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THE PERFORMANCE OF HYDROCLONES FOR REMOVING 
PARTICLES FROM VISCOUS LIOUIDS 

Jan B. Talbot 

ABSTRACT 

The performance of a 1-cm diam, Dorr-Oliver hydroclone 
with slurries containing ' ~ 5  wt % solids in water-glycerin 
solutions was studied to evaluate the effects of fluid 
viscosity. Micron-sized particles of l'ow-density solids 
(aluminum oxide, test dust, fly ash, or kaolin) were removed 
from solutions with viscosities ranging from 1 to 85 cP. 
Pressure drop across the hydroclone increased with increasing 
feed rate and viscosity. Gross and centrifugal efficiencies 

' were found to increase with flow rate and decrease with 
viscosity. Liquid viscosities >10 cP had deleterious 
effects on the pressure drop and efficiency; thus useful 
separations were not attained. The particle diameter, 
corresponding to a point efficiency of SO%, dec.reased as 
the product of the inlet Reynolds number and the solid-to- 
liquid density ratio increased. The reduced efficiency 
curve was found to characterize the hydroclone performance. 

1 . INTRODUCTION 

Since the first hydroclone patent was granted in the United States 

in 1891 to ~retne~,' hydroclones have found many uses in the physical 

removal of solids from liquids or in the concentration of solids. Ilow- 

ever, the hydroclone (which is also.called hydrocyclone, hydraulic 

cyclone, and liquid cyclone) was seldom exploited until 1939 when 

~ri.essen~ developed its use for coal preparation (i.., washing and 

desliming) at the Dutch State Mines in Limburg, Holland. The largest 

application of hydroclones has been in the pulp and paper industry and 

in coal preparation. However, other industries have used hydroclones 



as thickeners, classifiers, washers, liquid-liquid separators, gas-liquid 

separators, and mass-transfer promoters. 

In general, the operation of a hydroclone uses fluid pressure energy 

to create rotational fluid motion which causes the phase separation. The 

idealized flow pattern within a hydroclone is shown in Fig. 1. A sus- 

pension of solid particles in a liquid is injected tangentially into the 

cylindrical section of a hydroclone and adopts a downward spiral motion 

ineo the conical section. 'I'he small apex prevents total discharge of 

the swirling slurry to the underflow. Part of the suspension changes 

direction into the inner helix and exits as the overflow through the 

vortex finder at the center of the hydroclone. The selective separation 

of solid particles from the liquid is the result of two opposing forces 

acting on the particles--an outward centrifugal force and an inward 

viscous drag. The magnitude of these forces depends upon the physical 

dimensions of the hydroclone and the physical properties of both the 

fluid and solid material. 

The basic advantages of a hydroclone over other solid-liquid sepa- 

ration techniques are simplicity, economy, and the possibility of opera- 

tion at temperatures up to 450°C. Hydroclones are simple devices with 

no moving parts or mechanical seals. They require minimum maintenance, 

compared to a centrifugal or a continuous filter. The required energy 

of separation is the fluid pressure drop, which can be supplied by a 

standard pump. 

Hydroclones are potentially useful for removing solids from coal- 

derived liquids, either alone or in series with filtration equipment. 

The separation and concentration of micron-sized ash-char-catalyst solids 
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from viscous liquid streams that result from hydroliquefaction and pyroly- 

sis of coal is a crucial technical problem in the development and appli- 

cation of these processes. From a survey of the supporting research and 

development of separations technology for coal liquefaction processes, 3 

three pilot plant ventures were found to have demonstrated the efficacy 

of hydroclones. Hydrocarbon Research, Inc. (Trenton, N.J.) made small- 

scale tests to concentrate solids contained in the reactor slurry product 

of vacuum flash bottoms from their H-Coal process. These t e s t s  were made 

wi.th one unit of a Dorr-Oliver six cyclone "DOXIE.I1 The solids. content 

of the underflow stream ranged fsom.28 to 75 wt % of the solids in the 

feed. This work indicated that, with an oil having a density of about 

0.9 g/cm3 and a viscosity of 3-5 cP, the clarified liquid would contain 

about one-third of the solids content. An estimated operating temperature 

to achieve these properties with H-Coal products would he s2hn°C, Also, 

a hydrocio~ie test loop was studied by Hydrocarbon Research, Inc. 

4 (Lawrenceville, N.J.) to evaluate a 1-cm Dorr-Oliver hydroclone as a 

means of separating ash and unreacted coal from nondistillable residual 

oil. After adjusting the liquid viscosity with hydrogenated anthracene 

and No. 2 fuel oils, the vacuum bottoms product was fed into the test 

16op. 'I'heir results showed that separation efficiencies, defined as 

100- [ I - (% ash in overflow/% ash in feed)], varied from Q78% for dilute 

feed (1.1% ash) at 218'~ down to 7.5% for feed containing 7.6% ash at 

203OC. Increasing the pressure drop from 30 to 60 psi increased the 

separation efficiency from 36 to 65%. ~n approximate correlation of 

viscosity (not a true viscosity since the fluids were non-Newtonian) 



and e f f i c i e n c y  showed t h a t  a s  v i s c o s i t y  increased  from 0 .1  t o  6 cP, t h e  

s e p a r a t i o n  e f f i c i e n c y  decreased from about 80 t o  15%. 

The Consol ida t ion  Coal Company p i l o t  p l a n t  (Cresap, W .  Va.) t e s t e d  

a  s o l i d s  s e p a r a t i o n  system c o n s i s t i n g  of t h r e e  3 - i n .  (main diameter)  

hydroclones,  two i n  p a r a l l e l  a s  s e p a r a t o r s  and one a s  a  washer u n i t .  3 

The r e s u l t i n g  m a t e r i a l  ba lances  i n d i c a t e d  average removal of s o l i d s ,  a s h ,  

and extrac. t  a s  94.9,  93.2,  and 93.4 w t  %, r e s p e c t i v e l y ;  t h e  t o t a l  s o l i d s  

conten t  i n  t h e  feed  ranged from 2.03 t o  3 . 3 5  w t  %. S o l i d  p a r t i c l e s  

l a r g e r  than  40 p i n  diameter  d i d  no t  appear i n  t h e  overf low,  al though 

t h e  feed  contained 50 t o  60% s o l i d s  above 40 p and 1% above 300 p i n  

d iameter .  

The hydroclone a p p l i c a t i o n s  d i scussed  have been adjudged a s  com- 

p l e t e  s e p a r a t i o n  methods, no t  a s  a  s o l i d s  concen t r a t ing  technique  t o  be 

used p r i o r  t o  f i l t r a t i o n .  A l i m i t e d  amount of  d a t a  were taken  and a  

r e l a t i o n s h i p  between e f f i c i e n c y  and t h e  ope ra t ing  parameters  was no t  

determined.  The performance of  hydroclones wi th  r e l a t i v e l y  v i scous  

l i q u i d s  and micron-sized p a r t i c l e s ,  such a s  t hose  produced i n  coa l  hydro- 

liq~.iefa.ct.ion p roces ses ,  has  n o t  been s t u d i e d  adequate ly .  

The main o b j e c t i v e  o f  t h i s  s tudy  was t o  exper imenta l ly  measure t h e  

performance of  a  1-cm d i m  Dorr-Oliver "Doxle" hydroclone a s  a  func t ion  

o f  appl ied  p r e s s u r e  drop,  l i q u i d  v i s c o s i t y ,  s o l i d s  der i s i ty ,  and p a r t i c l e  

d iameter .  A t y p i c a l  s y n t h e t i c  coa l  o i l  s t ream has  a  v i s c o s i t y  range of  

140 cP a t  90°C t o  7.5 cP a t  1 7 5 ' ~  and con ta ins  about  3  t o  10 w r  % s o l i d s .  
3 

3 
These low-density s o l i d s  (Q1.5 t o  2.5 g/cm ) a r e  u s u a l l y  <20 pm i n  diam- 

e t e r  ( G O %  <5 pm i n  diameter)  .' Therefore ,  micron-sized powders of low 

d e n s i t y  were suspended i n  water -g lycer in  s o l u t i o n s  i n  t l ie v i s c o s i t y  range  



of 1 to 85 cP to simulate a coal-derived liquid stream. The relationship 

between pressure drop (inlet-to-overflow) and flow rate at varying vis- 

cosities was determined, and a correlation was developed to describe 

particle size classification as a function of the physical properties of 

the solid particles and liquid medium. 

2. HYDROCLONE PERFORMANCE CRITERIA 

The general performance o f  a hyrlrnr.1 one d.cpend o upQn the physical 

dimensions of the unit, the feed ca.pacity. and the physical properties 

of the feed. Performance criteria are usually defined by hydroclone 

efficiency, pressure drop, and the ratio of underflow-to-overflow rates. 

The literature has numerous papers concerning hydroclones, which fall 

into two basic categories: (1) works dealing with theory and design, 

and (2) works related to industrial applications. The most complete 

bibliography is contained in a book titled The Hydroclone. 5 

2.1 Hydroclone Pressure Drop 

The hydroclone develops its separational power through the use of 

fluid pressure energy. Therefore, the pressure drop across the i m i t . ,  

from the feed entry to the overflow exit, is an important operating vari- 

6 able. A semi-theoretical relationship has been developed to relate the 

pressure dffference across an annular layer of rotating fluid to the 

inlet velocity for nonviscous fluid by considering the simplified 

equation of motion: 



and an empirical relationship describing the tangential velocity 

distribution: 

where 0' - < n - < 1 in the outer region, and n = 1 in the inner region of 

the hydroclone; kl is n constant. Aft.er substituting Eq. (2) , the total 

pressure loss due to the change in centrifugal head from the inlet to 

overflow is determined by integrating Eq. (1) from r = n0/2 to r = Dc/2. 

to give: 

Expressing the constant kl in terms o5 inlet feed velocity: 

and substituting this value for kl into Eq. (3) yields: 

Equation (5) is dependent on the knowledge of n and a, which arc.in turn 

dependent on the hydroclone design and fluid properties. For a particular 

hydroclone design and fluid conditions, the above correlation developed 

by Bradley in Eq. (5) and empirical expressions by other workers reduce 

to the following general relationship for pressure drop as a $unction of 

inlet flow rate and the cylindrical section diameter of the hydroclone: 



2.2 Hydroclone Efficiency 

There is a difficulty in expressing efficiency in phase separations 

because a single efficiency number can describe the separation only when 

the separation is ideal (i.e., when the phases are completely separated 

from each other). Hydroclone efficiency is defined in several different 

ways in the literature.' Gross efficiency, G, is the ratio of the solids 

discharge rate at the underflow to the solids feed rate. Since l i .q i~ i r l  

IS continuously removed with the underflow solids, two liquid and two 

solid flow rates are involved in any useful definition of efficiency. 

Therefore, the hydroclone efficiency more commonly used is the centrifugal 

efficiency, Ec ' which is defined as follows: 

where 

Rf = ratio of the underflow rate to fear1 r a . t e :  

Far txa~l~ple, if all solids entering the hydroclone leave at the underflow, 

G = 1. If all the liquid leaves at the overflow, Rf = 0, and the cen- 

trifugal efficiency equals unity. Centrifugal efficiency is also called 

the separation number. 7 

Since all of the solids in the feed material may not be the same 

size, efficiency must be referenced to.a size distribution. The point 

efficiency, E', expresses the centrifugal efficiency for a given particle 

size or fraction of a given particle size interval which is removed from 

the feed stream through the underflow. Point efficiency is calculated 

in the literature from the particle size distributions and operating data 



8 by two methods. Bradley uses a differential relationship, assuming the 

differences for the feed, overflow, and underflow analyses are calculated 

over the same size interval, and the interval is small. .The differential 

relationship is 

where 

This point efficiency, E, is the following with respect to a mean particlc 

diameter for a particular size interval: 

Another technique used to calculate point efficiency9 is to use a cumu- 

lative relationship, such that with respect to a particle size, dk, point 

cfficiency is defined as 

Puint efficiency is often correr.t.ed to take account of the liquid that 

is split bctween the ovs:r:flnw and undcrflow streams. The corrected 

point efficiency is described by the following equations: 



and 

Typical results are given in Fig. 2, which relate point efficiency to 

particle diameter for a particular hydroclone and flow rate. The quality 

of separation can be predicted from the shape of this curve. A steep 

slope in Fig. 2 would correspond to a sharp separation. 

The particle diameter that gives a point efficiency of SO%, dsO, 

has l ~ e c u ~ ~ ~ t !  a useful reference point for defining hydroclonc efficiency. 

Utilizing the dS0 concept and the validity of Stoke's ~ a w , ~  there have 

been two general attempts to correlate theoretically the efficiency of 

hydroclones. One approach considers equilibrium orbiting of various- 

sized particles at different radii; the other considers nonequilibrium 

conditions with separation dictated by residence time. The eqiiilibri~un 

orbit theory considers an orbit at which a particle is balanced between 

the centrifugal force and inward drag force. ~radle~l* developed a 

theoretical correlation of efficiency by assuming that the particles 

find their equilibrium positions in the hydroclone core. The dimension- 

less f u r a ~  of rhe equation is expressed as 

Dc (l-~f) tan z 
Uf ( 0 - P ) .  -- '1 

where a and n were factors dependent on cyclone design and fluid proper- 

ties [see Eqs. (2) and ( 4 ) ] .  The factor, a, is also dependent on feed 

rate, Qf. 
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The residence time theory1' considers the time taken by a particle 

to travel from the'inlet to the cyclone wall. This approach is similar . , 

to the theory used for gravity settling tanks. Interestingly, the 

theoretical correlations for hydroclone efficiency reduce to the form: 

Afsu ,  a graphicai representation of efficiency by means of a "reduced 

efficiency curve" is obtained by plotting centrifugal efficiency versus 

the ratio of the particle size to dS0. This normalized curve remains 

approximately constant for a particular hydroclone design and feed mate- 

rial' over a range of operating conditions. 

2 . 3  Volume Split or Flow Ratio 

In phase separations, it is important to split the feed into the 

appropriate volumetric proportions. The terms to describe this aspect 

of hydroclone performance are the following: 

QU volume split, S = - , 
Qo 

and 

Back pressure conditions at the overflow and underflow exits alter volume 

split data. Therefore, data for theoretical or empirical correlations 

are only applicable for free discharge or balanced back pressure 



conditions (i.e., the same pressure at the overflow and underflow ports 

of the hydroclone). The empirical relationships developed in the 

literature6 conclude that the volume split for S < 0.5 can be expressed 

as 

where k has a value of %S for Qf in Imperial gallonsper minute (I 4 

gal/min). The value of x ranges from 1.75 to 4.4, and y varies from 

-0.75 to -0.44. The first x and y limits are applicable to small- 

diameter hydroclones. For S > 0.5, however, the split is independent 

of flow rate. The theoretical relationships6 for the flow ratio are of 

the following form: 

where constants k and k are both approximately unity, and z has a 5 6 

value of 3 to 4. 

2.4 Operating Variables 

The operating variables of interest in this study are solid density, 

liquid medium viscosity, and particle size. Specifically, the hydroclone 

performance was evaluated as a function of a small solid-liquid density 

difference, a relatively high liquid viscosity, and micron-sized par- 

ticles. As explained in Sect. 2.2, with other conditions held constant, 

the smaller particle size yields a lower separation efficiency. From 

the dSo efficiency relationship shown in Eq. (14), which assumes Stokes' 



Law, the dS0 value is inversely proportional to the square root of the 

solid-liquid density difference. The Stokes1 Law limit is reached at a 

particle Reynolds number of two; thus, in an intermediate particle N 
Re 

range (30 < NRe < 300), a better correlation for small-diameter hydro- . 

clones6 is 

-0.62 
dS0 a (0-PI  (19) 

The dSO va.111e i . s  a l s o  w J . a t e d  through the laws of motion6 to fluid 

viscosity by the following: 

Stokes' Law: dS0 a v 0.5 9 (20) 

Intermediate Range: 0.38 
d50 " (21) 

Therefore, an increase in viscosity lowers the separation point. effi- 

ciency and the gross efficiency.13 Also an increase in viscosity pro- 

b duces a higher flow rate at a given pressure drop.14 Bradley reports 

that although a viscosity term does not enter into the pressure drop 

relationship, an increase in viscosity causes a decrease in pressure 

drop for the same feed capacity. Increasing viscosity also increases 

the volume split or flow ratio.' ~ r a d l e ~ ~  concluded that viscosity 

effects can be very significant, and hydroclones can become ineffective 

separation devices at viscosities >30 cP. 

3. SMALL-DIAMETER HYDROCLONES 

The hydroclone size required for a given application is defined by 

the particle size to be separated. Smaller-diameter hydroclones are 



generally more efficient for removing smaller (e.g., micron-sized) 

particles. The smallest hydroclone available commercially has a l-cm 

major diameter; hydroclones with smaller diameters have not improved 

separation efficiencies significantly. l5 For commercial applications, 

such as in coal liquefaction processing, a type TMC Dorrclone is avail- 

able with l-CHI-dim1 hydroclones in manifolds containing 6 0 ,  162, and 

300 units. The hydroclones are arranged in parallel, thus for a 100 

psig pressure differential, the TMC-300 unit has a maximum capacity o f  

%15,000 bbl/day. 

Previous studies or applications with 0.4- to 4.0-cm diam hydro- 

clones included (a) the recovery of catalysts from fluidized catalytic 

cracker distillation bottoms in petroleum refineries, l6 (b) the removal 

of precipitated fission and corrosion products from uranyl sulfate 

solutions in an aqueous homogeneous nuclear reactor," (c) the sepa- 

ration of starch from glufen, and (d) the removal of fine particles 

from green liquor in the recausticizing steps of sulfate kraft mills. 
17 

A summary of efficiency and pressure drop correlations for small- 

diameter hydroclones is shown in Table 1. 

4. EXPERIMENTAL APPARATUS AND PROCEDURE 

A sc,hematic diagram of the system used to study hydroclones is 

shown in Fig. 3. Slurry from a 20-2 stirred tank was recirculated by a 

Moyno slurry pump through a hydroclone and returned tu L l ~ e  Ieed tank. 

The hydroclone tested was a l-cm Dorr-Oliver Doxic Type A (Fig. 4). 

Pressure gauges were located as close to the hydroclone inlet and 

outlets as possiblk. 



Table 1. Small-dimetcr hydroclone efficiency and pressure-drop correlations 

Size of hydroclonc 
Source (nc, mm) Equation Units 

Theoretical 

Any 

Matsrhke and ~ahlstrom' 10 LU 40 

IVagner and hlurphyd 

0.5 
-- 

7 -- Qf (~-PI tan i] Dimensionless 
n.- 

(watcr f l o ~  in 10' cyclonc) 

"50' P"" 
!.I, lb/ft sec, 

Qf. gal/min, 
0, P, lb/ft3, 

Dc, Di, Do, in., 

AP, ft of fluid 

dS0. um, 

0, P, g/cc, 

Do, Dc, D., in., 

Of, gallmln, 

I \ V ,  k t  of. fluid 

dS0, I J ~  

Qf, gal/min, 

a. w. p l cc ,  

Di' Dc, Do, 111.. 

All, ft of fluid, 

IJ, c p ,  

8. degrees 

- ... , - . 
a~quations taken frnm refs. 6 and 10. 

b~quations taken from ref .  15. 
C~quations taken from refs. 10 and 17. 

d~quations taken from ref. 18. 
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A v a r i e t y  of s o l i d s  were used t o  prepare a  feed s l u r r y  of 5  w t  % 

p a r t i c l e s  i n  water-glycerin so lu t ions  with v i s c o s i t i e s  ranging from 1 t o  

85 cP. The p a r t i c l e s  t e s t e d  were aluminum oxide,  A i r  Cleaner Tes t  Dust," 

f l y  ash ,  and kaol in .  The aluminum oxide and f l y  ash were sieved through 

a  400-mesh screen (37 vm) using a  Ro-Tap. 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  

of t h e  Tes t  Dust, which i s  p r imar i ly  Si02 and A1203, i s  repor ted  i n  

Table 2. 19 

Table 2. P a r t i c l e  s i z e  d i s t r i b u t i o n  
of A i r  Cleaner Test  Dust 

S ize  
(PI w t  % 

Thc kaol in  p a r t i c l e s  a r e  < l o  u m  i n  diameter with Q70 w t  % of t h e  par-  

t i c l e s  <5 v m .  P a r t i c l c  d e n s i t i e s  and l jq l l id  v i s c o s i t i e s  were determined 

3  
with a  50-cm pycrometer and a  Brooksfield viscometer r e s p e c t i v e l y .  

To begin an experiment, so lu t ions  were prepared w i t h . t h e  des i red  

v i s c o s i t y  and s o l i d s  concentra 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 was s t a r t e d  with t h e  flow r a t e  and pressure  

* Obtained from Keene Corporation, F lu id  Handling Divis ion ,  Cookevil le ,  
Tennessee. 



drop controlled by the pump throttle. At a desired pressure drop, 

inlet, overflow, and underflow pressures were recorded. Underflow and 

overflow rates were measured with a graduated cylinder and stopwatch. 

Samples were taken of the overflow and underflow to determine the' solids 

concentrations and particle size distributions. To measure solids con- 

centration, the liquid from 10-cm3 aliquots were evaporated for U hr 

on a hot plate at 400'~. Then the samples were dried further in an ,oven 

at 500°C. A l s o  a V i  trin freeze drier was used to evapoyate the liquid 

for some of the initial samples.20 A photulemetric techniquu wor. uscd 

,to measure the size distributions of small particles for slurries of 

kaolin in water-glycerin solutions with average viscosities of 1, 4.3, 

10.7, 11.8, and 12.8 cP. 

5. EXPERIMENTAL RESULTS AND PERFORMANCE CALCULATIONS 

5.1 Test Data 

Experiments to determine a relationship between pressllre drop and 

both flow rate and viscosity were conducted with water-glycerin slurries 

containing solid particles of either test dust, fly ash, aluminum oxide, 

or kaolin. Preliminary measurements were made, however, using water 

only. These water capacity data are presented in Table 3. The inlet- 

to-overflow pressure drop varied from 1.7.1) t n  102.3 psi in these runs. 

The test data for the runs with various slurries consist of pressure 

drop, feed liquid viscosity, overflow and underflow rate, and solids 

concentration in both'the overflow and underflow streams. The data for 

slurries of aluminum oxide, test dust, and fly ash solids2' are presented 

in the Appendix, along with the data for kaolin slurry experiments. 



Table 3. Water capaci ty  data  

Run , Pressure drop Overflow r a t e  Underflow r a t e  
number (ps i )  (cm3/m in)  (cm3/min) 



S e r i e s  of t e s t s  were run  a t  varying l i q u i d  feed v i s c o s i t i e s ;  each s e r i e s  

was conducted a t  s e v e r a l  d i f f e r e n t  p ressu re  drops.  A summary of t h e  

t e s t  cond i t ions  a r e  given i n  Table 4 .  

The d e n s i t y  of  t h e  s o l i d s  and t h e  v i s c o s i t y  of t h e  feed l i q u i d  were 

measured f o r  each s e r i e s  of tests.  The temperature of  t h e  feed so lu t ion  

and t h e  measured va lues  f o r  t h e  v i s c o s i t i e s  a r e  given i n  t h e  Appendix, 

wi th  adjustments f o r  any temperature change from t h e  i n i t i a l  v i s c o s i t y  

laeasurement. Liquid d e n s i t y  was determined using t h e  liq11i.d vi,scosi.ty 

a t  2S°C and l i t e r a t u r e  dataZ1 r e l a t i n g  dens i ty ,  v i s c o s i t y ,  and compo- 

s i t i o n .  Table 5 l i s ts  t h e  s o l i d  and l i q u i d  d e n s i t y  d a t a  a t  average 

va lues  of v i s c o s i t y .  Also t h e  s o l i d - l i q u i d  d e n s i t y  d i f fe rence ,  0 - p, 

and a  d e n s i t y  r a t i o ,  (a-p)/p, a r e  given i n  Table 5 .  

The e f f e c t  of s o l i d s  content  on t h e  v i s c o s i t y  of t h e  kaolin-glycerol  

s o l u t i o n s  was a l s o  determined, s ince  c o r r e l a t i o n s  i n  t h e  l i t e r a t u r e  

i n d i c a t e  e i t h e r  l i q u i d  v i s c o s i t y  o r  v i s c o s i t y  of t h e  t o t a l  so lu t ion  may 

be used i n  c o r r e l a t i o n s  of  hydroclone performance. The r e s u l t s  a r e  

t a b u l a t e d  i n  Table 6.  The s o l i d s  content  has a  pronounced e f f e c t  on 

t h e  v i s c o s i t y  of t h e  kao l in  mixtures,  more than doubling t h e  v i s c o s i t y .  

5.2 Hydroclone Performance Calcula t ions  

Performance d a t a  were ca lcu la ted  and a r e  presented i n  Tables 7 and 

8 ,  us ing  t h e  opera t ing  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 e s t  runs .  The 

feed flow r a t e  i s  t h e  sum of t h e  underflow and overflow r a t e s .  The 

s o l i d s  concentra t ion  of  t h e  feed was ca lcu la ted  from t h e  s o l i d s  concen- 

t r a t i o n  and flow r a t e  of  t h e  overflow and underflow streams.  The volume 

s p l i t ,  S,  flow r a t i o ,  Rf, and t h e  dimensionless i n l e t  Reynolds number 



Table 4. Summary of test conditions 

Viscosities Pressure 
investigated drop range 

Type of solid (cp) (PS i) 

Aluminum oxide 1 .O  6.6-92.8 

Test dust 1 . O  6.8-54.2 

Fly ash 

Kaolin 



Table 5 .  Sol id  and l i q u i d  d e n s i t y  d a t a  

So l id  Liquid Liquid 
d e n s i t y ,  0 v i s c o s i t : ~ ,  y d e n ~ i t y , ~  p(20) 0- P  

Type of  s o l i d  (g/cm5) (cp) (g/cm3) (g/cm3) (0-P) / P  

Tes t  d u s t  

F l y  ash 

Aluminum oxide 

Kao 1 i n  

-- - 

a  Sp. g r .  a t  25/2S°C from v i s c o s i t y  a t  2 5 y .  



Table 6. Effect of solids content on the viscosity of 
kaolin-watera and kaolin-glycerolb mixtures 

Wt % solids 
Viscosity 

(cP) 

Kaol in-glycerol 

a Determinations made at 23.2"C.  

'Deteriilinations made at  2 3 .  h°C. 



Table 7 .  Performance ~ e s u l t s  f o r  water capaci ty  t e s t s  

Pressure Feed flow I n l e t  
Run drop r a t e  Reynolds Eu 1 e r  

number i p s i )  (cm3/min) splita ~f~ number number 

a S p l i t  = 
underflow r a t e  
overflow r a t e  . 

bRf = underfluw r a t e  
feed f lm r a t e  ' 



Table 8. Performance results for slurry tests 

Average Pressure Feed flow Solids in Overall Inlet 
Run viscosity drop rate feed Gross centrifugal Reynolds Euler 
number (cp) (psi) (cm3/rnin) (g/cm3) splita Ri efficiency efficiency number number 

Aluminum Oxide Particles 

Test Dust Particles 

1.182 0.5417 
1.191 0.5436 
1.384 0.5805 
1.444 .O. 5909 
1.408 0.5847 
1.535 0.6055 
1.541 0.6065 
1.539 0.6061 
1.495 0.5992 
1.640 0.6212 

0.742 0.4259 
0.952 0.4878 
1.064 0.5155 
1.267 0.5590 
1.281 0.5615 
1.344 0.5734 
1.328 0.5705 
1.297 0.5647 

2.100 0.6774 
1.909 0.6563 
2.600 0.7222 
2.933 0.7458 
2.938 0.7460 
3.018 0.7511 
3.481 0.7768 
3.482 0.7769 

0.6622 0.3984 
0.7333 9.4231 
0 .a068 0.4465 
0.7381 0.4247 

0.6133 0.3802 
0.6934 0.4096 
0.7168 0.4175 
0.7677 0.4343 
0.8462 0.4583 
0.8333 0.4545 
0.8888 0.4706 



Table  8 (cont inued)  

Average Pressure  Feed f low S o l i d s  i n  Overa l l  I n l e t  
Run v i s c o s i t y  d rop  r a t e  feed  Gross c s n t r i f u g a l  Reynolds Eu le r  

number (cP) .(psi) (cm3/min) ig/cm3) s p l i t a  ~f~ e f f i c i e n c y  e f f i c i e n c y  number n y b e r  

Fly-Ash P a r t i c l e s  

1.245 0.5546 
1.171 0.5395 
1.295 0.5642 
1.558 0.6091 
1 .SO0 0.6000 
1.279 0.5612 
1.612 0.6171 

0.9833 0.4958 
' 0.9605 0.4899 

1 .OOO 0.5000 
1.218 0.5492 
1.269 0.5592 
1.283 0.5619 
1.302 0.5656 
1.321 0.5692 
1.350 0.5745 

0.6944 0.4098 
0.7619 0.4324 
0.8000 0.4444 
0.8421 0.4571 
0.8387 0.4561 
0.8550 0.4609 
1.008 0.5020 

Kaolin P a r t i c l e s  

1.156 0.5362 
1.219 0.5493 
1.181 0.5415 
1.143 0.5333 
1.149 0.5346 
i . I57 0.5364 
I .076 0.5182 
I .062 0.5150 
1.205 0.5464 
1.159 0.5367 
1.104 0.5246 
1.167 0.5384 

1.196 0.5446 
1.193 0.5440 
1.228 0.5512 
1.205 0.5464 
1.202 0.5460 
1 144 0.5335 
1.187 0.5428 



Table 8 (continued) 

Average Pressure Feed flow 
Run viscosity dr~p rate 
number (cP) (psi) (cm3!min) 

Solids in 
feed 

(g/cm3) splitn ~f~ 

Kaolin Particles 

1.242 0.5540 
1.172 0.5396 
1.157 0.5363 
1.159 0.5369 
1.132 0.5309 

1.226 0.5508 
1.264 0.5583 
1.268 0.5590 
1.256 0.5566 
1.243 0.5542 
1.238 0.5531 
1.251 0.5558 
1.253 0.5562 
1.262 0.5579 
I .251 0.5558 
I ,294 0.5642 
1.248 0.5551 

0 .a976 0.4730 
0.9300 0.4819 
0.9723 0.4930 
0.9541 0.4883 
1.068 0.5165 
1.107 0.5254 
1.083 0.5198 
1.158 0.5367 
1.147 0.5343 
1.214 0.5484 
1.197 0.5448 
1.226 0.5507 

0.9415 0.3849 
0.9955 0.1989 
1.030 0.5073 
1.055 0.5135 
1.069 .0.5166 
1.145 0.5338 
1.145 0.5338 
1.221 0.5497 

0 .a509 0.4597 
0.8676 .0.4646 
0.9439 0.4856 
0.9390 0.4843 
0.9159 0.478i 
1.209 0.5472 
1.193 0.5440 
'1.206 0.5468 
1.323 0.5695 
1.259 0.5574 

Gross 
efficiency 

Ovoral l 
centrifugal 
efficiency 

Inlet 
Reynolds 
number 

Euler 
number 



Table 8 (continued) 

Average Pressure Feed flow Solids in Overall Inlet 
Run viscosity drop rate feed Grosr centrifugal Reynolds Euler 

number (cp) (psi) (cm3/min) 1.g/cm3) splita ~f~ efficie~cy efficiency number number 

Kaolin Particles 

asplit = underflo~ rate 
overflow rate ' 

bRf = underflow rate 
feed rate . 

C~alculated values inconsistent 



and Euler number were calculated to correlate performance criteria. 

Gross efficiency and overall centrifugal efficiency were determined for 

tests where solids concentrations were measured. 

5.3 Particle-Size-Distribution Data and Point Efficiencies 

Particle size distributions were determined for the kaolin-slurries 

with average viscosities of 1.0, 4.3, 10.7, 11.8, and 12.8 cP. The 

particle size distributions .for the overflow and underflow streams were 

measured, and the particle size distribution in the feed was calculated 

from these data on the outlet streams. Figure 5 shows typical size 

distributions for the slurry feed, overflow, and underflow streams of a 

kaolin-aqueous solution with a liquid viscosity of 1. cP. The slurry 

feed contains 40 wt % particles <3 pm in diameter. The overflow and 

underflow streams contained respective 98 and 13 wt % particles <3 pm 

in diameter when the pressure drop was 87.3 psi. 

The effect of viscosity on the particle-size-distribution curves is 

shown in Figs. 6 and 7. Figure 6 shows the overflow particle-size- 

distribution curves for three runs at an average pressure drop of 28.1 

psi for liquid viscosities of 1, 4.4, and 11.4 cP. As viscosity 

increases, the curve shifts to the right, indicating that larger size 

particles are not being separated as effectively. The particle diameters 

corresponding to <50 wt % removed in the 1, 4.4, and 11.4 cP viscosity 

runs are 1.88, 2.04, and 3.20 pm respecti.vely. Figure 7 also shows the 

shift of the overflow particle-size-distribution curves with increasing 

vj.scosity at a higher average pressure drop, 66.0 psi. The corresponding 

particle diameters where <SO wt % are removed at fluid viscosities of 
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Fig. 5. Typical size distribution clirves for kaolin-aqueous solution. 
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1, 4.2, and 10.1 cP are 1.39, 2.20, and 3.30 pm respectively. The 

increase in pressure drop (and flow rate) produced a steeper size- 

distribution curve for the 1 cP run. However, the increase in pressure 

drop did not improve the separation for the higher viscosities. 

An increasing pressure drop has a pronounced effect on the particle- 

size-distribution curve at a viscosity of 1 cP. As the pressure drop 

increased from 18.0 to 87.3 psi in Fig. 8, the overflow particle-size- 

distribution curve for the I cP viscosity runs shifted to the left, 

increasing the pressure drop improved the separation of solids. A 

similar effect, but to a.lesser degree, is seen in the curve for the 

4.0 cP viscosity runs. At the higher viscosity of 11.8 cP, this trend 

reverses, and the shift of the particle-size-distribution curves is to 

the right. (the extent of separation diminishes), with increasing pressure 

drop. 

Another indication that hydroclone performance decreases with 

increasing vtscosity is that the particle-size-distribution curves for 

the overflow and underflow fluids come closer together. Figure 9 shows 

a pluL of the particle size djqt.ri,buti~n in the overflow vs the distri- 

bution in the underflow at equal particle diameters, and at an average. 

pressure drop of 28.1 psi and viscosities of 1, 4.4, and 11.4 cP. The 

dashed line, with a slope of 1, would occur i f  the overflow and underflow 

size distributions were identical. The curves in Fig. 9 are drawn to 

identify the trend of the data. The 1 cP data are the most distant fro111 

the dashed line; increasing viscosity causes the overflow and underflow 

size-distribution curves to become more similar. 
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underflow particle-size-distribution curves for AP 2 28.1 psi. 



Point efficiencies are calculated from the particle size analyses 

and operating data using Eqs. (8) and (10). The point efficiency data 

are plotted as a function of the appropriate particle diameters, as 

in Fig. 10. The point efficiencies determined from the differential 

relationship shown in Eq. (8) are greater than the efficiencies calcu- 

lated by the cumulative method indicated in Eq. (10). The dS0 value 

would bc interpolated for each curve. Sinre the sverflow and underrluw 

size analyses were nearly identical for the high viscosity runs, the 

point efficiency data exhibited more variation with increasing viscosity. 

'I'herefore, dSO values could be interpolated from only a few of the runs. 

Table 9 lists the particle diameters corresponding to a point efficiency 

of 50%; dS0 and dkO denote the values j.ntsrpolated from calculations 

using definitions for point efficiencies given in Eqs. (8) and (10) 

rcspeetively. 

5 A reduced eff i c i  ency correlation, which re~aains faj.r:l y constant 

for a range of operating variables, has bee1.1 used to characterize a 

particular hydroclone operation. A reduced efficiency curve is obtained 

by plotting point efficiency vs a normalized particle size. The particle 

size is normalized by the d (or dkO) value. Figure 11 shows reduced 5 0 

efficiency curves for both differential and cumulative point efficiency 

5.4 Hydroclone Attrition 

The same l-cm diam Dorr-Oliver "Doxie" hydroclone was used for all 

experiments. Upon completion of the performance experiments, measurements 

of the hydroclone internal dimensions were repeated to determine the 
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Table 9. Particle diameters corresponding 
to a point efficiency of 50% 

Interpolated from values 

Run 
nwnber 

Viscosity 
calculated by: 

Equation (8) Equation (10) 
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Fig. 11. Reduced efficiency curves for differential and 

cumulative methods. 



e f f e c t  of t h e  ab ras ive  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 o r i g i n a l  

and f i n a l  dimensions of  t h e  cyclone, overflow, and underflow diameters  

a r e  given i n  Table 10. 

Table 10. Hydroclone dimensions 

I n i t i a l  F inal  % change 

Cyclone diameter ,  cm 1.006 1.024 1.8 

1.1verf ;l.ow diameter , cm 0.246 0.240 - 2 . 4  

Underflow diameter ,  cm 0.241 0.268 11.2 

6 .  CORRELATION OF'DATA AND DISCUSSION OF RESULTS 

6 . 1  Pressure  Drop a s  a Function o f  Flow Rate and Viscos i ty  

A p l o t  of  in le t - to-overf low pressure  drop, AP, a s  a func t ion  of 

feed flow r a t e ,  Q f ,  a t  va r ious  v i scos i t i . e s  i s  shown i n  F i g .  1 2  f o r  f l y  

a sh .  S i m i l a r  p l o t s  f o r  t e s t  dus t  and k a o l i n  are  shnm i n  F i g s .  13 and 

14. A s  expected, p ressu re  drop increases  with increas ing flow r a t e .  

The d a t a  f o r  each v i s c o s i t y  experiment a r e  l i n e a r  on a log-lng v a l e .  

'I'he d a t a  f o r  each v i s c o s i t y  with t h e  s o l i d  p a r t i c l e s  s tudied  were f i t  t o  

an equat ion  of  the  form 

The r e g r e s s i o n  c o e f f i c i e n t s  f o r  Eq. (22),  a and b ,  a r e  given i n  Table 11. 

The experiments performed with f l y  a sh  and t e s t  dus t  were conducted 

over a wide range of  v i s c o s i t i e s .  A s  seen from F igs .  12 and 13 and from 

Table 11, t h e  v i s c o s i t y  of the  f l u i d  has a pronounced e f f e c t  on t h e  
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Table 11. Regression c o e f f i c i e n t s  f o r  p r e s s u r e - d r o p  
f e e d - r a t e  c o r r e l a t i o n ,  AP = a  qfb 

- 

Viscos i ty  Coef f i c i en t  of 
Type of s o l i d  (cp) a b  determination,  r 2 

Aluminum oxide 1 .O  

Fly  nch 

Tes t  dus t  

Kao 1 i n  



pressure-drop-flow-rate correlation. Two general effects are observed 

as viscosity increases: the ,slope, b, decreases and the intercept, a, 

increases. The data for all viscosities using fly ash and test dust 

were fit to an equation of the form 

The regression coefficients for Eq. (23) are given in Table 12. A 

study using a 5 wt % suspension of 2.69 sp. gr. silty clay in sucrose 

solutions18 dealt with the effects of liquid viscosity on the performance 

of miniature hydroclones. This study also showed that the slope of the 

individual pressure-dropfeed-rate curves decreases with increasing 

viscosity. They applied multiple regression analysis to their data in 

the turbulent regime, NRc > 20,000, to yield the following relationship: 

(The exact equation is presented in Table 1.) This equation indicates 

an even more pronounced effect of viscosity on the operation of the 

hydruclune than the regression coefficients in Table 12. From runs 

using fly ash ad test dust slurries,2o the slope of the pressure-drop 

flow-rate correlation, as indicated in Eq. (22), appears to approach an 

asymptotic value of unity athigh viscosities. At low viscosities, the 

centrifugal acceleration, which is proportional to the square of Llie 

velocity, is more important than viscous drag. But as viscusity 

increases, the viscous force becomes more important, and the pressure 

drop becomes proportional to the velocity. To account for the decrease 



in slope with increasing viscosity, the following correlation was 

developed to fit the experimental data using test dust: 2 0 

Table 12. Regression coefficients for pressure drop as 
a function of feed rate and viscosity, AP = a Q b pc f 

.-.. . -. .-<.-..- 

Type of Cseffici e n ~  nf 
s o l i d  a b c determination, r 2 

Fly ash 1.72 x lo-' 1.85 .O. 079 0.83 

Test dust 7.12 x lo-' 1.64 0.066 0.84 

The data for the kaolin slurry experiments were taken with rela- 

tively low feed viscosities, <15 cP. The regression coefficients for 

the pressure-drop-flow-rate correlation, Eq. (221, for kaolin (see  

Table 11) vary only slightly with viscosities >1 cP. Figure 14 shows 

a least-squares fit of 60 data points for the kaolin-glycerol runs, 

excluding those at 1 cP, which can be described by the f ~ l . ~ o w i n g  

equation : 

2 The coefficient of determination, r , is 0.99. This equation and the 

data at 1 cP agree well with a relationship in the literature5 which 

states that the pressure drop is proportional to the square of the feed 

rate. Increasing viscosity did not seem to affect the slope of the 

pressure drop correlation with the kaolin-glycerol experiments, whereas 



d a t a  from runs  us ing  f l y  a sh  and t e s t  d u s t  i n d i c a t e d  t h a t  t h e  s l o p e  

decreases  wi th  inc reas ing  v i s c o s i t y .  

The pressure-drop--feed-rate c o r r e l a t i o n  f o r .  t h e  water  c a p a c i t y  t e s t  

( i . e . ,  t h e  s o l i d s - f r e e  runs)  i s  a s  fo l lows:  

F igure  15 compares pressure-drop  d a t a  f o r  s o l i d s - f r e e  runs  wi th  t h e  

1 cP v i s c o s i t y  r u n s  f o r  a l l  o f  t h e  s o l i d s  s t u d i e d .  The c o r r e l a t i o n  f o r  

t h e  1 c P  v i s c o s i t y  runs  con ta in ing  d i f f e r e n t  s o l i d s  shown i n  F ig .  15 i s  

a s  fo l lows:  

A s  shown i n  F ig .  15 ,  t h e  p re s su re  drop i s  h ighe r  f o r  t h e  s o l i d s - f r e e  

d a t a  than  wi th  s o l i d s  a t  t h e  same f eed  r a t e .  chap l ing  s t u d i e d  t h e  

e f f e c t s  of s o l i d s  concen t r a t ion  on t h e  genera l  pressure-drop-flow-rate 

r e l a t i o n s h i p ,  AP = aQfb,  and found f o r  AP >7 p s i ,  t h e  v a l u e  of  b 

decreased from 1.84 without  s o l i d s  t o  1.11 wi th  62% s o l i d s  con ten t  i n  

t h e  feed  s o l u t i o n .  The h igher  s o l i d s  con ten t  i n c r e a s e s  t h e  apparent  

feed  s l u r r y  v i s c o s i t y ,  a s  demonstrated by t h e  d a t a  i n  Table 6 ,  t h e r e f o r e  

having t h e  same e f f e c t  a s  i nc reas ing  l i q u i d  v i s c o s i t y .  The e f f e c t  of 

p a r t i c l e  d e n s i t y  a t  a  v i s c o s i t y  of 1 cP i s  n e g l i g i b l e ,  a s  seen from t h e  

d a t a  i n  F ig .  15. However, a t  a  h ighe r  v i s c o s i t y  of  s 1 0 . 7  cP, t h e  e f f e c t  

o f  p a r t i c l e  d e n s i t y  can be observed.  F igure  16 compared t h e  p re s su re -  

d r o p f l o w - r a t e  d a t a  f o r  t h r e e  types  of s o l i d s .  S ince  t h e  s o l i d s  con- 

c e n t r a t i o n  i s  small  (s5 w t  %) i n  t h i s  s tudy ,  no c o r r e l a t i o n  between 

pressure-drop  d a t a  and s o l i d s  concen t r a t ion  and d e n s i t y  was a t tempted .  
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The empirical correlation for pressure drop as a function of feed 

rate for the 1 cP slurry runs [Eq. (28)] is compared in Fig. 17 with the 

theoretical correlation developed by Bradley [Eq. (5)] and the empirical 

correlation given by the hydroclone manufacturer, Dorr-Oliver. 22 The 

curve representing the Bradley model was obtained using the dimensions 

of the hydroclone and values of a = 1.195 and n = 0.8 in Eq. (5). The 

Dorr-Oliver data were based on separations using a 2.7 sp. gr. solid 

2 3 [a quartz-and-sand mixture of a known particle-size distribution ] at 

a feed concentration below 25 wt % in water. Table 13 co~r~pares Llle 

correlations for each curve presented in Fig. 17 along with the empiri- 

cal correlations given in Table 1 using the characteristic hydroclone 

dimensions in this study. 

Table 13. Comparison of experimental and theoretical 
pressure-dio~Ilrsw=rate correlations 

- - *. - - 

Experimental least-squares fit 
-6 2 - 0 9  

AP=3.05x10 Qf 
of 1 cP data 

Dorr-Oliver correlation 

Bradley mndel 

Haas correlation AP = 3.94 r loe6 Qf 2.27 

Matschke and nahlstrom correlation 
-6 2 

AP = 0.73 x 10 Qf 

Wagner and Murphy correlation AP = 0.91 x Qf 
2 
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6.2 Hydroclone Performance Parameters 

An important parameter t h a t  descr ibes  hydroclone performance i s  

volume s p l i t ,  S ,  which i s  def ined a s  t h e  r a t i o  of t h e  underflow t o  over- 

flow r a t e .  For t h e  1-cm Dorr-Oliver hydroclone used i n  t h i s  s tudy,  t h e  

n a t u r a l  feed  s p l i t  ( f r e e  d ischarge  condi t ions ,  i . e . ,  no back pressure  on 

t h e  e x i t i n g  streams) i s  60% t o  t h e  overflow and 40% t o  t h e  underflow; 2 2 

S = 0.67.  The normal opera t ing  condi t ion  f o r  a hydroclone would be f o r  

S < 1, o r  t h e  overflow r a t e  t o  be  g r e a t e r  than t h e  underflow r a t e .  Feed 

5 r a t e  a f f e c t s  t h e  s p l i t ,  but  i n  a complex,manner which Bradley expla ins  

"At low flow r a t e s  t o  a p a r t i c u l a r  cyclone, t h e  a i r  core  i s  

no t  well  developed, and inc rease  i n  flow r a t e  causes an 

i n c r e a s e  i n  underflow r a t e  a s  t h e  e x i t  energy inc reases .  

A s  t h e  a i r  co re  develops, t h e r e  comes a s t age ,  however, 

where it obscures e x i t  a r e a  and f u r t h e r  inc rease  i n  flow 

r a t e  decreases  t h e  underflow r a t e . "  

The work done with small-diameter hydroclones5 has shown condi t ions  

where t h e  volume s p l i t  has increased,  remained constant ,  o r  decreased 

wi th  an inc rease  i n  flow r a t e .  Generally, with small-diameter hydro- 

c lones ,  when S > 0.5 ,  t h e  s p l i t  was independent of feed  r a t e ,  and when 

S < 0.5 ,  t h e  s p l i t  decreased with an inc rease  i n  feed r a t e .  

Values f o r  volume s p l i t ,  S ,  a r e  presented i n  Tablo 7 f o r  t h e  s o l i d s -  

f r e e  runs  and Table 8 f o r  t h e  s l u r r y  t e s t s .  The r e s u l t s  show t h a t  a l l  

t h e  va lues  o f  S a r e  >0.5 and most of t h e  va lues  a r e  >1.0.  The values  

of  S f o r  t h e  water capac i ty  t e s t  (Table 7) a r e  l e s s  than un i ty ,  which 

i s  t h e  normal opera t ion  condi t ion  f o r  a hydroclone; however, a l l  of  t h e  

va lues  a r e  g r e a t e r  than t h e  s p l i t  given by t h e  vendor, S = 0.67. 



For the majority of test runs, the volume split increased with an 

increase in feed rate. Figure 18 shows split as a function of feed rate 

for test dust slurries at viscosities of 1.0, 10.7, 33.0, and 59.0 cP. 

The slope of the least-squares fit increases with increasing viscosity 

with the exception of the 59.0 cP data. An increase in viscosity should 

result in sluggish rotational flow and also lower centrifugal forces. 

The air core would then become smaller, and the output to the underflow 

stream would increase. Therefore, S should increase with an increase 

in viscosity. Figure 19 also shows split vs feed rate for kaolin 

slurries with viscosity >7.0 cP. The range of S values is much smaller 

than the data shown in Fig. 18 for test.dust. Table 14 lists the corre- 

lation coefficients for the following relationship between split and . .  

feed rate: 

The average values and standard deviations for the test runs in which it 

appeared that volume split was independent of feed rate are also listcd 

in Table 14. 

The flow ratio, Rf (ratio of underflow rate to.feed rate) also 

increased with increasing feed rate for the test runs where S increased 

with increasing feed rate. Since Rf is a rclated to volume split by 

the following : 

the correlation coefficients are not calculated for Rf as a power 

function of Qf. 
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Table 14. Correlation coefficients for volume split as a function - 
of feed rate, S = a Q ~ ~ ,  or average values of volume split, S 

Viscosity 
Type of solid (cp> 

Solids free 1 .O 0.844 0.061 

Aluminum oxide 3. .O 0.0236 0.49 0.97 

Test dust 1 .O 

10.7- 

33.0 

59.0 

85.0 

Fly  ash 

Kav 1 in 

a s = standard deviation of 5. 



Since  a  l a r g e  number of  v a r i a b l e s  a r e  involved i n  t h e  ope ra t ion  of 

a  hydroclone, t h e  experimental r e s u l t s  o f  some i n v e s t i g a t i o n s  have been 

expressed i n  terms of  dimensionless  groups,  i n  p a r t i c u l a r ,  Reynolds 

number and Euler  number. The Reynolds number can be thought o f  a s  t h e  

r a t i o  of i n e r t i a l  t o  v i scous  f o r c e s ,  and t h e  Euler  number a s  t h e  r a t i o  

of  p re s su re  t o  i n e r t i a l  f o r c e s .  Therefore ,  t h e  dimensionless  numbers 

can be expressed as fo l lows:  

and 

However, d e f i n i t i o n s  of  bo th  dimensionless  groups va ry  throughout t h e  

l i t e r a t u r e  because of  t h e  d i f f e r e n t  c h a r a c t e r i s t i c  hydroclone d iameters  

( i . e . ,  main, i n l e t ,  overf low,  and underf low).  The Reynolds numbers and 

Euler  numbers i n  Tables  7 and 8 were c a l c u l a t e d  us ing  t h e  mean v e l o c i t y  

i n  t h e  i n l e t  f eed ,  Vi ,  and t h e  feed  p o r t ,  D f .  Therefore ,  t h e  dimension- 

l e s s  grnilps (Tahles  7 and 8) a r e  de f ined  by t h e  fo l lowing  equat ions :  

DfViP 4QfP 
= - -  - -  

N ~ e  i n l e t  1-1 vDflJ ' 

and 

A Reynolds number can a l s o  be de f ined  us ing  t h e  main diameter  o f  t h e  
D,ViP 

hydroclone, Dc (NRe - - -  ) .7 For a  g iven  hydroclone des ign ,  
p 



- - DcN~e inlet 
N ~ e  f 

For the Dorr-Oliver hydroclone used in this study, 

N ~ e  = (01:,"P5 ym) N ~ e  inlet 
- 
- "08 N ~ e  inlet ' 

Rearrangement of Eq. ( S ) ,  the correlation for pressure drop developed 

by Bradley, in dimensionless form gives: 

The dimensionless group on the left-hand side of the equation is referred 

to as the loss ~oefficient.~ The loss coefficient is twice the magnitude 

of the Euler number. 

In this study (see Tables 7 and 8), Rey~iolds numbers ranged from 

4 73.7 to 2.9 x 10 , and Euler numbers varied from 6.4 to 16.3. The effect 

of inlet Reynolds number on the pressure loss coefficient is shown in 

Fig. 20. Other studies5 have found the pressure loss coefficient or 

the Euler number to decrease as N increased until it reached a minimum Re 

level. 'I'his minlmwn corresponds to conditions where inertial forces 

predominate at the hydroclone wall. As NRe is increased further, the 

Euler number increases, becoming solely dependent on changes in centrif- 

ugal head. The normal operating condition5 for a 1-cm-dim hydroclone 

using water should correspond to an inlet NRe in the range of %lu4 to 

4 5 x 10 . The Reynolds numbers for the 1:cP runs are within this range. 

The loss coefficients (see Fig. 20) do not vary significantly in this 
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study; however, there is a slight decrease with the inlet Reynolds 

2 3 numbers between 10 and lo3, a flattening off in the range of 10 to 

lo4, and a slight increase with the Reynolds numbers >lo4. Gerrard and 

~ i d d l e ~ ~  fitted the following function to data in the literature and 

found : 

- 
N ~ u  - 0'18' N ~ e  inlet. 0w3748, for N Re inlet >SO00 . 

Since most of the data in this study were for NRe inlet <5000, no corre- 

lation such as this was attempted. 

The effect of the Reynolds number on hydroclone efficiency has also 

been examined to some extent in the 1iteratu1-e.7 This will be included 

in the next section with the discussion of the hydroclone efficiency 

results. 

6.3 Hydroclone Efficiency 

Hydroclone efficiencies (gross, centrifugal, and point efficiency) 

are calculated as described in Sects. 5.2 and 5.3. Gross efficiency 

(G), the ratio of solids underflow rate and solids feed rate, and cen- 

trifugal efficiency (E), as defined by Eq. ( 7 ) ,  are calculated from-the 

flow rates and solids concentrations of the overflow and underflow 

streams. Therefore, G and E are not referenced to a particle s i z e  

distribution but describe the bulk stream separation. 

The effect of feed rate on gross efficiency for test-dust, fly-ash, 

and kaolin particles is shown in Figs. 21, 22, and 23 respectively. 

Gross efficiency increases with increasing feed rate; however, viscosity 

has a pronounced effect on the magnitude of gross efficiency. Table 15 



ORNL DWG 78-22248 

1 .o 

FEED RATE [ ( c m 3 / m i n )  x lo3] 

I I I 

Fig. 21. Gross efficiency as a function of feed rate for 

I I I I I 

test-dust slurries. 

- VISCOSITY ( c P )  - 
- a 1.0 > a - 

r 10.7 - 
o 33.0 

- 

- m 59.0 - 
A 85.0 - - 

- - 

- 

- - 
- - 
- - 

- - 

- TEST DUST - 

- - 
I I I 1 I 1 I I I 



ORNL DWG 78-22250 

1 I I I . a- I I I w - 
> C  

- 
- - 
- 

V I S 2 0 S I T Y  ( c P )  
- 

- 
1.0 

- 
- c 10.6 - 

r 35.13 - - 

- - 
- - 
- - 

- - 
- - 
- FLY ASH - 

- - 
I I I I I 1 I I 1 

FIEEI RATE [(crn3/rnin) x lo3] 

Fig. 22.  gross efficiency as a function of feed rate for 

fly-ash slurries. 



ORNL DWG 78-22247 

\JISCOSITY (CP) 

0 .  1.0 - o 3 . 8  
A 4.3 
A 7.0 

- 10.7 
o 11.8 
+ 12.8 

/ - 
/a 
2.. 

a#@ 

- 

- 

- 

KAOLIN. 

I I I I , 0.4 
0 1 .O 2 .O 3 .O 4.0 5.0 

FEED RATE [(cm3/min) x lo3] 

Fig. 23. Gross efficiency as a function of feed rate for 

kaolin slurries. 



Table 15. Correlation coefficients for a linear least-squares fit 
of gross efficiency as a function of feed rate, G = a + bQf 

Type of Viscosity 
solid (cp) a 

Test dust 1.0 0.802 3.23 x lo-' 0.85 

1017 n.  7.83 i . 8 2  x 1.00 

33.0 0.539 1.13 x 0.82 

59.0 0.255 .22 0.90 

Fly ash 

Kao 1 in 



lists the correlations coefficients of the linear least-squares fit of 

the curves in'Figs. 21-23. As viscosity increases, both the slope and 

intercept of these curves decrease. The data for the test dust at 85.0 

cP (Fig. 21) and kaolin at 3.8 cP (Fig. 23) are shown, but due to scatter, 

no correlations were made for those particular data. The maximum vaiues 
i 

of G occurred at 1 cP at the highest feed rate. 

A similar effect of feed rate on centrifuged efficiency can be 

observed in Figs. 24, 25, and 26. Centrifugal efficiency increased with 

increasing feed rate. Table 16 lists the correlation coefficients of 

the linear least-squares fit of E as a function of feed rate. As with 

gross efficiency, an increase in viscosity causes a decrease in the 

slope and intercept of the centrifugal efficiency curves. 

To show the effect of viscosity on efficiency, Figs. 27 and 28 show 

gross and centrifugal efficiency, respectively, as a function of vis- 

3 cosity at a feed rate of 2500 cm /min. The values of efficiency in 

Figs. 27 and 28 are interpolated from Figs. 21-26. A least-squares fit 

of all the data and the kaolin runs only are also shown in these figures. 

Both gross and centrifugal efficiencies decrease with increasing vis- 

cosity. The equations for the curves shown in Figs. 27 and 28 are as 

follows: 

Overall: G = 0.804 - 0.075 Rn p, r2 = 0.42 ; 

2 E = 0.572 - 0.164 Rn p, r - 0.62 . 
2 

Kaolin: G = 0.751 - 0.102 Rn u ,  r = 0.85 ; 

E = 0.427 - 0.175 Rn p, r2 = 0.88 . 
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Table 16. Correlation coefficients for a linear least-squares fit of 
centrifugal efficiency as a function of feed rate, E = a + bQf 

Type of Viscosity 
solid (c p) 3 

Test dust 1 .O 0.585 5.12 x lo-' 0.75 

10.7 -0.112 1.85 x 1 .OO 

33.0 -0.152 1.24 x 0.77 

59.0 -0.020 2.56 x lo-' 0.62 

Fly ash 

Kao 1 in 
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The least-squares fit of all the data in Fig. 27 indicates that the 

fraction of solids and the fraction of liquid that go to the underflow 

are essentially equal (gross efficiency = 0.5) at a viscosity of 55 cP. 

With kaolin particles at the same feed rate, a gross efficiency of 0.5 

occurs at an even lower viscosity of Qll cP. 

The centrifugal efficiencies shown in Fig., 28 are also significantly 

influenced by viscosity. The least-squares fit of all the centri.fi1ga1. 

3 efficiency data at a feed rate of 2500 cm /min shows E = 0 at viscosity 

of Q16 cP. The kaolin data show E = 0 at a viscosity of 11 cP. Nega- 

tive centrifugal efficiencies are shown in Table 8 and in Fig. 28. 

Efficiencies usually are chosen to range from 0 to 1 by definition; 

however, a negative centrifugal efficiency does occur if Rf is greater 

than G because more liquid than solid material is discharging to the 

underflow port of the hydroclone. A t  higher vis~osities thc rotational 

flow is sluggish, resulting in lower centrifugal forces and an increased 

underflow rate as discussed previously in Sect. 6.2.   his, however, is 

an improper region for hydroclone operation. 

The effect of the Reynolds number on both gross and centrifugal 

efficiency was determined. Figure 29 shows gross efficiency for test 

dust, fly ash, and kaolin as a function of NRe. The least-squares 

equations for the data in Fig. 29 are the following: 

Test dust: G = 0.233 NRe O.lz6, r2 = 0.68 . 

Fly ash: G = 0.116 NRe o.202 r2 ,= 0.96 ; 

Kaolin: G = 0.143 NRe 
0.153 2 , r = 0.81 . 
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Fig. 29. Gross efficiency as a function of Reynolds number. 



Gross efficiency increases with an increasing Reynolds number. The 

Reynolds numbers that correspond to a maximum gross efficiency (G = 1) 

'5 for test dust, fly ash, and kaolin are about 1.0 x 10 , 4.3 x lo4, and 
5 3.3 x 10 respectively. 

Centrifugal efficiency also increases with increasing Reynolds 

number, as shown in Fig. 30. The least-squares equations for the data 

in Fig. 29 are the following: 

Test dust: E = 1.74 x l ~ - ~  0.795 2 
N ~ e  , r = 0.86 . (461 

E = 7.43 N~~ 0.905 Fly ash: , r2 = 0.84 . (47) 

Kaolin: E = 1.38 x NRe 1'179, r2 = 0.64 . (48) 

The Reynolds numbers which correspond to a maximum centrifugal efficiency 

4 (E = 1) for test dust, fly ash, and kaolin are about 5.4 x lo4, 3.6 x 10 , 
4 and 9.3 x 10 respectively. 

Figure 31 shows centrifugal efficiency as a function of Reynolds 

number for kaolin-glycerol slurries. Centrifugal efficiency increases - 

with increasing Reynolds number, as shown previously, and with decreasing 

viscosity (see Fig. 31). Therefore, the runs at 1 cP have the highest 

Reynolds numbers and centrifugal efficiencies. 

For a complete description of the efficiency of a hydroclone, e f f t -  

ciency must be related to a particle size distribution. Therefore, 

point efficiencies from the size-distribution curves, using both a 

differential and cumulative technique, were calculated. Figure 10 shows 

point efficiency curves for the two methods for a kaolin-aqueous solu- 

tion (1 cP) at a AP = 18.0 psi. It was not expected that the two 
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Fig. 31. Centrifugal efficiency as a function of Reynolds number 

for kaolin slurries. 



methods of determining point efficiencies would differ. As displayed 

in Fig. 10, the differential method gives higher values of point effi- 

ciency than the cumulative method. However, values from the differential 

method are more scattered than efficiencies calculated by the cumulative 

method. The differential method seems more accurate since the percent 

point efficiencies range from 0 to loo%, whereas the cumulative method 

gives a maximum percent point efficiency of only 80%. Since the two 

techniques were not analyzed to determine a reason for the differences, 

the results of each method are shown in Sect. 5.3 and will be discussed 

in this section. 

From point efficiency curves, similar to Fig. 10, dS0 values could 

be interpolated, as presented in Table 9. Although particle size dis- 

tributions and subsequent point efficiency curves were determined for 

the kaolin slurries with average viscosities of 1.0, 4.3, 10.7, 11.8, 

and 12.8 cP, only a few dS0 values could be interpolated. The particle 

size analyses for the overflow and underflow streams were nearly identical 

for runs not listed in Table 9. Therefore, the point efficiency data 

were too scattered to be useful. There are two possible explanations 

for the similarity of the overflow and underflow size distribution 

curves. First, if the size distributions are accurate, essentially no 

separation occurred according to specific particle size ranges. The 

gross efficiency calculations indicated that G approached 0.5 as vis- 

cosity increased. The~eforc, the bulk solids are split tin^ nearly 

evenly between the overflow and underflow streams. The second possi- 

bility j s  that the particle size distributions are not accurate and, 



therefore, do not show the actual separation by particle size when used 

to determine point efficiencies. 

The dS0 values in Table 9 range from 1.3 to 3.8 pm. The literature 2 5 

states that a plot of dS0 vs (Re inlet) (a-p)/p should give a straight. 

line. Also, by rearrangement of the dS0 correlations in Table 1, dsO is 

proportional to the product of Re inlet and (a-p)/p. The values of dS0 

in 'l'able 9 are plotted as suggested2' in Fig. 32. The number of dS0 

values are si~~all, and the re  is much scattor) howcver, a leasl-squares 

linear line is dra.wn through all the  dSu v~lues and alsu two 3cparate 

dashed lines are drawn for (NRe inlet )(a-p)/p values less than and greater 

4 than 1U . The efficiency correlat.ions in Table 1 are rearranged and the 

hydroclone dimensions substituted to obtain similar correlations that 

relate dS0 to (NRe inlet ) - p .  These correlations and the relation- 

ships from Fig. 32 are presented in Table 17. The va.lues predicted by 

rhe Bradley model are consistently lower than the experimental values of 

dS0. three empirical correlations (see Table 17) give dS0 values 

much higher than the experimental dS0 values in Table 9. The ].east- 

squares fit of all the experimental dS0 values in F i g .  32 does not indi- 

cate a negative slope of one-half. By separating the dS0 values in 

Fig. 32 into two regimes, the experimental relationship is closer to 

those found in the literature. There is not enough dgg data to give an 

acceptable correlation. 

Reduced efficiency curves (using both differential and cumulative 

methods) for the kaolin-aqueous slurries (1 cP) are shown in Fig. 11,. 

A reduced efficiency curve is a complete description of the hydroclone 

efficiency. Several empirical relationships for reduced efficiency 
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Table 17. Comparison of experimental and theoretical dS0 
efficiency correlations, ' ( N ~ e  inlet > (~-P)/P 

Correlations 

Experimental Least -Squares   it^ 

Theoretical 

Bradley model 

Matschke and Dahlstrom correlation dS0 Z 1802 y -0.5 
(for p = 1 cP) 

Wagner and Murphy correlation dS0 = 1014 y -0.5 

a 
Least-squares fit from data in Fig. 32. 



curves  have been deduced. Yoshioka and   of fa'^ obta ined  a  curve  t o  which 

~ r a d l e ~ '  f i t t e d  t h e  fol lowing a n a l y t i c a l  func t ion :  

E l  = 1 - exp (- - 0.115) . [- d:o '1 
Another equat ion  deduced2' from s i m i l a r  observnt ions  i s  

exp (B d/ds0) - 1 
E l  = 

exp (B d/dS0) + exp f3 - 2 
. (50) 

The cons t an t  f3 was found t o  depend .on t h e  s l u r r y  f eed ;  prev ious  work 

ind ica t ed  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 .  Equation (49) 

and Eq. (50) f o r  f3 = 2.0 and f3 = 3.0  a r e  shown i n  F ig .  33, wi th  t h e  

reduced e f f i c i e n c y  from t h e  experimental  d a t a  determined from t h e  d i f -  

f e r en t i a .1  technfque.  The d a t a  fol low t h e  S-shaped curves ;  however, 

Eq. ( S l ) ,  u s ing  f3 = 3.0 ,  seems t o  f i t  t h e  b e s t .  

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

used i n  t h i s  s tudy  a r e  given i n  F ig .  34 a s  a  func t ion  o f  feed  r a t e  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 iameters  

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  underflow 

stream. As seen i n  F ig .  33, dg5/ds0 ; 2, where f3 = 3.0 .  By comparing 

t h e  experimental  va lues  wi th  t h e  Dorr-Oliver c o r r e l a t i o n  a t  t h e  same 

p re s su re  drop (see  F ig .  34) ,  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 wi th  1 cP s l u r r i e s  appear  comparable t o  t h e  manufacturers  

s p e c i f i c a t i o r i s  . 
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7. CONCLUSIONS 

For the experimental results and data analysis of the performance 

of the 1-cm-diam hydroclone studied, several conclusions can be reached: 

1. Pressure drop increases with increasing feed rate and 

increasing viscosity. The following correlations show 

this result for the fly-ash and test-dust slurries 

tested [viscosities 1-35 cP for fly ash and 1-85 cP 

for test dust) : 

Fly ash: AP = 1.72 x lo-' Qf 1.85 0.079 
IJ 

Test dust: AP = 7.12 x lo-' 1.64 0.066 
f P 

2. For the kaolin-glycerol mixtures (viscosities <13 cP), 

the pressure-dropflow-rate correlation was not affected 

by viscosity. For viscosities other than 1 cP, the 

correlation is 

3. For all slurries with a liquid viscosity of 1 cP, the 

following relationship between pressure drop and feed 

rate agrees well with theoretical and other empirical 

correlations givcn in thc litcraturc: 



4. For most of the experimental runs, volume split and flow 

ratio increased with.an increase in feed rate and viscosity. 

All values of volume split are >0.5, and most are greater 

than unity. 

5. Euler numbers do not vary significantly for this study 

(range from 6.4-16.3). However, Euler numbers decreased 

slightly with increasing inlet Reynolds number, reaching 

a minimum at a N Re inlet range'of lo3 to lo4, and then 

increasing slightly for NRe inlet 
4 >10 . This trend had 

been observed previously in the literature. 

6. Gross and centrifugal efficiency increased with increasing 

feed rate and decreasing viscosity. Therefore, gross and 

centrifugal efficiency increased with increasing Reynolds 

number as follows: 

Test dust: 

Fly ash: G = 0.116 NRe , (44) 0.202 . 

0.905 D = 7.43 x lo-' N~~ (47) 

Kaolin : G = 0.143 NRe 0.153 . Y 

-6 E = 1 . 3 8 x 1 0  NRe 1.179 

7 .  When point efficiency is plotted against particle diameter, 

the data follow the expected S-shaped curve. The inter- 

polated d values, the particle diameter corresponding 5 0 



to a point efficiency of SO%, decreased as the product 

( N ~ e  inlet ) (a-p) /p increased. 

8. Reduced efficiencies for the kaolin-aqueous slurry were 

calculated to characterize the hydroclone operation. The 

following relationship for reduced efficiency was determined 

using the differential method: 

exp (3,0 d/dSn) - 1- 
k i  = 

exp(3.0 d/dSo) - BXP 3.0 - 2 . (55) 

This evaluation of a 1-cm-diam hydroclone studied its performance 

at the limits of operation by combining the parameters of high liquid 

viscosity, micron-sized particles, and small solid-liquid density dif- 

ference (which simulated the properties of coal-derived liquids). As 

mentioned in the literature and concluded in this study, the performance 

criteria of pressure drop and hydroclone efficiency are greatly influ- 

enced by the parameters of interest. The results of experiments with 

test-dust and fly-ash particles illustrate the effects of high liquid 

viscosity. Pressure drop increased with increasing viscosity and feed 

rate; however, the maximum AP which could be attained decreased with 

increasing viscosity. Table 18 compares pressure drop [from Eqs. (26), 

(51). and (5211 , Reynolds number, gross efficiency [from Eqs. (43) - (45)], 

and centrifugal efficiency [from Eqs. (46) -(48j] for test dust, fly ash, 

and kaolin solutions at the same feed rate and the maximum liquid vis- 

3 
cosity studied for each slurry. The feed rate of 2500 cm /min is a 

maximum capacity at viscosities >30 cP. These results in Table 18 show 

that the gross and centrifugal efficiencies are prohibitively low. 



Therefore, liquid viscosities greater than $10 cP are not recommended 

due to the deleterious effects on the pressure drop (flow rate) and 

efficiency. 

Table 18. Comparison of calculated results 
at a feed rate of 2500 cm3/min 

Maximwn liquid Pressure 
viscosity drop 

Solids (cp) (psi) N ~ e  G E 

Test dust 85.0 35.7 591 0.521 0.028 

Fly ash 33.0 44.0 1520 0.510 0.056 

Kao 1 in 12.8 26.6 3930 0.507 0.024 

Thus the results of the kaolin studies, where the liquid viscosity 

was <13 cP and the particle diameters were <10 pm, are particularly 

interesting. The maximum feed rates for liquid viscosities of 1 cP and 

5 12.8 cP are %4000 and 3000 cm /min respectively. Table 19 compares 

pressure drop [Eq. (26)], Reynolds number, and efficiencies [Eqs. (45) 

and (48)] for kaolin at the above conditions. This comparison shows 

the pronounced effect of viscosity on efficiency. Notice, however, that 

the maximum feed rate and lowest viscosity for a kaolin slurry resulted 

in a maximum gross efficiency of 80.5% and centrifugal efficiency of 

83.8%. 

Viscosity has a noticeable effect on the par t ic le -s ize -d i s t r ibu t ion  

curves, as shown in Figs. 6 and 7. As viscosity increases, the smaller 

sized particles are not separated from the bulk fluid to the underflow 

stream. At the most favorable conditions of high feed rate and with a 



liquid viscosity of 1 cP, a dS0 value of 1.3 pm is determined from 

Fig. 34; this corresponds to a dg5 value of Q3 pm. Therefore, at higher 

viscosities it can be assumed that this dS0 value (and dg5) would only 

increase. Therefore, with the most favorable operating conditions using 

3 3 kaolin slurries (a = 2.64 g/cm ) at a feed capacity of 4000 cm /min and 

liquid viscosity of 1 cP, 95% of the particles > 3  pm in diameter can be 

separated to the underfiow stream. 

'I'able 19. Comparison of calculated results for kaolin particles 

Maximum Liquid Pressure 
feed rate viscosity drop 
(cm3/min) (cp) (psi> G E N ~ e  
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Table A-1. Test data for aluminum oxide, test dust, and fly-ash particles a 

Pressure Solids concentration 
Run Viscosity drop Overflow Underflow Overflow rate Underflow rate 

number (cp> (psi) (g/cm3) (g/cm3) (cm3/min) (cm3/min) 

Aluminum Oxide Particles 

3 
(Solids density = 3.72 g/cm ) 

Test Dust Particles 

3 
(Solids density = 2.64 g/cm ) 



Table A - 1  (continued) 

Pressure Solids concentration 
Run viscosity drop Overflow Underflow 0 ~ e r f . L ~ ; ~  rate Underflow rate 

number (cp) (F s i ) (.g/cm3) (g/cm3) (cm3/nin) (cm3/min) 

Test Duct Particles 

(Solids density = 2.64 g/cms) 

0.0394 0.0560 



Tab 1 e A- 1 (continued) 

Pressure Solids concentration 
Run Viscosity drop Overflow Underflow Overflow rate Underflow rate 

number (cp) (psi) (g/cm3) (g/cm3) (cmZ/min) (cms/min) 

Fly-Ash Particles 

3 (Solids density = 2.28 g/cm ) 

''Data obtained from ref. 18. 



Table A - 2 .  Test de ta  f o r  kaol in  p a r t i c l e s a  

P:es sure Sol ids  concentrat ion 
Run Viscos i ty  drop Overflow Underflow Overflow r a t e  Underflow r a t e  

number (cp) (ps i>  (g/cm3) (g/cm3> (cm3!ran) (cmS/min) 



Table A-2 (continued) 

Pressure Solids concentration 
Run Viscosity drop Overflow Underflow Overflow rate Underflow rate 
number (cp) (psi) (g/cm3> (g/cm3) (cm31min) (cmslrnin) 



Table A-2 (continued) 

Run 
Pres.sure So l ids  concentrat ion 

Viscosi  t v  drou Overflow Underflow Overflow r a t e  Underflow r a t e  
number (cp> ( p s i )  (g/cm31 (g/cm3> (cmz/nin) (cmS/min) 

a ~ o l i d s  dens i ty  = 2.40 g/cn3. 
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