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The Por t  Nickel Ref ine ry  at Brai thwai te ,  Louis iana  is being rehab i l i t a ted  and expanded 
to achieve a capaci ty  of 80 mil l ion pounds per  yea r  of nickel .  The a tmospher ic  
leaching of granula ted  and ground matte  with r ec i r cu l a t ed  and ae ra ted  e lec t ro ly te  f rom 
the copper tankhouse is one of the f i r s t  s teps  in the Port  Nickel flowsheet.  An inves t iga -  
t ion was under taken  to develop the design p a r a m e t e r s  n e c e s s a r y  for the c o m m e r c i a l  
s ca l e -up  of this  leach c i rcui t .  Mechanical  fac tors  to be specif ied include tank geomet ry ,  
impe l l e r  type, and froth handling capabi l i ty .  Also needed for s ca l e -up  was quant i ta t ive  
data showing the effect of mixer  power and gas input ra te  on the r a t e  of oxygen t r a n s f e r .  
During the leaching period,  the ra te  m e c h a n i s m  changed f rom oxygen diffusion cont ro l  
to chemica l  ra te  control  which neces s i t a t ed  careful  co r re l a t ion  of the kinet ic  data with 
mixer  s ca l e -up  p a r a m e t e r s .  The scaled up sys tem cal ls  for a c o - c u r r e n t  five stage 
leaching t ra in .  Use of a s ingle  tu rb ine  impe l l e r  on a ve r t i c a l  cen t r a l  shaft provides  suf -  
f ic ient  power for off-bot tom sol ids  suspens ion  while providing the r equ i r ed  oxygen mass  
t r ans f e r  r a te .  Radial  impe l l e r s  a re  provided for the f i r s t  th ree  tanks in which oxygen 
t r a n s f e r  is ra te  cont ro l l ing ,  and axial  i m p e l l e r s  for the las t  two tanks where  hydro lys i s  
of bas ic  copper sulfate  is the r a t e  cont ro l l ing  factor .  

AMERICAN Metal Climax,  Inc., is in the p rocess  of 
renovat ing  the Por t  Nickel r e f i n e r y  in Brai thwai te ,  
Louisiana,  to produce nickel ,  copper and cobalt  f rom 
n icke l -copper  mat tes .  The plant  is expected to eventu-  
a l ly  reach  a capaci ty  of 80 mi l l ion  pounds of n ickel  per  
year .  This  paper  de sc r i be s  a p rog ram under taken  to 
define the design p a r a m e t e r s  n e c e s s a r y  for s c a l e - u p  
of the a tmospher ic  leach c i r cu i t  at the Por t  Nickel  R e -  
f ine ry .  

Atmospher ic  leaching of granula ted  and ground mat te  
with r e c i r c u l a t e d  and ae ra ted  e lec t ro ly te  f rom the cop- 
per  tankhouse is the f i r s t  hydrometa l lu rg ica l  s tep in 
the Por t  Nickel f lowsheet (see Fig. 1). 

The leach pe r fo rms  s eve ra l  funct ions:  it so lub i l izes  
n ickel ;  r e j ec t s  i ron  and copper ;  and consumes  the acid 
genera ted  dur ing  copper e lec t rowinning.  Separa t ion  
of copper and i ron  f rom nickel  is achieved by the a t -  
mospher ic  leach so it is e s sen t i a l  that this  unit  ope ra -  
t ion be opera ted  at peak eff iciency.  To obtain such e f -  
f ic iency,  detai led in format ion  was needed about the ef-  
fects  of gas flow ra te  and oxygen content;  impe l l e r  lo-  
cation,  d iamete r ,  type, speed and n u m b e r ;  mat te  p a r -  
t ic le  s ize ;  s l u r r y  depth; and whether or not a defoamer  
should be used. 

Leaching of n icke l -copper  matte  with acidic copper 
sulfate solut ion has been in prac t ice  at Outokumpu Oy 
for over  ten  yea rs  and has been desc r ibed  by Toivanen 1 
and Saar inen.  2 The p rocess  to be ut i l ized at Port  Nickel 
is quite s i m i l a r ,  the major  d i f ferences  being use of a 
one - s t ep  c o - c u r r e n t  opera t ion  and use of feed m a t e r i a l  
which is  higher in sul fur  content .  
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Fig. 1--Block diagram showing the relationship between at- 
mospheric leaching and other unit operations at the Port 
Nickel refinery. 

LEACHING CHEMISTRY 

A subs tan t i a l  body of data on the c h e m i s t r y  re la ted  
to a tmosphe r i c  leaching is ava i lab le  in technica l  l i t e r a -  
tu re .  1-~~ The reac t ion  sys t em involves the contact ing of 
a hot ae ra ted  acidic  solut ion of copper sulfate with g r a n -  
ulated copper -n icke l  mat te  containing the phases  Ni~S2, 
Cu784 and Ni(Cu ~ al loy ( a - n i c k e l  al loy a s says  66 pct Ni 
and 34 pct Cu). Contact of the mat te  with the l ixiviant  
causes  an in i t ia l  rapid  r i s e  of n icke l  concent ra t ion  in 
solut ion (see Fig.  2) due to the cementa t ion  reac t ion  
[1]: 

�9 O +  + +  �9 + +  
NI(s ) + CU(aq)~ NI(aq) + CU~s ) [1] 

Much of the e l emen ta l  copper so fo rmed  is oxidized by 
aqueous oxygen to form CuaO , which fo rms  a r i m  
around the a - n i c k e l  alloy, s The Cu20 is then dissolved 
by the ae ra ted  acid solut ion and is again avai lable  for 
n ickel  cementa t ion .  

The nickel  cementa t ion-CuaO disso lu t ion  cycle con-  
t inues  unt i l  the pH of the l ix iviant  r eaches  about 2, at 
which point the r a t e  of Cu20 d isso lu t ion  dec rease s  r a p -  
idly. The a tmospher ic  leach then goes into a new r e -  
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Fig. 2--A typical  g r a p h  showing  nickel ex t rac t ion ,  so lu t ion  pH 
and copper concentration as a function of time for atmospheric 
leaching of nickel-copper matte. 

g ime  of r a t e  con t ro l ,  one that  is  d ic t a t ed  by  the r a t e  of 
oxida t ion  of Ni3S2: 

NisS2 (s) + 2H~aq) + �89 02 ( aq )~  Ni(aq) + 2NiS (s) + H20(1) 

[2 ]  

Data  p r e s e n t e d  l a t e r  in th is  pape r  wi l l  show tha t  the 
r a t e  of r e a c t i o n  [2] depends  on the r a t e  of oxygen 
t r a n s f e r  a c r o s s  the  a i r - l i q u i d  i n t e r f ace .  Reac t ion  [2] 
i s  r a t e - c o n t r o l l i n g  up to pH 4 and r e s u l t s  in a l i n e a r  
r a t e  of n icke l  d i s so lu t ion  (F ig .  2). 

Above pH 4 a t h i r d  zone of r a t e  con t ro l  o c c u r s .  In 
th is  r eg ion  the aqueous copper  h y d r o l y z e s  by:  

3Cu(~aq) + 3SO~(aq) + 4H20 ( a q ) ~  CuSO4"2Cu(OH)2~ 

+ 2HSO~(aq ) + 2H(aq) [3] 

The ac id  g e n e r a t e d  by  th i s  h y d r o l y s i s  r e s u l t s  in a pH 
r e s t  at  pH 4 (Fig .  2). This  ac id  mus t  be  consumed  by 
r e a c t i o n  [2]. A t m o s p h e r i c  leach ing  is  c o m p l e t e  when 
a pH of 5.3 is  r e a c h e d ,  at  which point  aqueous copper  
and i ron  have been  l o w e r e d  to l e s s  than 5 ppm ( i ron 
h y d r o l y z e s  in a m a n n e r  analogous  to copper ) .  Nickel  
e x t r a c t i on  v a r i e s  f r o m  10 to 90 pe t  depending  upon 
ma t t e  compos i t ion  and leach ing  condi t ions .  3 

EXPERIMENTAL PROCEDURE 

P r e l i m i n a r y  da ta  on the effect  of i m p e l l e r  type,  d i -  
a m e t e r  and speed ,  pe t  so l i d s ,  and a i r  input on power  
consumpt ion  and mix ing  p a t t e r n s  were  ob ta ined  by  s u s -  
pending mat te  in an i n e r t  solut ion.  This  so lu t ion ,  20 pet  
KNO3 by weight,  s i m u l a t e d  at  35~ the d e n s i t y  (1.12 
g / c u  cm) and v i s c o s i t y  (0.8 cp) of the  P o r t  Nicke l  spent  
e l e c t r o l y t e  at  75~ All  o the r  e x p e r i m e n t s  we re  p e r -  
f o r m e d  at  75~ us ing  so lu t ion  f rom the spen t  e l e c t r o -  
ly te  s t r e a m  at  the  AMAX mat te  p i lo t  p lant  with a c o m -  
pos i t ion  of 25.5 g/1 Ni, 17.6 g/1 Cu, 104 g/1 SO~ and 
0.57 g/1 Fe .  The a n a l y s e s  and s i ze  d i s t r i b u t i o n s  of the 
two s a m p l e s  of ma t t e  used  in th is  s tudy a r e  shown in 
Table  I: 
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Table I. Analyses and Size Distribution of Granulated Mattes 

Analyses,Wt Pet Matte, Sample A Matte, Sample B 

Ni 39.8 39.5 
Cu 38.2 38.5 
S 19.6 19.0 
Fe 0.5 0.5 
Co 0.4 0.4 
Slag 1.0 1.0 

Size, Tyler Mesh 

+100 0.01 0.14 
100 X 150 2.5 1.6 
150 X 200 10.1 8.5 
200 X 270 13.0 9.3 
270 X 400 20.8 48.4 

-400 53.6 32.0 

Tank --2. 

 i:lll 
/ !  

Fig. 3 - -Appa ra tu s  used for  Po r t  Nickel a t m o s p h e r i c  leaching 
mixing s tud ies .  

An l l - i n ,  c y l i n d r i c a l  g l a s s  mix ing  tank was f i l l ed  to 
e i t he r  an l l - i n ,  or  15-in .  depth for  each t e s t .  Mixing 
was ach ieved  with a 1/4 hp a g i t a t o r  that  was cont inu-  
ous ly  v a r i a b l e  in speed  f rom 0 to 1200 r p m .  Power  
i m p a r t e d  to the  s l u r r y  was t r a n s f e r r e d  f rom the b a l l -  
b e a r i n g - m o u n t e d  ag i t a to r  to a r e s i s t a n c e  d y n a m o m e t e r  
which was c a l i b r a t e d  by  dead  weight  suspens ion  each  
day.  I m p e l l e r s  t e s t ed  were  e i t he r  3 o r  4 in. in d i a m e t e r  
and c o n s t r u c t e d  of 316 s t a i n l e s s  s t e e l .  I m p e l l e r  conf ig -  
u r a t i ons  inc luded a s t r a i g h t  b l ade  tu rb ine  (i.e., r a d i a l  
flow tu rb ine) ,  a p i tched b lade  t u rb ine  (i.e., 45 deg pi tch  
ax ia l  flow tu rb ine)  and a m a r i n e  p r o p e l l e r  ( square  
pi tch) .  The b l ade  widths of the 3 -  and 4- in .  t u rb ines  
were  3 /8  and 1/2 in. r e s p e c t i v e l y .  Four  1- in.  ba f f l es  
d i s p l a c e d  0.2 in. f r om the wal l  and extending  down to 
3.5 in. f r o m  the tank bo t tom e l i m i n a t e d  vor tex ing  ( r e -  
f e r  to F ig .  3). R e s i s t a n c e  h e a t e r s  were  p l aced  behind 
t h r e e  of the  ba f f l e s .  Behind the four th  baff le  a tube was 
se t  which t r a n s f e r r e d  a i r  to a 2- in .  d i am bubble cap 
s i tua ted  n e a r  the tank bo t tom and c e n t e r e d  below the 
i m p e l l e r .  To m a x i m i z e  bubble  s h e a r ,  a r ing  1 in. high 
was suspended  around the p e r i p h e r y  of the i m p e l l e r  as  
shown in F ig .  3. 

At the beginning  of an e x p e r i m e n t ,  the  t e s t  so lut ion 
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F i g .  4--Correlation of the power ratio with the flow number 
when utilizing a single radial impeller to agitate a 16 pet 
solids slurry of Sample B. The dark points indicate the 
settling out of solids. 

Table II. Froth Level and Oxygen Content of the Slurry Using Sample S 
(9.4 HP/1000 Gal Mixer Power; 0.37 Ft/Min Superficial Air Velocity) 

Time Froth Level, Oz, 
(]din) pH (Pet of Slurry Height) (ppm) 

0 0.8 0.0 4.3 
30 1.6 3.3 <0.1 
45 1.8 6.7 <0.1 
50 2.0 10.0 <0.1 
60 2.3 13.0 <0.1 
70 2.8 33.0 <0, i  
75 4.0 20:0 <0,1 
80 4.2 10.0 0,1 
90 4.3 1.0 1,3 

115 5.1 1.0 1.6 

was equi l ibrated to the des i r ed  tempera ture ,  ag i ta t ion  
and a i r  flow ra te .  A weighed quantity of sol id was then 
added at t ime zero to give a 16 pct sol ids s lu r ry .  Be-  
cause the react ion was exothermic,  a damp cloth was 
wrapped around the tank and wetted as neces sa ry  to ab-  
sorb the heat evolved. Samples of the 75~ s l u r r y  were 
taken per iodical ly ,  f i l t e red  and assayed for nickel,  cop- 
per  and iron. Total sample volume never exceeded two 
pct of the total  tes t  volume, and the samples  were suf-  
f icient ly represen ta t ive  of the mat te -e lec t ro ly te  mix-  
ture  so that change in pct sol ids due to sampling was 
negligible.  An IBC Model 170 oxygen meter  measured  
the dissolved oxygen. Solution pH and Eh were r e -  
corded, as was power consumption. In al l  tes ts ,  mix-  
ing configuration and degree  of uniformity were ob- 
se rved  visual ly .  

EXPERIMENTAL RESULTS 

Experimental data were obtained with respect to sol- 
ids suspension, changing rate control, copper and iron 

re ject ion,  oxygen mass  t r ans fe r ,  effect of mixer  geom- 
e t ry  and effect of antffoamers .  

Solid Suspension 

To effect ively t r ans fe r  matte through a s e r i e s  of 
s t i r r e d  tanks,  off-bottom suspension of the sol ids  in 
the liquid phase is essent ia l .  Pa r t i cu l a r  attention was 
paid to the effects of power, a i r  input and impel le r  po- 
sition on suspension.  

The combined effect of a i r  flow r a t e  (Q), impe l le r  
speed (N) and impel le r  diam (D), expres sed  as the flow 
number Q/ND 3 on matte suspension is plotted in Fig. 4 
as a function of power input with a i r  (P) divided by 
power input without a i r  (Po). Loss of suspension oc-  
cur red  at high a i r  input, at low impe l l e r  speed or smal l  
diam and at low mixer  power input. Impel le r  type and 
height off the bottom are  also important  fac tors  in sus -  
pension. A 4-in.  axial  turbine posit ioned 4 in. f rom the 
bottom provided off-bottom suspension at 6 hp/1000 gal 
whereas an otherwise identical  r ad ia l  turbine requ i red  
10 hp/1000 gal. Lowering the rad ia l  turbine to 3 in. 
f rom the bottom reduced the minimum power r equ i r e -  
ment to 5 hp/1000 gal. No a i r  was supplied during these 
la t te r  compar ison tes t s  using matte Sample B. 

Changing Rate Control 

The three  exper imenta l  r e su l t s  desc r ibed  below in- 
dicate a change in the r a t e -con t ro l l ing  step at about pH 
2 and again at pH 4. 

1) The leach liquor was oxygen deficient  throughout 
the leach cycle,  but espec ia l ly  so below pH 4.2 (refer  to 
to Table II). The use of oxygen r a the r  than a i r  increased  
the ra te  of nickel  extract ion between pH 1 and 4 by 90 
pct, but had l i t t le  effect on the extract ion ra te  above 
pH 4. 

2) Matte Samples A and B, differing only in par t ic le  
s ize,  gave identical  r a t e s  of nickel  extract ion between 
pH 2 and 4. The finer ground sample  showed increased 
nickel ext rac t ion  below pH 2. 

3) Between pH 4.0 and 5.3, leaching ra te  was d i rec t ly  
re la ted  to s l u r r y  turbulence (i.e., to Reynolds Number) 
and almost  complete ly  independent of a i r  input ra te .  
The propor t ional i ty  between t ime needed to go f rom pH 
4.0 to 5.3 and Reynolds Number is i l lus t ra ted  in Fig. 5. 
Attempts to make a s imi l a r  cor re la t ion  in other pH 
ranges were not successful .  Reynolds Number was 
based on impel le r  d iamete r  and speed. 

Copper and Iron Rejection 

Efficient re jec t ion  of copper and iron from the leach 
liquor is one of the p r i m a r y  p rocess  object ives.  The 
changes in solution copper concentration, nickel ex- 
t ract ion and pH as a function of t ime a re  shown in Fig. 
1. Copper concentrat ion increased  s l ight ly  at the s ta r t  
of many of the leach tes t s .  A d e c r e a s e  in the r a t e  of 
copper re jec t ion  was always observed above pH 1.5, 
and the subsequent rapid  acce lera t ion  in copper r e j e c -  
tion was accompanied by a pH plateau at about pH 4. 
When copper had been almost  complete ly  re jec ted  from 
solution, the ra te  of nickel extract ion declined sharply.  

Iron re jec t ion  was pa ra l l e l  to copper re ject ion;  at 
pH 5.3 both had been almost  complete ly  removed from 
solution. 
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Fig.  6 - -Mass  t r a n s f e r  coeff ic ient  KLa, as  a funct ion of m i x e r  
power input, impeller type and superficial air velocity (no de- 
foamer). 

Oxygen Mass T r a n s f e r  

Oxygen m a s s  t r a n s f e r  ac ros s  the gas - l i qu id  in te r face  
is  the r a t e - c o n t r o l l i n g  step dur ing  a tmosphe r i c  leach-  
ing between pH 2 and 4. The mass  t r a n s f e r  coefficient,  
K L a  , is often used to indicate  the e f fec t iveness  of a 
given sys tem in u t i l iz ing  oxygen. 

oxygen T r a n s f e r  Rate = K L a  (C* - C)l m 

where C* is the oxygen concent ra t ion  (ppm) in the liquid 
at equ i l ib r ium with the oxygen in the gas phase,  C is the 
oxygen content (ppm) in the solut ion dur ing  leaching,  and 
lm symbol izes  the l o g - m e a n  dr iv ing  force  between the 
( C * -  C) at the bot tom of the tank and the (C* - C) at the 
top of the tank.  The uni ts  of K L a  are  l / h ,  r e s u l t i n g  in 
oxygen t r a n s f e r  r a t e  uni ts  of ppm 0 2 / h .  Calcula t ion  of 
/(L a was based  on the slope of the l i nea r  por t ion  of the 
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n icke l  ex t r ac t ion  cu rves  and u t i l i zes  the s to i ch iome t ry  
shown in r eac t ion  [2]. The K L a  va lues  genera ted  by  4-  
in. axial  and rad ia l  i m p e l l e r s  be tween pH 2 and 4 at 
va r ious  power and a i r  input l eve ls  are  shown in F igs .  6, 
7 and 8. Supplementary  data a re  tabula ted in Table  TIT. 

Effect of Mixer Geomet ry  

Multiple i m p e l l e r s  a re  s o m e t i m e s  placed on one 
shaft if the tank is ta l l  or  if high power input is needed 
at r e a s o n a b l e  t ip speed. The ra te  of n ickel  ex t rac t ion  
at ta ined with two i m p e l l e r s  was lower than that achieved 
with one impe l l e r  at s i m i l a r  power input as shown in 
Table  IV. The combinat ion  of axial  (A) over  r ad ia l  (R) 
was m o r e  effect ive than r ad ia l  over  rad ia l  or  axial  
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Table III. Comparison of Total Mixer andAir Power Requirements Using One Radial Impeller with P4000 Defoamer 

Superficial Mixer + Air 
Mixer Power, Air Rate, Air Velocity, KLa Air Power,* Power Input Total Energy 
HP/1000 gal cc/min X 10 "a ft/min 1/h HP/1000 gal HP/1000 gal HP-H/1000 gal~" Air Utilization, pct 

5.0 7.0 0.37 600 1.5 6.5 25 33 
5.0 10.5 0.56 720 2.2 7.2 22 28 
5.0 14.0 0.75 820 3.0 8.0 21 24 
5.0 14.0 0.75 820 3.0 8.0 21 24 
9.0 10.5 0.56 820 2.2 11.0 29 33 

14.0 7.0 0.37 820 1.5 16.0 44 45 
5.0 7.0 0.37 600 1.5 6.5 25 33 

10.0 7.0 0.37 740 1.5 11.5 38 39 
20.0 7.0 0.37 930 1.5 21.5 57 45 

5.0 14.0 0.75 820 3.0 8.0 21 24 
I0.0 14.0 0.75 930 3.0 13.0 31 27 
20.0 14.0 0.75 1030 3.0 23.0 52 29 

*Air horsepower is based on 1.5 times the isothermal horsepower to deliver the volume of air at 5 psig; ambient pressure was 12.0 psia. 
t Based on the time required to achieve 40 pct nickel extraction. 

Table IV. Nickel Extraction Rate for Single and Double 4-In. Impeller Systems at 
9,4 HP/1000 Gal Mixer Power and 0.37 Ft/Min Superficial Air Velocity 

Efficiency of Air Mass Transfer Coef., Extraction Rate, 
Impeller Type  Utilization, pct 1/H Pct Ni/Min 

A 46 930 0.24 
R 56 1235 0.29 

A + 4 in. +A* 36 680 0.19 
R + 4 in. + R 31 560 0.16 
A + 4 in. + R 40 780 0.21 

*4 in. spacing between two axial (.4) impellers. 
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Fig. 9--Effect  of defoamer  and impel le r  spacing on nickel ex -  
t r ac t ion  for the axial (A) over  rad ia l  (R) impel le r  design at 
9.4 hp/1000 gal mixe r  power. ,  0.37 f t /min  a i r  ra te ,  15-in. 
s lu r ry  height and e i ther  4 or  6 in. between impe l l e r s .  

o v e r  a x i a l .  S p a c i n g  t h e  i m p e l l e r s  e i t h e r  1.0 o r  1.5 
i m p e l l e r  d i a m  a p a r t  h a d  l i t t l e  e f f e c t  on  l e a c h i n g  r a t e s  
( s e e  F ig .  9). 

One t e s t  w a s  p e r f o r m e d  to  d e t e r m i n e  t h e  e f f e c t  of 
u s i n g  a d i s c  b e t w e e n  t h e  b l a d e s  of t h e  r a d i a l  i m p e l l e r ;  

t i m e  to c o m p l e t e  t h e  r e a c t i o n  w a s  no t  s i g n i f i c a n t l y  
c h a n g e d  (i.e., r e a c t i o n  t i m e  w a s  6 p c t  l o n g e r  w h e n  
u s i n g  t h e  d i s c ) .  A s e c o n d  t e s t  w a s  r u n  to s e e  if  t he  
r i n g  s u r r o u n d i n g  t h e  c i r c u m f e r e n c e  of t he  i m p e l l e r  
was  r e a l l y  n e c e s s a r y .  R e m o v a l  of t h e  r i n g  h a d  no  
e f f e c t  on  r e a c t i o n  t i m e .  

E f f e c t  of A n t i - f o a m e r  

F a i l u r e  to  c o n t r o l  f r o t h i n g  i s  a m a j o r  o p e r a t i n g  h a z -  
a r d  in  t h r e e - p h a s e  m i x i n g  s y s t e m s  if s u l f i d e s  a r e  p r e s -  
e n t .  F r o t h i n g  r e f e r s  to  t he  f o a m  on  t o p  of t h e  a i r - e x -  
p a n d e d  s l u r r y .  I t  w a s  o b s e r v e d  w i t h  S a m p l e  A and  o c -  
c u r r e d  p r i m a r i l y  b e t w e e n  pH 2 a n d  4 ( r e f e r  to  T a b l e  l-I). 
Wi th  S a m p l e  B,  f r o t h i n g  w a s  s o  e x t r e m e  b e t w e e n  pH 2 
a n d  4 a t  h i g h  a i r  i n p u t  r a t e s  t h a t  a n  a n t i - f o a m i n g  a g e n t  
b e c a m e  e s s e n t i a l .  A d d i t i o n  of  0 .4  p o u n d s  of  Dow p4000  
a n t i - f o a m e r  p e r  t o n  of m a t t e  p r o c e s s e d  d e c r e a s e d  t he  
r a t e  of l e a c h i n g  b y  30 pc t  ( r e f e r  to  F ig .  9). 

E x p a n s i o n  of t he  s l u r r y  due  to  e n t r a i n e d  a i r  r a t h e r  
t h a n  f r o t h i n g  v a r i e d  f r o m  0 to  21 p c t  and  w a s  a f u n c -  
t i o n  of b o t h  a i r  f low r a t e  a n d  m i x e r  p o w e r .  S l u r r y  e x -  
p a n s i o n  d a t a  i s  t a b u l a t e d  in  T a b l e  V.  

DISCUSSION 

S u s p e n s i o n  of So l id s  

An i m p e l l e r  i m p a r t s  b o t h  l i q u i d  f low and  s h e a r  s t r e s s  
to  a s l u r r y .  F low  l i f t s  t he  s o l i d s  off  t h e  t a n k  b o t t o m  a n d  
d i s p e r s e s  i n j e c t e d  o r  i n d u c e d  g a s  t h r o u g h o u t  t h e  t a n k .  
F low  i s  p r o p o r t i o n a l  to  ND 3 (N = i m p e l l e r  s p e e d  a n d  D 
= i m p e l l e r  d i a m ) .  S h e a r  s t r e s s ,  w h i c h  i s  p r o p o r t i o n a l  
to  N2D 2, b r e a k s  up l a r g e  g a s  b u b b l e s  and  c r e a t e s  s u f f i -  
c i e n t  t u r b u l e n c e  to c o n t i n u a l l y  d i s t o r t  t he  b u b b l e s  and  
to  p r e v e n t  a s t a t i c  i n t e r f a c e  f r o m  f o r m i n g .  As  D i n -  
c r e a s e s  a t  a g i v e n  l e v e l  of  p o w e r  p e r  un i t  v o l u m e ,  
m a x i m u m  s h e a r  s t r e s s  i n c r e a s e s  b u t  t o t a l  s h e a r  p e r  
u n i t  v o l u m e  d e c r e a s e s .  T h i s  l o s s  of s h e a r  e n e r g y  d u r -  
ing  s c a l e - u p  m u s t  b e  c o m p e n s a t e d  b y  i n c r e a s e d  f low.  
The  t e c h n o l o g y  of s o l i d s  s u s p e n s i o n  in  a g i t a t e d  t a n k s  
h a s  b e e n  e x t e n s i v e l y  r e s e a r c h e d  b y  b o t h  Z w i e t e r i n g  ~1 
a n d  N a r a y a n a n .  22 

As  t h e  a i r  f low (Q) f ed  to  a r o t a t i n g  i m p e l l e r  i s  i n -  
c r e a s e d ,  t h e  p o w e r  d r a w n  b y  ~ e  i m p e l l e r  and  t h e  a b i l -  
i t y  of t h e  i m p e l l e r  to  s u s p e n d  s o l i d s  d e c r e a s e .  The  r e -  
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su l t ing  l o s s  in so l i d s  s u s p e n s i o n  i s  i l l u s t r a t e d  in F ig .  
4. Poin ts  l oca t ed  be low the dot ted l ine  a r e  in a r e g i o n  
where  mixe r  power  was l o w e r e d  by  m o r e  than 50 pc t  
due to the high r a t e  of a i r  in jec t ion .  Dark  po in ts  i nd i -  
ca t e  where  so l ids  s e t t l e d  to the  tank bo t tom.  At the  
open points  below the dot ted  l ine in F ig .  4, s o l i d s  s u s -  
pens ion  was a t t a ined ;  however ,  l a r g e  bubbles  e s c a p e d  
f r o m  the i m p e l l e r  r eg ion .  This  a p p e a r a n c e  of und i s -  
p e r s e d  a i r  is  ca l l ed  " i m p e l l e r  f lood ing" .  2s 

The type of i m p e l l e r  used  d i c t a t e s  the p r o p o r t i o n  of 
flow to s h e a r  e n e r g y  i m p a r t e d  to the  s l u r r y  and thus  
p l a y s  a s ign i f ican t  r o l e  in so l ids  suspens ion ,  z4 A r a -  
d ia l  tu rb ine  i m p e l l e r  m a x i m i z e s  s h e a r  and can be  d e -  
s igned  to handle a wide r a n g e  of gas  th roughputs ;  a i r  
input  r a t e s  of 5000 cu f t / m i n  have been  fed to such t u r -  
b i n e s .  ~6 A m a r i n e  i m p e l l e r  m a x i m i z e s  flow and can be 
des igned  for  370 cu f t / m i n  of gas  at  mos t .  zs An ax ia l  
t u rb ine  g ives  a r e s p o n s e  i n t e r m e d i a t e  be tween  the r a -  
d i a l  tu rb ine  and the p r o p e l l e r .  Because  tu rb ine  i m p e l -  
l e r s  can be mos t  e f f ec t ive ly  sca l ed  up for  high a i r  in-  
put app l i ca t ions ,  mos t  of our  work  has  been  l i m i t e d  to 
th i s  i m p e l l e r  type.  

The r a d i a l  tu rb ine ,  which m a x i m i z e s  s h e a r ,  can gen-  
e r a t e  enough flow for  so l i d s  suspens ion  if i t  i s  used  
p r o p e r l y .  2~'2z The d i s t a n c e  the  r a d i a l  t u rb ine  is  p l aced  
off the bot tom is  p a r t i c u l a r l y  impor t an t .  ~'e7 Sol ids  
supens ion  was not ob ta ined  at  low power  l eve l s  and high 
a i r  flow r a t e s  us ing the 4- in .  r a d i a l  t u rb ine  un le s s  the 
t u rb ine  was pos i t ioned  l e s s  than one i m p e l l e r  d i am 
f r o m  the tank bot tom.  T e s t s  using the 4- in .  r a d i a l  i m -  
p e l l e r  at  5 hp/1000 ga l  we re  p e r f o r m e d  with the i m -  
p e l l e r  3 in. o f f -bo t tom.  All  o ther  t e s t s  used  the 4- in .  
o f f -bo t tom pos i t ion .  The of f -bo t tom pos i t ion  a p p e a r s  
to have l i t t l e  effect  on the  magni tude  of the oxygen 
m a s s  t r a n s f e r  coef f ic ient ,  (KLa) , but  a l a r g e  ef fec t  on 
the  ea se  of so l ids  suspens ion .  

The mixing tank shown in Fig .  3 was s u c c e s s f u l  in 
achieving  ef fec t ive  so l i d s  suspens ion  when us ing a r a -  
d ia l  i m p e l l e r  and was p a t t e r n e d  a f t e r  that  used  at 
N ica ro ,  Cuba. za The des ign  u t i l i zes  ba f f l es  which ex -  
tend  only p a r t  way to the  bo t tom of the tank,  t h e r e b y  
a l lowing some  r o t a r y  mot ion to develop at  the tank bo t -  
t om.  Rushton z~ has  s ince  shown that  th is  r o t a r y  motion 
can r e s u l t  in heavy  so l ids  se t t l ing  out. Thus,  ful l  ba f -  
f l ing was spec i f i ed  for  s c a l e - u p .  

R a t e - c o n t r o l l i n g  Steps 

The p r i m a r y  r a t e - c o n t r o l l i n g  f ac to r  dur ing  a t m o -  
s p h e r i c  l each ing  p roved  to be  the t r a n s f e r  of oxygen 
f r o m  the gas  to the  l iquid phase .  The mos t  d i r e c t  e v i -  
dence to suppor t  th i s  conc lus ion  is  the r e c o r d  of aque-  
ous oxygen a n a l y s e s  shown in Table  II. The l each  
l iquor  was s t a r v e d  for  oxygen throughout  the l each ing  
pe r iod ,  and e s p e c i a l l y  so between pH 2 and 4. The 
p r inc ip l e  mode of oxygen consumpt ion  is b e l i e v e d  to 
be  the oxidat ion of Ni3S 2 as  shown in r e a c t i o n  [2]. Us-  
ing oxygen r a t h e r  than a i r  doubled the r e a c t i o n  r a t e  
r a t h e r  than giving the f i ve - fo ld  i n c r e a s e  one might  e x -  
pec t  by  cons ide r ing  only the  addi t ional  oxygen p a r t i a l  
p r e s s u r e  in the gas  phase .  Oxygen concen t r a t i on  in the 
l iquid  phase  was not m e a s u r e d  dur ing  the pu re  oxygen 
t e s t ,  but  p r e s u m a b l y  i t s  magni tude  i n c r e a s e d  suf f ic ien t ly  
to give only a two- fo ld  i n c r e a s e  in the ( C * -  C)lrn t e r m  
of the oxygen t r a n s f e r  r a t e  e x p r e s s i o n .  

A second  f a c t o r  impor t an t  in e s t a b l i s h i n g  leach ing  
comple t ion  t i m e  was a cemen ta t ion  r eac t i on ,  e f fec t ive  
dur ing  the f i r s t  q u a r t e r  hour  of l each ing  and o c c u r r i n g  
s i m u l t a n e o u s l y  with NisS 2 oxida t ion  d i s c u s s e d  above.  
The c e m e n t a t i o n  d e s c r i b e d  by  r e a c t i o n  [1] was a d i s -  
p l a c e m e n t  r e a c t i o n  between Cu §247 and Ni ~ I ts  r a t e  was 
p a r t i c l e - s i z e  dependent .  Thus,  l each  t e s t s  using ma t t e  
Sample  A showed a s lower  in i t i a l  l each ing  r a t e  than 
did t e s t s  us ing mat t e  Sample  B. Af te r  the me ta l l i c  
n ickel  content  of the feed  was consumed  o r  coa ted  with 
Cu20 , the  n i c k e l  e x t r a c t i o n  r a t e  b e c a m e  l i n e a r  and was  
domina ted  by  r e a c t i o n  [2]. 

Also i m p o r t a n t  in e s t ab l i sh ing  l each ing  comple t ion  
t ime  was the s y s t e m ' s  s e n s i t i v i t y  n e a r  the end of the 
leach  to so lu t ion  tu rbu lence .  This  s e n s i t i v i t y  b e c a m e  
appa ren t  at  about pH 4, the point  at  which the n icke l  
d i s so lu t ion  r a t e  s lowed (see  Fig .  2) and the oxygen 
concen t ra t ion  began  to c l imb (see  Tab le  II). The c o r -  
r e l a t i o n  be tween  tu rbu lence ,  as  def ined  by  Reynolds  
Number ,  a n d t i m e  spent  be tween pH 4.0 and 5.3 is  
shown in F ig .  4. The g r e a t e r  the so lu t ion  tu rbu lence  
(i.e., the h ighe r  the Reynolds  N umbe r ) t he  s h o r t e r  was  
the t ime  p e r i o d  a f t e r  pH 4. A ppa re n t l y  r a t e  con t ro l  
f o r m e r l y  domina ted  by  oxygen d i f fus ing  through a g a s -  
l iquid i n t e r f ace  was giving way to s o m e  o ther  s tep  o c -  
c u r r i n g  within the  l iquid phase .  This  l iquid phase  r e -  
ac t ion is  p r o b a b l y  the h y d r o l y s i s  of copper  as  in r e a c -  
t ion [3] with the  r a t e - l i m i t i n g  s t ep  p e r h a p s  being the 
nuc l ea t i on -g rowth  of the b a s i c  copper  su l fa te  phase .  

Oxygen T r a n s f e r  Ra te  

Mixer  power ,  i m p e l l e r  type and a i r  input r a t e  had a 
subs t an t i a l  e f fec t  on the r a t e  of oxygen t r a n s f e r  to the 
l ix iv ian t .  F ig .  6 shows a l o g - t o - l o g  p lo t  of KLa as a 
function of m i x e r  power ,  a i r  flow ( s u p e r f i c i a l  ve loc i ty)  
and i m p e l l e r  type .  The r a d i a l  t u rb ine  (i.e., a high s h e a r  
i m p e l l e r )  g e n e r a t e d  h igher  KLa va lues  than did the ax -  
ia l  tu rb ine .  As the r a t e  of a i r  addi t ion i nc r e a se d ,  so 
did the oxygen t r a n s f e r  r a t e  and thus the va lue  of KLa. 

Fig .  7 g r aphs  KLa va lues  g e n e r a t e d  by  4 - in .  ax ia l  
i m p e l l e r  without de foamer .  F ig .  8 app l i e s  to a 4 - in .  
r a d i a l  i m p e l l e r  with d e f o a m e r .  Most  mix ing  l i t e r a t u r e  
shows the f a m i l i e s  of cu rves  r e s u l t i n g  f rom d i f fe ren t  
r a t e s  to be  l i n e a r  and p a r a l l e l ;  an except ion  the re to  
o c c u r s  in a p a p e r  by  Oldshue,  which shows the KLa 
cu rves  as  n o n - l i n e a r .  27 In both F igs .  7 and 8, the KLa 
value  does  not show an i n c r e a s e  c o r r e s p o n d i n g  to the 
i n c r e a s e  in m i x e r  power at high a i r  s u p e r f i c i a l  v e l o c -  
i ty.  Once suf f ic ien t  power  has  been  suppl ied  to tho-  
roughly  d i s p e r s e  the a i r ,  add i t iona l  power  is  was ted .  3~ 
A s i m i l a r  ef fec t  was not found at  the lower  a i r  s u p e r -  
f i c i a l  v e l o c i t i e s .  F o r  economic  plant  des ign,  KLa v a l -  
ues  a r e  r e q u i r e d  which have been  g e n e r a t e d  at  s e v e r a l  
l eve l s  of m i x e r  power  a i r  input us ing  the a p p r o p r i a t e  
tank g e o m e t r y .  3~-36 

Effect  of Mixer  G e o m e t r y  

The r a t i o  of tank height  to tank d i am commonly  used  
for  so l id  su spe ns ion  in tu rb ine  s y s t e m s  v a r i e s  f r o m  
1:1 to 1:2; for  gas  d i s p e r s i o n ,  r a t i o s  of 4:1 to 1:1 a r e  
r e c o m m e n d e d ,  za To s i m u l t a n e o u s l y  ach ieve  ef f ic ient  
so l ids  su spe ns ion  and gas  d i s p e r s i o n  at 1:1 r a t i o  was 
s e l ec t ed .  
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The op t imum i m p e l l e r  d i am to tank d iam r a t i o  (i.e., 
i m p e l l e r  r a t io )  for  g a s - l i q u i d  m a s s  t r a n s f e r  depends  
on both the l eve l  of m i x e r  h o r s e p o w e r  and the gas  flow 
r a t e .  ss S m a l l - d i a m  i m p e l l e r s  i m p a r t  m a x i m u m  s h e a r .  
Sol ids  suspens ion  demands  so lu t ion  flow r a t h e r  than 
s h e a r ,  and d i c t a t e s  a l a r g e - d i a m  i m p e l l e r .  37 The i m -  
p e l l e r - t o - t a n k  d iam r a t i o  used  in th is  s tudy (i.e., 0.36) 
was a c o m p r o m i s e  which p e r m i t t e d  both so l ids  s u s p e n -  
s ion  and gas  d i s p e r s i o n .  F o r  s c a l e - u p ,  th is  i m p e l l e r  
r a t i o  was d e c r e a s e d  to c o m p e n s a t e  for  the r e s u l t i n g  
i n c r e a s e  in the r a t i o  of flow to s h e a r .  27 A r i ng  was 
used  a round  the i m p e l l e r  p e r i p h e r y  in the  l a b o r a t o r y -  
s c a l e  s y s t e m ,  as  was done at  Nica ro ,  Cuba, ~ in hopes  
of m ax imiz ing  bubble  s h e a r .  The r i ng  p roved  to have 
no effect  on gas  d i s p e r s i o n ,  ind ica t ing  that  mos t  of the  
f luid s h e a r  f o r c e s  we re  concen t r a t ed  at  the i m p e l l e r  
b l a d e  edges  and not  a t  the  r ing .  

Sca l e -up  of m i x e r s  is  c o m p l i c a t e d  b y  the i n c r e a s e  
of i m p e l l e r  t ip  speed  as  i m p e l l e r  s i ze  i n c r e a s e s  at  
cons tan t  power  input p e r  unit  vo lume.  Above a t ip  
speed  of 1200 f t /m in ,  i m p e l l e r  wea r  is  e x c e s s i v e .  In-  
c r e a s e  in tank s i ze  at  the 1200 f t / m i n  m a x i m u m  t ip  
speed  fu r t he r  d e c r e a s e s  the  power  input p e r  unit  v o l -  
ume.  A p a r t i a l  so lu t ion  to th is  p r o b l e m  is  the addi t ion  
of an e x t r a  i m p e l l e r  to the  s t i r r e r  shaf t .  

Cons ide r ab l e  da ta  has  been  publ i shed  on the r e l a t i v e  
m e r i t s  of s ingle  vs  mul t ip le  t u rb ine s .  ~ ' s l ' s s ' s s ' ~  It has  
been  shown that  mul t ip le  t u r b i n e s  can g e n e r a t e  b e t t e r  
o r  p o o r e r  oxygen m a s s  t r a n s f e r  coef f ic ien t s  depending 
on m i x e r  power ,  a i r  input and g e o m e t r y .  One s tudy  
concluded that  mul t ip le  t u r b i n e s  a r e  b e s t  u t i l i zed  at  
high a i r  f lows o r  at  high power  l eve l s  and that  two t u r -  
b ines  were  a lways  l e s s  e f f ic ien t  than one (see  Tab le  
IV). 38 However ,  t e s t i ng  with mul t ip le  t u r b i n e s  was l i m -  
i ted ,  and did not p r e c l u d e  the p o s s i b i l i t y  that  mu l t ip l e  
t u r b i n e s  could be  used  with high e f f ic iency .  

The r a d i a l  i m p e l l e r  used  in our  s tudy had no c e n t e r  
d i s c .  Use of a c en t e r  d i sc  with the r a d i a l  t u rb ine  is  
not  needed  at  s m a l l  i m p e l l e r  d iam,  but  is  e s s e n t i a l  
for  r a d i a l  t u rb ines  m o r e  than 18 in. in d i am be ing  used  
in gas  d i s p e r s i o n  app l i ca t ions .  2s The d i sc  p r e v e n t s  gas  
f r o m  pas s ing  through the low ve loc i t y  zone at  the  i m -  
p e l l e r ' s  hub, thus e scap ing  the c i r cu l a t i on  pa t t e rn .  It 
a l so  f o r c e s  the gas  to flow out to the h i g h - s h e a r  zone 
at  the  i m p e l l e r  b lade  t i p s .  39 

Ef fec t s  of A n t i - f o a m e r s  

The a d v e r s e  ef fec t  of s u r f a c e - a c t i v e  agents  on oxy -  
gen t r a n s f e r  in aqueous s y s t e m s  is wel l  e s t a b l i s h e d  in 

Table V. Slurry Expansion Due to Mixing and Air Entrainment for a 4-In. Radial 
Impeller With Disc at Complete Off-Bottom Suspension 

Superficial 
Air Rate Air Velocity Mixer Slurry Height 

(cc/Min) X 10 -3 ft/Min HP/1000 gal RPM (Pct Increase) 

7.0 0.37 5.0 520 9.1 
7.0 0.37 11.8 650 11.4 
7.0 0.37 16.6 750 13.6 
7.0 0.37 23.9 850 18.2 

10.5 0.56 10.8 650 13.6 
10.5 0.56 14.7 750 15.9 
10.5 0.56 22.6 850 20.5 
14.0 0.75 9.9 650 15.9 
14.0 0.75 13.9 750 18.2 
14.0 0.75 21.4 850 21.2 

l i t e r a t u r e .  4~ This  nega t ive  ef fec t  might  at  f i r s t  s e e m  
s u r p r i s i n g  in that  s u r f a c e - a c t i v e  agen t s  inhibi t  bubble 
c o a l e s c e n c e  and r e s u l t  in a much h ighe r  g a s - l i q u i d  in-  
t e r f a c i a l  a r e a .  Unfor tunate ly ,  th i s  i n c r e a s e  in a r e a  is  
m o r e  than of fse t  by  the b a r r i e r  to oxygen dif fus ion c r e -  
a ted  by  the s u r f a c e - a c t i v e  subs t ance  co l l ec t ing  at  the 
l i q u i d - a i r  i n t e r f a c e .  Oxygen t r a n s f e r  s h a r p l y  d e c r e a s e s  
at  s m a l l  concen t r a t i ons  of the  s u r f a c e - a c t i v e  m a t e r i a l ,  
then i n c r e a s e s  as  m o r e  r e a g e n t  is  added.  This  i n c r e a s e  
is  due to the  s u r f a c e  a r e a  ef fec t  ove rwhe lming  the b a r -  
r i e r  effect .  

The ef fec t  of Dow P4000 a n t i - f o a m e r  (po lypropylene  
glycol)  on the  r a t e  of n icke l  e x t r a c t i o n  is  shown in Fig .  
9. Use of 0.4 lb of a n t i - f o a m e r  p e r  ton of ma t t e  r e -  
d u c e d  the  KLa by  30 pct .  However ,  foaming  was r e -  
duced to n i l .  

MIXING SYSTEM S C A L E - U P  

The i n d u s t r i a l  mix ing  s y s t e m  s c a l e - u p  des ign  for  
the a t m o s p h e r i c  l each  t r a i n  at  P o r t  Nickel  is  i n s t r u c -  
t ive ,  and i s  p r e s e n t e d  below.  44 

The f u l l - s c a l e  l each ing  s y s t e m  c a l l s  for  a c o - c u r -  
r en t  f i v e - s t a g e  s t i r r e d  tank r e a c t o r  s y s t e m  to handle  
21,000 l b /h  of ma t t e  at  16 pc t  so l i d s .  Table  VI gives  
the s y s t e m  spe c i f i c a t i ons .  The mix ing  conf igura t ion  
u t i l i ze s  c y l i n d r i c a l  l each  tanks  with s l u r r y  height  equal  
to s l u r r y  d i am.  A s i n g l e - t u r b i n e  i m p e l l e r  on a c en t r a l  
v e r t i c a l  shaf t  p r o v i d e s  suf f ic ient  power  for  of f -bot tom 
so l ids  su spe ns ion  while p rov id ing  the r e q u i r e d  oxygen 
m a s s  t r a n s f e r  r a t e .  Rad ia l  i m p e l l e r s  a r e  p rov ided  fo r  
the  f i r s t  t h r e e  tanks ,  in which oxygen demand  is  the 
h ighes t ,  and ax ia l  i m p e l l e r s  a r e  p rov ided  for  the l a s t  
two t anks .  If the f i r s t  s t age  is  out of s e r v i c e ,  each  sub -  
sequent  s t age  is  capab le  of handl ing  the mix ing  and gas  
d i s p e r s i o n  r e q u i r e m e n t s  of i t s  p r e c e d i n g  s t age .  In th is  
c a se  the gas  d i s t r i bu t ion  would be  r e v i s e d  f r o m  the 
condi t ions  given in Table  VI as  fo l lows:  

S t a g e  2 - - 1 3 5 0  S C F M  
S t a g e  3 - -  650 S C F M  
S t a g e  4 - -  100 S C F M  
S t a g e  5 - -  100 S C F M  

The g e n e r a l  s c a l e - u p  p r o c e d u r e  was to plot  the r e a c -  

Table VI. Scale-Up Mixing Parameters for Atmospheric Leaching at Port Nickel 

Tank 

1 2 3 4 5 

Tank Diam, ft 14.2 14.2 14.5 14.5 14.5 
Tank Height, ft 18.5 18.5 17.0 17.0 17.0 
Outlet Height, ft 14.2 14.2 14.5 14.5 14.5 
Turbine Type Radial Radial Radial Axial Axial 
Number of Turbines I 1 1 1 1 
Impeller Off-bottom, In. 36 36 36 36 36 
Agitator Motor H.P. 75 75 60 25 25 
Number of Baffles 4 4 4 4 4 
Width of Baffles, in. 15 15 15 15 15 
Baffle Off-bottom, in. 12 12 12 12 12 
Baffle Off-wall, in. 3 3 3 3 3 
Defoamer Use No No No No No 
Air Input Rate, SCFM 1350 650 100 100 100 
Superficial Velocity, ft/min 8.2 3.9 0.6 0.6 0.6 
Air Utilization, pet 40 32 28 28 28 
Required Mass Transfer Rate, 5200 2000 270 270 270 

ppm O~Jh 
Required Mass Transfer 910 330 55 55 55 

Coefficient, 1/h 
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t ion ra te  vs nickel  concentrat ion for the ent i re  p rocess  
range.  44 Then the pounds of oxygen requ i red  as a func- 
tion of nickel concentrat ion was calculated by using the 
s to ich iomet ry  in Reaction [2]. The f i r s t  pa r t  of the r e -  
action wa~ mass  t r ans f e r - con t ro l l ed  so that the r e -  
quired mass  t r ans fe r  coefficient KLa could be ca lcu-  
lated.  Different combinations of impel le r  speed a n d  
diam were chosen, the degree  of sol ids suspension and 
physical  gas d i spers ion  were  calculated for the ful l -  
sca le  sys tem and cost  compar isons  were made. The 
final mixer  se lec ted  gave the proper  combination to 
sa t i s fy  all of these p r o c e s s e s  with minimum total  cost, 
both operat ing and capi tal .  

In addition, the re tent ion  t ime dis t r ibut ion of p a r t i -  
c les  passing through the leaching sys tem when ope ra t -  
ing e i ther  4 or  5 s tages  was determined.  The r e s u l t s  
were  as follows: 

5 s t a g e s - - 9 8  p c t  r e t a i n e d  l o n g e r  t h a n  1.5 h.  
- -99  p c t  r e t a i n e d  1 .0  h o r  l o n g e r .  

4 s t a g e s - - 9 3  p c t  r e t a i n e d  1.5 h o r  l o n g e r .  
- -97  p c t  r e t a i n e d  1.0 h o r  l o n g e r .  

In o rder  to provide the maximum operat ional  f lexi -  
b i l i ty  of the sys tem,  the agitation equipment was de-  
signed so that it could be opera ted  at a full range of 
gas r a t e s  down to 0 SCFM. No specia l  provis ions  were 
n e c e s s a r y  for s tages  4 and 5. However, in o rde r  to de-  
sign for a full range f rom 0 to 650 SCFM for stage 3, 
i t  was neces sa ry  to use a 60 hp dr ive  a s sembly  with a 
constant speed motor .  For  s tages 1 and 2, the range 
of power response  over  the full range of gas r a t e  from 
0 to 1350 SCFM was such that economics favored the 
use of 2 speed motors  having high and low speeds of 
1200 and 900 rpm respec t ive ly .  All other motors  were 
specif ied 1750 rpm single speed. A sparge  disc  lo-  
cated 3-in. beneath the impel le r  and concentr ic  with 
the agi ta tor  shaft provided a i r  dis tr ibut ion.  

Oxygen t r ans fe r  in the f i r s t  stage of the leach t r a in  
gives about 65 pct of the total  requi rement  for Cu ~ and 
NisS 2 oxidation. A pH of 4 should be attained in this  
f i r s t  s tage.  Because the gas volume will expand the 
s l u r r y  and thus reduce  the effective re tent ion t ime,  
the f i r s t  s tage was s ized  for one h re tent ion t ime with- 
out gas.  The mixing pilot plant data shows that f rom 
pH 4 to completion, a maximum of 0.8 h is requi red .  
Because this second par t  of the p rocess  is most ly  con- 
t ro l l ed  by the ra te  of copper hydrolys is ,  r a the r  than 
by oxygen t r ans fe r ,  a different  analys is  was used for 
sca le-up .  A two-s tage  sys tem with about 2.3 h r e t en -  
tion t ime was specif ied ini t ial ly.  However, additional 
tank capacity was subsequently requi red  in ant ic ipa-  
tion of receiving some plant feed of a more  r e f r a c t o r y  
nature  that would r equ i re  longer retent ion t ime during 
a tmospher ic  leaching. 

The mixing sys tem designed for the leaching is  be -  
l ieved conservat ive.  It is  expected that the fu l l - s ca l e  
instal lat ion will provide higher oxygen t r ans fe r  eff i-  
c iencies  than were obtained in the pilot plant, so that 
the gas input r a t e s  may be reduced below minimum 
design ra tes .  44 This reduction can be done without af- 
fecting the agi ta tors .  Also, should plant capaci ty  r e -  
quirements  ever  be increased ,  the as -des igned  sys tem 
should be able to handle some additional load. Use of 
ant i -foaming agents will  be avoided if at al l  poss ib le  
because they can c rea te  problems during p rocess ing  
of the pregnant leach l iquor.  

Scale-up of gas - l iqu id - so l id  mixing sys tems  from 
pilot plant data  tends to be an ar t  r a the r  than a sc ience .  
Thus, both g ros s  overdesign and underdesign are  not 
uncommon. Much design data has been accumulated 
by mixing equipment suppl ie rs  which has not appeared 
in the technical  l i t e ra tu re .  We a re  in debt to Oldshue 
and Rushton for  their  published contributions to the 
theory and prac t ice  of mixing, and hope that this paper  
will s t imulate  fur ther  published work in the field. 
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