow 

Also,  the equation express ing  the conse rva t ion  of 
m a s s  yields  : 

3C ~2C ~,~  = D ~ [2] 

where 

c : c o n c e n t r a t i o n  

D : diffusion coefficient  

Let us now cons ide r  a model of p rope r t i e s  pl ,  u , ,  x~, 

and so forth, and a prototype of p rope r t i e s  P2, u2, x2, 
and so forth. In order  for s i m i l a r i t y  to exis t ,  each 
p roper ty  of the prototype mus t  be p ropor t iona l  to the 
co r re spond ing  p roper ty  of the model ,  i . e .  

Pz = Cp pt (1) 

u2 = Cu ul (2) 

x2 = C L  x~ (3) [3] 

where  C o, Cu,  C L  a r e  the propor t iona l i ty  cons tan t s .  
Since al l  t e r m s  in an equation mus t  be d imens iona l ly  
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Fig. 10--The Wilke correlation for mass transfer between a 
liquid and a vertical plate by natural convection. 8 

homogeneous ,  it can be shown eas i ly  f rom Eqs. [1] and 
[2] that the following ident i t i es  exis t :  

[4] CpCu2 CuCu - CgC~CpCT 
e L  -~ CL 2 

and 

CuCc _ CDCc 
CL -- CL2 [5] 

R e a r r a n g e m e n t  of Eqs.  [4] and [5] y ie lds  the follow- 
ing d i m e n s i o n l e s s  r e l a t ionsh ips :  

CL CuCp Xluq91 _ X2u2pe 
C~ = 1 ; i .e . ,  t~l _ _ ~2m~_ ~ -  NR e [6] 

CgCflCp e L 3c T gl~lplx13 T1 
= l ' i . e . ,  C p2 ' #12 

- g2~2P2X2 3T2 
~22 = N c r  [7] 

Cp Pl P2 
CpCD - 1; i . e . ,  plD---'l = peD--"-e = NSc [8] 

There fo re ,  th is  s imple  ana ly s i s  has yielded th ree  of 
the most  impor tan t  d i m e n s i o n l e s s  n u m b e r s ,  namely  the 
Reynolds,  the Grashof ,  and the Schmidt number .  These  
th ree  va r i ab l e s  a re  the s i m i l a r i t y  c r i t e r i a  for the 
sys t em r e p r e s e n t e d  by Eqs. [1] and [2], which i n c o r -  
pora ted  nine  v a r i a b l e s .  

Two well  known d i m e n s i o n l e s s  groups  a re  the 
A r r h e n i u s  n u m b e r ,  in chemica l  t he rmodynamics ,  and 
the Mach number  in high veloci ty  motion.  The p r i n c i -  
pal use  of these  n u m b e r s  is  in the development  of gen-  
e ra l i zed  c o r r e l a t i o n s  which exp res s  an impor tan t  

Fig. ll--Model of gas flow in Noranda Process Reactorfl 

c h a r a c t e r i s t i c ,  e.g.  m a s s  t r a n s f e r  r a te ,  to the i n t r i n s i c  
and ex t r ins ic  p rope r t i e s  of the sys tem.  A " l i b r a r y "  of 
such c o r r e l a t i o n s  is  gradual ly  being buil t  by r e s e a r c h -  
e r s  in the me ta l l u rg i ca l  field and cons t i tu tes  a ma jo r  
tool for p r o c e s s  ana ly s i s  and design.  

As an example ,  the following c o r r e l a t i on  was de-  
veloped by Wilke and his coworkers  ~' 9 for r e p r e s e n t i n g  
the m a s s  t r a n s f e r  r a t e  f rom ve r t i c a l  p la tes ,  under  
na t u r a l  convect ion,  Fig.  10. 

NSh = 0.66 (Ncr"  NSc) ~ [9] 

where  NS c i s  the Sherwood number  

kdL 
Nsc : Sherwood number  = D 

NGr'  : Grashof number  

k d : m a s s  t r a n s f e r  coeff icient  

L : height of plate 

D : diffusion coeff icient  

In the case  of copper  e l ec t ro re f in ing ,  it has been 
shown 1 that Eq. [9] can be used to pred ic t  accura t e ly  
the l imi t ing  c u r r e n t  densi ty  at which e lec t rodepos i t ion  
is  cont ro l led  by m a s s  t r a n s f e r  through the boundary  
layer  over the e lec t rode .  The rea l i za t ion  of the i m p o r -  
tance of the flow phenomena  in e l ec t ro re f in ing  has led 
to a s ea rch  for new des igns  of ce i l s  where  the flow of 
e lec t ro ly te  past  the e lec t rode  may be cont ro l led  by 
forced r a the r  than na tu ra l  connect ion .  

For  sy s t e ms  where there  a re  no ava i lab le  c o r r e -  
l a t ions ,  the d i m e n s i o n l e s s  n u m b e r s  may s t i l l  be used 
as  c r i t e r i a  of s i m i l a r i t y  between a prototype sys t em 
and i ts  model .  For  ins tance ,  during the design of the 
f i r s t  i ndus t r i a l  plant  of the Noranda P r o c e s s ,  Fig.  8, 
it became  n e c e s s a r y  to e s t ima te  the pa t t e rn  of p r e s -  
su re  d i s t r ibu t ion  in the a tmosphe re  above the bath.  
The object ive was to design the r e a c t o r  and hood s y s -  
tem to provide for a slight negat ive  p r e s s u r e  (draft) at 
the feed port  so as  to m i n i m i z e  the in f i l t ra t ion  of a i r ,  
while at the same  t ime  avoiding " b l ow ba c ks"  of hot 
gases  which might damage the feeding mechan i sm.  

In view of the complexi ty  of the sys t em it was v i r t u -  
a l ly  imposs ib le  to ca lcula te  the p r e s s u r e  d i s t r ibu t ion  
f rom f i r s t  p r inc ip l e s .  Consequent ly ,  Dudgeon 1~ u n d e r -  
took to expe r imen t  with an a i r - f low model of the r e -  
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Fig. 12--Velocity prof i les  
per flow model. 9 

REACTOR 
(veloci ty d is t r ibut ion in plane 41 f t  

from feed end) 

Max. Velocity = 53 fps 

Mean Velocity = 43 fps 
Distort ion Factor : 1.2 

fps 

in Noranda P r o c e s s  r e ac t o r  as 

ac tor ,  Fig.  11. The model  was geomet r i ca l ly  s i m i l a r  
to the Noranda P r o c e s s  r e ac to r  and a l so  provided for 
dynamic s i m i l a r i t y  of the gas flow by ma in ta in ing  the 
same  Reynolds  n u m b e r  (NRe = 56,000) and in t roducing 
pa r t  of the a i r  flow ( " tuye re  a i r " )  through a hor izonta l  
g r id  in the "conve r t ing  zone"  of the model .  The r e -  
su l t s  of these  t e s t s  led to some changes in the design 
of the prototype r e a c t o r ;  an example of the veloci ty  
p rof i l e s  m e a s u r e d  with a hot wi re  a n e m o m e t e r  is  
shown in Fig.  12. 

As another  i l l u s t r a t i on  of the use of d i m e n s i o n l e s s  
n u m b e r s  in s imula t ing  a p roces s ,  let  us  a s s u m e  that 
we want to reproduce  the vor tex  conf igura t ion of an 
indus t r i a l  leaching tank in a model ,  Fig.  13. The i m -  
por tan t  s i m i l a r i t y  c r i t e r i a  in this  case  a r e  the Rey-  
nolds  n u m b e r ,  which r e p r e s e n t s  the ra t io  of i ne r t i a l  
to v i scous  fo rces ,  and the Froude  n u m b e r ,  which is  
the ra t io  of i ne r t i a l  to grav i ty  forces :  

d2NP [10] 
# 

dNZ [11] 
g 

NRe -- 

N F r  = 

where 

d : 

N : 

p,/x : 

impe l l e r  d iamete r  

speed of ro ta t ion  of impe l l e r  

dens i ty  and v i scos i ty  of fluid 

Eq. I l l ]  shows that the model  and prototype will  have 
the same Froude  n u m b e r  if: 

-- [ 12 ]  

where the s u b s c r i p t s  m and p signify p r o p e r t i e s  of the 
model  and prototype,  r e spec t ive ly .  

Also,  by subs t i tu t ing  f rom Eq. [12] in the defini t ion 
of the Reynolds  n u m b e r ,  Eq. [10], we obtain:  

~--di, p ~ i ~di'm~ 
< - dr, p <----dr, m-----> 

Fig. 13--Modeling of the vortex configurat ion in a leaching 
tank. 

Fig. 14--Model of the cont inuous-f low r eac to r  for the precipi -  
tat ion of tellurtum. 

Equation [13] ind ica tes  that the fluid used in the 
model  mus t  have a lower k inemat ic  v i scos i ty  ( p / p )  
than the leaching solut ion in the prototype.  

Mathemat ica l  models  which a r e  to be used for des ign 
purposes  should take into account  both the chemica l  
and phys ica l  c h a r a c t e r i s t i c s  of the sys tem.  Such a 
model  was used  in the development  of a new p r o c e s s  
for the t r e a t m e n t  of copper r e f i ne ry  s l i me s .  11 

One of the impor tan t  s teps  in this  p r oc e s s  was the 
p rec ip i t a t ion  of cuprous  t e l lu r ide  f rom the leach so lu-  
t ion,  by me a ns  of meta l l i c  copper .  Expe r imen ta l  work 
had shown that the cont inuance  of th is  r eac t ion  de-  
pended on the r e m o v a l  of the t e l lu r ide  layer  f rom the 
sur face  of the copper  p a r t i c l e s ;  this  could be achieved 
by us ing a r o t a r y  d rum r e a c t o r  so that the tumbl ing  of 
the copper  shot bed would be self  c leaning.  

Chemica l  r a t e  s tudies  in a r o t a r y  batch r e ac to r  
showed that the prec ip i ta t ion  reac t ion  was of f i r s t  
o rder  : 

d if_c: k r  c [13] 
dt 

where  

c : concen t ra t ion  of t e l l u r i u m  in solut ion 

t : t ime  of r eac t ion  

kr : specific r a t e  cons tant  

For  p r ac t i ca l  r e a s o n s ,  it was decided to use  a con-  
t inuous  flow r e a c t o r  for c a r r y i n g  out the p rec ip i ta t ion  
at the indus t r i a l  plant .  It was there fore  n e c e s s a r y  to 
e s t ima te  the mixing  condi t ions  in such a r e a c t o r ;  as  
noted e a r l i e r ,  the degree  of mixing affects the r e q u i r e d  
r e s i d e n c e  t ime  of the solut ion in the r e a c t o r .  
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Fig .  1 5 - - M a t e r i a l  b a l a n c e  o v e r  a s e c t i o n  of a c o n t i n u o u s  f l o w  
r e a c t o r .  

To th i s  ef fec t ,  t r a c e r  t e s t s  we re  conducted  in a flow 
mode l ,  F ig .  14, under  cond i t ions  of copper  loading ,  
flow, and speed  of ro t a t i on  which s i m u l a t e d  the  i ndus -  
t r i a l  r e a c t o r .  The c o n c e n t r a t i o n - t i m e  p lo t s  ob ta ined  
f rom t h e s e  t e s t s  y i e lded  the va lue  of the P e c l e t  number  
( N p e  = 5) which i s  a m e a s u r e  of the mix ing  cond i t ions  
and i s  def ined  a s  fo l lows:  

u L  
= D-~ [14] N ~  e 

w h e r e  

U : 

L : 

D e : 

f luid ve loc i ty  

length  of r e a c t o r  

eddy di f fus ion coef f ic ien t  

The m a t h e m a t i c a l  mode l  for  the  s y s t e m  could be 
now c o n s t r u c t e d  by e x p r e s s i n g  the m a t e r i a l  ba l ance  
for  t e l l u r i u m  in so lu t ion  over  a sec t ion  e l emen t  in the 
r e a c t o r ,  F ig .  15, a s  fo l lows:  

a 2c d c  
D e ~ - -  u d-~ = I % c  [15] 

net material  -] [-net material- |  V material  con- 7 
transfer due | -- | t r an s f e r  due |  = | sumed by chemical I 

to e d d y  d i f f u s i o n J  L to  b u l k  f l o w J  L_ r e a c t i o n  _] 

The so lu t ion  of th i s  equat ion is  r e p r e s e n t e d  g r a p h i c -  
a l ly  in F ig .  16.12 The r e s u l t s  a r e  p lo t t ed  in the  fo rm of 
r e a c t o r  vo lume r e q u i r e d  to obtain a c e r t a i n  f r a c t i o n a l  
c o n v e r s i o n  (x -ax i s )  at  d i f f e ren t  v a l u e s  of c h e m i c a l  r a t e  
cons tan t  and eddy d i f fus iv i ty .  The soI id  l ines  a r e  d rawn 
for v a r i o u s  v a l u e s  of the P e e l e t  number  whi le  the dot ted  
l ines  r e p r e s e n t  the p roduc t  ( ehemicaI  r a t e  cons tan t )  
x (mean r e s i d e n c e  t ime ) .  

In our  e x a m p l e ,  th i s  p lot  was  u sed  to ca l cu l a t e  the  
r e q u i r e d  vo lume of r e a c t o r  and r e s i d e n c e  t i m e ,  on the 
b a s i s  of the known va lues  of r a t e  cons tan t ,  P e c l e t  
n u m b e r ,  and f r a c t i o n a l  p r e c i p i t a t i o n  of t e l l u r i u m  (as 
f inal  c o n c e n t r a t i o n / i n i t i a l  concen t ra t ion ) .  

CONCLUSION 

It has been attempted to show that the design and 
development of metallurgical processes need not be 
done by the trial and error methods of the past. Many 

ICX)_-----~4. r t u r t n u  I I I u I 1 f u l l  n I , t l u t  

- ~ - , D e l u L  ~ ==(Backmix f low) 

1 ~ -  1 ~--~ * 10 

0.001 ~ , ~ 0  (Plug f low) 0.01 0.1 
cf Ic i 

Fig .  1 6 - - C o m p a r i s o n  of r e q u i r e d  v o l u m e s  of r e a l ,  V a n d  p l u g  
f low,  Vp,  r e a c t o r s  f o r  f i r s t - o r d e r  r e a c t i o n s , 1 2  

a n a l y t i c a l  too ls  have become  ava i l ab l e  th rough  the work  
of m e t a l l u r g i c a l  and c h e m i c a l  e n g i n e e r s .  These  too ls  
wi l l  be used  m o r e  ex t ens ive ly  a s  the c r e d i b i l i t y  gap 
be tween  r e s e a r c h e r s  and ope ra t i ng  m e t a l l u r g i s t s  
narrows. 

It i s  i n t e r e s t i n g  to note tha t  e n g i n e e r s  who t r u s t  t h e i r  
l i v e s  into the  m a s s  of i n s t r u m e n t a t i o n  of a p a s s e n g e r  
je t  p lane ,  b e c o m e  highly skep t i ca l  when a s l ight  d e g r e e  
of soph i s t i c a t i on  i s  sugges t ed  for  t h e i r  f u r n a c e s .  On 
the o ther  hand, th i s  a t t i tude  i s  not  he lped  by r e s e a r c h -  
e r s  who a r e  unwil l ing to ven tu re  to the roof  of a r e v e r -  
b e r a t o r y  fu rnace  and see  for  t h e m s e l v e s  the  p r o b l e m s  
of i n s t a l l i ng  and ma in ta in ing  a p y r o m e t e r .  

The e m e r g e n c e  of p r o c e s s  m e t a l l u r g y  in the c u r -  
r i c u l a  of many  m e t a l l u r g i c a l  schoo l s  is  a w e l come  
sign that  the gap i s  be ing  b r i d g e d  and that  e x t r a c t i v e  
m e t a l l u r g y  i s  g r adua l l y  changing f rom an a r t  to a 
s c i e n c e .  
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