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AN EVALUATION OF HYDROCLONE OPERATION FOR THE REMOVAL OF MICRON- 
SIZED PARTICLES FROM VISCOUS LIQUIDS 

J.  B.  Ta lbot  
Oak Ridge Nat iona l  Laboratory 
Chemical Technology D i v i s i o n  

P o s t  O f f i c e  Box X 
Oak Ridge, Tennessee 37830 

ABSTRACT 

The performance of  a 1-cm-diam, Dorr-Oliver hydroclone 
w i t h  s l u r r i e s  c o n t a i n i n g  about  5 w t  % s o l i d s  i n  water -g lycer in  
s o l u t i o n s  w a s  s t u d i e d  t o  e v a l u a t e  t h e  e f f e c t s  of  f l u i d  v i s c o s i t y .  
Micron-sized p a r t i c l e s  of  low-density s o l i d s  ( k a o l i n )  were 
removed from s o l u t i o n s  w i t h  v i s c o s i t i e s  ranging  from 1 t o  1 3  
cP .  P r e s s u r e  drop a c r o s s  t h e  hydroclone i n c r e a s e d  w i t h  i n c r e a s i n g  
feed  ra te  and v i s c o s i t y .  Gross and c e n t r i f u g a l  e f f i c i e n c i e s  
were found t o  i n c r e a s e  w i t h  f low r a t e  and d e c r e a s e  w i t h  v i s c o s i t y .  
The p a r t i c l e  d iameter ,  cor responding  t o  a p o i n t  e f f i c i e n c y  of  
50%, decreased  as t h e  i n l e t  Reynolds number i n c r e a s e d .  

INTRODUCTION 

Hydroclones have found many u s e s  i n  t h e  p h y s i c a l  removal of 

s o l i d s  from l i q u i d s  o r  t h e  c o n c e n t r a t i o n  of s o l i d s ,  i n d i c a t i n g  

a p o t e n t i a l  u s e  of  hydroc lones  as  d e v i c e s  f o r  removing s o l i d s  

from c o a l  l i q u i d s ,  e i t h e r  a l o n e  o r  i n  series, w i t h  f i l t r a t i o n  

equipment. 

ash-char -ca ta lys t  s o l i d s  from v i s c o u s  l i q u i d  streams t h a t  r e s u l t  

from h y d r o l i q u e f a c t i o n  and p y r o l y s i s  of  c o a l  i s  a c r u c i a l  

t e c h n i c a l  problem i n  t h e  development and a p p l i c a t i o n  of t h e s e  

processes .  

The s e p a r a t i o n  and c o n c e n t r a t i o n  of micron-sized 

From a survey  of  t h e  s u p p o r t i n g  r e s e a r c h  and development 
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278 TALBOT 

of s e p a r a t i o n s  technology f o r  c o a l  l i q u e f a c t i o n  p r o c e s s e s  ( l ) ,  

hydroc lones  have been used i n  a few p i l o t  p l a n t s .  

r e p o r t  l i m i t e d  amount of d a t a ,  and no r e l a t i o n s h i p  w a s  determined 

between e f f i c i e n c y  and t h e  o p e r a t i n g  parameters .  

These s t u d i e s  

The b a s i c  advantages  o f  a hydroclone o v e r  o t h e r  s o l i d -  

l i q u i d  s e p a r a t i o n  t e c h n i q u e s  a r e  s i m p l i c i t y ,  economy, and t h e  

p o s s i b i l i t y  of  o p e r a t i o n  a t  t e m p e r a t u r e s  up t o  450'C. 

are s imple d e v i c e s  w i t h  no moving p a r t s  o r  mechanical  s e a l s .  

They r e q u i r e  minimum maintenance,  compared t o  a c e n t r i f u g e  o r  

a cont inuous  f i l t e r .  The r e q u i r e d  energy  o f  s e p a r a t i o n  i s  t h e  

f l u i d  p r e s s u r e  drop which c a n  b e  s u p p l i e d  by a s t a n d a r d  pump. 

The hydroclone s i z e  r e q u i r e d  f o r  a g i v e n  a p p l i c a t i o n  is  d e f i n e d  

by t h e  p a r t i c l e  s i z e  t o  be s e p a r a t e d .  Small d iameter  hydroc lones  

are g e n e r a l l y  more e f f i c i e n t  f o r  removing smaller ( e . g . ,  micron- 

s i z e d )  p a r t i c l e s .  The smallest  hydroc lone  a v a i l a b l e  commercial ly  

h a s  a 1 - c m  major d i a m e t e r ;  hydroc lones  w i t h  smaller d i a m e t e r s  

have n o t  improved s e p a r a t i o n  e f f i c i e n c i e s  s i g n i f i c a n t l y  ( 2 ) .  

For commercial a p p l i c a t i o n s ,  such  as  i n  c o a l  l i q u e f a c t i o n  

p r o c e s s i n g ,  a t y p e  TMC Dorrclone i s  a v a i l a b l e  w i t h  1-cm-diam 

hydroclones i n  mani fo lds  c o n t a i n i n g  60, 1 6 2 ,  and 300 u n i t s .  

The hydroclones are  ar ranged  i n  p a r a l l e l ;  t h u s  f o r  a 100-psi  

p r e s s u r e  d i f f e r e n t i a l ,  t h e  TMC-300 u n i t  h a s  a maximum c a p a c i t y  

of about  15,000 bbl /day .  

Hydroclones 

Previous  s t u d i e s  o r  a p p l i c a t i o n s  w i t h  0.4- t o  4.0-cm-diam 

hydroc lones  inc luded  ( a )  t h e  r e c o v e r y  of  c a t a l y s t s  from f l u i d i z e d  

c a t a l y t i c  c r a c k e r  d i s t i l l a t i o n  bot toms i n  pe t ro leum r e f i n e r i e s  

(3),  (b)  t h e  removal of  p r e c i p i t a t e d  f i s s i o n  and c o r r o s i o n  

products  from u r a n y l  s u l f a t e  s o l u t i o n s  i n  a n  aqueous homogeneous 

n u c l e a r  r e a c t o r  ( 2 ) ,  ( c )  t h e  s e p a r a t i o n  o f  s t a r c h  from g l u t e n ,  

and (d)  t h e  removal o f  f i n e  p a r t i c l e s  from g r e e n  l i q u o r  i n  t h e  

c a u s t i c  soda forming s t e p s  of  s u l f a t e  k r a f t  m i l l s  ( 4 ) .  

The g e n e r a l  performance of  a hydroc lone  depends upon t h e  

p h y s i c a l  dimensions of  t h e  u n i t ,  t h e  feed  c a p a c i t y ,  and t h e  

p h y s i c a l  p r o p e r t i e s  of  t h e  f e e d .  Performance c r i t e r i a  are u s u a l l y  
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EVALUATION OF HYDROCLONE 279 

d e f i n e d  by hydroclone e f f i c i e n c y ,  p r e s s u r e  drop ,  and t h e  r a t i o  

of  underf low t o  overf low ra tes .  The l i t e r a t u r e  h a s  numerous 

papers  concerning hydroclones which f a l l  i n t o  two b a s i c  c a t e g o r i e s ,  

t h o s e  d e a l i n g  w i t h  t h e o r y  and d e s i g n  and t h o s e  r e l a t e d  t o  

i n d u s t r i a l  a p p l i c a t i o n s .  The most complete b ib l iography i s  

conta ined  i n  a book e n t i t l e d ,  The Hydroclone (5).  

The performance of hydroc lones  w i t h  r e l a t i v e l y  v i s c o u s  

l i q u i d s  and micron-sized p a r t i c l e s ,  such as t h o s e  produced i n  

c o a l  h y d r o l i q u e f a c t i o n  p r o c e s s e s ,  has  n o t  been s t u d i e d  adequate ly .  

From a previous  s t u d y  (6)  u s i n g  a 1-cm-diam hydroclone which 

removed micron-sized p a r t i c l e s  from s o l u t i o n s  w i t h  v i s c o s i t i e s  

as h i g h  as 85 cP,  t h e  a u t h o r  concluded (7 )  t h a t  l i q u i d  

v i s c o s i t i e s  g r e a t e r  than  1 0  cP had d e l e t e r i o u s  e f f e c t s  on t h e  

p r e s s u r e  drop and e f f i c i e n c y ;  t h u s  u s e f u l  s e p a r a t i o n s  w e r e  n o t  

a t t a i n e d .  T h e r e f o r e ,  t h e  main o b j e c t i v e  of t h i s  s t u d y  w a s  t o  

e x p e r i m e n t a l l y  measure t h e  performance of  a 1-cm-diam hydroclone 

as a f u n c t i o n  of a p p l i e d  p r e s s u r e  drop  and l i q u i d  v i s c o s i t i e s  up 

t o  about  15 CP f o r  s o l i d s  w i t h  low d e n s i t y  and s m a l l  p a r t i c l e  

d iameter .  The r e l a t i o n s h i p  between p r e s s u r e  drop ( i n l e t - t o -  

overf low) and f low ra te  a t  v a r y i n g  v i s c o s i t i e s  w a s  de te rmined ,  

and a c o r r e l a t i o n  w a s  developed t o  d e s c r i b e  p a r t i c l e  s i z e  

c l a s s i f i c a t i o n  as a f u n c t i o n  of t h e  p h y s i c a l  p r o p e r t i e s  of  t h e  

s o l i d  p a r t i c l e s  and l i q u i d  medium. 

MATERIALS AND METHODS 

A schemat ic  diagram of t h e  system used t o  s t u d y  hydroc lones  

i s  shown i n  F i g .  1. S l u r r y  from a 20-R s t i r r e d  t a n k  w a s  r e c i r c u l a t e d  

by a Moyno s l u r r y  pump through a 1 - c m  Dorr-Oliver Doxie Type A 

hydroclone and r e t u r n e d  t o  t h e  feed  t a n k .  P r e s s u r e  gauges w e r e  

l o c a t e d  as c l o s e  t o  t h e  hydroclone i n l e t  and o u t l e t s  as p o s s i b l e .  

Feed s l u r r i e s  w i t h  approximately 5 w t  % k a o l i n  p a r t i c l e s  i n  

w a t e r - g l y c e r i n  s o l u t i o n s  w e r e  used w i t h  v i s c o s i t i e s  ranging  from 

1 t o  13 cP. The k a o l i n  p a r t i c l e s  are less than  1 0  um i n  d iameter  
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HYDRAULIC 
CYCLONE y qE ~ 

FEED TANK 
TO DRAIN 

180 PSI 
PRESSURE 
RELIEF 

FIGURE 1. System t o  s tudy  hydroclone performance. 

wi th  approximately 70 w t  % of t h e  p a r t i c l e s  l e s s  than 5 pm. 

Liquid v i s c o s i t i e s  were determined wi th  a Brooksf ie ld  v isco-  

meter. The kao l in  s o l i d s  d e n s i t y  of 2.40 gfcm w a s  determined 3 

J with  a 50-cm pynometer. 

To begin an experiment,  s o l u t i o n s  were prepared wi th  t h e  

des i r ed  v i s c o s i t y  and s o l i d s  concent ra t ion  and then  s t i r r e d  u n t i l  

t h e  s o l i d s  were suspended. Next t h e  pump w a s  s t a r t e d  wi th  t h e  flow 

r a t e  and p res su re  drop c o n t r o l l e d  by t h e  pump t h r o t t l e .  A t  a 

des i r ed  p res su re  drop, i n l e t ,  overflow, and overflow p res su res  

were recorded. Underflow and overflow rates were measured wi th  

a graduated cy l inde r  and s top  watch. Samples were taken of  t h e  

overflow and underflow t o  determine t h e  s o l i d s  concen t r a t ions  

and p a r t i c l e  s i z e  d i s t r i b u t i o n s .  To measure s o l i d s  concent ra t ion ,  

10-cm l i q u i d  a l i q u o t s  were evaporated f o r  about 4 hr  on a hot 

p l a t e  at  4OO0C and then d r i e d  i n  an oven at  50OoC. 

technique was used t o  measure t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n s .  

3 

A photo lamet r ic  
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EVALUATION OF HYDROCLONE 28 1 

Experiments w e r e  conducted t o  determine a r e l a t i o n s h i p  

between p r e s s u r e  drop and b o t h  f low rate  and v i s c o s i t y .  

t h e  r u n s  c o n s i s t  o f  p r e s s u r e  drop ,  feed  l i q u i d  v i s c o s i t y ,  over- 

f low and underf low ra te ,  and s o l i d s  c o n c e n t r a t i o n  i n  b o t h  t h e  

over f low and underf low streams. A series o f  tests w e r e  r u n  a t  

v a r y i n g  l i q u i d  f e e d  v i s c o s i t i e s ;  each series w a s  conducted a t  

s e v e r a l  d i f f e r e n t  p r e s s u r e  drops.  The d a t a  f o r  t h e  series of 

tests are t a b u l a t e d  e l sewhere  ( 7 ) .  A summary of t h e  t e s t  

c o n d i t i o n s  are g iven  i n  Table  1. 

Data f o r  

EXPERIMENTAL RESULTS AND PERFORMANCE CORRELATIONS 

The o p e r a t i n g  v a r i a b l e s  of i n t e r e s t  i n  t h i s  s t u d y  are s o l i d  

d e n s i t y ,  l i q u i d  medium v i s c o s i t y ,  and p a r t i c l e  s i z e .  S p e c i f i c a l l y ,  

t h e  hydroclone performance w a s  e v a l u a t e d  as a f u n c t i o n  of a 

s m a l l  s o l i d - l i q u i d  d e n s i t y  d i f f e r e n c e ,  a r e l a t i v e l y  h i g h  l i q u i d  

v i s c o s i t y ,  and micron-sized p a r t i c l e s .  Performance c a l c u l a t i o n s  

w e r e  computed (7) u s i n g  t h e  o p e r a t i n g  d a t a  c o l l e c t e d  f o r  t h e  

d i f f e r e n t  t es t  runs .  The feed  f low rate  i s  t h e  sum of t h e  under- 

f low and overf low rates. The s o l i d s  c o n c e n t r a t i o n  of t h e  f e e d  

TABLE 1 

Summary of  T e s t  Condi t ions  

Average V i s c o s i t i e s  I n v e s t i g a t e d  
(CP) 

1 . 0  

3 . 8  

4 . 3  

7.0 

10.7 

11.8 

1 2 . 8  

P r e s s u r e  Drop Range 
( p s i )  

13 .6  - 97.7 

1 2 . 7  - 64.7 

12.8  - 66.6 

12 .0  - 65.0 

34.0 - 65.3 

11.2 - 59.7 

12 .0  - 35.2 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



282 TALBOT 

was c a l c u l a t e d  from t h e  s o l i d  c o n c e n t r a t i o n s  and f low ra tes  of 

t h e  overf low and underf low streams. 

P a r t i c l e  s i z e  d i s t r i b u t i o n s  were determined f o r  t h e  k a o l i n  

s l u r r i e s  wi th  average  v i s c o s i t i e s  of 1 .0 ,  4 . 3 ,  10.7,  1 1 . 8 ,  and 

12.8 cP.  The p a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  t h e  over f low and 

underflow streams were measured, and t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n  i n  t h e  feed  w a s  c a l c u l a t e d  from t h e s e  d a t a  on t h e  

o u t l e t  s t reams.  F igure  2 shows t y p i c a l  s i z e  d i s t r i b u t i o n s  f o r  

t h e  s l u r r y  f e e d ,  overf low,  and underf low streams of a kaol in-  

aqueous s o l u t i o n  w i t h  a l i q u i d  v i s c o s i t y  of 1 cP. The s l u r r y  

feed  c o n t a i n s  40 w t  % p a r t i c l e s  l e s s  t h a n  3 Dm i n  d iameter .  

The overf low and underf low streams conta ined  r e s p e c t i v e  98 and 

13  w t  % p a r t i c l e s  less t h a n  3 u m  i n  d iameter  when t h e  p r e s s u r e  

drop w a s  87.3 p s i .  For t h i s  p a r t i c u l a r  r u n ,  80% of t h e  feed  

s o l i d s  e x i t e d  t h e  underf low.  

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

curves  i s  shown i n  F i g s .  3 and 4 .  F i g u r e  3 shows t h e  overf low 

p a r t i c l e  s i z e  d i s t r i b u t i o n  c u r v e s  f o r  t h r e e  r u n s  a t  an average  

p r e s s u r e  drop of 28.1 p s i  f o r  l i q u i d  v i s c o s i t i e s  of 1, 4 . 4 ,  

and 11.4 cP. A s  v i s c o s i t y  i n c r e a s e s ,  t h e  curve  s h i f t s  t o  t h e  

r i g h t ,  i n d i c a t i n g  t h a t  l a r g e r  s i z e  p a r t i c l e s  are n o t  b e i n g  

s e p a r a t e d  as e f f e c t i v e l y .  The p a r t i c l e  d i a m e t e r s  cor responding  

t o  less t h a n  50 w t  % removed i n  t h e  1. 4 . 4 ,  and 11.4 CP v i s c o s i t y  

r u n s  are 1 . 8 8 ,  2 . 0 4 ,  and 3.20 Llm, r e s p e c t i v e l y .  F i g u r e  4 also 

shows t h e  s h i f t  of t h e  over f low p a r t i c l e  s i z e  d i s t r i b u t i o n  curves  

w i t h  i n c r e a s i n g  v i s c o s i t y  a t  a h i g h e r  average  p r e s s u r e  d r o p ,  

66.0 p s i .  The cor responding  p a r t i c l e  d i a m e t e r s  where less than  

50 w t  % are removed a t  f l u i d  v i s c o s i t i e s  of  1, 4 . 2 ,  and 10 .1  CP 

are 1 . 3 9 ,  2 .20,  and 3.30 pm, r e s p e c t i v e l y .  The i n c r e a s e  i n  

p r e s s u r e  drop (and f low r a t e )  produced a s t e e p e r  s i z e - d i s t r i b u t i o n  

curve  f o r  t h e  1-cP run .  However, t h e  i n c r e a s e  i n  p r e s s u r e  drop 

d i d  n o t  improve t h e  s e p a r a t i o n  f o r  t h e  h i g h e r  v i s c o s i t i e s .  
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FIGURE 3. The e f f e c t  of  v i s c o s i t y  on t h e  over f low p a r t i c l e  s i z e  
% 

d i s t r i b u t i o n  c u r v e  f o r  AP = 28.1  p s i .  

Hydroclone Performance Parameters  

A p l o t  of  i n l e t - t o - o v e r f l o w  p r e s s u r e  d r o p ,  AP ( p s i ) ,  as  a 

f u n c t i o n  of  f e e d  f low r a t e ,  Qf (cm’/min), a t  v a r i o u s  v i s c o s i t i e s  

i s  shown i n  F i g .  5. A s  expec ted ,  p r e s s u r e  drop i n c r e a s e s  w i t h  

i n c r e a s i n g  f low ra te .  F i g u r e  5 shows a l e a s t - s q u a r e s  €it of 60 

d a t a  p o i n t s  f o r  t h e  k a o l i n - g l y c e r o l  r u n s ,  exc luding  t h o s e  a t  

1 cP, which can be d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :  

(1) 
-6 2.00 AP = 4 . 2 5  x 1 0  Qf . 

n 

The c o e f f i c i e n t  of d e t e r m i n a t i o n ,  rL,  is  0.99. T h i s  e q u a t i o n  and 

t h e  d a t a  a t  1 CP a g r e e  w e l l  w i t h  a r e l a t i o n s h i p  i n  t h e  l i t e r a t u r e  

(5) which s t a t e s t h a t  t h e  p r e s s u r e  drop i s  p r o p o r t i o n a l  t o  t h e  
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FIGURE 4 .  The e f f e c t  of v i s c o s i t y  on t h e  over f low p a r t i c l e  
'L s i z e  d i s t r i b u t i o n  curve  f o r  AF' = 66.0 p s i .  

s q u a r e  of t h e  f e e d  ra te .  I n c r e a s i n g  v i s c o s i t y  d i d  n o t  seem t o  

e f f e c t  t h e  exper iments  s i g n i f i c a n t l y ,  whereas p r e v i o u s  d a t a  (6 )  

u s i n g  s l u r r i e s  w i t h  v i s c o s i t i e s  up t o  85 CP i n d i c a t e d  t h a t  t h e  

s l o p e  d e c r e a s e s  w i t h  i n c r e a s i n g  v i s c o s i t y .  

An impor tan t  parameter  which d e s c r i b e s  hydroclone performance 

is volume s p l i t ,  S ,  which i s  d e f i n e d  as  t h e  r a t i o  of  t h e  under- 

flow-to-overflow r a t e .  For  t h e  1-cm Dorr-Oliver hydroclone used 

i n  t h i s  s t u d y ,  t h e  n a t u r a l  feed  s p l i t  ( f r e e  d i s c h a r g e  c o n d i t i o n s ,  

i . e . ,  no back p r e s s u r e  on t h e  e x i t i n g  s t reams)  i s  60% t o  t h e  

over f low and 40% t o  t h e  underf low (8);  S = 0.67. The normal 

o p e r a t i n g  c o n d i t i o n  f o r  a hydroclone i s  S C. 1, or t h e  over l fow 
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10 I I 
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to3 2 3 4 5 6 7 8 9104 
FEED RATE (crn3/min) 

FIGURE 5. P r e s s u r e  drop  as  a f u n c t i o n  o f  f e e d  ra te .  

rate t o  be  g r e a t e r  t h a n  t h e  underf low ra te .  The work done w i t h  

s m a l l  d iameter  hydroc lones  (5) h a s  shown c o n d i t i o n s  where t h e  

volume s p l i t  h a s  d e c r e a s e d ,  remained c o n s t a n t ,  o r  decreased  w i t h  

an i n c r e a s e  i n  f low r a t e .  G e n e r a l l y ,  w i t h  s m a l l  d iameter  hydro- 

c l o n e s ,  when S > 0.5, t h e  s p l i t  w a s  independent  o f  f e e d  ra te ,  and 

w h e n  S < 0.5 ,  the s p l i t  d e c r e a s e d  w i t h  a n  i n c r e a s e  i n  f e e d  ra te .  

The r e s u l t s  of  t h i s  s t u d y  g i v e  v a l u e s  of S g r e a t e r  t h a n  t h e  s p l i t  

g iven  by t h e  vendor  ( S  = 0 .67) .  For t h e  m a j o r i t y  of  test  r u n s ,  

t h e  volume s p l i t  i n c r e a s e d  w i t h  a n  i n c r e a s e  i n  f e e d  ra te .  

S i n c e  a l a r g e  number of  v a r i a b l e s  are  involved  i n  t h e  

o p e r a t i o n  of  a hydroc lone ,  t h e  e x p e r i m e n t a l  r e s u l t s  of some 

i n v e s t i g a t i o n s  have been expressed  i n  t e r m s  of  d i m e n s i o n l e s s  

groups,  i n  p a r t i c u l a r ,  Reynolds number. Reynolds number can  be  
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EVALUATION OF HYDROCLONE 287 

thought  of  as t h e  r a t i o  of i n e r t i a l  t o  v i s c o u s  f o r c e s .  Therefore ,  

t h e  d imens ionless  numbers can be expressed  as  f o l l o w s :  

o r  
4QfP 

= -  
NRe i n l e t  n D f ~  ’ 

where 
3 

p = t h e  l i q u i d  d e n s i t y  (g/cm ) ,  

Df = t h e  feed p o r t  d iameter  (0.325 cm), and 

Dc = t h e  main hydroclone d iameter  (1 .00  c m ) .  

Therefore ,  f o r  t h e  hydroclone used i n  t h i s  s t u d y ,  

NRe  = 3*08 NRe i n l e t ’  

(3)  

The optimum o p e r a t i n g  c o n d i t i o n  (5) f o r  a 1-cm-diam hydroclone 

us ing  water should correspond t o  an  i n l e t  N i n  t h e  range  of 

%lo  t o  5 x 1 0  . I n  t h i s  s t u d y ,  i n l e t  N ranged from 828 t o  

2 . 7  x l o 4 ;  f o r  the  1-cP r u n s  t h e  i n l e t  Reynolds numbers w e r e  

g r e a t e r  than  10  . 

R e  4 4 
R e  

4 

Hydrogen E f f i c i e n c y  

Hydroclone e f f i c i e n c y  i s  d e f i n e d  i n  s e v e r a l  d i f f e r e n t  ways 

i n  t h e  l i t e r a t u r e  (5) .  Gross e f f i c i e n c y ,  G ,  i s  t h e  r a t i o  of 

t h e  s o l i d s  d i s c h a r g e  ra te  a t  t h e  underf low t o  t h e  s o l i d s  feed  

ra te .  S i n c e  l i q u i d  is c o n t i n u o u s l y  removed w i t h  t h e  underf low 

s o l i d s ,  two l i q u i d  and two s o l i d  f l o w  rates are involved i n  any 

u s e f u l  d e f i n i t i o n  of e f f i c i e n c y .  Therefore ,  t h e  hydroclone 

e f f i c i e n c y  more commonly used i s  t h e  c e n t r i f u g a l  e f f i c i e n c y ,  E ,  

which i s  d e f i n e d  as  f o l l o w s :  

G - Rf E = -  
1 - R f ’  (5) 

where Rf = r a t i o  of t h e  underf low rate t o  t h e  feed  ra te .  For 

example, i f  a l l  s o l i d s  e n t e r i n g  t h e  hydroclone l e a v e  a t  t h e  under- 

f low,  G = 1. I f  a l l  t h e  l i q u i d  l e a v e s  a t  t h e  over f low,  Rf = 0 
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288 TALBOT 

and t h e  c e n t r i f u g a l  e f f i c i e n c y  e q u a l s  u n i t y .  C e n t r i f u g a l  

e f f i c i e n c y  i s  a l s o  c a l l e d  t h e  s e p a r a t i o n  number ( 9 ) .  The v a l u e s  

G and E are  not  r e f e r e n c e d  t o  a p a r t i c l e  s i z e  d i s t r i b u t i o n  b u t  

d e s c r i b e  t h e  b u l k  stream s e p a r a t i o n .  

The r e s u l t s  o f  t h i s  s t u d y  show t h a t  b o t h  g r o s s  and 

c e n t r i f u g a l  e f f i c i e n c i e s  i n c r e a s e  w i t h  i n c r e a s i n g  f e e d  r a t e ;  

however, i n c r e a s i n g  v i s c o s i t y  d e c r e a s e s  t h e  hydroclone e f f i c i e n c y .  

The e f f e c t  of v i s c o s i t y  on g r o s s  and c e n t r i f u g a l  e f f i c i e n c i e s  i s  

shown i n  F i g .  6 a t  a f e e d  rate o f  2500 c m  fmin.  The e f f i c i e n c y  

v a l u e s  i n  F i g .  6 a re  i n t e r p o l a t e d  from c o r r e l a t i o n s  of e f f i c i e n c y  

as a f u n c t i o n  o f  f e e d  ra te  ( 7 ) .  Both g r o s s  and c e n t r i f u g a l  

e f f i c i e n c i e s  d e c r e a s e  w i t h  i n c r e a s i n g  v i s c o s i t y .  The e q u a t i o n s  

f o r  t h e  c u r v e s  shown i n  F ig .  6 are  as f o l l o w s :  

3 

0.8 

0.6 

0.4 

0 2  

0 

I- 

- 

- 0 GROSS EFFICIENCY 

A CENTRIFUGAL EFFICIENCY 

-0.2 

VISCOSITY (cP)  

FIGURE 6 .  E f f e c t  of  v i s c o s i t y  on  g r o s s  and c e n t r i f u g a l  e f f i c i e n c y  
a t  a feed  r a t e  of  2500 cm3fmin. 
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EVALUATION OF HYDROCLONE 289 

G = 0.751 - 0.102 Rnv, F2 = 0.85, (6) 
n 

E = 0.427 - 0.175 Rnv, rL = 0.88. (7) 

The l e a s t - s q u a r e s  f i t  of t h e  d a t a  i n  F ig .  6 i n d i c a t e s  t h a t  t h e  

f r a c t i o n  of s o l i d s  and t h e  f r a c t i o n  of  l i q u i d  t h a t  go t o  t h e  

underf low are e s s e n t i a l l y  e q u a l  ( g r o s s  e f f i c i e n c y  equal  0.5) 

a t  a v i s c o s i t y  of 10 t o  11 cP.  A s  shown i n  F i g .  6, t h i s  

v i s c o s i t y  corresponds t o  a c e n t r i f u g a l  e f f i c i e n c y  of z e r o .  

The e f f e c t  of Reynolds number on b o t h  g r o s s  and c e n t r i f u g a l  

e f f i c i e n c i e s  w a s  determined.  Gross e f f i c i e n c y  i n c r e a s e s  w i t h  

i n c r e a s i n g  Reynolds number, as f o l l o w s :  

G = 0.143 NRe r2  = 0.81. 

The Reynolds number t h a t  cor responds  t o  a maximum g r o s s  

e f f i c i e n c y  (G = 1) i s  3 . 3  x 10 . A s  shown i n  F ig .  7 ,  c e n t r i f u g a l  

e f f i c i e n c y  a l s o  i n c r e a s e s  w i t h  i n c r e a s i n g  Reynolds number and w i t h  

d e c r e a s i n g  v i s c o s i t y .  The l e a s t - s q u a r e s  equat ion  f o r  t h e  d a t a  

i n  F i g .  7 i s :  

5 

( 9 )  
1 . 1 7 9  E = 1 . 3 8  x NRe , r2 = 0 .64 .  

The Reynolds number t h a t  cor responds  t o  a maximum c e n t r i f u g a l  

e f f i c i e n c y  (E = 1) is  9 .3  x 1 0  . The r u n s  a t  1 CP have t h e  h i g h e s t  

Reynolds numbers and c e n t r i f u g a l  e f f i c i e n c i e s .  

4 

S i n c e  a l l  of t h e  s o l i d s  i n  t h e  feed mater ia l  were n o t  t h e  

same s i z e ,  e f f i c i e n c y  must b e  r e f e r e n c e d  t o  a s i z e  d i s t r i b u t i o n .  

The p o i n t  e f f i c i e n c y ,  E ' ,  e x p r e s s e s  t h e  c e n t r i f u g a l  e f f i c i e n c y  

f o r  a g iven  p a r t i c l e  s i z e  o r  f r a c t i o n  of a g iven  p a r t i c l e  s i z e  

i n t e r v a l  which i s  removed from t h e  feed  stream through t h e  under- 

f low.  P o i n t  e f f i c i e n c i e s  were c a l c u l a t e d  from t h e  s i z e  d i s t r i b u t i o n  

c u r v e s ,  and p a r t i c l e  d i a m e t e r s  cor responding  t o  p o i n t  e f f i c i e n c i e s  

of  50%, d50, were determined by i n t e r p o l a t i o n  ( 7 ) .  

p a r t i c l e  s i z e  d i s t r i b u t i o n s  and subsequent  p o i n t  e f f i c i e n c y  c u r v e s  

w e r e  determined f o r  t h e  k a o l i n  s l u r r i e s  w i t h  average  v i s c o s i t i e s  

of  1 . 0 ,  4 .3 ,  10 .7 ,  1 1 . 8 ,  and 12 .8  cP, o n l y  a few d v a l u e s  could 

Although 

50 
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4 A 0 0 VISCOSITY 4.3 7.0 3.8 1.0 fi 0 rn 10.7 11.8 12.8 (c PI .Om / ' 4 ' *  

0 0  
A 0  

m 
A A  A 

REYNOLDS NUMBER, N,, 

C e n t r i f u g a l  e f f i c i e n c y  as  a f u n c t i o n  of  Reynolds 
number. 

F I G U R E  7. 

be e v a l u a t e d .  The p a r t i c l e  s i z e  a n a l y s e s  f o r  t h e  overf low and 

underflow streams w e r e  n e a r l y  i d e n t i c a l  f o r  many of t h e  r u n s ;  

t h e r e f o r e ,  t h e  p o i n t  e f f i c i e n c y  d a t a  were t o o  s c a t t e r e d  t o  be 

u s e f u l .  There are two p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  s i m i l a r i t y  

of t h e  overf low and underf low s i z e  d i s t r i b u t i o n  curves .  F i r s t ,  

i f  t h e  s i z e  d i s t r i b u t i o n s  are  a c c u r a t e ,  e s s e n t i a l l y  no 

s e p a r a t i o n  occurred  a c c o r d i n g  t o  s p e c i f i c  p a r t i c l e  s i z e  ranges .  

The g r o s s  e f f i c i e n c y  c a l c u l a t i o n s  i n d i c a t e d  t h a t  G approached 

0.5 a t  v i s c o s i t i e s  >10 cP. Therefore ,  t h e  b u l k  s o l i d s  are 

s p l i t t i n g  n e a r l y  evenly between t h e  over f low and underf low 
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EVALUATION OF HYDROCLONE 29 1 

streams. The second p o s s i b i l i t y  i s  t h a t  t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n s  are n o t  a c c u r a t e  and ,  t h e r e f o r e ,  do n o t  show the 

a c t u a l  s e p a r a t i o n  by p a r t i c l e  s i z e  when used  t o  de te rmine  p o i n t  

e f f i c i e n c i e s .  

The d50 v a l u e s  ranged from 1 .3  t o  3.8 U r n .  The l i t e r a t u r e  

(10) s ta tes  t h a t  a p l o t  o f  d50 v s  (NRe i n l e t ) ( ~ - p ) / p  ( s e e  

F i g .  8 )  should g i v e  a s t r a i g h t  l i n e ,  where u i s  t h e  s o l i d  

d e n s i t y  (g/cm ) .  The number o f  d50 v a l u e s  are small and t h e r e  

i s  much scatter,  however, a l e a s t - s q u a r e s  l i n e a r  l i n e  i s  drawn 

through a l l  t h e  dS0 v a l u e s  and a l s o  two s e p a r a t e  dashed l i n e s  

are drawn f o r  (N ) (G-p)/p v a l u e s  less t h a n  and g r e a t e r  

t h a n  10  . The f o l l o w i n g  c o r r e l a t i o n s  were determined from 

l e a s t - s q u a r e s  f i t  of  the d a t a :  

3 

R e  i n l e t  4 

O v e r a l l  d50 = 9’51(NRe i n l e  2y)!-o’16, r2 = 0.38,  (9)  

-0.68 
(NRe i n l e t  1 d50 = 585 [(NRe i n l e t  ) (  11 , 

(7) c 10  

(NRe i n l e t  

r2 = 0.73  

) d50 - - 154 [(NRe inlet) yJ-0*43, 
r2 = 0.32. 

The l e a s t - s q u a r e s  f i t  of a l l  the e x p e r i m e n t a l  d50 v a l u e s  i n  

Fig.  8 does n o t  i n d i c a t e  a n e g a t i v e  s l o p e  of  one-half  which is  

found i n  t h e  l i t e r a t u r e  (5) .  

Fig.  8 i n t o  two regimes,  t h e  exper imenta l  r e l a t i o n s h i p s  are c l o s e r  

t o  t h o s e  found i n  t h e  l i t e r a t u r e ,  

t o  g i v e  a n  a c c e p t a b l e  c o r r e l a t i o n .  

By s e p a r a t i n g  t h e  d50 v a l u e s  i n  

There  are not enough d50 d a t a  

A reduced e f f i c i e n c y  r e l a t i o n s h i p  ( p o i n t  e f f i c i e n c y  as  a 

f u n c t i o n  of a reduced p a r t i c l e  d i a m e t e r ,  d/d50)  f o r  t h e  k a o l i n -  

aqueous s l u r r i e s  (1 cP) i s  shown i n  F ig .  9 .  The f o l l o w i n g  

e m p i r i c a l  e q u a t i o n  (10) h a s  been deduced t o  d e s c r i b e  hydroc lone  

performance:  
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FIGURE 8 .  E f f e c t  of (NRe inlet ) (0-p)/p on d50 v a l u e s .  
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FIGURE 9. Reduced e f f i c i e n c y  d a t a  showing l i t e r a t u r e  c o r r e l a t i o n  
f o r  B = 3.0 .  
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EVALUATION OF HYDROCLONE 29 3 

(12) 
exp ( B  d/d50) - 1 

exp (Bd/d50) + exp B - 2 ' 

d = t h e  p a r t i c l e  d iameter  (urn), and 

B = a c o n s t a n t .  

E l  = 

where 

The c o n s t a n t  6 w a s  found t o  depend on t h e  s l u r r y  feed  (10) w i t h  

B = 2.5 f o r  s i l i c a  o r e  and 2 .0  f o r  copper  o r e .  The "s"-shaped 

curve shown i n  F ig .  9 w a s  c a l c u l a t e d  from E q .  (12) and c o r r e l a t e s  

reasonably  w e l l  w i t h  t h e  kaol in-water  d a t a  u s i n g  fi = 3.0 .  

P a r t i c l e  removal d a t a  obta ined  from Dorr-Oliver f o r  t h e  hydro- 

c l o n e  used i n  t h i s  s tudy  are g iven  i n  F i g .  1 0  as a f u n c t i o n  of 

feed  rate and p r e s s u r e  drop.  The Dorr-Oliver dg5 v a l u e s  i n d i c a t e  

t h e  p a r t i c l e  d i a m e t e r s  i n  microns a t  which 95% of t h e  s o l i d s  were 

d ischarged  t o  t h e  underf low stream. A s  s e e n  i n  F i g .  9 ,  d /d = 95 50 
2 f o r  Eq. ( 1 2 )  (6 = 3 . 0 ) .  By comparing t h e  exper imenta l  v a l u e s  

w i t h  t h e  Dorr-Oliver c o r r e l a t i o n  a t  t h e  s a m e  p r e s s u r e  drop ( s e e  

F ig .  l o ) ,  t h e  p a r t i c l e  removal e f f i c i e n c i e s  observed i n  experiments  

w i t h  1-cP s l u r r i e s  appear  comparable t o  t h e  m a n u f a c t u r e r ' s  

s p e c i f i c a t i o n s .  

% 

The same 1-cm-diam Dorr-Oliver "Doxie" hydroclone w a s  used 

f o r  a l l  experiments .  Upon complet ion of t h e  performance 

exper iments ,  measurements of t h e  hydroclone i n t e r n a l  dimensions 

w e r e  repea ted  t o  de te rmine  t h e  e f f e c t  of t h e  a b r a s i v e  s o l i d  

p a r t i c l e s  i n  t h e  s l u r r y  feed .  The main hydroclone d iameter  and 

over f low p o r t  d iameter  d i d  not i n c r e a s e  i n  s i z e ;  however, t h e  

underf low p o r t  d iameter  i n c r e a s e d  by 11%. 

CONCLUSIONS 

T h i s  e v a l u a t i o n  of a 1-cm-diam hydroclone s t u d i e d  i t s  

performance a t  t h e  l i m i t s  of o p e r a t i o n  by combining t h e  parameters  

of h i g h  l i q u i d  v i s c o s i t y ,  micron-sized p a r t i c l e s ,  and s m a l l  s o l i d -  

l i q u i d  d e n s i t y  d i f f e r e n c e  (which s imula ted  t h e  p r o p e r t i e s  of 

coal-der ived l i q u i d s ) .  A s  mentioned i n  t h e  l i t e r a t u r e  and 
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FIGURE 10. Comparison of experimental and manufacturer particle 
removal data. 

concluded in this study, the performance criteria of pressure 

drop and hydroclone efficiency are greatly influenced by the 

parameters of interest. Pressure drop increased with increasing 

viscosity and feed rate; however, the maximum AP which could be 

attained decreased with increasing viscosity. The maximum feed 

rates for liquid viscosities of 1 CP and 12.8 CP are approximately 
4000 and 3000 cm /min, respectively. Table 2 compares pressure 

drop, Reynolds number, and efficiencies for kaolin at the above 

conditions. This comparison shows the pronounced effect of 

3 
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EVALUATION OF HYDROCLONE 295 

TABLE 2 

Comparison of Calcu la ted  R e s u l t s  f o r  Kaol in  P a r t i c l e s  

Maximum Liquid P r e s s u r e  Reynolds Gross C e n t r i f u g a l  
f e e d  rate v i s c o s i t y  drop number e f f i c i e n c y  e f f i c i e n c y  

G E ( crn3Irnin) (CP) ( p s i )  N R e  

4000 1 68.0 80,400 0.805 0.838 

3000 1 2 . 8  38.3 4,710 0.522 0.030 

v i s c o s i t y  on e f f i c i e n c y .  Not ice ,  however, t h a t  t h e  maximum feed  

ra te  and lowes t  v i s c o s i t y  f o r  a k a o l i n  s l u r r y  r e s u l t e d  i n  a 

maximum g r o s s  e f f i c i e n c y  of 80.5% and c e n t r i f u g a l  e f f i c i e n c y  of 

83.3%. 

V i s c o s i t y  has  a n o t i c e a b l e  e f f e c t  on t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n  curves ,  as shown i n  F i g s .  3 and 4 .  A s  v i s c o s i t y  

i n c r e a s e s ,  t h e  s m a l l e r  s i z e d  p a r t i c l e s  are  not  s e p a r a t e d  from 

t h e  bulk  f l u i d  t o  t h e  underf low stream. A t  t h e  most f a v o r a b l e  

c o n d i t i o n s  (h igh  feed  ra te  and 1 CP v i s c o s i t y ) ,  a d50 v a l u e  of 

1 . 3  um i s  p r e d i c t e d  from F i g .  10  which cor responds  t o  a d 

v a l u e  of about  3 pm. Therefore ,  a t  h i g h e r  v i s c o s i t i e s  i t  can 

be assumed t h a t  t h e  d50 v a l u e  (and d95) would o n l y  i n c r e a s e .  

optimum o p e r a t i n g  c o n d i t i o n s  us ing  kaol in-water  s l u r r i e s  ( f e e d  

c a p a c i t y  of 4000 cm /min) ,  95% of t h e  p a r t i c l e s  l a r g e r  than  3 pm 

i n  diameter  can be s e p a r a t e d  t o  t h e  underf low stream u s i n g  t h e  

1.-cm-d i a m  hydroclone.  

95 

A t  

3 

ACKNOWLEDGMENTS 

T h i s  r e s e a r c h  w a s  sponsored b y  t h e  O f f i c e  of Basic Energy S c i e n c e s ,  

U .  S .  Department of Energy under c o n t r a c t  W-7405-eng-26 w i t h  t h e  

Union Carbide Corpora t ion .  The a u t h o r  wishes  t o  acknowledge R.  0. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



296 TALBOT 

Payne who conducted t h e  k a o l i n  s l u r r y  experiments  and compiled 

much of t h e  exper imenta l  d a t a  f o r  a n a l y s i s .  P a r t i c l e  s i z e  

a n a l y s e s  were performed by t h e  A n a l y t i c a l  Chemistry D i v i s i o n  by 

L.  D. Jones under t h e  s u p e r v i s i o n  of W .  R .  Laing. 

REFERENCES 

1. M .  S. Edwards, B .  R.  Rodgers, and R.  Salmon, Coal Technology 
Program, Suppor t ing  Research and Development on S e p a r a t i o n s  
Technology, Phase I Repor t ,  ORNL/TM-4801 (March 1975) .  

2. P .  A.Haas,E. 0. Murmi, M.E. Whatley, and J .  R. Engel ,  Chem. 
Engr. Prog . ,  53 ( 4 ) ,  203 ( A p r i l  1957) .  

3. W .  L. O l i v e r  111, Chem. Engr. Prog.  ( 4 )  87 ( A p r i l  1963) .  

4 .  D.  E .  Matschke andD. A.Dahlst rom, Chem. Engr. Prog. 54, 
(12) (December 1958) ;  55 (1)  ( January  1959) .  

5.  D .  Bradley,  The Hydroclone, Pergamon P r e s s ,  N e w  York, 1965. 

6 .  T .  Tr inh ,  G.  G .  Monge, and W .  A .  C h r u s c i e l ,  E f f i c i e n c y  
of P a r t i c l e  Removal from Viscous Liquids  w i t h  a Hydroclone, 
ORNL/MIT-237 (October 1976) .  

7. 

8. 

9 .  

10. 

J .  B .  Ta lbot ,  The Performance of  Hydroclones f o r  Removing 
P a r t i c l e s  from Viscous L i q u i d s ,  ORNL/TM-5684 ( t o  be 
p u b l i s h e d ) .  

The Dorrclone ( b r o c h u r e ) ,  Dorr-Oliver ,  I n c . ,  Stamford,  
Conn. (1976) .  

J .  G.  van Kooy, "The I n f l u e n c e  of t h e  Reynolds' Number on 
t h e  Operat ion of a Hydroclone," Cyclones i n  I n d u s t r y ,  
E l s e v i e r ,  Amsterdam, The Nether lands ,  1961,  p .  70. 

L .  Svaravsky ( e d . ) ,  Sol id-Liquid S e p a r a t i o n ,  But te rwor ths ,  
Boston, Mass., 1978,  p .  109. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


