
 

Cyclones in industry

Citation for published version (APA):
Rietema, K., & Verver, C. G. (Eds.) (1961). Cyclones in industry: a collection of papers on the principles and
utilization of industrial cyclones, originally presented at the two symposia on this subject, organized in 1953 and
1958 by the Royal Dutch Institute of Engineers and the Royal Netherlands Chemical Society. Elsevier.

Document status and date:
Published: 01/01/1961

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/35233a02-5e65-45ad-8e36-93ad056ca337




SOLE DISTRIBUTORS FOR THE UNITED STATES OF NOR TH AMERICA: 

D. VAN NOSTRAND COMPANY, INC. 

120 Alexander Street, Princeton, N. J. (Principal office) 

24 West 4oth Street, New York 18, N. Y. 

SOLE DISTRIBUTORS FOR CANADA: . 

D. VAN NOSTRAND COMPANY (CANADA), LTD. 

25 Hollinger Road, Toronto 16 

SOLE DISTRIBUTORS FOR THE BRITISH COMMONWEALTH EXCLUDING CANADA : 

D . VAN NOSTRAND COMPANY, LTD. 

358 Kensington High Street, London, W. 14 



CYCLONES IN INDUSTRY 

A COLLECTION OF PAPERS ON THE PRINCIPLES AND 

UTILIZATION OF INDUSTRIAL CYCLONES, 

ORIGINALLY PRESENTED AT THE TWO SYMPOSIA ON THIS SUBJECT,. 

ORGANISED IN 1953 AND 1958 BY 

THE ROYAL DUTCH INSTITUTE OF ENGINEERS AND 

THE ROYAL NETHERLANDS CHEMICAL SOCIETY 

Edited by 

K. RIETEMA 
Professor of Chemical Engineering, Technical University, 

Eindhoven (The Netherlands) 

and 

C. G. VERVER 
Formerly Research Chemist, Koninklijke/Shell Laboratorium, 

Amsterdam (The Netherlands) 

ELSEVIER PUBLISHING COMPANY 

AMSTERDAM - LONDON - NEW YORK - PRINCETON 

196 l 



ALL RIGHTS RESERVED. THIS IlOOK OR ANY PART THEREOF MAY NOT BE REPRODUCED 

IN ANY FORM (INCLUDING PHOTOSTATIC OR MI C ROFILM FORM) 

WITHOUT WRITTEN PERMISSION FROM THE PUBLISHERS. 

Library of Congress Catalog Card Number 61-13132 

With 9 tables and 95 illustrations 

PRINTED IN THE NETHERLANDS BY N.V. DRUKKERU D. REIDEL, DORDRE C HT 



Foreword 

The industrial cyclone is an apparatus that has acquired a unique pos1t1on among 
the various forms of equipment available to the present-day engineer as unit in the 
design of an installation for a chemical or process industry. This fact is due to its 
simplicity of construction, its lack of moving parts, its large capacity and its many 
applications. At the present time it will be rare to find a factory, carrying out a 
chemical or physical process, in which a gas cyclone does not figure, whether for the 
collection of dust or for the purification of air contaminated with a mist of liquid 
particles. The hydrocyclone is now a completely indispensable component in numerous 
process industries, such as those concerned with coal washing, the treatment of ores 
and the manufacture of potato starch. 

The widespread use of the cyclone has become established in spite of certain 
drawbacks that it inevitably must possess alongside its many advantages. These 
include the fact that the cyclone cannot always be scaled up without reducing its 
efficiency, in which case an increase in capacity has to be achieved by connecting a 
number of small cyclones in parallel. As a rule, also, a cyclone causes a considerable 
drop in pressure. Owing to such factors the design of a cyclone is a highly critical 
affair that is generally reserved for specialists, particularly since the practical 'know
how' is usually kept secret by the manufacturers of the apparatus. 

Jn the Netherlands there are a number of industries and consulting engineers that 
have for a considerable time been actively engaged in the development of the cyclone 
and its applications, and it can safely be said that this country has acquired a leading 
position and an international reputation for knowledge in the field . This knowledge 
has found its expression in two symposia on cyclones, organized by the Dutch 
associations concerned with chemical engineering: the Royal Dutch Institute of 
Engineers (Department of Chemical Engineering) and the Royal Netherlands 
Chemical Society (Section for Chemical Technology). 

These symposia ·were held in Utrecht in June 1953 and December 1958 respectively. 
In the opinion of the organizers they presented such a complete review of the present 
status of knowledge about cyclones and their applications that it was considered 
desirable to publish the proceedings in book form. This course is further justified by 
the fact that no book or treatise specially devoted to cyclones has appeared in the 
literature of any country. 

The publication of the joint proceedings of these two symposia obviously presented 
certain difficulties due to the five years' interval between them and the consequent 
advance in knowledge. The editors have attempted to meet these difficulties by a 
new arrangement of the papers, several of which have furthermore been revised by 
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the authors. It should nevertheless be kept in mind that the proceedings of a sym
posium represent the points of view - often mutually divergent - of individual 
investigators, so that various opinions and methods of treatment unavoidably come 
to the fore. However, if properly taken into account, this fact may even be considered 
an advantage in the scientific treatment of a subject. 

The editors gratefully take this opportunity of thanking all the contributors to the 
two symposia for their assistance in the preparation of their papers for inclusion in 
the present book. 

K. RIETEMA 

C. G. VERV ER 
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Chapter 1 

General Remarks on Phase Separations and Classification* 
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H. A. LEN I GER** 

NOTATION 

v~locity of fall in air; 
diameter of particle to be separated; 
acceleration due to gravity; 
radius; 
tangential velocity; 
frictional factor for falling particle; 
force acting on a separate particle; 
dynamic viscosity of fluid; 
density of fluid; 
density of particle to be separated; 
difference in density between particle and fluid. 

INTRODUCTION 

The operations that can be carried out by means of cyclones all belong to the so-called 
mechanical separating methods, serving for the separation of heterogeneous mixtures 
of solids, solids and liquids, solids and gases, immiscible liquids and liquids and gases. 

Since there are many properties in which bodies can differ from one another, and 
which may be used for separating them by mechanical means, there are many mechan
ical methods of separation. Every method also appears in numerous technical forms. 
Generally speaking there is, in a definite case, a choice between several methods of 
separation. This choice, however, is by no means always easy. Once the method to 
be employed has been settled, there still remains to be decided the most suitable 
technical procedure. 

All mechanical separating methods have the common feature that the separation 
attained is only a partial one; a complete separation is seldom or never possible. 

Ff the various types of heterogeneous mixtures are now briefly discussed, it will be 
obvious for which separations cyclones are suitable. The main technical procedures 
will be mentioned; an extensive discussion of the possibilities and existing types will, 
however, not be given. 

* Originally presented as the Introductory Lecture to 2nd Symposium on Cyclones, Utrecht, 
10th December, 1958. 
** Professor of Technology, Agricultural University, Wageningen (The Netherlands). 



2 H. A. LENIGER 

THE SEPARATION OF SOLID FROM SOLID 

The separation of solid bodies is termed grading or classifying. This operation can 
be defined as splitting up a mixture into 2 or more fractions, each of which is more 
uniform in a certain property than the original mixture. From this definition it follows 
that if it is desired to obtain fractions which are uniform in more than one property, 
it may be necessary to employ more than one method of separation. 

Solids can differ in numerous ways. They are often graded on the basis of differences 
in dimensions, shape or specific gravity, but in special cases use can be made of dif
ferences in roughness of the surface, in colour or in magnetic properties, even of 
differences in consistency and similar properties. For all these separations numerous 
types of apparatus - some of them very ingenious - have been developed. A rough 
indication of the various possibilities is given in Diagram I. The following account 
will, however, be restricted to a description of separations according to particle size, 
particle shape and specific gravity, which are by far the most common in practice. 

DIAGRAM I 

SEPARATION OF SOLID FROM SOLID 

(grading, classification) 

I 
According to size, 
shape and specific 

According to various other 
properties 

'"j-it_y ____________ 

1 
Screening Differences in speed 

size of motion in a fluid 
(shape) I 

(spec. gravity) 

I 
Differences in 
steady rate of 

fall 

I 
I I 

I 
According to wettability 

(flotation) 

I 
Differences in 

acceleralion or 
retardatiGn 

I 

Pnewnalic Hydraulic 
c/assijica1io11 c/assifica1io11 

The processes employed for this purpose can be divided into two groups: 
(1) Screening, in which use is made of the fact that particles pass through holes 

of a certain size and shape. This results in a separation chiefly according to size, and 
to some extent according to shape and specific gravity. 

(2) Processes based on differences in velocity of the particles in a fluid ('liquid or 
gas). In this group of methods a distinction can again be made between those employ
ing: 
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(a) differences in the velocity of free fall (uniform motion) and 
(b) differences in acceleration or retardation. 

3 

fn the processes classed under (2) dimensions, shape and specific gravity play a part. 

Screening 

This i.s so well known that little need be said about it. The object of screening is 
always primarily a classification according to size. However, depending on the move
ment of the screen, the shape of the holes, the load and similar factors it is often 
possible to effect a far-reaching separation according to shape, whilst screens can 
even be used to classify somewhat according to specific gravity. In screening it is not 
unusual to employ an auxiliary fluid, the solids being suspended in a liquid or gas. 

The very old technique of screening has in recent years undergone important im
provements. Vibrating screens are employed to an increasing extent, whilst screening 
methods with stationary or rotating curved surfaces have been developed, in which 
centrifugal forces exert a certain influence. Screening is not limited to the use of wire 
mesh sieves and perforated plates, but also employs grids formed by bars, tapering 
slots, etc. Finally, screening can frequently be combined with pneumatic classification. 
This technique therefore offers a great many possibilities. 

Pneumatic or hydraulic classification 

When use is made of differences in the velocity of particles in a fluid we speak of 
pneumatic of hydraulic classification. Classification may also be effected by differences 
in acceleration or retardation ; this will, however, occur only if the path covered by 
the partjcles is very short. In the types of apparatus most often employed for these 
processes the path covered by the particles is so long that the classification may be 
assumed to depend mainly on differences in the rates of free fall. 

It can be stated roughly that spherical particles of at most JOOµ in air, and up to 
100 µ (or slightly more) in water comply with Stokes' law, according to which the 
rate of fall is proportional to the square of the particle diameter and inversely propor
tional to the viscosity of the fluid (this presupposes laminar flow and resistance due 
to friction only). Up to a particle diameter of about 2.5 mm in free fall through air, 
and up to about 4 mm in free fall through water we have a transition range (l < Re 
< 1000) in which there is both a frictional resistance and a shape-resistance. Above 
these dimensions the resistance factor is 0.43 and the rates of fall can be calculated 
by Newton's law; the rate of fall is then proportional to the square root of the diam
eter and independent of the viscosity; there is complete turbulence, and the frictional 
resistance is negligibly small with respect to the shape-resistance. In practice one is 
often concerned with the transition range, in which the rate of fall cannot be calculated 
directly, because the resistance factor depends on Re, whilst Re in its turn is deter
mined by the unknown rate of fall (cf Diagram II). In practice, as a matter of fact, 
suspensions are seldom so dilut~ and the particles are seldom so spherical that the 
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DIAGRAM II 

Re CALCULATED FOR PARTICLE 

JO 102 

Tra11si1ion 

a = J-~-~ dg 3 c,,, (!f 

Cw = f(Re) 

Frictional resistance 

+ 
shape resistance 

J03 

For spherical particles, very low concentrations. 

]Q4 

Region of 
Newlon 

J05 

a = 1.74JLlo dg 
(! f 

Cw = 0.43 

Shape resistance 

With non-spherical particles, Cw becomes greater, deviation increasing with increasing Re. 
In a centrifugal field the fall velocities increase with the factor v2/gr, Re increasing with the same 
factor. 

rates of fall can be calculated accurately by means of the simple equations of Stokes 
and Newton. In spite of many investigations too little is still known about the in
fluence of concentration and particle shape. Furthermore it must be assumed that the 
nature of the surface of the particles will also have a certain influence on the rate of 
fall. If we finally consider that phenomena such as flocculation often occur, it is 
obvious that calculations of rates of fall can only serve as rough guides. Experiments 
are generally necessary and usually involve many difficulties, which are already en
countered in the analytical determination of the particle sizes and particle size 
distribution. 

lt can easily be argued that there must be important differences between classifica
tion by sedimentation in the regions of Stokes and Newton, and between grading in 
water or air. 

If the specific gravity of all particles is the same, classification according to particle 
size is easiest in the region of Stokes ; furthermore the rate of fall in air is about I 00 
times as large as in water. 

The separation of particles having the same dimensions but different specific 
gravities is also simpler in the region of Stokes than in the Newtonian region, whilst 
in this case water is preferable to air. The separation can further be improved by 
increasing the specific gravity of the liquid. Finally a liquid of such a specific gravity 
may be chosen that the lightest particles float and the heaviest sink. Tn the general 
case, where both the dimensions and the specific gravity differ, the starting material 
for classification according to specific gravity should be a mixture of not too wide 
a range in particle size; such fractions should previously have been made by screening. 
For pneumatic classification these screen fractions should then be far narrower than 
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for hydraulic classification, and in the region of Stokes they should again be narrower 
than in the Newtonian region. Very fine powders are therefore difficult to classify. 
In hydraulic classification it is possible to improve the separation by increasing the 
specific gravity of the liquid, whilst hindered sedimentation in concentrated suspen
sions can also be utilized (cf Diagram HI). 

DIAGRAM Ill 

(!) CLASSIFICATION ACCORDING TO PARTICLE SIZE (SPEC. GRAVITY THE SAME) 

Stokes : m = 2 Newton: m = t 

This separation is easiest in the region of Stokes, and is easier in air than in water. 

(2) CLASSIFICATION ACCORDING TO SPECIFIC GRAVITY (PARTICLE SIZE THE SAME) 

Stokes (air) 

i!Sl 

(!s 2 

Stokes (water) 

a1 (! s1- l 
- ---

a2 e .. 2- l 

Newton (air) 

~= (~)} 
a2 (! s 2 

This separation is easiest in the region of Stokes; water is preferable to air. 

Newton (water) 

a1 (i!s1- l )! 
-;;-; = e ,2- I 

(3) CLASSIFICATION IN THE CASE OF DIFFERENT SIZE AND SPEC. GRAVITY 

Total separation according to spec. gravity is reached if: 

di max (1!•2 - l!J)" ---·< 
d2 mux Qs l - {!J 

Stokes: /1 = t, Newton: /1 = 1 

In the region of Stokes narrower screen fractions have to be used than in the Newtonian region; 
for pneumatic classification the screen fractions must be narrower than for hydraulic classification. 

Remark: In the transition zone the above becomes much more complicated, because in that case 
Cw enters into the equations. 

Not much can be said in a quantitative sense about the influence of particle shape. 
In principle a separation by sedimentation according to shape is possible. The rates 
of fall of particles departing from the spherical shape are generally considerably 
smaller than those of spherical particles. The differences become larger with increasing 
Reynolds' number; it follows that separation according to shape is best carried out 
in the Newtonian region. 

So far it has implicitly been assumed that the sedimentation of particles in air or 
water takes place under the influence of the gravitational force. In many forms of 
apparatus, however, this force has been replaced by a centrifugal force . It should be 
realized that rates of fall then increase by a factor v2/g, but that also the Re-number 
increases to the same extent. Consequently it is possible for a particle to fall according 
to Stokes under the influence of gravity, whilst moving according to Newton in a 
centrifugal field. There is hence a difference in principle between sedimentations by 
gravity and in a centrifugal field . Sedimentations proceeding more readily in the 
Newtonian region can best be performed in a centrifugal field; conversely, those 
proceeding better in the region of Stokes will preferably not be carried out with a 
centrifugal force . Naturally, however, the use of a centrifugal field has the advantage 
that the rates of sedimentation are far higher, a fact of most importance for small 
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particles; when utilizing a centrifugal force the times of residence and dimensions of 
the apparatus become far smaller. 

It can be computed how long it takes for the steady velocity of fall to be approached 
and how long the path that is then covered by the particle will be. If this is done it 
is found that in some forms of apparntus the phenomena occurring during acceleration 
are by no means negligible; it is even true that there are certain types of equipment 
in which the separation obtained is largely due to these phenomena. During accelera
tion the influence of the specific gravity predominates (the frictional resistance is then 
relatively small); by making the path traversed very short it is hence possible to grade 
particles of varying size according to specific gravity. The shape of the particles has 
some influence in this process. 

Pneumatic classification 

This is sometimes also termed wind-sifting; it can in principle be carried out in the 
following ways (cf Diagram IV): 

I 
Horizontal 
air current 

DIAGRAM IV 

SEPARATION BY PNEUMATIC CLASSIFICATION 

Pneumatic classification 

(wind-sifting) 

I 
Gravity 

I 
I 

Vertical 
air current 

Cyclone 
'---- -

unsharp separation 
(fractional 

classification 
curves not 

sufficiently steep) 

I 
Centrifugal force 

I 
Old type of wind-sifters 

(air current poorly-defined) 

Under the influence of gravity: We can here again distinguish: 

I 
Modern 

windsifters 
(well-defined 
air current) 

(a) Classification by rates of fall in a horizontal air current (a winnow) ; in this way 
several fractions may, if desired, be obtained in one operation. The difficulty lies in 
obtaining a sufficiently uniform air current (cf Fig. 1 ). 

(b) Classification by blowing a horizontal current of air through a very restricted 
height of a material falling vertically in a thin layer (Fig. 2). This is a typical example 
of an operation in which the acceleration of the particles predominates, though the 
method is of course also suitable for blowing dust from coarse material. One apparatus 
in this case gives 2 fractions. 
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air 

supply of 
material 

'-i _____ _ 

Fig. J. Pneumatic classification into various fractions by means or a very uniform 
horizontal current of air. 

supply of 
material 

l:,1 
\. __ , :~:{'. 

( 

fraction 1 

7 

Fig. 2. Pneumatic classification into 2 fractions by means or an air current which is blown through 
a thin layer or material falling vertically. 

(c) Classification in an upward vertical current of air, the velocity of which is so 
adjusted that the fine fraction is carried upwards, whilst the coarse fraction falls down 
(Fig. 3). This method again gives but two fractions per apparatus. In principle it is 

a good method, but it is not easy to obtain a uniform current of air. 
(d) An attractive method, which does not strictly fall under pneumatic classification, 

but is also based on differences in the rate of fall, is the use ofan apparatus for projecting 
the material, larger and heavier particles being thrown to a greater distance than 
smaller and lighter ones (Fig. 4). 

With the aid of a centrifugal force: Obviously this will be most utilized for particles 
of small dimensions. 

(a) In the first place one must here consider a cyclone, of which the dimensions and 

operational conditions are so chosen that the fine fraction passes through the overflow 
and the coarse one is obtained in the underflow. A cyclone is not a good pneumatic 

classifier; the fl.ow is so complicated that there is no question of a sharp separation 

(in other words the curves for the amounts of fractions collected are not steep enough). 
(b) Many manufacturers construct pneumatic classifiers of the type shown in Fig. 5, 
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supply of air 

Fig. 3. Pneumatic classification into 2 fractions by means of a rising air current 
through falling material. 

.. ----,..;".:'- - ... 

', ',, 
\ 

' \ 

' I I I ' 
\ 

~ 
' ' 

fract;:~ 2 ::~~tion 1 

Fig. 4. Classification by using an apparatus which throws heavier and larger particles 
farther than lighter and smaller ones. 

some with a built-in fan, some with an external fan. In such an apparatus a current 

of air circulates through a thinly spread-out layer of the material to be classified: 

two fractions are obtained. The flow is here again very complicated and poor separa

tions result. 

(c) In modern pneumatic classifiers, as constructed by several firms, use is made 

of a much more closely defined, two-dimensional spiral air current in a flat, cylindrical 

box. The principle is shown in Fig. 6. The suspension of particles is introduced tan

gentially; coarse particles are removed at the periphery, fine ones are taken off axially 

with the air current. As in the classification in a rising air current, 2 forces operate 

on the particles: the centrifugal force and the drag in the axial direction. The former, 

Ki, is proportional to the square of the tangential component of the air speed and 

to the mass of the particle, i.e. to d 3 ; the drag, K2, is proportional to the diameter of 

the particle (in the Stokes region) and to the radial component of the air current. 

The ratio of these forces is everywhere the same if an Archimedean spiral is involved; 

as the radius of the orbit decreases the air velocity increases. In the case of a particle 

with a certain rate of fall there is equilibrium between the forces; particles with a 
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fraction 1 
(coarse) 

supply of material 

V, 

fraction 2 
(fine) 

Fig. 5. Pneumatic classification with the aid of a rotating disc and a ventilator. 

Fig. 6. Pneumatic classification by means of a spiral air current in a flat cylindrical box. 

9 

greater rate of fall move outwards, particles with a smaller rate of fall move inwards. 
In theory there is hence a sharp separation and in practice this is also closely approached. 
The separation in a cyclone is fundamentally based on the same principle, but the 
flow in a cyclone is more complicated and a less sharp separation is therefore obtained. 

Hydraulic classification 

Jt stands to reason that the technical execution of hydraulic classification bears a 
great resemblance to that of wind-sifting. Hydraulic classification can also be carried 
out under the force of gravity or by means of a centrifugal force (see Diagram V). 
Continuous classification under gravity : In this case one thinks in the first place of a 
simple settling tank, through which the aqueous suspension is slowly passed, so that 
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Sedimentation 
tank 

I 
Thickener 
(unsharp 

separation) 

Horizontal 
+ vertical 

water 
current 
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DIAGRAM V 

SEPARATION DY HYDRAULIC CLASSIFICATION 

Hydraulic classification 

I 
Gravity Centrifugal force 

I 

I 

I 
Upward 

water 
current 

Gutters 
(acceleration) 

I 
Heavy liquid 
(separation 

according to 
spec. gravity) 

I 
Clarifier 
(unsharp 

separation) 

I 
Pulsating 

current of liquid 
(acceleration, separation 

according to spec. gravity) 

Hydrocyclones 

(Advantages: simplicity, 
flexibility , high shearing 
stresses. Disadvantages : 
both fractions in low 
concentration; suitable for 
low viscosity only.) 

various fractions collect on the bottom. This method therefore corresponds to that 
of wind-sifting in a winnow, as shown in Fig. I. When using a liquid it is, however, 
still more difficult to obtain a properly uniform current. 

Simple sedimentation is sometimes also performed in very shallow, gently sloping 
gutters. Jn such a process the differences in acceleration of the particles play an 
important part. 

When we are concerned with a separation into 2 fractions the use of a so-called 
thickener seems indicated . As is well-known, a thickener is a cylindrical tank with a 
continuous central feed . The conditions of operation can be so chosen that the 
coarse material settles, whilst the fine material is carried away with the current of 
water over the edge of the thickener. Such an apparatus is, however, a bad classifier 
because the current is uniform neither in a radial nor in a vertical sense. A sharp 
separation is therefore not realized. 

It is far better to classify in a vertical current of water. Two fractions are thus 
obtained: one of all particles falling faster and one of all particles falling more slowly 
than the velocity of the liquid. This method has already been depicted diagrammat
ically in Fig. 3. 

There are various forms of apparatus in which a combination of a horizontal and 
a vertical current of water is employed. So many possibilities exist in this respect that 
they cannot possibly all be mentioned. Only one example, that shown in Fig. 7, will 
be given. 

If it is desired in particular to classify according to specific gravity, it is possible 
in the first place to use a liquid in which the light particles float and the heavy ones 
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/ _supply 

Fig. 7. Hydraulic classification with the aid of an upward countercurrent. 

settle. A second possibility lies in employing a settling tank with an inlet above for 

the suspension and an inlet below for a small amount of water, the concentration of 
the suspension of heavy material being chosen to be so high that the light particles 
float upon it and are removed with the overflowing water. Jn a third method the 

difference in acceleration of specifically light and heavy products is employed. This 
is done by submitting a layer of the mixture, consisting of particles of approximately 
equal size, to a pulsating water current. The specifically heavy particles then concen

trate in the lower part of the layer and the specifically light particles in its upper part. 
The principle is shown in Fig. 8; various types of apparatus are again possible. 

supply 

t
••" o-' ~•<>•o-o c•••••.•,. . 

~o~~··:~:~~.o o~ o_.n. ~:0• .. ·-.~;--- light product ·.,.i Q•c:oa. .. C) #'o • o t1<)04°J'..,~l - --------~--~~~fl~· 

pulsating l ~ 
stream of liquid heavy product 

Fig. 8. Hydraulic classification with the aid of a pulsating vertical stream acting on the 
horizontal flow of material. 

With the aid of a centrifugal force: fn hydraulic classification it is possible to utilize 
centrifugal forces in various ways. The most obvious is the use of so-called clarifiers, 
employing either a cylindrical bowl or a bowl with plates. These types of equipment, 
however, have to some extent the same disadvantage as a thickener: for purposes of 

classification the flow is not sufficiently uniform, so that a sharp separation is not 
obtained. In other words it is not possible to choose the operating conditions in such 
a way that particles having more than a certain rate of fall are deposited (and some

times removed continuously), whilst particles with a lower rate of fall are carried 
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away with the overflow. If this were the case, clarifiers would certainly be widely 
employed, as they have the advantage over other types of apparatus that the sediment 
can be removed in a highly concentrated form. 

Hydrocyclones: For hydraulic classification the so-called hydrocyclones are now 
used with much success. Hydrocyclones have the advantages of simplicity and flexibil
ity, so that the results may be modified by altering various operating conditions. As 
opposed to other types of apparatus they are better for classifying than for clarifying. 
The reason is that the high shearing stresses in a hydrocyclone promote the suspension 
of the particles and oppose flocculation . A disadvantage lies in the fact that both the 
fine and the coarse fractions are obtained as suspensions of relatively high dilution. 
Furthermore, they only operate well with a medium of low viscosity. 

Strange to say hydraulic classification has up to now, as far as the author is aware, 
not been carried out with a flow approximating to the two-dimensional type, as in 
modern wind-sifters. Actually hydrocyclones exist in numerous forms, but these do 
not differ in principle. 

Flotation: Finally reference may be made to a totally different method of classifying 
solids, independent of particle size, specific gravity and shape; this is the method of 
flotation, in which separation is based on the fact that certain particles - either as 
such, or after the addition of chemicals - are wetted better than other particles. If 
finely divided air is blown through the suspension the air bubbles attach themselves 
to the water-repelling particles, whilst the wetted particles do not retain air bubbles. 
The result is that the unwetted, air-laden particles rise to the surface and the others 

settle out. 

THE SEPARATION OF SOLID FROM LIQUID 

The separation of solid bodies from liquids differs from the previously discussed 
group, hydraulic classification, in the fact that the latter process uses a liquid as the 
auxiliary medium for effecting a separation between solids, whilst in the former it is 
the object to separate a heterogeneous mixtur~ into 2 fractions , one of which is a 
clear liquid, whilst the other contains all the solid matter together with a certain 
amount of liquid. From this definition it is clear that the separation is never complete: 
it is impossible to separate a solid from a liquid completely by mechanical means. 
It can also be said that a solid-liquid mixture can be separated mechanically into 2 
fractions of which one contains no solid and the other has a higher concentration of 
solid than the original mixture. (Hence the name 'thickening'.) 

The separation of solid from liquid can be executed in many very different ways 
(cf Diagram VJ). Leaving the simplest method - viz. draining - out of consideration, 
the first to be taken into account is sedimentation. This operation can be done with 
the aid of gravity or of a centrifugal force. The term sedimentation is used to denote 
the process of allowing a solid to settle out from a solid-liquid mixture, so as to form 
2 layers: a concentrated suspension of the solid substance and above this a clear 
liquid. Another method is filtration, in which a porous medium is used that allows 
the liquid to pass, but retains the solid. Filtration can be done by using pressure or 
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DIAGRAM VI 
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(Disadvantages : high shearing stresses; low 
underflow concentration; particles must be 

larger than a few µ.) 

(Advantages: shearing stresses relatively low; 
high concentration of thickened product; 

small particles removable). 

vacuum, or with the aid of a centrifugal force. Finally, a totally different procedure 
is that of expressing, which consists in compressing a mixture of solid and liquid in 
a suitable apparatus that allows the liquid to escape whilst retaining the solid. 

These methods differ considerably in several respects, for instance in the most 
suitable initial concentration and the attainable final concentration of the solids, 
hence in the completeness of the separation. A fundamental difference between sed
imentation on the one hand and filtration and expressing on the other is also that the 
first method is only possible if there is a difference in specific gravity between the 
solid and liquid; in the latter 2 methods this is of no importance. 

Sedimentation or classification. This can be regarded as an extreme case of hydraulic 
classification, the aim being to allow all solids to settle and to obtain a clear overflow. 
The devices used for the two operations have hence many features in common. 
Nevertheless, the problem in classification is different from that in clarification. In 
the former case it is often difficult to prevent conglomeration of the particles; in 
clarification all sorts of measures are frequently adopted to promote flocculation. 

When dealing with suspensions of very fine particles an obvious measure to be 
adopted consists in accelerating sedimentation by centrifugal force. There is then a 
choice between hydrocyclones, in which a rotation of the suspension is produced by 
introducing it tangentially into a stationary apparatus, and centrifuges (here termed 
clarifiers), in which the liquid is caused to rotate by a revolving drum. 

A hydrocyclone can thus serve as a thickener. By a proper selection of dimensions 
and operating conditions it can be made to function in such a way that the underflow 
contains all solid particles, whilst the overflow is clear and constitutes the greater part 
of the liquid. The concentration of the underflow cannot, however, be raised to a 
high value, and a hydrocyclone can further only be used as thickener for suspensions 
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of not too small particles (the minimum is a few µ ; if a high pressure is available, 
however, very small particles can in principle be removed). Furthermore it may be 
considered a disadvantage that high shearing stresses, preventing flocculation, occur 
in a hydrocyclone, whilst flocculation may actually be an important factor for 
thickening. 

Centrifugal clarifiers can separate off far smaller particles than hydrocyclones. Given 
a difference in specific gravity, there is scarcely a limit to the separating ability. By 
enhancing the centrifugal force and increasing the residence time, if necessary by 
working in batch, extremely small particles may be removed (ultra-centrifuges). A 
disadvantage of centrifugal clarifiers with respect to cyclones is the presence of moving 
parts in the former. 

Filtration 

In the scope of this book it is not necessary to dwell on the subject of filtration, which 
can be regarded as an extreme case of screening. The most characteristic difference 
between clarification and filtration has already been mentioned: in the latter process 
a difference in specific gravity between solid and liquid is not essential. In filtration 
the object is in principle always the production of a clear filtrate . Theoretically it is 
possible in all cases to separate the solid particles completely from the liquid; in ultra
filtration through membranes, even colloidally dispersed particles are removed from 
the liquid . One can go a step further and regard dialysis as an extreme case of filtration; 
in this case the driving force, however, is not a difference in pressure, but a difference 
in concentration. 

The choice between various types of filters, including centrifugal filters, etc., is 
determined by the amount of the suspension to be filtered and the concentration of 
solids in it. 

The most complete mechanical separation of solid from liquid is obtained by 
expressing, but this method has so little connection with the subject considered that 
it can be disregarded altogether. 

THE SEPARATION OF SOLID FROM GAS 

When discussing this subject we usually have one of 2 operations in mind: the removal 
of relatively small amounts of solid particles from large amounts of gas, or the removal 
of relatively small amounts of gas from large amounts of solids. Jn the latter case we 
speak of the degassing of solids, an operation that will not be considered here. Only 
the separation of small amounts of solids from large amounts of gas will be dealt with, 
i.e. the process of dust separation. 

Dust separation 

Just as clarification can be regarded as an extreme case of hydraulic classification, 
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dust separation can be called an extreme case of pneumatic classification. The prin
ciple methods employed (see Diagram VII) are: 

I 
Much solid, 

little gas 
(degassing) 

I 
Sedimentation 

I 
Gravity 

DIAGRAM VII 

SEPARATION OF SOLID FROM GAS 

I 
Collision 

(against obstacles, 
which may be wetted 
with oil or water; 
against droplets, etc.) 

I 

i 
Filtration 
through cloth 

(removes particles 
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through granular 
material (which 

may be wetted with 
oil or water) 

Centrifugal force 

I 

I 
Much gas, 

less solid if the 
particles are small: 

Dusi separation 

I I 
E/eClrical Combined methods 

I 

(for particles down to ca. 
100 11, dust-chambers 

with or without 
horizontal partitions) Gas cyclones J 

Special centrifugal 

(for particles of 5 µ - 200 11, 
with or without 
the aid of water) 

ventilators 
(with or without 
the aid of water) 

(1) settling, either under gravity or with the aid of a centrifugal force; 
(2) collision with solids or liquids; 
(3) filtration; 
(4) electrical means. 

Combinations of these principles are also employed. 
In dust removal it is always advisable to eliminate the coarsest (usually the major) 

part of the dust first with a simple apparatus, and then if necessary - i.e. if the dust 
is harmful, dangerous or valuable - to collect the fine dust in a separate device. The 
reason is that the collection of fine dust becomes disproportionately more difficult 
and costly, and that the apparatus carrying out this operation should not be loaded 
with dust that can be removed by simpler means. 

Settling by gravity 

This method is obviously applicable only if the particles are not too fine. So-called 
dust chambers are hence used only for the separation of particles of about 100 µ or 
more. For smaller particles the dust chambers would become excessively large. A 
dust chamber, can, however, be improved considerably by providing it with horizontal 
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partitions, which greatly shorten the vertical path to be covered by the falling particles. 
If n partitions are placed in a certain chamber, it is possible to separate (under other
wise identical circumstances) particles that are y'n times as small. Tt can also be stated 
that by incorporating n horizontal partitions the volume of air to be treated can be 
increased n times, the diameter of the particles to be removed being maintained. A 
diagram of a dust chamber with horizontal partitions is given in Fig. 9. 

gas 
exhaust 

Fig. 9. Dust chamber with horizontal partitions. 

With the aid of a centrifugal force 

Very fine dust particles must, of course, be removed with the aid of a centrifugal force. 
This can in principle again be done in 2 ways: the gas can be introduced tangentially 
with high velocity into a cylindrical space, or the gas can be brought into rotation 
by a revolving impeller. The first principle again leads us to the use of cyclones, the 
second to centrifugal ventilators of special construction. The latter are used very 
little and can be 1left out of consideration. 

Cyclones are the devices by far the most widely used for dust separation. Dust 
cyclones greatly resemble the hydrocyclones previously discussed. They are, however, 
appreciably larger, since the kinematic viscosity of air is about 15 times as large as 
that of water. If, therefore, one has a dust cyclone with the same Reynolds' number 
as a hydrocyclone, the diameter of the former will have to be 15 times as large as that 
of the hydrocyclone. Furthermore the volumes to be treated are far larger in a gas 
cyclone than in a hydrocyclone, whilst the difference in specific gravity is greater. In 
a dust cyclone there is an inlet for the gas and an overflow; no gas flows through the 
underflow, but only solid matter, which is usually removed with the aid of a rotating 
weir. The gas therefore flows out quantitatively through the overflow, and it is the 
intention that the solid matter is obtained quantitatively at the apex. If, however, a 
gas cyclone is used for classification, the underflow contains gas together with coarse 
dust, and the overflow gas plus fine dust. 

As in the wind-sifter previously discussed there are two opposed forces operating 
in a dust cyclone. The centrifugal force causes the particles to move in the direction 
of the wall; the gas flowing towards the core of the cyclone tends to carry particles 
to the centre and remove them through the overflow. The net resul t depends on the 



PHASE SEPARATIONS AND CLASSIFICATION 17 

magnitude of both forces. If we consider particles of a certain specific gravity and cer
tain dimensions, the amount collected in a cyclone thus in the first place depends on 
the centrifugal force; this becomes larger as the inlet velocity becomes higher and the 
radius of the cyclone becomes smaller. The inward radial drag force is dependent on 
the amount of air fed in with respect to the volume of the cyclone. This ratio also 
determines the residence time in the cyclone. A long residence time is associated with 
a slow flow of air to the core of the cyclone and vice versa. If the residence time is 
long, the particles have a long time available for settling, whilst the associated slow 
rate of flow causes the drag to be small with respect to the centrifugal force. Both 
factors co-operate towards the collection of smaller particles. 

From the foregoing it follows that a larger amount will be collected, firstly, by 
reducing the inlet opening of a particular cyclone without altering the air speed. A 
second possibility of improving the 'catch' lies in reducing the diameter of the air 
outlet. A third possibility is a proportional reduction of the dimensions of the cyclone. 
The force of drag, which is proportional to the air velocity, is the same for a large 
or a small cyclone, but the centrifugal force is inversely proportional to the radius 
and is hence larger for a small than a large cyclone (for more details, see Chapter 5). 

The performance of cyclones can best be judged from the partial catch figure curves. 
Below a certain particle size, depending on the type of cyclone and the operational 
conditions, the amounts collected drop rapidly. In general it can be said that a good 
cyclone should catch particles of 20 µand larger almost quantitatively. Many. cyclones 
collect an appreciable percentage of particles of about 51-1, but below this figure the 
catch is generally small. The range covered by dust cyclones therefore lies between 
a few p and about 200 µ. 

Collision 

The separation of particles by collision depends on the fact that they possess a certain 
inertia in a current of air. When the direction of the air current is suddenly altered 
by placing obstacles in thjs current, a portion of the dust will collide with these 
obstacles and be deposited on them. This principle is illustrated in Fig. 10 and is 
used particularly for catching coarse particles. Various simple forms of apparatus are 

Fig. 10. Principle of the separation of particles by collision. 
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»» > > 

Fig. 11 . Types of apparatus for the separation of particles by collision. 

available for this purpose (lf Fig. 11). With more efficient equipment particles of 
about 50 µ can even be caught with high gas rates (approximately 20 m/sec). The 
resistance then, however, becomes high and the apparatus is difficult to clean. On the 
other hand we have the advantage that the devices can easily be built into pipe-lines. 

Filtration 

For catching very fine dust, down to about 1 µ, filters made of cloth (usually wool) 
are often used. Bag filters are the commonest form. The particles retained by such 
filters are far smaller than the pores of the cloth. A layer of dust (a filter cake) rapidly 
collects on the cloth and serves as the actual medium of filtration. The mechanism 
of this separation is thus comparable to that of a wet cake filtration. Bag filters are 
generally placed behind cyclones and are used in particular if the dust is to be obtained 
in a dry form. 

The term filtration could also be used when dusty air is passed through a bed of 
granular material, for instance coke or gravel. In their flow through the granular bed 
the particles are separated by collision, settling, 'absorption' and so on. This method 
is useful for removing very fine dust, but the resistance of the bed is considerable 
and it is very difficult to recover dust from the filter medium. 

Very fine dust can also be caught by employing an auxiliary liquid such as oil or 
water. The air is passed through a material with a large surface, covered for instance 
with a film of oil, to which the dust adheres. As support for the oil one can use 
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Raschig rings, metal turnings, or closely packed metal foil. An example of the latter 
type is shown in Fig. 12. 

Fig. 12. Separation of very fine dust on metal foil moistened with oil. 

Dusty air may be washed with water in 2 cases : if the dust is valueless, and if the 
dust-laden water can be recycled into the plant. The apparatus concerned is generally 
known as an air washer. Numerous forms of these devices exist. The simplest method 
is to spray water into a centrifugal ventilator, into a cyclone, or, more usually, into 
a current of the dust-laden air. The dust particles are separated by collision with the 
drops of water. The water can also be made to flow over surfaces (partitions) on 
which the particles are then deposited. Another method consists in sucking away the 
air by a water-jet pump; in this way the dusty air is very intimately mixed with the 
water. Finally there are numerous devices in which the washing of air is combined 
with the action of a cyclone; they are usually termed cyclone scrubbers. An example 
of such an apparatus is illustrated in Fig. 13. 

Fig. 13. Example of a cyclone scrubber. 

Electrical methods 

It is well known that electrical methods are employed for removing very fine dust, 
but these procedures will not be considered here. Combinations of electrical methods 
and others, previously discussed, are also utilized. 

THE SEPARATION OF LIQUID FROM GAS 

In this case, again, we can consider 2 possibilities: the separation of a small amount 
of gas from much liquid (i.e. de-gassing or de-aerating a liquid), and the separation 
of droplets from a gas, viz. of relatively little liquid from much gas. Only the latter 
type of separation will be discussed. 
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The removal of droplets from a gas is in general simpler than that of dust, and can 
be carried out in principle by the same methods. Jn the majority of cases those 
employed are the collision against partitions, the passage through granular beds and 
through cyclones. The use of cyclones is dealt with in Chapter 7. 

Cyclones are particularly suitable for catching middle-sized droplets. Very large 
drops are more easily separated in simpler devices, of which Chapter 7 gives examples, 
and of which two further types are shown in Fig. 14. Very small drops will not be 

Fig. 14. Forms of apparatus for the separation of droplets from gases 
by collision against partitions. 

separated well by a cyclone. It is also not impossible that a cyclone may divide droplets 
into smaller ones. 

A survey of the methods for separating liquid and gas is given in Diagram VHI. 

Much liquid, 
little gas 

(degassing) 

DIAGRAM VIII 
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danger of dispersion 

of the droplets) 
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THE SEPARATION OF LIQUID FROM LIQUID 

This case appears to be restricted to the separation of emulsions; the separation, i.e. 
the classification of droplets according to their size or specific gravity is not, so far 
as the writer is aware, a technical problem. 

In cases where the droplets of one liquid in another are very small, as in stable 
emulsions, the separation is a very difficult problem. Fundamentally the same dif
ficulties occur here as in clarification. An attempt is usually made to enlarge the 
diameter of the droplets by some degree of coalescence. 

In principle the separation can again be brought about by settling, either under 
gravity or with the aid of a centrifugal force (see Diagram JX). Lt makes no difference 

DIAGRAM IX 
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here whether the droplets sink or rise in the other liquid. Gravity is seldom used; a 
centrifugal force can again be obtained by the tangential introduction of the mixture 
at a high velocity into a stationary cylindrical space, or by passing it into a rapidly 
rotating drum. In practice one consequently uses either a cyclone or a so-called 
separator. 

The separation of emulsions in a cyclone is discussed in Chapter 9. In this applica
tion of cyclones difficulties arise because emulsions generally have complicated rheo
logical properties and fairly high viscosities, and further because the shearing stresses 
in a cyclone arc so high that there appears to be a danger of comminution of the 
droplets. If this occurs, a cyclone will function more as a homogenizer than as a 
separator. 

ln practice centrifugal separators are used quite generally, either with a cylindrical 
bowl or a disk bowl. In these devices it is possible to alter the position of the interface, 
the so-called neutral zone. By this means the residence times of the light and heavy 
liquids in the separator may be varied. If the neutral zone is brought close to the 
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axis of the separator, the light component is exposed for a short time to a low centrif
ugal force and the heavy component for a long time to a high force. Conversely, the 
use of a large radius for the interface causes the light component to be submitted for 
a long time to a higher force . 

From the foregoing summary of the mechanical separating methods it follows that 
cyclones can be used for the following purposes : (l) the pneumatic or hydraulic 
classification of solids; (2) concentrating (thickening) suspensions of solids in liquids; 
(3) dust separation; ( 4) separating droplets of liquids from gases ; (5) separating 
emulsions. 

Among these applications hydraulic classification and dust removal are those in 
which cyclones are the most useful. 



Chapter 2 

Efficiency of Phase Separations* 

H. J. VAN EBBENHORST TENGBERGEN ** AND K. RIETEMA *** 

NOTATION 

d particle diameter; 
ds required separation diameter; 
dso 50 % separation diameter; 
E efficiency number; 
E.-r,y efficiency number at 2 specific parameters x and y; 

Ex .. - xn + l = fractional efficiency for the fraction between the parameter values Xn 

and Xn+i; 

g(x) distribution function over parameter x in component g; 

Go feed rate of component g; 

G1 flow rate of component gin outlet stream I; 
G2 flow rate of component gin outlet stream 2; 
h(y) distribution function over parameter y in component h; 

Ho feed rate of component h; 
H1 flow rate of component h in outlet stream I; 
H2 flow rate of component h in outlet stream 2; 
j amount of stream I as a percentage of the feed; 
o fraction of the feed consisting of compound h; 
p fraction of stream I consisting of compound h ; 
Q throughput of separation apparatus; 
Qs volume rate of solids in feed of cyclone; 
U total underflow rate (by volume) of cyclone; 
a fraction of component g in the feed; 
fJ fraction of outlet stream I consisting of compound g; 

y fraction of outlet stream 2 consisting of compound g; 

e minimum porosity of concentrated solids. 

• The contents of this chapter were in part presented at the first Symposium on Cyclones, Utrecht, 
3rd June, 1953, and in part published in Chem. Eng. Sci., 7 (1957) 89, 96. 
** Mining Research Establishment, Dutch State Mines, Hoensbroek-Treebeek, Limburg (The 
Netherlands). 
*** Koninklijke/Shell Laboratorium Amsterdam (Shell Internationale Research Mij , N.Y.). Now: 
Professor of Chemical Engineering, Eincthoven (The Netherlands). 
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INTRODliCTION 

In the study of the various forms of phase separation apparatus it is generally desirable 
to compare the performance of these types of equipment on the basis of a standardized 
parameter. To simplify the considerations on this subject we shall confine them to 
mixtures of 2 phases and assume that one of these is continuous and that the other 
is dispersed in the continuous phase. Several routes can then be followed for arriving 
at a standardized separation number. 

The simplest method, most generally used , is to express the final result of the 
separation in one overall separation number which depends only on the total flow 
of the 2 phases through the inlet and the 2 outlets of the apparatus. One then obtains 
a number which is especially of interest for the user of the separating equipment. 
This method can be followed, however, only when different types of equipment are 
compared for one and the same feed mixture, since the result depends both on the 
composition of the feed mixture and on the type of separating apparatus. 

When it is necessary to have a separation parameter which, under standardized 
conditions, depends only on the separating apparatus, and which can be used to 
investigate and improve this apparatus, it is better to employ a parameter which is 
independent of the composition of the feed mixture. In this case it is very often 
convenient to consider a critical particle size, which is defined in such a way that, 
in the given apparatus and under the given conditions, particles of the stated size are 
just separated to the extent of, for instance, 50 % (50 % diameter ; dso). 

This method can be further developed in such a way that a whole set of these 
critical diameters are given, or even a whole separation curve (see Fig. 15). In this 
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Fig. 15. Fractional efficiency of a cyclone as a function of particle diameter. 

case the efficiency is expressed as a continuous function of the size of the dispersed 
phase particles (differential efficiency) or as a step function (fractional efficiency). 

In the following section a general approach to the efficiency problem will first be 
given; subsequently, the application to liquid and gas cyclones will be discussed 
separately. 

The efficiency of gas cyclones will be dealt with in the first place. 
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THE EFFICIENCY OF GAS CYCLONES 

Gas-dust and gas-liquid cyclones are generally operated with a bunker · or receiver 
below them for storing the separated dust or liquid. The total gas flow to this bunker 
or receiver is in this case practically zero. 

The efficiency E is then given by 

G1 G1 
E -= - =-- --

Go G1 + G2 

where: 
Go = mass flow of material to the cyclone; 
G1 = mass flow of material collected in bunker or receiver; 
G2 = mass flow of material escaping through the gas outlet. 
(This formula can be obtained by introducing H1 = 0 in formula IX of Table I, 
omitting the 'absolute' lines). 

The total efficiency describes how a cyclone performs its task in a certain process. 
This efficiency is not characteristic of the cyclone itself, because it is a function of the 
circumstances, i.e. mass flow, density and viscosity of the gas and mass flow, size, 
shape and density of the particles. 

The fractional efficiencies are the best available characteristic of a cyclone. Often 
they are given as a function of particle size and specific gravity (c.f Fig. 15). However, 
it is preferable to apply the free falling velocity instead of the particle size, because 
separation in a cyclone depends in the same way on particle size, shape and density 
as the free falling velocity. 

Sometimes a certain overall efficiency for all particles larger than a given size is 
guaranteed for a particular commercial cyclone. This procedure is misleading, because 
the 'partial efficiency' is a function of the particle size distribution l, 2 . 

It is possible that the efficiency for particles of one size is affected by the presence 
of particles of another size, and it is certain that the dust concentration has an influence 
on the efficiency. As a result of these influences, fractional collection efficiencies are 
not entirely constant, but nevertheless these efficiencies constitute the best data for 
characterizing the operation of a cyclone. They hold good , however, only for a given 
pressure loss over the cyclone and for a given gas at a fixed temperature and pressure. 

SIZE ANALYSIS 

In the foregoing paragraphs mention has been made of the size analysis of the dust. 
It is fairly easy to effect such an analysis by means of sedimentation in a liquid. 
Generally speaking, however, it is preferable in the case of dry dust to determine the 
size distribution also by a 'dry' method. 

For this purpose one can use the elutriator of Gonell, which is the standard in
strument in Germany a. It consists of a cylindrical tube through which air flows up
wards with a known velocity. A weighed quantity of dust is introduced into the 
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bottom of the tube. The air takes with it that portion of the dust which has a falling 
velocity smaller than the mean velocity of the air in the tube. The instrument operates 
reasonably well with comparatively coarse and hard dusts, but with very fine dust 
and especially with friable dust it is sometimes impossible to obtain a final value, 
because the fraction of fine particles increases during the measurement. 

A much more suitable, but also considerably more expensive type of apparatus is 
that based on the principle of the separation in a well-defined flat vortex 4. The 
weighed dust is in this case introduced between 2 rapidly rotating disks, between 
which an air stream flows inwards. The air and dust both follow the rotation of the 
disks. Jn the case of coarse particles the centrifugal force is larger than the inward 
drag and the particles are thrown outwards. The lighter particles are entrained in
wards by the air and disappear with it. The number of revolutions is constant (ca. 
3000 rev/min), but the air velocity can be varied. Ln this case it is hence also possible 
to effect a separation at different velocities. The heavy particles remain in the apparatus 
and can be re-weighed. 

More details about particle size analysis can be found in the literature published 
on this subject during the last few years .s- 10. 

GENERAL APPROACH 

Jn the case of liquid cyclones the problem is more complex, since these cyclones are 
generally operated with a certain underflow, a fact that cannot be neglected when 
defining the efficiency of separation. If the efficiency formula for gas cyclones were 
used for liquid cyclones, the efficiency of the latter would increase even to unity on 
increasing only the underflow ratio, and the efficiency would be equal to unity if the 
total feed passes to the underflow, the overflow being zero. There is then, in fact, 

no separation at all. 
For these more complex cases a general approach will be presented in the present 

and next sections. 
lf 2 components or phases are to be separated and a high degree of separation is 

required, the yield j and also the quality q of the final products should be as high as 
possible with respect to the original mixture. The case in which both the yield and 
the quality are maximum might be considered as the ideal separation . In actual 
operation it is practically impossible to arrive at this ideality because of hold-back 
or entrainment. The purpose of an efficiency number, therefore, will be to give an 
objective measure for indicating the difference between the separation actually achieved 
and the ideal separation. 

It should be realized, however, that a single efficiency number can never be capable 
of fuLly describing the result of the separation, except in the theoretical case of ideal 
separation. For a complete description, at least 2 quantities (e.g. the yield an(! the 
quality) should be available if' the feed composition is known, and even 3 quantities 
if' this feed composition is unknown. This follows immediately from the fact that in 
the separation of a 2-component mixture 4 flow rates are involved (viz. the 2 split 
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flows of both components); of these, however, only the mutual ratios are needed and 

it is hence necessary to know only 3 independent ratios. 
Sometimes it is suggested that such a figure for efficiency can be used as a means 

to describe the increase in economic value of the mixture by the separation. Since, 
however, the economic value may also be determined by many factors other than the 

physical or chemical composition, it must be clear that such a parallel between effi
ciency and economic value cannot be expected to exist. 

REQUIREMENTS FOR A SUITABLE EFFICEINCY NUMBER FOR PHASE SEPARATION 

The requirements to be satisfied by a generally valid definition of efficiency will now 
be summarized and discussed as far as necessary. 
l. The definition should be unambiguous. 
2. An improved quality of the final product at constant yield should be reflected 

in a higher efficiency number. 
3. An increased yield at constant quality should also give a higher efficiency number. 

4. The lowest value should be zero. 
5. The highest value should be unity (or one hundred when expressed as a percent

age). 

6. This highest value should be reached only when both phases or components are 
obtained completely pure after separation. 

7. ff one constituent is obtained pure, the efficiency should be equal to the ratio of 

the amount of this constituent separated to the total amount of this constituent 
originally present. 

8. If the feed is split up into 2 streams having the same composition as the feed, the 
efficiency number should be zero. 

9. The efficiency should remain the same if the 2 components or phases, or the 2 
outgoing streams are interchanged . 

10. When distributions of certain parameters ,x; and y are present in each phase or 

component, so that the separation is different for different values of these para
meters, a differential separation efficiency Exy can be defined in the same way as 
the overall efficiency£. 1f g(x) and h(y) are the above-mentioned distribution 

functions, the overaJI efficiency E should be related to the differential separation 
efficiency by: 

E = JJ g (x) h (y) Exv dx dy . 
11. The definition should be simple. 

Most of these requirements are self-evident. 2 and 3 arise from the demand that 
an improved separation should be reflected by a higher effici ency number. 

4 and 5 are necessary for normalization. 
9 is required for a generally valid definition of efficiency, since when applied to the 

separation of a mixture of 2 components, the efficiency should be the same if calculated 
for the one component (stream) or for the other. 

If requirement I 0 is satisfied it increases the applicability of the efficiency definition 
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and facilitates calculations involving the efficiency. Requirement 10, and also 11, are 
not strictly necessary, but highly desirable. 

DISCUSSION OF VARIOUS EFFICIENCY FORMULAE 

Suppose that the mixture to be separated consists of the 2 components or phases g 
and h, the flow rate for each component or phase being Go and Ho respectively, in 
the feed, and after separation G1 and H1 in the one stream and G2 and H 2 in the other. 

stream 1 (G1 + H1 ) 
(Go + Ho) -+I separator j-> 

. stream 2 (G2 + H2) 

Suppose further that: 

Go 
a = fraction of g in the feed = G H 

0 + 0 

G1 
/J = fraction of g in stream l = G H 

l + l 

y = fraction of g in stream 2 = G
2 
+ H

2 

o = fraction of h in the feed = I - a 
p = fraction of h in the stream 1 = I - b 
j = amount of stream l as a fraction of the feed 

G1 + H1 

Go + Ho 

E = efficiency number (ranging from 0 to 1). 

Various definitions of separation efficiency found in the literature will now be 
compared on the basis of the requirements discussed previously. In Table I these 
efficiency formulae are given using the notation defined above. 

It can be shown by rearrangement that several efficiency formulae are identical. 

For this rearrangement use is made of the formula j = a - Y which can easily be 
fJ - y 

derived from a material balance of one of the 2 components or phases. 
Although several of the formulae are undoubtedly useful for certain applications 

(particularly formula VI 2 • 5, 6, the value of which is identical with that of formula 
IX 7 except for its sign) it is evident from the table that only formula IX satisfies all 
the requirements summed up in the foregoing. 

It would appear necessary to give the proof that requirement 10 is satisfied in the 
case of formula I, II and IX i , 7 , the first 2 only after rearrangement to E = G 1/Go 
since concentrations are not defined in combination with size distributions. 
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TABLE I 
SUMMARY OF EFFICIENCY FORMULAE PROPOSED IN LITERATURE 

No. Efficiency formula After rearra11ge111e111 Requiremenls sa1isfied References 

I 

II 

III 

IV 

v 

VI 

vu 

vnr 

IX 

E 
. p 

= ; 
a 

P<a-;•) 
E = --

a(fi-l') 

a-y 
E=-

a(l - y) 

E = P-y 

(/J- a)(a - y) 
E =-- --

a (I - a) 

ft- a 
E ----

a (I - a) 
(o - p) (a-y) 

E =----
oa (I - )' - p) 
/J - a 

E = j l - a + 
a - y 

(1 - j) -
a 

E ~ I ~~ -Z~ I = 

I
G2 H2 1 
Go Ho 

E = Gi/Go 

E = Gi/Go 

p- y 
E =-

a(l - y) 

<P- a)(ft- y) 
E = i----

. a (I - a) 

J,2,3 , 4,5, 7, JO, II 

J, 2, 3,4, 5, 7, JO 
10 only after 
rearrangement 

I, 2, 3, 4, 5, 
Also 7 if H1 = 0 

I, 2, 3,4, 5, 6, 8, 9 
If the absolute value is 
taken, also IO 

I, 2, 3, 4, 5, 6, 8, 9 

I, 2, 3, 4, 5, 6, 8 10 
IO only after 
rearrangement 

I, 2, 3, 4, 5, 6, 7, 8, 9, 
IO, 11 

II 

12 

13 

14 

12, 15, 16 

17 

If g(x) and h(y) are the normalized distribution functions of the components g and h 

over their respective parameters x and y , then according to definition IX: 

E - I G1g1 (x) H1h1 (y) I 
xy - Goga (x) - Hoho (y) ' 

where J g(x) dx = I and f h(y) dy = I. 

Integration over the distribution functions gives 

JJ Exygo(x) ho(y) dxdy = J ho(y) (J Exygo(x) dx) dy 
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- ho(y) dy - - h1(y) dy - - ·- - = overall efficiency E * G1J H1f 
1

1 IG1 H1 
Go Ho Go Ho 

The same reasoning holds when a distribution of a parameter x (e.g. of the particle 
size) is present only in one phase (the other phase being the continuous phase). lt can 

be found that then also 

f Ex go (x) dx = E 

Finally, when using fractional efficiencies E x,, - x .. +, instead of differential effici
encies Ex, a summation should be carried out: 

En Ex. - x ,,+ 1 = E 
where the summation has to be extended to all fractions present in the feed. 

INTERPRETATION OF EFFICIENCY FORMULA 

We will now further discuss the efficiency according to formula IX or according to 
the absolute value of formula VI : 

G1 H1 Gz H2 fJ- a. I 
E = G~ - Ho = Go - Ho = j ~ (I - a.) 

From the last presentation it can be seen that this efficiency can be conceived as the 
product of the yield j and the quaJjty increase (/3 - a.), which product, because of 
normalization, is divided by the product of the yield and quality increase in the case 
of ideal separation. 

There is also a physical interpretation of this definition: Eis equal to the fraction 
of the feed mixture which would be fed to an imaginary separating apparatus operating 

ideally, while the fraction I - E would not be separated at all, but would be distrib
uted in an arbitrary ratio over the 2 outgoing streams. 

Suppose that the fraction going to the ideally operating separator is equal to L 
and that the fraction (1 - L) is divided into 2 parts K (1 - L) and (I - K) (I - L). 

I Go + Ho I 
~ '~ 

L(Go + Ho) 1 1 (I - L) (Go + Ho) 

1---~---~ 

I 
L Go ~ I 

+ K(l - L)~ 

LHo 

+ (I - K) (I - L) (Go + Ho) 

* The interchange of sequence of integration and raking a bsolute values is permissible since the 
sign of the 2 quantities between the 'absolute' lines does not change. 
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The efficiency of this separation now becomes 

E = G1 _ 1!_1 = ,. L Go + K (1 - L) Go_ K (I - L) Ho = L 

Go Ho Go Ho 

which proves the above statement. 

APPLICATION IN THE CASE OF HYDROCYCLONES 

When a cyclone is used to separate a mixture of 2 phases of which the most abundant 
is a liquid, this cyclone is generally operated with a certain underflow. This means 
that, when operating a certain hydrocyclone with a given suspension or emulsion, 
there are still 2 variables: the throughput and the ratio of underflow to throughput. 
If the throughput increases, the pressure drop also increases and the separation 
usually improves while the separation curve shifts to smaller particle sizes. The ratio 
of underflow to throughput also influences the separation efficiency for 2 reasons: 

(I) If this ratio is very small and the concentration of solids in the feed is high, 
the capacity of the underflow may be too small to remove all solids. In this case the 
concentration of solids in the cyclone increases and the solids are entraiined partly 
with the overflow. The minimum total amount of underflow necessary is equal to 

the amount of solids separated plus the total amount of liquid which is entrained 
in the pores between the solids even when these solids are closely packed. From this 

it follows that the optimum efficiency obtainable is limited by 

U(l-s) Ue 
E = - ----

Q s Q - Q s' 

in which U = the underflow rate, Q 8 = volume rate of solids in the feed , e = the 
minimum porosity of the concentrated solids and Q = the throughput of the cyclone. 

(2) ff the cyclone does not separate at all, a certain amount of solids are removed 
by the underflow in a ratio equal to that of underflow to throughput. This means that 
in operating a hydrocyclone there always exists a by-pass in a quantity equal to the 

amount of original feed corresponding to the liquid in the underflow. Therefore, as 
follows from the physical interpretation in the Section 'Requirements for a suitable 

efficiency number for phase separation', the optimum efficiency which can be obtained 
with a hydrocyclone is also limited by: 

U-Qs 
E = I - Q-Q s 

Because of these 2 effects the efficiency cannot increase above the 2 straight lines 
in Fig. 16. (The slope of the left line is determined by the concentration of the solids 

in the feed; the higher this concentration, the smaller the slope.) Three different 
curves are indicated for different throughputs (Q1, Q2, Q3). 
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' , ' , 
' I ,, 

Fig. 16. Efficiency of a hydrocyclone as a function of the ratio of underflow to throughput. 
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Chapter 3 

Flow Phenomena m Cyclones* 

L. J. F . llROER ** 

velocity of fall of particle; 
inlet duct area; 

NOTATION 

diameter of particle to be separated; 
frictional factor in pipe flow; 
acceleration due to gravity; 
pressure loss factor; 
a constant; 
pressure; 
pressure difference; 
volumetric current in the core per unit of height; 
throughput of cyclone; 
parameter in radial direction; 
radius of cyclone to inlet; 
radius where tangential velocity is a maximum; 
radius of the upper outlet; 
radial velocity; 
radial velocity of particle with respect to fluid ; 
tangential velocity; 
tangential velocity at r = r1 ; 

linear inlet velocity; 
axial velocity; 
parameter in axial direction; 
pressure loss coefficient; 
a constant; 
dynamic viscosity; 
density of fluid ; 
difference in density between particle and fluid; 

tangential shearing stress. 

* Communication to I st Symposium on Cyclones, Utrecht, 3rd June, 1953. 
** Professor, Laboratory for Aerodynamics and Hydrodynamics, Technical University, Delft (The 
Netherlands). 
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INTRODUCTION 

A cyclone separator can be considered as a continuously working centrifuge without 

any moving parts. The functions of the driving mechanism and the rotator, and the 

removal of the separated fluid or dust, are performed by the medium itself. Several 

types of cyclone separators have been built for various purposes. 
Cyclones have also been used as burners and as sprayers or atomisers. For the sake 

of simplicity we shall confine ourselves chiefly to cyclones of the conventional design. 

These consist of a cylindrical body joined to a cone. The fluid is injected tangentially 

at the circumference of the upper part of the cylinder, thereby causing the rotation 

of the fluid contained in the body. The fluid is drawn off chiefly or entirely through a 

cylindrical tube, fixed in the centre of the top and projecting some distance into the 
cyclone. Jn a hydrocyclone the remainder of the fluid leaves through the apex of the 

cone. In a dust-collector the cone opens out into a closed container where the dust is 

concentrated. In this case the net flow through the apex opening is zero. 

Jn the conventional nomenclature the flows through top and apex are referred to 

as overflow and underflow respectively. The pipe through the top is called the vortex
fi nder or exit duct. 

1t ,is important to realize that gravity effects do not materially contribute to the 

operation of a cyclone. lt is usual but not essential to build cyclones with the apex 

pointing downwards. The overflow might, however, just as well be directed sideways 

or downwards, especially in a gas cyclone. 

It will be shown that the flow in a cyclone is fairly complicated and highly turbulent. 
A complete theory of cyclone design and performance therefore cannot be given with 

the present methods of hydrodynamics. The most one can do is to collect systematic 

observations on cyclone flow, separation characteristics and pressure losses and then 

attempt to interpret these data. This somewhat modest task for the hydrodynamical 

theory is, however, not entirely devoid of practical use. At present the insight into 

cyclone operation is often sufficient for predicting, in a qualitative sense, the effect 

of altering the constructional parameters of a certain cyclone for a given appli

cation. 

FLOW PATTERN IN A CYCLONE 

The flow in a cyclone of the type considered, except for the region in and just after 

the inlet duct, has cylindrical symmetry. We shall therefore wish to know the values 

of the velocity components u (radially inward), v (tangential) and w (vertically up

ward) as functions of the distance to the axis r and the height above the apex z. As 

the relations between the flow patterns in cyclones of different proportions and 

dimensions are far from completely understood this leads to a somewhat formidable 

programme of measurements. The most important investigations which have come 
to our notice are the following: 

(a) KELSALL 1 measured v and w by following the motion of suspended particles, 

using an optical device. From these results u could be calculated by means of the 
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continuity equation (cf the next section). The measurements were taken in the cone 
of a small hydrocyclone with a very short cylindrical section and a fairly long vortex
finder. 

As an example, the results obtained with a small apex opening and nearly no 
underflow are given in Figs. 17 and 18. 
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Fig. 17. Tangential velocities in the cone of a small hydrocyclone (in arbitrary units), 
taken from KELSALL 1• 

(b) TER LINDEN 2 published a fairly comprehensive investigation of the flow in a 
dust-collecting cyclone, using a Pitot sphere. His data are more complete than those 
of KELSALL because the 3 velocity components and the pressure could be measured. 
Difficulties inherent in this method are, however, the danger of relatively large per
turbations due to the deceleration of the rotation by the Pitot sphere and holder, and 
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Fig. 18. Vertical velocities in the cone of a small hydrocyclone (in arbitrary units), 
taken from KELSALL 1. 

the existence of large radial gradients of total and static pressures, which are absent 
when calibrating the sphere in a wind tunnel. 

(c) SHEPPARD and LAPPLE 3, working with an air cyclone, obtained results similar 
to those of TER LINDEN. The method used, however, was somewhat cruder and 
consi.sted in observing the direction of flow with streamers and measuring the speed 
with a Pitot tube. 

(d) FONTEIN and DIJKSMAN 4 computed the tangential velocity from wall pressure 
data taken on a hydrocyclone (the relation used is explained in the next section). 
Later they filmed the motion of a small sphere having the same density as water. 

The measurements were not all carried out under comparable conditions and do 
not always check in details, a fact which is not surprising in view of the experimental 

difficulties. The following conclusions can, however, be safely drawn. 
The tangential flow vi at inlet radius r1 in a well-designed cyclone is not much less 
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than the velocity V in the inlet duct. v increases considerably in the inward direction 

up to a certain radius r2, which is smaller than the ex.it radius re (it appears that r2/re 
is usually between 0.5 and 0. 7). The moment of momentum vr decreases in the inward 
direction. 

At levels above the rim of the vortex-finder the break in the rise of v of course 
occurs at a somewhat larger radius. Apart from this phenomenon and other obvious 
wall effects v scarcely depends on z. 

Along the outer walls of the cylinder and cone there is a strong downward flow. 

In a cyclone with overflow only this current is counterbalanced by an upward flow 
in the region of the core (r :( r 2). A second wall-induced flow runs inward along the 
top and downward around the vortex-finder. Apart from these flows u and ware small. 

The data on the actual values of u and the flow in the core are less certain. The 
latter is highly turbulent, and measurements are consequently very difficult. It is 

probably safe to say that the average value of v in the core is about proportional tor, 
so that, as far as the tangential component is concerned, the core moves like a rigid 
body. In a hydrocyclone discharging at atmospheric pressure the inner core consists 
of an air column, which fills up at higher pressures. It appears that not much is known 
about the vertical velocity in this inner part of the core. 

The downward flow along the outer wall is essential for cyclone operation. It 
removes the particles which have been centrifuged out to the apex. As these particles 
are too small to be influenced by gravity and nevertheless are collected in the dust 
catcher, it may be concluded that a boundary layer flows from the cone wall down 
into the bunker, which apparently acts as a settling chamber. An equal amount of 
air must be drawn out of the bunker in the core. 

As the air in the bunker usually shows no violent motion (otherwise the collected 

dust would be blown into the cyclone again) one concludes that the bulk of the 
downward flow is deflected in the apex, only the dust-laden boundary-layer pen
etrating into the bunker. Measurements on the exact conditions in the apex opening 
seem to be lacking. 

DYNAMICS OF CYCLONE FLOW 

It is not difficult to give a qualitative interpretation of the mean features of the motion, 
although a quantitative theory is out of the question. The tangential injection starts 

the medium off with a considerable moment of momentum. Owing to the action of 
friction the moment must decrease. However, under the usual conditions, the friction 

. . QYJ VJ . " 
1s relatively low (the Reynolds ' number Re =--- 1s of the order of IOa or more); 

" therefore rv decreases fairly slowly and v remains the chief component of the motion. 

This tangential flow requires a large radial pressure gradient to ensure the necessary 
centripetal acceleration. The vertical accelerations are clearly much lower ; the pressure 
therefore presumably does not depend very much on z. This means that in regions 
where the rotation of the fluid is hampered (top, cone wall, measuring devices) inward 
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flows of such a strength must occur that the excess pressure gradient is balanced by 

the friction in the radial direction. Finally it is clear that the pressure cannot decrease 

much below exit pressure. Therefore v cannot increase indefinitely with decreasing r 
and some sort of core must develop. Considerations of continuity can complete this 

qualitative picture; they account for instance for the downward flow along the 

cylindrical part of the wall, feeding the inward flow along the cone wall. 

A quantitative treatment of the equations of hydrodynamics for cyclone motion is 

beset with numerous difficulties. The simplest of the equations is the continuity 

condition. On account of the cylindrical symmetry we can consider the net flow into 

a solid circular ring element with cross section drdz. Putting this flow equal to zero 

we obtain, as is easily seen: 

c5 bw 
br (ur) = r Tz (I) 

This equation can be used for calculating u from measurements on w or as a check 

on the experimental results. The radial flow component u, especially around and in 

the cone, is very important for the separating efficiency. Unfortunately, measurements 
are rather uncertain in this region, so that the accuracy obtainable from (1) is poor. 

In theoretical treatments it is often assumed that the conditions in the cyclone do 

not depend sensibly on the height. Jn that case the right-hand member of (11) is 

neglected and we obtain: 

u = q'/2nr (2) 

where q' is the volume flow into the core per unit height. There is no doubt that the 

core is fed to a large extent from the downward flow along the outer wall , .therefore 

it is certainly not correct to put q' in (2) equal to the total load over the height of the 

cyclone. How to choose q' and to what extent (2) is valid with this best value is still 

a matter of conjecture. In the absence of more accurate information we shall use (2) 
occasionally to derive qualitative results. 

Next we have to consider the equations of motion of the fluid . In these equations 

the acceleration of a fluid element is put equal to the sum of the pressure forces and 

the resultant of the frictional stresses on the surface, divided by the mass. The complete 

formulae are fairly complicated and untractable, moreover the stress is the sum or the 

viscous stress, which is unimportant, and the turbulent stress, which is completely 
unknown. Some useful information is, however, obtainable by drastic simplifications. 

We shall suppose for this purpose that: cylindrical symmetry of the flow exists ; u and 

ware small as compared to v; the stress component ure (tangential shear) is the only 

important one. 
These assumptions Jook reasonable enough except in the neighbourhood of the wall 

and the core. The equations then take the form: 

I op 
= 0 

{! oz (3) 
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I op 
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v2 
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(ar2) = - u - (rv) + w 
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0 
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(4) 

(5) 

if we neglect all terms involving more than one factor u or w. As we consider only 

one stress component the indices re are suppressed. 

Equation (3) is self-explanatory; (4) is easily derived by balancing pressure against 
centrifugal force. It is the equation used by FoNTEIN 4 to determine the velocity from 

pressure measurements. In order to derive (5) we again consider a circular ring. It 

will be seen that the first member represents the resultant frictional moment, the 

second the net flow of moment of momentum (both divided by 2n:Qr). 
An important conclusion can be drawn from (5) if we make the further assumption 

that derivatives with respect to z can again be neglected. Using (2) we obtain : 

Qq' ct 
- · - (vr) 

2n: dr 

Now it is reasonable to put: 

d 
(ar2) 

dr 
(6) 

at the wall of the cylinder, where f is a coefficient of friction . The order of magnitude 

off can be estimated from analogy with pipe flow; it is somewhat less than 0.01. 
Tt is to be expected that .f increases with wall roughness and slightly decreases with 

increasing v1 or r1 . Furthermore we can tentatively put: 

which means that the core is supposed to rotate like a rigid body. Integrating (6) 

from r2 to r1 we obtain: 

(7) 

This equation certainly is very far from exact.1t is, however, useful for understand

ing certain trends in cyclone behaviour. Tn order to elucidate this we compare different 

cyclone flows with the same values of v1, r1 and r 2 . Ln connection with the definition 

of q', (7) then means: 

friction factor X height = constant X radial inflow to core >.: relative loss of momentum. 
Therefore the loss of momentum can be decreased and the rotation of the core in

creased by: increased radial flow, which in this connection requires a larger inlet 

duct at the same inlet speed; decreased height; smoother walls. 
These effects really do occur, although probably not as simple proportionalities. 

Direct measurements of loss of momentum in different circumstances apparently have 

not been carried out. However, as we shall see, separation characteristics and pressure 
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loss both depend on the maximum tangential speed v2. These quantities are easily 

measured, so that there is ample indirect evidence for the effects indicated by (7). 

One would like to know the actual dependence of v on r. Unfortunately there is no 

theory at present which can give us much information on a. In practice the empirical 

approximations 

--2'._ = (~) n 
v1 r 

(8) 

or ~ = p ( '; ) + (I - /3) ( ;
1 

) (9) 

are often used for the region outside the core. In connection with (7) one then has 

to expect that increases in wall effects (greater coefficient of friction or height) or 

decreased inlet area will lower the values of n or /3. In efficient cyclones n as a rule 

seems to lie between 0.5 and 0.8. 

Quantitative theoretical results on vertical and radial flow are entirely lacking. 

It is even not always realized that these flows, which are decisive for the separating 

efficiency, are closely connected. If the downward flow is strong, the upward flow in 

the apex is fed largely from the region near the apex. In this case the inward radial 

flow to the core would be relatively weak in the higher parts of the cyclone, a fact 

which favours separation. In the cyclone investigated by KELSALL 1 the inward flow 

is practically zero. We do not know whether this applies to all well-designed cyclones 

and how to perform calculations on this effect. 

MOTION OF SUSPENDED PARTICLES 

As most cyclones are used for purposes of separation, several authors 5 have at

tempted to calculate particle trajectories in the cyclone or to derive formulae for the 

minimum particle diameter for separation. As the first condition for these calculations 

is an exact knowledge of all velocity components it is not surprising that the resulting 

expressions are often conflicting and therefore of limited use. We shall therefore 

confine ourselves to the consideration of some general properties of the particle 

motion and will not give any detailed formulae. 

Only particles are of interest in this connection which have a very small falling 

velocity under their own weight, as coarser dust can be separated in other ways. The 

falling velocity for a small sphere in air according to Stokes' law is 

/'-,. {] d2 
a= - - g 

1817 

where dis the particle diameter, £'.,. {!the difference in density between fluid and solid 

material, 17 the viscosity of the fluid. We shall suppose that Stokes' law applies through

out (effects due to deviations of this law as well as to non-spherical form and to 

buoyancy are treated in Chapter 10, third section.) 
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Therefore if the velocity of the particle relative to the air is Us the deceleration due 
to viscous friction is Us g /a. In a cyclone Us is much smaller than v and much larger 
than a. It is therefore permissible to neglect gravity and to put the acceleration of the 
particle equal to that of the medium. The main component of this acceleration is 
v2/r in the radial direction. We have therefore to a good approximation: 

a v2 6. p d2v2 
(10) Us=--= ----

gr l817r 

where Us is now the radial outward velocity of the particle relative to the air. A more 
exact form of the equation of motion is discussed by BRUN and V ESSEUR 5. In partic
ular, we neglected the radial particle acceleration in (10) (see Chapter 10). 

The radial particle velocity relative to the wall clearly is u8-u in outward direction. 
Therefore, if u = Us, the particle would move on a cylindrical surface with a fixed 
radius ra. In a given flow ra depends only on a, that is to say on the diameter of the 
particle. It can be shown without difficulty that this radius is stable, which means that 
the motion of the particle is in the direction of r = ra, so long as the variation of u 

is within certain limits. For instance if (8) is valid, u must increase less than 

in the inward direction. 
This concept of a stability radius plays an important role in the literature on sep

arating efficiency. The idea is then that a particle will be caught in the underflow 
either when ra > r1, because it then will hit the wall and be removed by the down
ward current or, in other theories, when ra > re, because it will then not be able to 
reach the exit pipe and must leave the cyclone ultimately through the apex opening. 

In the opinion of the present author all theories of this type are somewhat dubious 
because they do not take into account the vertical flow. When a particle with ra > re 
is somehow caught in the outer core it will certainly move in the outward direction 
with some velocity Us - u. Whether this is sufficient for escaping the overflow will 
depend entirely on the radial distance covered in the available time, which is the 
height under the vortex-finder divided by the vertical velocity. 

We shall not add another separation formula to the many existing ones by proceed
ing further with this idea, because, as long as the velocity distribution in and around 
the core is not completely known, these expressions cannot be tested experimentally. 
Moreover, the violent turbulence makes it probable that many particles can be found 
in regions which they are supposed not to be able to reach, as long as average flow 
speeds only are considered. Jn particular, how far a particle really is safe when it has 
reached the outer wall is uncertain. It is possible, however, to understand roughly 
the influence of various parameters involved in the design on the separation. 

Injection speed V 

If the Reynolds' number is large enough one can assume that the flow pattern is 
nearly independent of V. Therefore the centrifugal force is proportional to V2, u and 
w to V. Separation efficiency will therefore increase, as has been found in practice 2. 
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Cyclone radius r1 

If it is assumed that increased barrel diameter does not influence the core diameter 
very much u and w will be about the same in the core region. As r 1/r 2 increases the 
maximum tangential speed will increase. It is therefore understandable that separation 
will be better for larger values of r1. Actually it is doubtful whether the assumption 
is justified . The resulting increase of maximum tangential speed will require a greater 
pressure difference. It seems likely that this effect will be counteracted in part by an 
increase in core radius. 

Scaling 

ln a small-scale cyclone with the same inlet speed V the velocity distribution will be 
about the same as in a larger one. The radial acceleration therefore will increase with 
the reciprocal scaling factor, resulting in better separation. This result is borne out 
by experiments on laboratory cyclones. In practice, however, accurate scaling down 
is not often possible, on technical and economical grounds, in constructing large 

batteries of small cyclones. Therefore the separation in small-sized plant cyclones is 
not necessarily better than in a well-designed larger one. 

A more difficult problem is the estimation of design changes which have both 
positive and negative effects. 

Increased height 

According to the principle derived in (7) this will involve decreased centrifugal action. 
But as both u and the time available for leaving the core will change in favour of 
separation, the net effect remains uncertain. TER LINDEN 2 observed some increase 
of separation with height in an air cyclone. Further measurements on the influence 
of the height of the cyclone are presented in Chapters 4 and 9. 

Variation of inlet and overflow duct diameter 

The same uncertainty exists in this case. According to TER LINDEN 2 the separating 

efficiency is a decreasing function of the ratio of these areas. As long as we do not 
know exactly how to predict the quantities vif V, n and re/r2, more accurate estimations 
cannot be made. 

Finally the length of the vortex-finder is an important design parameter. [t is gen
erally recognized that a short vortex-finder is unfavourable because particles then can 
reach the overflow by means of the short-circuit flow along the top. If the vortex
finder is long enough these particles will have more chance of being centrifuged out 

of the danger radius on their way downward . lt seems to be somewhat less generally 
accepted that a very long vortex tube decreases separation because of the same 
considerations applied to particles which have arrived in the lower core regions. 
Moreover, a long vortex-finder increases friction effects. 
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PRESSURE LOSS 

From an economical point of view a cyclone is judged not only by its separating 

capacity but also by its power consumption . At a given throughput the pressure 

difference 6 p between inlet and exit should be as low as possible. It is usual to 

express this pressure loss in terms of inlet velocity heads: 

6 p = G • -} 12 V2 

where G is a dimensionless coefficient. Sometimes another coefficient a 1s used, 

defined by the relation : 

J 2( /':o p+ i-eV 2) 
Q = aA 

Q 

where Q is the volume throughput, A the inlet duct area. It is easily seen that: 

l 
G =- - l. 

at 

A complete cyclone theory would give G as a function of design parameters and 

Reynolds' number. Various attempts have been made to derive such a formula. 

In the conventional theories, given for instance by SHEPPARD and LAPPLE 3, STAIR

MAND 6 and ALEXANDER 7, the following sources of energy loss are considered. 

Entrance losses 

When V> v1 part of the exit kinetic energy wiH be lost. In analogy to a well-known 

formula for expansion losses in pipelines one can write: 

and guess at the value of G1. 

Loss of rotational kinetic energy 

The loss of total head outside of the core can be calculated from ( 4): 

d gv2 dv gv d(vr) 
- (p + } gv2)=-- + av-=---. 
dr r dr r dr 

Using this formula in connection with (8) or (9) one could calculate the pressure loss, 

provided that the conversion of tangential into vertical motion in the core were 

loss-free, which means that Bernouilli ' s law could be applied to this process. Actually 

this turning up of the streamlines will be far from reversible. Therefore it is a general 

practice to write off the rotational kinetic energy completely and to calculate the loss 

of total head from (4), ignoring the difference between static and total pressure. 
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Acceleration losses 

The work done in accelerating the fluid in the core from zero vertical velocity to exit 
duct velocity is often also considered a total loss. 
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Fig. 19. Separation efficiency E for a certain type of normal dust and pressure loss factor G as 
functions of inlet velocity V in a cyclone separator, according to TER LINDEN 2• 

These last 2 losses taken together are probably somewhat too pessimistic. It is 
known that in the dust collector of a cyclone separator discharging directly into the 
air the pressure can be below atmospheric. This means that enough of the rotational 
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Fig. 20. Separation efficiency E and pressure loss factor G as functions of the ratio of cyclone 
radius to exit radius, r1, re, at constant values of inlet speed and other design parameters, according to 

TER LINDEN 2. 
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energy is saved to supply exjt duct velocity without the aid of vertical pressure 
gradients. 

Serious difficulties accounting for striking differences between the results of various 
authors are encountered when one tries to express the losses mentioned in the design 
parameters and V. Tn order to obtain the required formulae one has to use relations 
between these parameters and quantities such as 11 , v1 / V, r2/ r 1 etc. There is at present · 
hardly any quantitative information available on these relations. 
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Fig. 21. Separation efficiency E and pressure loss factor G as functions of y (ratio cyclone height 
to exit duct radius) at constant values of inlet speed and other design parameters according to 

TER LINDEN 2. 

The most important losses originate from the second effect. In order to decrease 
the loss one must therefore reduce the maximum tangential speed. It is known that 
G will diminish upon increasing the height, the vortex-finder radius or the wall 
friction. Only the first of these measures does not at the same time spoil the separation. 
With excessive heights, however, the cyclone flow becomes unstable. Short-circuiting 
between inlet and exit occurs occasionally or continuously, greatly reducing rotation 
in the lower part of the cone. Some experimental results on pressure losses and sep
aration efficiency due to TER LINDEN 2 are shown in Figs. 19-21. 
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Chapter 4 

The Mechanism of the Separation of Finely Dispersed Solids 

in Cyclones* 

K. RIETEMA ** 

NOTATION 

b inlet diameter; 
d particle diameter; 
c/50 50 % particle diameter; 
D diameter of cyclone; 
e diameter of overflow inlet; 
E - diffusion coefficient; 

G - pressure loss factor = 

length of vortex finder; 
L length of cyclone; 
n number of cyclones in parallel ; 
q capacity of a single cyclone; 
Q = capacity of a battery of cyclones; 
r = radial co-ordinate; 
R = radius of cyclone; 
s average path length covered by particle ; 
u radial velocity in the cyclone ; 
uo radial velocity at the wall of the cyclone; 
Us - radial velocity of particle with respect to the liquid; 
v tangential velocity in the cyclone; 
V inlet velocity; 
w - axial velocity in the cyclone; 
z axial co-ordinate; 

I
R ov2 

(!::,p)st = static pressure differential = - - dr; 
~ o r 

(!::, p)1 total pressure differential required for operating a cyclone; 
L l? difference in density between solid and liquid ; 
e turbulent viscosity; 

• Communication to 2nd Symposium on Cyclones, Utrecht , 10th December, 1958. 
** Koninklijke/Shell-Laboratorium, Amsterdam (Shell Jnternationale Research Maatschappij N.Y.). 
Now : Professor of Chemical Engineering, Technical University, Eindhoven (The Netherlands). 
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Y/ dynamic viscosity of liquid; 
}, parameter describing the state of flow in the cyclone; 
v kinematic viscosity of the liquid; 
g density of the liquid; 
a r/R; 
r time during which particle is observed; 
rp vr/VR. 

INTRODUCTION 

The mechanism of the separation of finely dispersed substances from gases or liquids 
has so far not been intensively studied. Although many investigators have worked on 
the determination of velocity profiles in cyclones and have searched for correlations 
with pressure losses, few have ventured to formulate a criterion for separation. 

lt can be said that in principle the separation is governed by four factors, which are: 
the centrifugal field established; the radial velocity pattern; the residence time of the 
particles to be separated; the turbulence which develops. 

EXISTING THEORIES 

The criteria for separation proposed by previous investigators are all based on the 
concept of the so-called equilibrium orbits . This term denotes circular tracks having 
such a radius that the outwardly directed centrifugal force, acting on a certain particle 
in this orbit, is in equilibrium with the inwardly directed drag according to Stokes, 
due to the radial flow. 

In the case of a spherical particle of diameter d this equilibrium leads to: 
volume x density differential x centrifugal acceleration = 3m7ud, 

1 v2 
or: - nd3 X 6,Q x - = 3nYJud, 

6 r 

ur 
or: = -

v2 

If now, for instance v = v1/r11 

and u = const. v1/rm 

it follows that 
d26,g const. 
--- = --·rl + 211 - m 

J 8Y/ VI 

in other words : for particles of a definite diameter d the equihbrium orbit is a fixed 
quantity, following from the above-mentioned relationship. Particles of larger diam
eter will describe a larger orbit (since in general l + 2n - m > 0) and smaMer par
ticles a smaller orbit. 
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The above-mentioned criterion for separation now assumes that particles following 
an equilibrium orbit with a radius larger than that of the overflow are caught, whilst 
particles with a smaller equilibrium orbit are not separated off. 

The mechanism just described would thus lead to a sharp classification. As a rule, 
however, this is not what happens, a fact generally ascribed to turbulence. Turbulence 
would then be the factor entirely responsible for the lack of sharpness in classification. 

The attractive features of this simple theory are that the favourable influence of 
an increase in inlet rate, and a reduction in diameter of the overflow can be directly 
understood, at all events in a qualitative sense. 

The drawback of the theory, however, is that it takes no account whatsoever of the 
residence time of the particles in the cyclone and assumes that this residence time is 
so large that all particles can actually attain their 'equilibrium orbit', although they 
are injected into an orbit (the periphery of the cyclone) which - at any rate for the 
smaller particles - is far larger than their 'equilibrium orbit'. 

. NEW THEORY 

In the following theory, which is based on the non-stationary state, the residence time 
plays an essential part. The particle to be separated off is followed in its course through 
the cyclone, and by deduction that particle is determined which is just sufficiently 
heavy to reach the wall of the cyclone during its time of residence, before it is taken 

Fig. 22. Axial and radial flow lines in a cyclone (zone of separation is hatched). 
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up by the strong upward flow in the core of the cyclone and finally leaves the latter 
through the overflow. 

ln order to have a basis for discussion we shall start from the concept of the particle 
with a diameter equal to the so-called 50 % diameter, this being the diameter of the 
particles of which 50 % is separated off. We assume that the d50 particles, if injected 
precisely into the centre of the inlet, just succeed in reaching the cyclone wall at the 
apex. This signifies that these d5o particles cover a distance of exactly }b (b = diam
eter of inlet) in radial direction with respect to the cyclone wall (see Fig. 22). 

In order to describe the movement of these particles it is necessary to make a few 
assumptions, some of which involve a limitation of the validity of the theory, whilst 
others are more or less justified, as can be shown. The assumptions in question are 
the following: 

( 1) effects of inertia can be neglected ; 
(2) the particles undergoing separation experience a frictional resistance according 

to Stokes; 
(3) no 'hindered settling' occurs; 
(4) the influence of turbulence on separation is negligible. 

DISCUSSION 

These assumptions will first be briefly discussed. Condition (I) is satisfied if the so
called relaxation time, in which the difference between the initial speed and the final 
speed of a freely moving particle is reduced to 1/e times the original value, is small 
with respect to the residence time in the cyclone. 

d 2o, 
This relaxation time is ~(in which Qs is the density of the solid). 

181] 

The residence time in a liquid cyclone varies from 1 to 0.1 sec according to the size 

d2 
of the apparatus. We thus arrive at the requirement that -..!!..!_ < 0.01 sec. 

1877 
For a particle with a density of Qs = 2 g/cma, moving in a liquid having a viscosity 
of 1 centipoise, we thus find an upper limit in particle diameter of 300 fl for a liquid 
cyclone. Since cyclones employed for concentration and classi-fication according to 
particle size are generally used for far smaller particles, it follows that this limitation 
of the theory is not serious. It can easily be shown that the same applies to gas 
cyclones. 

Conditions (2) and (3) are fulfilled if the Reyno lds' number referred to the conditions 
of flow around the particle is less than 1, and the concentration of the particles is 
smaller than a few % by volume. 

The fourth assumption gives rise to the greatest difficulties, since direct measure
ments of turbulence in cyclones have not been carried out and are very difficult to 
execute. Some conclusion can, however, be drawn by carrying out a comparison with 
the tangential velocity pattern, whi\-h is also partly determined by turbulence. It is 

References p. 62 



50 K. RIETEMA 

worth entering more deeply into this matter, especially since the assumption that 
turbulence may not be neglected has kept most investigators from formulating a 

deduction as given below. These considerations on turbulence are, however, not 

important for following the derivation of the characteristic cyclone number and are 

therefore summarized in Appendix I to this chapter. 

DEDUCTION OF THE CHARACTERISTIC CYCLONE NUMBER 

Now that we have examined all the assumptions we shall return to the actual theory 
of separation. 

As already stated, the d50 particles cover a path to the wall of exactly -}b. 
If we examine the flow patterns measured by KELSALL 2 and TER LINDEN 1 more 

closely, it is found that in the vicinity of the cyclone wall both the radial and the axial 

velocity are practically constant and that these velocities bear such a mutual ratio 

that the flow lines compounded from these velocities run parallel to the wall (Fig. 22). 

This signifies that a particle having the same density as the surrounding liquid (and 

therefore not subject to centrifugal force) always remains at the same distance from 

the wall. 

A d50 particle (on which a centrifugal force does act) will therefore cover a distance 

of -}b not only with respect to the wall, but also with respect to the liquid (the gas 

in the case of a gas cyclone). We shall call the velocity with respect to the liquid 

attained by the particle as a result of the centrifugal force acting on it u8 • This velocity 

is not constant, but becomes larger as the tangential velocity (and hence the centrifugal 

force) increases, as happens when the particle comes closer to the apex and thereby 

becomes situated on a smaller radius (it is known that the tangential velocity in a 

cyclone increases with diminishing radius). 

Since Us is therefore not constant, we shall have to integrate it over the time needed 

by the particle for moving from the inlet to the apex. For the d5o particles the path 

covered during this time with respect to the flowing liquid must then be just equal 

to -J:b, in other words: 

f 
1' 

0 

Us. dt = ~-b 

Us is determined by the particle size, the viscosity and the centrifugal force, the 

relation being 

d 2 
A o v2 

50 Ll -
Us= -

1817 /' 

Instead of dt we may write dz/ w, z being the axial distance covered and w the axial 

velocity which , for the particle, is equal to the axial velocity of the '1iquid . As the 

particle constantly remains in the neighbourhood of the wall and closely follows the 

movement of the liquid, this can be further developed to 
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dz I L 
dt = -=--dr 

w w R 

where R = radius of the cyclone and L = its total length. 

We have already mentioned the fact that the axial velocity w is constant, and hence, 
by substituting all these results in the formula 

we find that: 

Thus 

f ~Us dt = ~ b 

1b = oO ~ -- - = f
Td~ D,o v2 L dr 

0 
l81J r R w 

dz Ao L f n v2 = sou~ _ - dr 
l81J R 0 r 

f 
n v2 

p - dr = (6e)st 
r 

0 

In this equation (6p).st is the static pressure differential in the cyclone, also sometimes 
termed the 'centrifugal head'. It is formed because the centrifugal force also acts on 
the rotating mass of liquid or gas. If this mass is visualized as built up of concentric 

shells, each shell presses on that overlying it, etc. This pressure, integrated over the 
whole radial distance, gives the static pressure differential. 

The total pressure differential occurring in the operation of a cyclone consists not 

only of this static pressure differential, but also of a frictional pressure loss and of a 
drop in pressure caused by the acceleration of the fluid from rest to the inlet velocity. 

Of these 3 components of the total pressure differential (6P)t the first, (D,p)st, is by 
far the most important, so that (6p)t :::::; (6p)s

1
• 

It is now found that 
2 

d.5o6f2 L (6 P)t ------ ·--= -tb. 
l 81J w R f2 

In order that this result may be used for evaluating cyclones it is necessary to 

transform it as follows. 

it follows that 

nb2 

Since q = V - - = the capacity of the cyclone, 
4 

d; 06f2 (D,p)t 36 w R 
--- L--=---. 

1J Qq n V b 

w 
Above a certain minimum Reynolds' number - is practically constant for a partic

V 

ular cyclone, so that 
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Cy50 = d~o !'::, {! L ( l'::, p)t = constant. 
IJ {!q 

Presumably this is therefore a characteristic cyclone number, dependent only on the 
geometric proportions of the cyclone, but independent of pressure differential and 
Reynolds' number. The validity of this deduction has been examined for liquid 
cyclones and confirmed, as will be shown in the experimental section. 

EXPERIMENTAL: EVALUATION OF LIQUID CYCLONES 

The characteristic cyclone number C y 50 derived above proves to be suitable also for 
evaluating and designing cyclones. For the separation in a cyclone it is namely 
required that: 

(I) the separation should be as good as possible, in other words that d5o should 
be as small as possible; 

(2) the required pressure differential should be as small as possible; 
(3) the capacity should be as large as possible. 
These requirements all entail that C y 50 must have a minimum value. By determining 

this number for cyclones in which the dimensions are varied in several ways it is 
possible to find the optimum form of cyclone fulfilling these conditions. This Line of 
thought formed the basis of a practical investigation on liquid cyclones carried out 
in the Koninklijke/Shell-Laboratorium, Amsterdam. 

In this work it was further assumed that the absolute dimensions of the cyclones 
are basically of no importance for the evaluation of C y.50, since this number is dimen
sionless, so that only the ratios of the various dimensions are significant. The inves
tigation was hence performed on cyclones of constant diameter (D = 7.5 cm), the 
components being so designed that the inlet and outlet sections could easily be ex
changed and the length could also be varied (see Fig. 23). 

With these cyclones experiments have been done on suspensions of quartz fines in 
water, the overflow and underflow being allowed to run freely into receptacles, so 
that a so-called air-core was maintained in the centre of the cyclone and samples 
could also easily be taken. These samples were submitted to particle-size analyses 
with the aid of a sedimentation apparatus according to the Wiegner manometer 
method.a 

By these means the 50 % diameter could be determined for each experiment. Since 
the pressure differential and the throughput were also measured , the value of Cy50 

could be calculated . 
It was necessary to show in the fust place that C y 50 is actually independent of the 

pressure differential (or the Reynolds' number). In Fig. 24 the results have been 
collected of a series of experiments on one and the same cyclone, in which the pressure 
differential was varied. The viscosity was also not constant in this series. The small 
increase in C y50 with the pressure differential can be neglected for practical purposes 
and is scarcely larger than the experimental error. 

J 
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Fig. 23. Construction of experimental cyclone. 
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F ig. 24. Dependence of Cyr,o on the pressure differential in a cyclone 
with L/D = 5, b/D = 0.266, and e/D = 0.333. 
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Next it was desirable to determine the optimum length. A few of the experiments 
carried out for this purpose have been shown in Fig. 25. Both C )15o and D/ L x Cy50 

are here plotted against L/D for a type of cyclone in which only the length was varied. 
It is clearly seen from this figure that the optimum L/D ratio is about 5, since with 
larger L /D ratios the value of C )'50 increases proportionally with L and a better 
separation is thus not obtained. 
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Fig. 25. Dependence of Cy;o and D/ L X Cy so on the length of a cyclone 
with b/D= 0.20 and e/D = 0.40. 
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Fig. 26. Values of Cy;o for various inlet and overflow diameters in a cyclone 
with D = 75 mm and L = 390 mm. 
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After the optimum L/ D ratio had been determined, the choice of the inlet and 
overflow diameters (b and e) was considered. With this object another series of ex
periments was performed, the results of which are shown in Fig. 26. From these data 
contours for a constant value of C y 50 could be constructed (see Fig. 27). It is evident 
from this figure that a minimum value of C )'50 is found for cyclones with a bf D ratio 
of about 0.28 and an e/ D ratio of approximately 0.34. 
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Fig. 27. Contours of constant Cy50 values for cyclones with L/ D =~ 5. 
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Fig. 28. Cyclone experiments of KELSALL and DAHLSTROM: o. KELSALL, D = 3in., plastic beads in 
water, very small L1 a; O , DAHLSTROM, D ~, 9in., silica in water. 
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Measurements by KENSALL 4 and DAHLSTROM .s on the separation in liquid cyclones 
agree well with these results, although the authers concerned worked with totally 
different cyclones and also used different liquid-solid systems (see Fig. 28). 

There still remained to be determined the optimum length of the 'vortex finder', 
i.e. the portion of the overflow pipe projecting into the cyclone. Although this point 
has not been examined di.rectly, it was evident that the length in question is not very 
critical. On the basis of the experience gained it appears that the most favourable 

l 
length of l is given by - """' 0.4. 

D 

The manner in which the total length of the cyclone is divided over the cylindrical 
and conical sections of the shell is also not highly critical. It appears that some 
preference must be given to a cone that is as long as possible, and that the top angle 
of the conical section should in no case exceed 300. 

To summarize, it may be stated that for the concentration of suspensions the 
optimum ratios of the cyclone dimensions are 

L 
- = 5 
D 

l 
-= 0.4 
D 

b 
-= 0.28 
D 

e 
-= 0.34. 
D 

The diameter of the underflow is adjusted to the concentration of the suspension, 
the quantity that it is desired to remove and the counter-pressure. 

The value of the characteristic cyclone number C y50 is then 3.5. 
It should be noted that these data apply only if such measures are taken that an 

air-core can develop in the centre of the cyclone. 
Jt is interesting to compare this experimental result again with the previously 

derived theory, in which it was shown that, Cy50, defined as : 

d~0 6.Q (6. p)e . - 36 w R 
Cy50 = . L --, is equal to Cy50 = - --

17 Qq n V b 

For the optimum cyclone, bf R = 0.56. It has been found experimentally, (compare, 
for instance, the measurements of KELSALL) that w/ V = 1/6. This gives C y50 = 3.4, 
a figure that agrees extremely welt with the value for Cy50 determined by experiment. 

THE DESIGN OF A LIQUID CYCLONE INSTALLATION 

We now come to the question of how a cyclone or cyclone installation should be 
designed for carrying out a certain separation. For this purpose it is necessary also 
to know the pressure loss of the optimum cyclone. This is determined by the 
Reynolds' number referred to the conditions of flow at the inlet. In Fig. 29 this 
dependence has been plotted in the form of a dimensionless pressure loss factor 
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G = (6.P)t (in which V is the inlet velocity, Q the density of the liquid) against 
-to v2 

{! vb 
Rein.let= - --. 

1'/ 

~ 
J/2 p v2 

J 

2 

Fig. 29. Dependence of the pressure loss factor on the Reynolds' number at the inlet 
for a liquid cyclone of optimum shape. 

Suppose, now, that in a certain separation problem it is postulated that a definite 

50 % djameter must be attained, whilst a certain pressure loss (6.P)e is available and 

the total capacity of the cyclone battery must be equal to Q . Furthermore Q, 6.o and 

1'/ must be known. 

From Cy50 d~o6. 0 L (6. p)e = 3.5 and q = ! n bV2 

1'/ gq 

it follows that: 

QVb d~0 /:c,Q L 4 
Rein.let = --=---(6.p)t--· 

1'/ · 1'/2 b 3.5n 

L 
For the optimum cyclone - is fixed and equal to about 18, so that: 

b 

d 2 f':, o 
Rein.let = 6.5 50 

2 
~ (6. p)e 

1'/ 

and can be determined directly with the available data. From Fig. 29 the magnitude 

of the factor G then follows, and since (6. P)t is known, V can be calculated. Together 

with Rein.let tills then gives the inlet diameter b, whereby the cyclone diameter is also 

determined. The capacity of a single cyclone then follows from q = -} nb2 V and the 

number of cyclones that must be set up in parallel for obtaining the desired capacity 

. . b Q 1s given yn = . 
q 

In order to simplify this sequence of derivations somewhat, Fig. 30 has been 

constructed. The vertical scale is here the va,lue of d~0 /:c,Q (6. p)tfry2, which can be 
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calculated directly. With the aid of this graph the corresponding values of 2 other 
dimensionless grou]Js can be derived, viz. 

o(-:) VJ~11 

2 

z 

q ( + l f/lijfL --

Fig. 30. Graph for designing liquid cyclones. 
Distance in radial direction. 

From these the diameter D and the capacity q can again be calculated directly. 

The number of unit cyclones then follows from n 

This completes the design. 

APPENDIX I 

Q 
q 

INFLUENCE OF TURBULENCE ON THE SEPARATION 

The influence exerted by turbulence on the separation can be represented by intro
ducing the concept of a so-called 'turbulent diffusion', which acts on the particles as 
if they constituted a homogeneously distributed substance. As a result of this turbulent 
diffusion, differences in concentration are thus more or less eliminated. 

Turbulence is further characterized by other parameters, of which the so-called 
turbulent viscosity is an instance. This describes the transfer of impulse, resulting 
from the fact that, as a result of turbulence, small parcels of liquid having a certain 
impulse penetrate into regions where the liquid has another velocity, whereby impulse 
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js transferred. It is generally accepted that this turbulent viscosity has a value equal 
to that of turbulent diffusion, which also describes a mechanism of transport (though 
not of impulse, but of mass). Both, in fact, have the dimensions of (surface : time). 

ft is possible to estimate turbulent viscosity with the aid of tangential velocity 
profiles. It can be shown by theory that these are determined by a dimensionless 
magnitude ). = uoR/t, in which u0 is the radial velocity in the cyclone, R is the radius 
of the cyclone and e is the turbulent viscosity (see Appendix II). 

Tangential velocity profiles have been measured by TER LINDEN 1 (for gas cyclones), 
by KELSALL 2 (for liquid cyclones) and others. By comparing the results of these 
investigators with theoretically derived profiles we find that in normal, well-constructed 
cyclones ). > 10. 

Returning to diffusion, we observe that its influence can be described, inter alia, 
·by the average path lengths that the particles cover as a result of diffusion. These are 

given bys = V 2 Er, in which r is the time during which the particle is observed and 
Eis the diffusion coefficient. In our case the time r is equal to L jw = R/u, in other 
words it is the time required for the particle to be transported by the axial velocity 
w from the inlet to the apex (L = length of cyclone). 

uR 
It now follows that s = R\!2/ X, in which ;: - . If we assume that }.' = A. 

E 

> 10, we find thats < 0.44 R. 
In the case of the cyclone of optimum shape this leads to s < 2/3 b, where b is the 

inlet diameter. 
ff the concentration of the particles under consideration is now plotted against the 

distance in radial direction (see Fig. 31) we find that at the inlet the concentration is 
uniform over the whole width b, whilst outside this region the concentration is zero. 
This break in the concentration disappears by diffusion, so that a more gradual 
distribution in concentration occurs, which furthermore changes in such a manner 
that the average path length (as compared with the original distribution) becomes 
2/ 3 b. This is actually the case in the curve represented in Fig. 31, as appears from 
the shift in the centre of gravity of those particles on which this movement can be 
observed (see the singly hatched areas in the figure). 

From the resulting image it follows that the number of particles, originally at a 
distance of less than 1/2 b from the wall, is not seriously reduced as a result of a 
diffusion of the described intensity. Since these are the same particles as those which 
reached the wall in our consideration on the movement of the dso particle, it follows 
that diffusion may be neglected in this derivation. 

APPENDIX II 

THEORETICAL DERIVATION OF TANGENTIAL VELOCITY PROFILES 

The equation of motion describing the tangential velocity profile reads: 
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8 v 8 v UV ~ I 8 ( av ) 82v v ) 
u - + w + -= (v+e) )-- r - + - -~. 
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Fig. 31. Influence of diffusion on distribution of concentration. 

This equation gives the average motion of a liquid element and can be deduced 
from the well-known Navier- Stokes equations by averaging these over the time. In 
the Navier- Stokes equations the turbulent fluctuations occur. By the process of 
averaging over the time, however, the terms which are linear in these fluctuations 
disappear. The terms containing the second power in the fluctuations contribute to 
the shearing stresses acting on the liquid element and can therefore be represented 
by introducing a turbulent viscosity e, which can be added to the normal kinematic 
viscosity v of the liquid. 

As a result of the measurements of KELSALL 2 and TER LINDEN 1 it may be assumed 
that V is independent of z. After a few transformations it is then found that 

u ovr ( 8 l ovr? - + (v+ e)) --( = 0. 
r or ( or r or ) 

uoR uoR 
By introducing A. = -- ~ --

v + e e 

vr r 
rp = --- and u = -

VR R 

u orp + ( a _ 1 orp) = o. it follows that : }, 
uo u ou oa a oa 

For the solution of this differential equation the boundary conditions are still 
required. The first of these reads rp = 1 and u = 1. 
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If the cyclone operates with an air core (in which case a = a1) the other boundary 
condition is given by the consideration that at a free surface there can be no shearing 
stresses. 
Hence 

. dv v drp/a rp 
for rr = a1 we obtain - - - = 0 or-- - = 0. 

dr r da a 2 

If we now further assume that in the whole cyclone u = uo, an assumption again 
justified by the results of KELSALL and TER LrNDEN, the solution reads: 

7 

6 

5 

3 

2 

I 
I 
I 
I 
I 

rp = C? - C1 e-J.a(~-L -1-) - A I ~2 , 

10 

0 OJ' 0.3 0 .4 0.5 0.6 0.7 0.8 0.9 1.0 
er 

Fig. 32. Theoretically derived tangential velocity profiles in liquid cyclones 
with an air core. 
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in which 

and C2 = 1 + C1 e-;. (~ -L -
1
- ). 

A- , A,2 

The result of this calculation has been plotted in Fig. 32 for a value of 0"1 = 0.1 
and for various values of } .. 
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DISCUSSION 

DR. A . KLINKENilERG: [n Dr. Rietema's theory turbulent transport is neglected, 
although the value of Re is very high. Might this apparent contradiction perhaps be 

explained by assuming that the occurrence of turbulence is hindered by the centrifugal 
field, in which a density gradient is furthermore present? A similar phenomenon is 
known to occur in the Pacific Ocean, where a warm current moves over a cold one 
and the vertical turbulent transport is far smaller than the horizontal. 

REPLY: I should prefer to leave the answer to this question to Professor Hinze. 
I would only like to remark that if the explanation, as suggested by Dr. Klinkenberg, 

ho ds good, it will at all events not be valid for liquid cyclones in which there are no 
density gradients. 

PROFESSOR HINZE: I do not believe that a contradiction really exists here. lt is 
true that there is a powerful centrifugal field having a stabilizing effect on turbulence, 
but there are indications enough for the existence of a still fairly pronounced tur

bulence. Unfortunately 1 have no knowledge of any direct measurements of turbu
lence in cyclones and I therefore possess no quantitative data. The velocity distribu
tion of the rotary motion as measured in cyclones suggests the existence of an effective 
turbulent viscosity and hence of an intensity of turbulence which is of the same order 

of magnitude as in turbulent flow through a straight pipe. 
Dr. Rietema has only shown that, with a diffusion coefficient equal to that effective 

turbulence which gives a velocity distribution corresponding to the one measured, 

the influence of turbulent diffusion on the separation of the 50 % particles cannot be 
large. 

MR. P . J. KREIJGER: (l) Does the maximum concentration of 2 % by volume refer 

to the inlet or the outlet? In the first case the concentration will be high at the outlet 
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and the maximum separation will actually take place there (i.e., v2/r is largest). In 
that case, is the assumption of 'no hindered settling' still fulfilled? 

(2) Can the length of the cylindrical shell and the conical part of a cyclone not be 
explicitly introduced into C y50, for instance as: 

Cy50 = ---- --L1+(6 P)seL2 , d5o
2 

t:, g (o v2 
) 

1817 {]q 2 

where L 1 is the length of the cylindrical shell and L2 that of the cone? 
REPLY : l. The maximum concentration of 2 % by volume refers to the inlet. This 

therefore denotes that the average concentration at the outlet is indeed considerably 
higher. 

However, a consequence of the mechanism of separation that I have indicated is 

that in all places where particles have still to be separated the concentration by volume 
is equal to, or lower than, the inlet concentration. In the laminar boundary layer along 
the wall, of course, the concentration increases constantly from the inlet towards the 
apex. If the particles have reached the boundary layer, however, they have already 
been separated. Therefore, if the requirement of a low concentration by volume has 
been fulfilled at the inlet, it follows that this requirement is equally fulfilled at every 
place where particles still have to be separated. 

(2) If L1 <L2 - as is practically always the case and certainly is always advisable -
a division of the total length into these 2 separate dimensions gives no real improve

ment in the theory, and even appears to be somewhat artificial if we remember that 
in the exact derivation of the formula, (6.P)se occurs instead of (6 p)1, which has been 
taken to replace the former for purely practical reasons. 

DR. J. G. VAN DE VussE: Dr. Rietema has shown that for the optimum cyclone 
the experimentally determined value of C y.5o corresponds to the theoretical value 

according to 

I would now like to know 

36 w R 
Cy50 = -

n V b 

(!) Whether this agreement also exists for cyclones besides those of optimum 
proportions; 

(2) At what values of e/ D and b/ D the ratio w/ Vo was measured, and what the 
agreement is with Fig. 27. 

REPLY: This agreement certainly does not exist only for the optimum cyclone. It 
should, however, be borne in mind that for highly divergent cyclone models the 

substitution of (6.P)st by (6.p)e is not always permissible. Furthermore, the ratio 
w/ Vo is dependent on the shape. It must definitely be expected that w/V0 is highly 

dependent on R /b. Whether an agreement will exist with Fig. 27 after the necessary 

corrections have been applied to ( t:, p)st I do not know. 



Chapter 5 

The Influence of the Reynolds' Number on the Operation 

of a Hydrocyclone * 

J. G. VAN KOOY** 

INTRODUCTION 

During recent years an extensive investigation*** on the properties of hydrocyclones 
has been carried out in the Technological Laboratory of the Agricultural University 
at Wageningen, in which this type of apparatus has been studied both for classification 
and for clarification. 

In the operation of hydrocyclones a large number of variables is involved, and it is 
therefore obviously desirable to ascertain whether it is possible to express the exper
imental results in terms of dimensionless groups. For instance, the influence of the 
Reynolds' number, amongst other variables, on the action of a hydrocyclone has been 
examined, this number being simply defined as: 

diameter of cyclone x average feed velocity of suspension 

kinematic viscosity of medium 

The results of the investigation on this aspect of hydrocyclones are briefly commu
nicated and discussed in the present article. 

EXPERIMENTAL SET-UP AND RESULTS OilTAINED 

In this investigation four fractions of small polystyrene spheres, prepared by screen
ing, were used. The specific gravity of this material was 1.05. 

In order to permit of a variation in the Re-number a mineral oil was chosen as the 
liquid; variations in the viscosity could easily be effected within fairly wide limits by 
altering the temperature. It was proved experimentally that the oil chosen behaved 
as a Newtonian liquid. Its specific gravity was approximately 0.85, and the ratio of 
the specific gravities of the liquid medium and solid in these investigations was there
fore about 0.81. 

The experiments will not be described in detail. It will be sufficient to state that 
in the runs a constant ratio was maintained between the quantity of suspension in-

* Communication to the 2nd Symposium on Cyclones, Utrecht, 10th December, 1958. 
** Laboratory for Technology. the Agricultural University, Wageningen (The Netherlands). 
*** Investigation carried out at the request of, and in collaboration with Messrs. Stamicarbon N.Y. 
(The Netherlands). 
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troduced and the quantity removed as underflow. This was necessary in order to 
obtain comparable data, since the ratio in question affects the operation of the 
cyclone. The ratio was chosen as 10 to 1, a common figure in practice, though it does 
not necessarily correspond to the optimum value (too few data are as yet available 
on this point). This operational figure could be realized by varying the size of the 
underflow opening. 

Jn representing the results a number of concepts have been used, which should be 
explained here. Jn the first place the term separation number has been employed; this 
is taken to denote: 

concentration of feed (g/ I) - concentration of overflow (g/ I) 
. d < I x 100 %. concentration of fee g l) 

From this definition it follows that a separation number of lOO % corresponds to 
a case jn which the overflow is entirely free from solid material. The separation 
number becomes zero if the concentration of solids in the overflow is equal to that 
in the suspension fed in; in this case the concentration of the underflow is also equal 
to that of the feed. Consequently, the separation number being zero, the ratio of 
overflow to underflow and of the solids contained therein is the same. 

Further, the symbol d50 is used to denote the particle size to which a separation 
number of 50 % pertains. The concentration of the overflow is then half that of the 
feed. Since the ratio of the amounts of feed and underflow was always 10 : l , a sep
aration number of 50 corresponds to an underflow concentration that is 5-} times the 
feed concentration; in other words, 55 % of the total amount of solid material is then 
found in the underflow and 45 % in the overflow. With other ratios between feed a nd 
underflow these figures are, of course, different. 

Firstly a series of runs was performed in which only the Re-number was changed 
by altering the viscosity. Tn these experiments, therefore, the same cyclone was always 
used and the feed rate was kept constant. The results of these runs are collected in 
Table II and are shown in Fig. 33, in which the Re-number has been plotted as abscissa 
and the separation number as ordinate.* Four curves are given in this graph, cor
responding to the 4 particle size fractions used. From the results it is seen that the 
separation number increases for all fractjons with increasing Re-number, i.e. with 
diminishing viscosity. lt is further apparent that at one and the same Re-number a 
higher separation number is obtained with larger particles. These observations will 
be discussed later. 

Subsequently experiments were carried out in which the Re-number was varied in 
2 ways, namely by altering both the feed velocity and the viscosity. These runs were 
so performed that the viscosity was first varied at one feed velocity, after which the 
same was also done at o ther feed velocities. The data so obtained for one particle 

• ln figures and text the dimensions of the cyclones used have been quoted in the following sequence : 
diameter of cylinder (mm), diameter of inlet (mm), diameter of overflow opening (mm), diameter of 
underflow opening (mm) and angle of cone (degrees). Where the underflow opening was variable, 
it is indicated by the letter x . 
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TABLE H 
CYCLONE RUNS WITH VARIATION IN RE-NUMilER IlY VISCOSITY 

Feed Cyclone Volume of Viscosity Re-number Separation 
pressure capacity underflow of medium of cyclone number 

(kg/cm2) (I/min) ( % on feed) (cm2/sec) (%) 

1.00 48.72 10.6 0.155 40,100 99.l 
1.00 49.08 10.0 0.208 30,000 96.7 
1.00 49.89 10.3 0.3 17 20,000 86.6 
1.00 50.00 10.3 0.345 18,500 85.6 
1.00 49.83 9.3 0.383 16,560 74.5 
1.00 50.76 9.5 0.407 15,900 68.1 
LOO 49.98 9.4 0.435 14,600 57.8 
1.00 49.68 10.0 0.461 13,670 51.0 
LOO 50.64 10.0 0.475 13,560 46.9 

1.00 48.48 10.4 0.214 28,800 90.3 
J.00 50.19 9.9 0.265 24,150 82.7 
1.00 50.46 10.0 0.332 19,360 72.0 
1.00 49.44 10.2 0.378 16,630 57.0 
1.00 49.50 10.3 0.396 15,925 50.9 
1.00 49.38 9.8 0.443 14,190 33.0 

LOO 47.88 10.8 0.160 38,030 9 L l 
1.00 49.20 J0.4 0.211 29,720 77.6 
1.00 49.26 9.9 0.252 24,900 63.9 
1.00 50.40 10.0 0.275 23,360 58.0 
1.00 49.47 10.2 0.317 19,860 50.9 
1.00 50.70 10.8 0.335 19,250 45.6 
1.00 50.01 10.5 0.338 18,860 44.5 

1.00 47.73 10.5 0.153 39,600 81.9 
1.00 48.60 9.8 0.180 34,420 68.8 
1.00 48.96 10.0 0.210 29,740 55.8 
LOO 50.16 9.8 0.266 24,030 37.J 

590 - 700;-< 

420_5Sl0,u 300- 420....,_. 

~210_300/"'"' 

. 
Cyclono : 60_10_20_~_10 

Fttdpressurl!' = 1,00 ato 

4•10 4 

Fig. 33. Reynolds' number varied by variations in viscosity. 
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TABLE III 
CYCLONE RUNS WITH VARIATION IN RE-NUMBER BY FEED VELOCITY & VISCOSITY 

Re-
Se para-

Cyclone Volume of Concentration Temp. of Viscosity Feed number 
lion 

capacity 1111derflow (g/I) medium of medium velocity of 
number cyclone 

(I/min) (%on.feed) Feed Ove1:flow (OC) (cp) (cm2/sec)(cm/sec) (%) 

56.14 9.2 1.87 0.13 41.0 J 1.6 0.136 1190.8 52,480 93.0 
46.89 110.0 l.55 0.18 41.6 l 1.4 0.134 994.7 44,550 88.3 
47.73 10.5 1.98 0.36 37.8 13.J 0.153 1012.5 39,600 81.9 
58.63 9.7 1.93 0.48 31.2 17.0 0.198 1243.7 37,660 75.0 
48.60 9.8 1.87 0.58 33.6 15.4 0.180 1030.9 34,420 68.8 
34.11 10.6 1.83 0.63 41.0 11.6 0.136 723.5 31,880 65.7 
48.12 9.9 1.71 0.72 30.7 17.4 0.203 1020.7 30,200 57.7 
48.96 10.0 2.10 0.93 29.8 18.0 0.210 1038.6 29,740 55.8 
58.69 9.5 1.57 0.78 22.0 26.2 0.304 1244.9 24,580 50.6 
50.16 9.8 1.93 1.22 24.6 22.9 0.266 1064.0 24,030 37.1 
24.57 10.G 1.89 1.04 41.2 11.5 0.135 521.2 23,170 45.1 
35.62 9.9 1.89 1.23 30.8 17.3 0.202 734.3 21,850 34.8 
50.IG 9.9 1.46 0.99 22.2 26.0 0.302 1064.0 21,140 32.5 
21.18 12.2 1.82 1.12 41.2 11.5 0.135 449.3 19,970 38.3 
34.86 14.3 1.55 1.27 22.4 25.7 0.298 739.5 14,880 18.3 
34.83 11.7 1.41 1.21 22.4 25.7 0.298 738.8 14,870 13.7 

0 

0 0 
00 

Cyclon•: 60 _ 10_20_X_10' 

Porlicl• sizo 210 _ 300,,..-

0 

Fig. 34. Reynolds' number varied by variations in inlet velocity and viscosity. 

size fraction have been collected in Table JU and have been plotted in Fig. 34, from 
which an important conclusion can be drawn. Since all points fall on one curve it is 

evident that it is immaterial how the Re-number is varied in any cyclone. If that is the 

case, therefore, the separation index is dependent only on the Re-number. 
The obvious step was then to carry out experiments with cyclones having different 

dimensions, but as far as possible a uniform shape. The results of runs with a 30-5-
10-x- l 0° and a 120-20-40-x-10° cyclone are collected in Table I V. Fig. 35 shows data 
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TABLE IV 
CYCLONE RUNS WITH TWO PROPORTIONAL CYCLONES 

Particle 
Feed Cyc/u11e Volume of Viscosity 

Re-
Separdtioll size range number of 

i11fi"actio11 
pressure capacity underflow of medium cyclone number 

(11) (kg/cm2) (I/min) ( % on feed) (cm2/sec) ( %) 

Experiments with a 120-20-40-x-10° cyclone 

590- 700 0 .25 110.7 8.9 0.355 20,200 40.7 
0.20 103.4 10.8 0.339 19,740 50.2 
0.25 110.9 10.2 0.317 22,625 59.8 
0.20 104.9 10.7 0.353 19,210 45.3 
0.25 109.3 10.2 0.312 22,640 64.5 

420-590 0.20 107.5 10.0 0.251 27,760 57.6 
0.25 112.0 11.4 0.272 26,620 52.2 
0.30 126.7 8.4 0.320 25,600 33.4 
0.25 108.6 10.5 0.320 21,950 34.5 

300-420 0.20 106.9 9.8 0.167 41 ,370 67.7 
0.25 115.5 10.1 0.197 37,940 50.1 
0.20 104.3 10.5 0.248 27, 160 27.8 

210-300 0.30 122.J 9.8 0.156 50.740 48.0 
0.25 108.9 8.5 0.147 48,090 50.9 
0.30 119.2 7.9 0.184 41 ,840 30.5 
0.20 104.8 l I.I 0.304 22,280 10.3 

Experiments with a 30-5-10-x-IOO cyclone 

300-420 1.00 12.67 9.3 0.219 14,720 56.9 
1.00 12.78 9.4 0.228 14,280 53.1 
1.00 12.71 9.3 0.246 13,170 42.5 
1.00 12.86 9.5 0.266 12.320 32.4 

210- 300 1.00 12.54 10.8 0.154 20,730 83.7 
J.00 12.78 9.4 0.176 18,440 67.8 
1.00 12.84 13.I 0.231 14, 130 48.1 
J.00 12.63 9.2 0.209 15,350 43.4 
J.00 12.75 9.4 0.212 15,320 43.0 
1.00 12.81 9.1 0.211 15,480 42.9 
1.00 12.60 9.3 0.233 13,790 31.6 
1.00 12.87 10.5 0.276 11 ,860 19.3 
1.00 12.80 9.2 0.284 I l,480 16.5 

from such experiments using 3 proportional cyclones. In the latter graph the value 
of d50, as defined previously, has been plotted as a function of the Re-number. From 
this graph it is seen in the first place that the curve for a particular cyclone rises very 
steeply at low Re-numbers and becomes progressively flatter at increasing values of 
Re. Further it is found that at a constant Re-number the value of d5o is roughly 
proportional to the diameter of the cyclone. Th.is can. be checked along the ordinate 
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Fig. 35. Results of experiments with approximately similar cyclones of various dimensions. 

for Re= 20,000, shown in the graph. Conversely it is possible, by following a horizontal 
line, to find out at what Re-number a certain value of d5o is obtained with various 
cyclones. It then appears that at a constant figure for d5o (say 400µ) a Re-number of 
about twice a certain value corresponds to a cyclone of double the size. The Re
numbers for the 30, 60 and 120 mm cyclones (at a c/50 of 400) actually stand in the 
ratio of I : 1.4 : 1.8. If we therefore compare 2 cyclones, the first twice as large as 
the second and also operating at double the Re-number, the larger cyclone gives a 
somewhat Lower c/50, in other words, it collects better. This conclusion at first sight 
appears to be the opposite to what one would expect, viz. that a small cyclone 'catches' 
more effectively than a large one. We shall revert to this matter later. 

GENERAL REMARKS 

The results plotted in Fig. 33 concerning the influence of the viscosity on the separation 
number are understandable if we consider that by increasing the viscosity of the 
medium the ratio between the centrifugal force acting on the particle and the inwardly 
directed drag due to flow becomes more unfavourable. The drag increases with the 
viscosity, whilst the centrifugal force diminishes with the viscosity because the rota
tional flow is damped. This is borne out by the fact that the capacity of a cyclone 
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becomes larger at a higher viscosity. Thus it was found that a 60-10-20-x-lOO cyclone, 
at a certain inlet pressure, had a capacity of 40 I/min with water, whilst it had a 
capacity of 50 I/min at the same pressure with oil. 

The observation that a higher separation number is found at a certain Re-number 
with larger particles can be explained simply by the fact that the centrifugal force is 
proportional to the mass of the particle, i.e. to the third power of its diameter, whilst 
the drag is proportional to the diameter itself. 

The shape of a curve valid for a cyclone of a particular diameter is easily explained. 
When the Re-number is increased, either by raising the feed velocity or by lowering 
the viscosity, the r/;,o value of particles behaving according to Stokes' law will become 
continually smaller, because the ratio between the centrifugal force and the drag 
becomes progressively more favourable. The former force is roughly proportional to 
the square of the feed velocity whilst the drag increases in proportion to the feed 
velocity itself. In the Newtonian region, on the other hand, both the drag and the 
centrifugal force are proportional to the square of the feed velocity. 

The region of Stokes passes over very gradually into that of Newton. Jt follows that 
an increase in the feed velocity (by an increase in pressure and with an increase in Re) 
has a very favourable effect in the region of Stokes (i.e. it reduces d50 rapidly), but 
has progressively less influence in the transition range and finally has no effect at all 
in the Newtonian range . lf we further bear in mind that an increase in Re, at a certain 
particle size, causes a gradual shift from the Stokes' region to that of Newton, the 
shape of the curves in Fig. 35 are thereby e~plained. Further it can be concluded that 
it is useful in practice, when separating off very small particles, to increase the feed 
velocity considerably; when removing coarse particles this is far less (or not at all) 
applicable, because then one soon arrives in the Newtonian region. 

If the Re-number is continually reduced one comes into a region where the cyclone 
operates badly; the curve for d5o as function of Re then rises steeply. The rotational 
velocity becomes so small that a cyclone action scarcely exists. In practice, therefore, 
one should not select too low a Re-number. 

The data of Fig. 35 have further been represented in a different manner in Fig. 36. 
In this case the value of dso divided by the cyclone diameter has been plotted along 
the ordinate. It is now seen that the 3 curves of Fig. 35 almost coincide and form each 
other's continuation . 

Geometrically proportional cyclones operating at identical Re-numbers should be 
comparable. The flow patterns of such cyclones are entirely the same and the d50 

should then be exactly proportional to the diameter of the cyclone. As seen from 
Fig. 35 and more clearly from Fig. 36, this proved not to hold exactly for the data 
of the experiments. Whilst theory predicts that a cyclone with half the diameter of 
another would separate particles of half the size at the same Re-number, the smaller 
cyclone actually collects particles that are, relatively speaking, slightly larger. The 
proportional cyclones are hence not entirely comparable, a fact due to the circum
stance that friction along the wall is relatively more important in the small cyclone. 

ln the range of Stokes, the conditions present in 2 cyclones, of which one has twice 
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the diameter of the other, will be given in tabular form in order to show that the 
larger cyclone separates particles of double the diameter: 

ln the large cyclone the diameter is twice as large, 
the feed velocity is twice as small , 
hence the Re-number remains equal. 
The capacity is twice as large, 
the volume is 8 times as large, 
the residence time is hence 4 times as large. 
The centrifugal force, acting on particles of twice the size, is 8 x -! x -}, or the 
same as that in the small cyclone. 
The force of drag, acting on particles of twice the size, is proportional to twice 
the radial flow velocity = 2 x +, or the same as that in the small cyclone. The 
ratio of the 2 forces is hence the same in both cyclones. 

In discussing Fig. 35 we have already remarked that it is not necessary, when 
changing over to a cyclone of double the diameter, to increase the Re-number to 
quite double the value in order to obtain the same d5o, whilst a cyclone of double the 
size operating with twice the Re-number results in a smaller d50 . This can be ex
plained as follows. If 2 cyclones, completely proportional in dimensions, operate with 
the same inlet velocity, the same solid and liquid, it would be expected that the d50 

would be lowest for the smallest cyclone. For, if the same particle size is considered, 
a cyclone of double the size of another will give half the centrifugal force but the same 
drag, so that the ratio between the 2 forces is the more favourable in the small cyclone 
and the latter should separate better. From our experiments, however, the reverse is 
found . This is due to the fact that in the above reasoning the influence of the Re
number has been disregarded. A cyclone of twice the size of another gives double 
the Re-number, and according to Fig. 33 this results in a higher 'catch'. Under the 
conditions of our experiments this factor apparently dominates. 

The following argument can also be advanced. In geometrically proportional cy
clones with the same inlet velocity, the velocity distribution is in principle the same 
if we are dealing with high values of Re. The viscous forces are then negligible with 
respect to the forces of inertia. At lower Re-values a smaller cyclone is, however, at 
a disadvantage. The distribution of velocities in such a cyclone is less favourable than 
in one twice as large, to which double the Re-number pertains. 

We are therefore concerned with 2 opposing effects. A small cyclone should collect 
better than a large one owing to the more favourable ratio between centrifugal force 
and drag, but the latter gives a higher Re-number and hence a better velocity distribu
tion than the smaller. The result of both factors is that a reduction in size of a cyclone 
does not always prove beneficial. For a particular model of cyclone and for a partic
ular ratio between the specific gravities of the particles and medium there exists a 
size of cyclone below which the 'catch' (at a certain inlet velocity and viscosity) 
deteriorates instead of improving. The catch has an optimum at this size and at the 
corresponding Reynolds' number. The data obtained in the investigation outlined 
above largely confirm this theory. 
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In order to demonstrate this further, we have represented the results of Fig. 35 in 
a different way in Fig. 37. The value of d50 is plotted there as a function of the cyclone 
diameter for a certain value of the inlet velocity divided by the kinematic viscosity. The 
unbroken curve of this graph refers to the experimental results, whilst the dotted 
curve is its logical continuation if the above considerations are borne in mind. From 
this graph it is seen that dso first diminishes rapidly and later more slowly as the 
diameter of the cyclone increases, subsequently attains a minimum and finally in
creases again. With the aid of this graph it is thus possible to determine the Re-number 
below which one should not go, the value of d5o also being at a minimum. In a 
qualitative sense the observations represented in Figs. 35 and 36 are thus sufficiently 
explicable. 

Finally, from Fig. 36, a general graph, Fig. 36a has been drawn, showing the 
theoretical relation between dso/cyclone diameter (D) as a function of Re for cyclones 
of the type: D-D/6-D/3-10°. It should be observed that it is, generally speaking, 
dangerous to extrapolate the curves based on experimental observations. This can 
easily lead one into regions of unrealizable operational conditions. By reducing the 
size of a cyclone, for instance, one soon arrives in a region where the underflow 
orifice has the same order of magnitude as the particle diameter. It is obvious that 
the cyclone will not function properly under such conditions. 

CONCLUSIONS 

The main conclusions to be drawn from the investigation are the following: 
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(A) The separation number in a certain cyclone, for a given particle size, is de-

( 

pendent only on the Re-number, and increases with increasing Re. 
(B) The particle size giving a separation number of 50 % is approximately propor

tional, under conditions pertaining in practice and at the same value of Re, to the 
diameter of the cyclone. 

(C) For a particular shape of cyclone and a definite ratio between the specific 
gravities of the solid particles and liquid medium there exists a cyclone diameter 
(Re-number) at which the separation is optimum. 

DISCUSSION 

DR. F. SJENITZER: (1) Mr. van Kooy's second conclusion agrees with the method 
of calculation of Dr. Rietema. This is shown if we consider that on keeping the 
Reynolds' number constant, a doubling of the cyclone diameter D results in a doubling 
of the throughput q. From Fig. 29 in Dr. Rietema's paper it then follows that t::,p 

becomes 4 times smaller. If we now consider the dimensionless groups plotted along 
the horizontal axis in Fig. 30 of Dr. Rietema's article, it appears that these groups 
are also constant, in other words also the dimensionless group against the vertical 
axis remains constant, and since f:,,p has become 4 times smaller, it follows that d50 

has doubled, i.e. d5o x D is constant at constant Reynolds' number. 
(2) A magnitude of more importance, in my opinion, than the quotient of the 

densities of the liquid and particle, is the difference f:,,Q between these 2 densities, 
because this determines the centrifugal force. If one wishes to employ only dimen
sionless magnitudes, one could use the ratio l::, Q/g. 

PROFESSOR J. 0. HINZE: I think it may be useful to lay stress on the fact that the 
influence of the Reynolds' number is due to a double effect. In principle, namely, it 
is the influence of the viscosity on (a) the movement of the particle in the field of flow, 

and on (b) the flow pattern itself. It is not essential that thjs characteristic number 
is defined by the diameter of the cyclone and the inlet velocity. The combined in
fluence explicitly comes to the fore, for instance, when we consider the formula for 
Cy50 given by Dr. Rietema. Thjs formula contains the particle size, the viscosity, the 

capacity and the pressure loss. The formula can be so convexted that d5o/D is ex
pressed in terms of the Reynolds' number, which affects the movement of the particle, 

5 

2 
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Fig. 38. Pressure loss factor as a function of inlet Reynolds' number. 
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and of the pressure loss. The latter is also dependent on the Reynolds' number (by 
its influence on the flow pattern). The result is a dependence of d5o/ Don the Reynolds' 
number, as appears in the graph shown by Mr. van Kooy. 

DR. K. RIETEMA: Mr. van Kooy's condusion that with a certain cyclone model 
(having constant ratios of the various dimensions such as diameter, length, inlet and 
outlet diameters, etc.), and with a certain system of phases to be separated and a 
certain inlet velocity, there is a critical cyclone diameter at which the catch is an 
optimum (a minimum d5o) is in agreement with the conclusions following from the 
dependence of the pressure loss on the Reynolds' number. 

If Fig. 29 of my paper is extended to low Reynolds' numbers one obtains the 
accompanying Fig. 38. 

The pressure loss factor (L:,p)t/tQ V2 plotted in this figure is composed of a constant 
contribution "}{! V2, a contijbution from the frictional loss which diminishes with 
increasing Reynolds' number and a contribution from the so-called 'centrjfugal head' 
(see dotted lines) increasing with the Reynolds' number. It will thus be seen that a 
minimum occurs in this dependence. At this minimum and to the left of it the rotation 
in the cyclone has not become well-developed, so that the cyclone is less suitable for 
separation in this region. For this reason the region in question was not inducted in 
Fig. 29 of my paper. Mr. van Kooy's interesting experiments were, however, carried 
out at a Reynolds' number which actually lies in this critical region (in comparing the 
Reynolds' number it should be borne in mind that Mr. van Kooy refers his Reynolds' 
number to the cyclone diameter, whilst it is here referred to the inlet diameter). 

REPLY: In the accompanying Fig. 39 dependence of the pressure loss on the 
Reynolds' number for the cyclones used in my experiments has been plotted. This 
dependence is different to that shown by Dr. Rietema in Fig. 29 of his paper. 

At high Reynolds' numbers referred to the inlet, the pressure loss for the cyclone 
model used by Dr. Rietema is larger. Furthermore, the minimum in the dependence 
does not appear so clearly with the type of cyclone used by me as suggested by Dr. 
Rietema in his question. 
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Fig. 39. Dependence of the pressure loss factor on the Reynolds' number 
referred to the inlet for 2 models of hydrocyclones. 
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It is quite correct, however, that such a minimum does exist. The conclusion from 
Dr. Rietema's investigation, that at this minimum and to the left of it the rotation 
in the cyclone has not developed sufficiently and that this region is less suitable for 
separation is also confirmed by my work. 



Chapter 6 

Linking Cyclones m Series and its Effect on Total Separation* 

H. VAN DER KOLK** 

NOTATION 

d = particle diameter; 
E = total efficiency of cyclone; 
z(d) - part by weight of the dust which is larger than particle size d; 
a, /J, y = constants. 

INTRODUCTION 

Cyclones can be arranged in series for various purposes, for instance: 
(1) To protect an expensive high-efficiency cyclone from rapid wear by abrasion 

by the use of a simple preliminary collector which collects the coarser proportion of 
the material. 

(2) A combination of 2 collectors, one of which is well adapted to collect fines 
and the other to collect the bulk of the coarse material. 

(3) ln a pneumatic conveyor system which transports the dust discharging from 
a dust collector and which itself requires a dust collector. 

Whatever the purpose of the installation, the total efficiency will depend upon both 
the quality of the dust collectors and upon the manner in which they are arranged. 

lf the relationship between the total efficiency of the cyclones linked in series and 
their respective qualities are to be treated mathematically, we must bear in mind 
that : 

(1) The particle size distribution of any dust is dependent upon the characteristics 
of the material itself and upon the foregoing treatment of it, and that it is, therefore, 
impossible for all particle size distributions to be represented by one formula. 

(2) There are no theories which give a quantitative explanation of the fact that in 
a cyclone a certain number of exactly similar particles are collected while others are 
not, or in other words, that no theory exists which explains the shape of the fractional 
efficiency curve quantitatively; therefore, the fractional efficiency cannot be represented 
as a theoretical function of the particle size and will be represented by an empirical 
formula. 

* Communication to 2nd Symposium on Cyclones, Utrecht, 10th December, 1958. 
** Bureau van Tongeren N.V., Consulting Engineers, Heemstede (The Netherlands). 
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(3) The dust loading of the gas, that is, the quantity of dust per unit volume of gas 

flowing into the cyclone, influences the collecting efficiency, which is of importance 

when cyclones are linked in series. There is, however, no theory which explains this 

phenomenon and no formula exists to describe it. 

THEORETICAL 

In the following, a method has been developed for determining the performance 

which may be anticipated when arranging cyclones in series. It should, however, be 

borne in mind that certain assumptions and simplifications have been made which 

cannot be said to have a general validity and which may well have to be replaced by 
others in cases where both the dust and the cyclone have well-defined characteristics. 

In the following example, the particle size distribution is assumed to follow the 

Rosin-Rammler formula: 

(I) 

in which: 

z(d) 

d 
that part (in weight) of the dust which has a larger particle size than d; 
particle size; 

e base of the natural logarithms; 

fJ and y constants. 

For simplicity it is assumed that y = 1 (in many cases y does not differ very much 

from I), so that instead of (1) we get: 

(2) 

(See Fig. 40.) 

The fractional efficiency of certain types of cyclones is well represented by the formula: 

E(d) = 1 - e-ad (3) 

in which E<a> is the fractional efficiency for the particle size d a nd a is a constant 
(cf Figs. 41 and 42). 
For one cyclone the total efficiency will be: 

E1 = - I: (l - e -ad) d (e -/Jd) (4) 

-J: (1 - e ad) ( - [J) e -/3d d(d) (5) 

a 

a+ fJ 
(6) 

This formula leads to the following conclusion: 

In order to obtain a high collecting efficiency, viz. an efficiency which does not differ 

much from E = 1, fJ must be relatively small in comparison with a, which is an 
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expression for the well-known fact that, for a very fine dust (where pis large) a high
efficiency cyclone is required (a being large), while for a coarse material (p small) a 
low-quality cyclone (small a) is sufficient to obtain high efficiencies. 
Two cyclones can be Jinked in series in the following ways (cf Fig. 43). 

(A) The gas outlet of cyclone I is connected to the gas inlet of cyclone II. 
(B) The dust outlet of cyclone I i.s connected to the gas inlet of cyclone II, and the 

gas from both cyclones is directly drawn off. 
(C) The dust outlet of cyclone I is connected to the gas inlet of cyclone II, but the 

gas from cyclone II is re-introduced into the gas inlet of cyclone I (re-cycling) (this 
is possible, as the quantity of the gas taken from the dust outlet of cyclone I is only 
a small proportion of the gas entering cyclone I). 

Arrangement A 

The combined collecting efficiency is: 

E1, II = E1 + E11 

in which E11 is the collecting efficiency of cyclone II based upon the quantity of dust 
that enters cyclone /. 
For cyclone l the fractional efficiency is: 

E(dJ I = I - e - a,d (3) 
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and for cyclone JI: 
E(d) II = 1 - e -a,d 

The total efficiency of cyclone I, according to (6) is: 

(3) 

(6) 



SEPARATION WITH CYCLONES IN SERIES 81 
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Fig. 43. Arrangements A, B and C for linking 2 cyclones in series. 

The quantity of dust entering cyclone II, which is that quantity which escapes from 

cyclone I, is the difference between the total dust quantity which enters cyclone I 

I:{Je-,Bd d(d) (7) 

and the quantity of dust collected by cyclone I 

J :/Je -,Bd (1 - e -a1a) d(d) (5) 

The total efficiency of cyclone II (based upon the quantity of dust entering cyclone I) 
is thus: 

En = f :[/Je -Pd - /Je -Pa (f - e -a1d)] (1 - e -a,d) d(d) (8) 

= /J ( a1 ~ /J - a1 + :z + /J) 
(9) 
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and the total efficiency of the combination is: 

= 1---/3 __ 
a1 + a2 + /3 

(10) 

(11) 

In formula (IO) the first term represents the contribution of cyclone I to the total 
efficiency, while the second and third terms represent the contribution of cyclone II. 
The latter contribution is positive, but whether or not this contribution justifies the 
initial and running costs of cyclone II depends upon the relationship between the 
factors a1, a2 and f3. Application of the formula to different cases shows that it is not 
beneficial to link 2 bad cyclones in series, and that a better solution is to use one good 
cyclone. This is emphasized by the fact that the dust load of the gas entering cyclone II 
will normally be low, which has a bad effect on the efficiency of cyclone JI. Only when 
the desired efficiency cannot be met with one very good cyclone or a battery of 
cyclones is the arrangement under discussion to be recommended. 

Arrangement B 

If 2 cyclones are linked in such a way that the dust outlet of cyclone I is connected to 
the gas inlet of cyclone IT, and if the gas from both cyclones is drawn off without 
further treatment, cyclone Il will receive the quantity of dust collected by cyclone I, 
which is: 

"00 - j 
0 

(I - e -a1d) d (e-/3d) (4) 

The fractional efficiency of cyclone II is: 

(3) 

and thus, the total efficiency of the system will be: 

£1. n = E1 · Eu = - f 000 - e -a,ct) (I - e -a2ct) d (e -/3il) (12) 
v 0 

= l _ _ /3_ 
a1 + /3 

(13) 

According to formulae (6) and (13) E1, II is <E1, and the conclusion would be that 
arrangement B is not acceptable. 
This conclusion is, however, premature. 

If a cyclone is not provided with an air-tight hopper, but if an air flow is drawn off 
from the dust outlet, the efficiency will be increased. Therefore, the calculation must 
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be done with a factor a' 1 which is larger than the factor a1 that is suitable for the 
normal application, for instance a cyclone with air-tight hopper. 

The dust load of the gas entering cyclone TI will be high, as the shunt flow of gas 
is small when compared with the main gas flow, and as already mentioned, this has 

a favourable influence on the efficiency. If, therefore, az is applicable for cyclone n 
with a normal dust load, a' 2, which is larger than a3, is applicable when the dust 
load is high. Therefore, the efficiency mentioned under (13) will become: 

E'1,II = 1 
(J (J 

a'2 + (J + a'1 + a'2 + (J 
(14) 

and whether E' 1, II is larger than, equal to, or smaller than 

(6) 

depends upon the factors a 1, a' 1, a' 2 and (J, and this question can only be answered 
for a definite case, when all the circumstances are known. 

A general conclusion is impossible, but experience teaches us that this arrangement 
is favourable when good cyclones are used. 

Arrangement C 

Tf the dust collected by a cyclone is drawn off together with a small proportion of 
the gas of this cyclone, and led to a secondary cyclone, and if the gas from this 
secondary cyclone is re-introduced into the gas inlet of the primary cyclone (re

cycling), the following holds good. 
If the quantity of dust of a certain narrow fraction in the raw gas is 1 per unit 

time, and if the quantity of dust in the cleaned gas of the secondary cyclone is x per 
unit time, the total quantity of dust of this fraction, which enters cyclone I, will be 

1 + x per unit time. Through the dust outlet of cyclone 1 the quantity E(a) 1 (1 + x) 
flows to the secondary cyclone, and from this dust the following quantity will escape 

through the gas outlet of cyclone II and thence to cyclone I: 

(1 - E<ro II) E(a> 1 (I + x) 

and this was assumed to be x. 

It follows, therefore, that: 

1 + x = -----------
1 - E(<l) I + E(d) I E(d) II 

The quantity of dust from this fraction, collected by cyclone II is given by : 

E(dJ 1, JI = E(d) II E<a> 1 (I + x) (15) 
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( 16) 

and as 

and 

E<a> 11 = l - e -a,a 
it follows that 

J
"°( e -a,a ) EI II= - 1 - d(e -Pa) 

' 1 - e --a,a + e -(a, +a,)d 
0 

(17) 

This integral could not be resolved, but when using finite instead of infinite steps, we 

get: 

E ~
o E(d) I E (d) II /\ z 

I II= Ll 

• 
1 

1 - E<a> I + E<a> I E(a> II 
(18) 

in which: 
d is the average size of the particle in a finite fraction, and 6 Z is the part of the 

total dust quantity within the limits of that fraction. 
When this arrangement is compared with arrangement B, it is obvious that in both 

cases the fractional efficiency E<a> I is increased as gas is drawn off from the dust 

outlet of cyclone I. In both cases the fractional efficiency E(a) II is increased as the 
dust load of the gas entering cyclone II is increased . The arrangement C has the 
advantage over arrangement B, that in arrangement C the dust escaping from the 
gas outlet of cyclone II is re-introduced into cyclone T and has thus another opportu
nity of being collected, whereas, it is definitely lost in arrangement B. 

This is proved by working out a definite case on the basis of formulae (13) and (18). 

As in the case of arrangement B, a general conclusion as to whether or not arrange
ment C will be superior, equal or inferior to the application of cyclone I cannot be 
reached without further complications. Experience shows, however, that the arrange

ment C gives excellent results as regards collecting efficiency when good cyclones are 

used. 

CONCLUSIONS 

(1) If 2 cyclones are linked in series in such a way that the whole of the gas of cyclone l 
is treated in cyclone II, the total collecting efficiency of the combination is higher than 

that of each cyclone when operated individually. If cyclone ll reacts to the magnitude 
of dust loading, this should be included in the calculation. 

(2) Tf 2 cyclones are linked in series in such a way that the dust collected by cyclone I 
is drawn off together with a small proportion of the gas and introduced into cyclone TT, 

while the exhaust gas from both cyclones is drawn off without further treatment, the 
various cases that occur will require individual treatment: 
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(a) If the collecting efficiency of cyclone I is not influenced by drawing off gas from 
the dust outlet, and if cyclone II is not influenced by the magnitude of the dust load, 
the combination will have a lower efficiency than that of each of the cyclones when 
used alone. 

(b) If the collecting efficiency of cyclone I is favourably influenced by drawing off 
gas from the dust outlet, and/or, if the collecting efficiency of cyclone II is favourably 
influenced by the high dust loading, the total efficiency of the combination when 
compared with that of cyclone J used alone may be higher, the same or lower. Expe
rience shows that with good cyclones the combination will be superior. 

(3) Jf, in the arrangement mentioned under 2, the exhaust gas of cyclone II is re
introduced into cyclone I, the conclusions reached under 2(a) and 2(b) hold good. 
This arrangement will always yield better results than that mentioned under 2, and 
experience shows that with good cyclones the coHecting efficiency obtained will be of 
a very high standard. 

DISCUSSION 

PROFESSOR H. A. LENIGER: Jn connection with Mr. van der Kolk's paper I would 
like to ask Dr. Rietema the following question. Is it possible, with a view to classifica
tion, to make the fractional catch curve appreciably steeper, in other words to obtain 
a sharp boundary in sifting, as is possible in modern wind sifters? 

DR. RIETEMA: This would not appear possible without alterations in the principle 
of the cyclone. 

Concerning a remark made by Mr. van der Kolk, to the effect that no cyclone 
theory has as yet been able to predict the shape of the separation curve, I would 
further like to draw attention to the possibility of extending the theory given in my 
paper in this direction. 

I 
Fig. 44. 

In the same way as one can calculate the orbit of the dso particle, this can also be 
done for a d10 particle, a d20 particle and so on (by analogy to the definition of d5o, 
dx is here the diameter of the particles of which x % is separated off). 

According to the theory, the dso particles all cover a distance of -}b (b being the 
diameter of the inlet). The dx particles cover a distance of y, y being so large that the 
percentage of that part of the inlet section (hatched in Fig. 44), which is not more 
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distant than y from the wall, is equal to x. For a circular inlet we hence obtain : 
x = 100 % y = b 
x = 80% y = 0.745b 
x = 50% y = 0.500b 
x = 20% y = 0.255b 
x = 10 % y = 0.155b 
x = 0 % y = 0 

If the shape of the separation curve is referred to d5o we then arrive at the following 
result: 

x = 100 

x = 80 

d100 = dsov2 = 1.41 d5o 

dso = dsoV 2 X 0. 745 = 1.22 d5o 
x = 50 d5o = dso 

x = 20 d2o = d50V2 x 0.255 = 0.71 d5o 

x = 10 d10 = d50V2 x 0.155 = 0.56 dso 
x = 0 do = 0 

(See also Fig. 45, full curve) At its upper end this result must be corrected for tur
bulent diffusion, which does play a (small) part at high percentages separated. It can, 

'Y. 

100 ----------- ----
90 

80 ----------

70 

CORRECTION FOR IO PER 
CENT UNDERFLOW IN THE/ 
CASE OF HYOROCYO..ONEJ 

...... 

/ 
/ 

/ 

----;-,,L.-
1 ____ ,,.. 

10 ----

1 ,,,,.,, ----I ,,.,,. 
). /CORRECTION FOR 

/ I TURBULENT OlffUSION 
/ I 

:l I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

2d50 
PARTICLE DIAMETER 

Fig. 45. 

however, be shown that particles with a diameter of about 2.5 x d5o are separated 
to the extent of 100 % in normal cyclones. This result becomes better still as the 
Reynolds' number at which the cyclone is operating increases (6.p/-}Q V2 then in
creases (see Fig. 29 of my paper) and consequently there is an increase in }, = uR/e, 
which signifies that the turbulent viscosity and diffusion increase less rapidly than the 
flow velocity, so that the influence of turbulence becomes less pronounced). 
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At the lower end of the separation curve, the result must also be corrected in the 
case of hydrocyclones for 10% underflow, so that particles which are not separated 
still arrive at the extent of 10% in the underflow. 

REPLY: I am very pleased that it is possible to use Dr. Rietema's theory for 
constructing a fractional catch curve and 1 hope that the results will be in reasonable 
agreement with practice. This is the first time that it has been possible to predict 
catch curves for cyclones on a theoretical basis and this fact is of very great value. 



Chapter 7 

The Separation of Liquids from Gases by Cyclones* 

H. J. VAN EBDENHORST TENGBERGEN ** 

INTRODUCTION 

A number of devices are in use for separating small drops of liquid from a gas stream 
in which they are dispersed . 

Very fine mists can be treated with wire-mesh demisters 1 ; 2 other types of mist 
eliminators are described by HOUGHTON and RADFORD 2 • The same object can also 
be attained with Raschig rings, etc. When large amounts of liquid have to be dealt 
with, cyclone separators prove of great value. They can often be much smaller than 
other demisters. A cyclone is also less liable to obstruction by solid particles. 

The behaviour of a gas-liquid cyclone does not differ much from that of a dust 
cyclone 3, so that the principles developed for the latter prove useful for determining 
the possibilities of the gas-liquid cyclone. 

A very complete review of gas-liquid cyclones, which can still be profitably consulted, 
was given in 1942 by POLLAK and WORK 4 . 

EVALUATION 

In Chapter 8 the importance of the particle size in the comparison and evaluation of 
dust separators is discussed. A serious difficulty experienced in the latter field is that 
of obtaining a representative sample of the dust in question, whilst the analysis of 
this sample presents further problems. In the case of mist collectors, where the drop 
size is the characteristic magnitude, the difficulties involved in sampling and in deter
mining the size of the droplets are even greater. 

HOUGHTON and RADFORD 5 describe a method in which the droplets are collected 
on a plate covered with vaseline and then photographed. Several variations on this 
method have been employed. 

MINNAERT 6, for instance, collected the drops on filter paper where they produce 
coloured stains, the diameter of which is a function of the drop size. This method 
is not suitable for fine mists. 

The size of drops produced by an atomizer can sometimes be determined by 

* Communication to the 1st Symposium on Cyclones, Utrecht, 3rd June, l 953. 
** Mining Research Establishment, Dutch State Mines, Hoensbroek-Treebeek (Limburg, The 
Netherlands). 

• 
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employing a photographic developer as the spray liquid, collecting the droplets on 
a photographic plate and measuring the size of the spots developed (BENTLEY et af.7). 
BATTELLE evolved a cascade impactor 7, capable of collecting several fractions of drops 
in sizes ranging from 0.5 to 20 p . KLEIN s, describes a method in which the drops are 
collected in a liquid. 

In all these methods a surface, intended for receiving precipitated droplets, is 
introduced into the mist. This surface, however, obviously disturbs the flow of gas 
seriously, and it is hence always somewhat doubtful whether the sample so obtained 
is representative. 

KLING succeeded in photographing droplets in flight 10. This is a very good method 
in theory, but it meets with many difficulties in practice. Photographs of drops may 
be scanned automatically 11. Much work on the measmement of drop size has also 
been done in connection with the development of atomizers for diesel engines 12 . 

The main difficulties encountered in this kind of work are the tendency of small 
drops to coalesce into large ones and the fact that they can disintegrate by impact 
against a wall. In many cases they are also subject to evaporation. To make matters 
more difficult, small drops evaporate faster than large ones. Since the smallest drops 
are usually the most important, this fact is particularly objectionable. Attempts are 
sometimes made to overcome evaporation by spraying a liquid (for instance a solution 
of calcium chloride) which is in equilibrium with the air. This measure can, however, 
never be entirely effectual, as small drops are in equilibrium with a higher partial 
pressure of water than larger drops. 

Jn the determination of drop size by microscope the heat of the lamp may be 
sufficient to cause evaporation. This difficulty can be overcome to some extent by 
using a cover-glass, but this in its turn produces a flattening of the droplets that must 
be taken into account. 

Two mist separators can be compared by placing them successively behind the 
same sprayer. If the amount of atomizer and collector liquid is weighed, the collecting 
efficiency may be calculated. Great care should. then, however, be taken to ensure 
that the jet of the sprayer does not strike a wall, as the latter may also serve as a 
collector if the drops do not have exactly the same velocity as the gas current. 

It is also possible to compare 2 drop collectors by feeding them with a stable mist 
from a tank, the amount of liquid collected by each being weighed. This method in 
many cases suffices for a qualitative comparison. 

Jn view of the foregoing it will be clear that it is usually almost impossible to 
express the efficiency of a mist collector in terms of percentages. This is, however, 
not a serious matter. 

Jn the case of a dust collector the situation is frequently as follows: a client, wishing 
to buy a dust separator, can usually only state how much gas it must be able to treat. 
As a rule he does not know the quantity of dust present nor its particle size. Never
theless an experienced manufacturer will usually be able to supply him with a satisfac
tory collector. 

The situation is very much the same in the case of demisters. Here also the informa-

References p. 96 
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tion available is usually very scanty and experience is needed to determine what type 
of apparatus will be the most suitable. 

DIFFERENCES BETWEEN DUST AND MIST COLLECTORS 

Some of the existing cyclone theories assume that a particle has been 'caught' the 
moment it touches the wall of the apparatus. This assumption is not entirely valid 
for dust particles, but it is far nearer the truth in the case of a mist, because the wall 
of the cyclone is covered by a film of liquid which effectively retains the droplets. 

Experience with dust cyclones and hydrocyclones has proved that, for efficiency, 
the most favourable form consists of a short cylinder coupled to a long truncated cone. 

This form is not in such general favour for the separation of liquids from gases. 
A pure cylinder is frequently employed. This is possible, because the rotating liquid 
gives the gas-filled space the most favourable shape (Fig. 46). The liquid starts circu
lating and moves upwards along the walls. Danger exists that, if the velocity becomes 
too high, a similar effect as in a whirlwind is produced and drops are entrained into 
the core (Fig. 47). 

£. 
/--,.__ ,_ 

-=--' ,.,,...,~. 

Fig. 46. Shape of the surface of the liquid in 
a cyclone at low gas velocity. 

Fig. 47. Shape of the surface of the liquid in 
a cyclone at high gas velocity. 

It may thus happen that an increase in the inlet velocity results in a fairly sudden 
decrease in collecting efficiency, a phenomenon not encountered in a dust collector. 

The re-entrainment of drops into the centre of the cyclone by the 'whirlwind effect' 
can easily be seen in a glass cyclone. It can be prevented to some extent by a set of 
baffles or a cross in the base, which act as a vortex breaker. A better way is to employ 
a false bottom not touching the wall and always remaining above the surface of the 
collected fluid (Fig. 48). 

In a dust cyclone it is fatal for efficiency if dust accumulates in the vortex chamber 
itself, and the cone must therefore never be used as a bunker. r n the case of a cylindrical 
gas- liquid cyclone it is not so detrimental if some of the separated fluid remains in 
the apparatus, though it should be avoided if possible. 

THE SUITABILITY OF GAS-LIQUID CYCLONES FOR VARIOUS APPLICATIONS 

Generally speaking, cyclones are used when the mist is not too fine, when some loss 
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Fig. 48. Cyclone separator according to Tm LINDEN is_ 

in pressure is not objectionable and when it is essential that large quantities of liquid 
can be treated. The cyclone is able to achieve all this in a small space. Consequently 
a cyclone can be used to separate, for instance, drops of liquid entrained from a 
scrubber. 

Another application is the removal of drops from a boiling liquid, in the first place 
water from steam. The well-known locomotive boilers and Lancashire boilers are 
provided with a dome for the same purpose, but the latter can be omitted if the 
steam is passed through a cyclone, as has been done by Ter Linden. 

A much more delicate operation is necessary in the case of water-tube boilers, 
where the separation of steam and water takes place in the boiler drum. Formerly 
this drum was provided with various kinds of baffles, which proved only moderately 
successful. Nowadays series of cyclones are installed in the drum by several companies. 
Interesting experiments have been done in this field by FARBER 13, who worked with 
a model in which water was replaced by freon 12, whereby the investigation could be 
carried out at more manageable temperatures and pressures. 

Condensation of a liquid from the gaseous state usually results in very fine droplets, 
which are generally not easily caught by a cyclone. There are nevertheless a number 
of cases in which water produced by condensation can be separated successfully in 
cyclones. 

The first case of this kind that we must mention is encountered with compressors. 
Tn the compression of gases containing water vapour, water frequently condenses in 
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the coolers. Sometimes, however, the latter are not also capable of separating the 
water formed. There is then a considerable danger that water slugs will enter the next 
stage of the compressor. This danger can be overcome by the use of a cyclone. In 
spite of the strong pulsation the latter functions sufficiently well. 

A second case in which condensed water can be a great source of trouble is that of 
networks carrying compressed air. The air is introduced into the network while still 
hot, and gradually cools off. In extensive networks the condensed water conglomerates 
into large drops and even forms a stream fl.owing along the bottom of the pipes. 

It may also occur that water in some sack of the pipe is suddenly entrained when 
the consumption of air is increased. An excellent way of separating water in such 
cases is by placing a cyclone at its coldest, remotest and lowest point. 

Finally mention may be made of an application in the petroleum industry which 
has been described by HUGHES, EVANS and STIRLING 14. When fl.ash evaporation is 
practised, a mixture of constituents with different boiling points is heated consider
ably and then submitted to a much lower pressure. This takes place continuously by 
the tangential discharge from a pipe into a vessel, where the vapour bubbles formed 
by expansion have to separate from the liquid. At the very high prevailing velocities, 
however, the drops are torn apart and are hence difficult to collect. Here again a 
cyclone is the indicated apparatus for achieving a good separation. 

THE PRESSURE IN THE APEX 

The pressure in the apex of a cyclone is lower than is generally assumed. This is true 
both in dust cyclones and in liquid cyclones and gives rise to much trouble 15. 

,,,--·--. --- . -- . - - . - -
( 
·1 

a 

Fig. 49. Pressure difference between the receiver and the gas outlet in a conical cyclone. 
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If the apex outlet in the cyclone (Fig. 49) is smaller than the gas outlet (a< d) the 
pressure in the receiver R may be lower than that in the gas outlet. This fact has to 
be taken into account when designing the drain. 

/ 
' 

I I 

I 

I 

I 

I 

Fig. 50. Pressure difference between the fluid outlet and the gas outlet in a cylindrical cyclone. 

A 

sectionAB 

sectionC D 

Fig. 51. Gas-liquid cyclone in a pressure-resistant vessel according to TER LINDEN. 
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Fig. 52. A cyclone for separating water and steam within the boiler drum 
of Babcock and Wilcox 1~. 

In a purely cylindrical cyclone having its drain i11 the side wall (Fig. 50) the pressure 
in the drain will be higher than in the gas outlet. It will be almost equal to the inlet 
pressure. 

CONSTRUCTIONAL TYPES 

The common conical cyclone is very suitable for use as a gas- liquid cyclone. Often, 
however, a cylindrical cyclone can be used. 

It frequently occurs that mists have to be separated from gases under pressure. 
The shape of a cyclone is not favourable to its construction as a high pressure ap
paratus. In this case the cyclone may be made of thin plate and enclosed in a vessel 
resistant to the pressure in question. A construction of this kind due to TER LINDEN 16 

is shown in Fig. 51. 
In the boundary layer along the top the rotation is small. As a result there is no 

force counteracting the pressure difference between inlet and outlet. This causes the 
fluid to creep from the outer wall along the top to the gas outlet. TER LINDEN states 
that this effect can be prevented by placing one or more rings, concentric with respect 
to the outlet, in the top of the cyclone 17. This increases the length of the path along 
which the fluid has to creep. A typical construction of T ER LINDEN'S is shown in Fig. 
48, in which H is the upper ring and U the false bottom 18 . 

In boiler operation, steam and water can be separated by means of a battery of 
cyclones placed inside the drum. The inlets of the cyclones are connected to the rising 
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Fig. 53. Cyclone separator within the drum of a marine boiler 21 . 

Fig. 54. Gas-liquid cyclone of Van Tongeren. 
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pipes. The lower part of each cyclone is submerged in the water whilst the upper part 
is above water level. This set-up has the advantage that the water is forced out of the 
cyclone with increasing throughput. If the cyclones were connected to the pipe leading 
to the superheater it might occur that the steam would become wetter instead of drier 
in the event of an overload, owing to additional water entrainment. 

In this application cyclones are always used in combination with gas-liquid sep
arators consisting of a packet of corrugated plates. Fig. 52 shows a cyclone in its 
simplest form 19 after a design of Babcock and Wilcox. Fig. 53 demonstrates how 
these cyclones are built in 20, 21 . 

Constructions of different type have been published by LORENZINI 22 and ARMA
COST 2:3. 

Another important application is in conjunction with the use of paper machines. 
In their operation large amounts of water vapour are drawn off, from which the 
condensed water can be removed by means of cyclones. A separator suitable for this 
purpose (type B1 of 'Bureau van Tongeren') is shown in Fig. 54. This type of cyclone 
can also be used successfully for separating oil from steam. 
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Chapter 8 

The Separation of Dust from Gas* 

H. VAN DER KOLK** 

EARLIEST APPLICATION 

Cyclones were first used in industry for the separation of solids from gases, and this 
application is still the most common one. 

The oldest cyclone is probably that of the Knickerbocker Company in the U.S.A., 
constructed about 1885. Fig. 55 is a reproduction of 2 figures from the German 
patent granted to this company. All essential elements present in the type of dust 
cyclone now most frequently employed are found in this earliest cyclone. 

Fig. 55. Figs. I and 2 of German Patent 39, 219. 

" Communication to the 1st Symposium on Cyclones, Utrecht, 3rd June, 1953. 
** Bureau van Tongeren N.V., Consulting Engineers, Heemstede (The Netherlands). 
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The air-dust mixture is led tangentially into the upper part of an axially symmet
rical vessel. The separated dust leaves the cyclone at its base and the gas escapes at 
the top through a central exit. The gas exit pipe shown in Fig. 55 is much shorter 
than that now regarded as suitable, but in Fig. 5 of the same patent (see Fig. 56) 

Fig. 56. Fig. 5 of German Patent 39, 219. 

we see an exit pipe projecting deep into the cyclone. This same figure clearly demon
strates that the designer has realized how the light material, as a result of the interplay 
between the centrifugal force and the drag exerted on the particle by the gas flowing 
downwards along the wall, is removed at the base, but that the coarse material is 
carried towards the top plate. For this reason an exit duct for heavy dust has been 
built into the top plate. 

MAIN TYPES 

Tn the course of time a great number of widely divergent constructions have been 
employed, and we can now divide cyclones into 3 main types according to the pattern 
of the gas flow present in them. These types are: 

(a) that in which the gas first flows along the wall in the direction of the apex, and 
then is reversed in direction and escapes axially, whilst the dust moves with the outer 
current towards the apex (Fig. 57); 

(b) a type in which the gas moves in one direction and the dust is skimmed off 
in some manner at the periphery of the cyclone (Fig. 58); 

(c) one in which the gas is introduced tangentially and follows a flat spiral inwards, 
the dust concentrating at the periphery being skimmed off together with a small 
quantity of gas, and removed in a final separator (Fig. 59). 

ECONOMICS OF A CYCLONE 

The following factors are of importance for a dust separator: the initial cost, the 
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Fig. 57. Cyclone in which the main direction of gas mo tion is reversed. 
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Fig. 58. Cyclone in which the main direction of gas motion remains unchanged. 
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occupied space, the required energy and maintenance costs, all of which determine 
the financial economy; the collecting efficiency, determining the yield. 

Now it is generally found that the higher the collecting efficiency is to be, the higher 
will be the costs. This can be illustrated by a few examples. A higher collection can, 
for instance, be obtained by providing a cyclone of a certain shape with a smaller 
inlet, but this will reduce its capacity; in other words, it will make the cyclone installa-
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tion required for cleaning a certain quaintity of gas more expensive and more volu
minous. 

Another way of improving the collection would be to reduce the diameter of the 
gas outlet; at a given capacity this would result in a higher resistance and consequently 
in a higher consumption of energy. A third method consists in reducing the size of 
the cyclone; the gas to be cleaned must then be divided over a large (and sometimes 
very large) number of cyclones, so that the construction becomes more complicated . 

Fig. 59. Cyclone in which the gas flows inwards in a flat spiral. 

It is, however, obvious that the collection of a cyclone depends in the first place 
on the fineness of the dust to be separated from the gas, and it is hence senseless to 
use, for the separation of coarse dust, an expensive installation requiring much space 
and having a high resistance, since coarse dust can easily be removed in a far cheaper 
plant. This fact explains why several types of cyclones have a right to exist. Since the 
installation must be adapted to the kind of dust that is to be removed, a ready-made 
cyclone is seldom suitable; it is preferable to design each plant for the dust in question. 

The size of the installation does not depend on the quantity of dust to be separated 
but on the quantity of gas to be purified, given a certain fineness of the dust. 

The first method for improving the quality of a cyclone, namely a reduction of the 
inlet, is based on the following facts. If, at a certain velocity, a smaller quantity of 
gas is admitted into a certain cyclone through a smaller inlet, the centrifugal force 
remains almost the same, but the component of the velocity directed radially inwards 
diminishes. From the considerations in Chapter 3 on the interplay of the forces 
acting on a particle it then follows that smaller particles are also separated. Further
more the retention time of the gas in the cyclone increases if the mass flow of gas is 
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reduced, and this also promotes the separation of finer particles. This measure must, 
however, not be pushed too far, because the wall resistance, which slows down the 
gas mass, has a larger effect if less gas flows through the cyclone. The rotational 
velocity of the gas then diminishes and, in an extreme case (with a very small inlet 
and a correspondingly low capacity) the cyclone starts acting as a settling chamber, 
the efficiency of which is known to be low. 

The second measure referred to - a reduction in the diameter of the gas outlet -
also depends on the relationship between the centrifugal force and the drag, which 
becomes more favourable for the separation as the dust particle moves at a smaller 
distance from the axis of the cyclone. 

With a given body of the cyclone the quality can thus be improved either at the 
expense of capacity - whereby the installation becomes more expensive - or at the 
expense of a higher resistance, which increases the power consumption. 

The third method of improving the separation is the proportional reduction in size 
of the cyclone. The flow patterns in a large and in a small cyclone of equal design, 
both with the same inlet velocity, are almost identical, in other words the tangential 
and radial velocities in both cyclones are the same at corresponding points. The drag, 
which is directly proportional to the velocity, is hence the same in both cases, but the 
centrifugal force - which is inversely proportional to the radius on which the particle 
is moving - is larger in a small cyclone than in a large one. This again causes a shift 
in the size of the particle that can just escape, so that the smaller cyclone collects 
better. 

An installation of a certain capacity, consisting of cyclones of a certain design, has 
a weight independent of the size and the corresponding number of cyclones employed, 
if the wall thickness is constant. A reduction in size of the cyclones therefore does not 
necessarily make the installation very much more expensive if the lay-out of gas inlets 
and outlets and the removal of the dust are favourably solved. Furthermore the 
resistance and consequently the power consumption are almost independent of the 
size of the cyclones. 

It is therefore not surprising that installations consisting of a large number of very 
small cyclones have been constructed for a considerable time. From what has been 
said it would follow that such installations should separate much better than those 
consisting of large cyclones, but this is actually by no means true. The reason for this 
fact is the following. A small cyclone undoubtedly collects better than a large one if 
both are entirely proportionally designed. But it is clear that the construction of 
batteries consisting of hundreds of cyclones presents difficulties that must be sur
mounted. These difficulties include the connection of the cyclones to the gas supply 
and exhaust ducts, and the combination of the many dust outlets in such a way that 
the dust can be drawn off at a limited number of points. As a result, the designers of 
such batteries have resorted to the development of special cyclones designed for such 
a combination. To that end it has, however, been necessary to make concessions with 
respect to the collecting efficiency, even to such an extent that the quality of each 
small cyclone can easily be met and even surpassed by large cyclones. Again, it is 
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only when 2 cyclones are equal in design that the small cyclone is certain to give a 
better collection than the larger one. 

An advantage of batteries of small cyclones is that, depending upon the arrange
ment, they may be built into a more compact unit as compared with larger cyclones. 
This follows from the fact that the volume of a cyclone increases with the third power 
of its linear dimensions, whilst the capacity at a given inlet velocity increases with the 
square of its dimensions. A second important advantage is that the small cyclone can 
be manufactured as a mass product, owing to the large numbers required. 

On the other hand there are disadvantages. The first is that it is difficult to divide 
the load equally over all the cyclones; an unequal load results in unequal pressures 
in the various dust outlets . Since the latter are interconnected through the common 
hopper, unequal loads will result in the creation of cross-currents from certain cy
clones through the hopper to others, whereby the collection of the installation is 
again affected unfavourably. Another disadvantage of small cyclones is that they are 
frequently subject to plugging; trouble is particularly liable to occur when one is 
concerned with fine dusts. 

THE INFLUENCE OF THE LOAD ON THE COLLECTING EFFICIENCY 

As already said, the collecting efficiency for a certain kind of dust depends on the 
design of the cyclone. It further varies with the inlet velocity of the gas. Now it will 
be found that if the inlet velocity increases from a low value, the collection first rises 
fairly rapidly, but later more slowly. The collecting efficiency appears to approach an 
asymptote. In some cyclones a further increase in inlet velocity causes the collecting 
efficiency to decrease again. An installation will obviously be calculated for the max
imum load , and for a suitable inlet velocity corresponding to it. ff the load now 
decreases, the collecting efficiency is also reduced ; this is a disadvantage, but actually 
the result is generally acceptable as far as the purity of the escaping gas is concerned. 

Taking as an example a battery of cyclones for cleaning the gases of a boiler in
stallation, we can accept as a rough approximation that the quantity of entrained 
dust at the inlet of the separator is proportional to the third power of the boiler load. 
If we further assume that the quantity of gas is directly proportional to the boiler 
load - which will be approximately true - the quantity of dust per unit volume of gas 
will be proportional to the square of the boiler load, which signifies that the quantity 
of dust in the raw gas diminishes far more rapidly with the capacity than does the 
collecting efficiency. The result is that the quantity of dust per unit volume of purified 
gas falls rapidly with a reduction of the boiler load, in spite of a lower collecting 
efficiency. In general, therefore, there is no reason for concern about the lowering of 
the collecting efficiency with decreasing load. Should it, however, appear from the 
data for a particular installation that serious inconveniences do arise on account of 
this phenomenon, it is possible to avoid them by shutting down one or more cyclones 
of the battery. It is also possible to provide cyclones with an adjustable inlet damper, 
by means of which the collecting efficiency can be kept nearly constant. 



SEPARATION OF DUST FROM GAS 103 

THE QUALITY OF CYCLONES 

ln Chapter 2 the concepts of the differential and total collecting efficiencies have 
already been introduced. 

What may we now expect of a cyclone? The answer to this question is difficult to 
give, because the differential efficiency can vary widely with the design of the cyclone 
and the resistance. Fig. 60 is a graph showing the differential efficiency curves for a 
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Fig. 60. Fractional catch figures for a number of cyclones. 

number of cyclones. Curves I, 2, 5 and 6 were obtained with cyclones having diam
eters of 40 to 150 mm, i.e. with very small units. Curves 3 and 4 pertain to cyclones 
with a diameter of 1000 mm. The small cyclones .are all of types specially made for 
combination into large batteries. 

From these curves it appears that appreciable percentages can be removed even of 
dusts of 5 fl (having a specific gravity of 2 g/cma). On the other hand it may also be 
noted that the efficiencies drop rapidly for very fine dusts. It can be stated roughly 
that no difficulties are encountered with good cyclones when the dust is above 20 µ, 
that the quality of the cyclone plays an important role in providing a good collection 
of the dust fraction between 5 and 20 fl, that only cyclones of exceptional quality will 
succeed in removing a reasonable percentage of dust between 2 and 5 µ, and that 
there is little hope of effectively separating fractions finer than 2 µ. 

The conclusion is that the cyclone is a suitable separator for a large variety of 
dusts, but that as a rule a dust-free outlet should not be expected. As a consequence 
it is generally not permissible to vent the outlet of cyclones indoors, particularly if 
the dust contains silicates (as in the case of gas drawn from grinding operations, sand 
blasting etc.), owing to the danger of silicosis. This fact is a definite disadvantage, 
because the removal of air outdoors in winter involves an increased expense in fuel 
for heating the spaces through which the air is drawn. 

The next illustrations give an impression of cyclone systems and installations. 
Firstly a cyclone with axial inlet and inlet vanes for producing the rotation of the 
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Fig. 61. Cyclone in which the main direction of gas motion remains unchanged. 
Rotation is obtained by means of vanes. 

Fig. 62. Battery of cyclones according to Fig. 61. 

gas (Fig. 61 ). The main direction of motion of the gas is straight forward; the dust is 
removed at the periphery by a shunt flow to a collecting box, connected to a secondary 
cyclone in which the dust is finally separated from the gas. The next illustration (Fig. 
62) shows a battery of such cyclones. The lower duct leads to the shunt cyclone. 

Fig. 63 shows a cyclone with an axial inlet containing inlet vanes; the gas outlet 
is at the same end as the inlet. The outlet pipes for the gas project through the common 
gas supply duct and emerge into a common gas outlet duct. We here have a construc
tion in which the gas current leaves the battery in the same direction as it enters: the 
design can be termed elegant, but the height of the battery is very large in comparison 
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Fig. 63. Cyclone with axial inlet and reversal of the main direction of flow. 

with that of a single unit, because all cyclones are placed in one horizontal plane, so 
that the hopper has large horizontal dimensions, and the height is also large as the 
dust must be able to slide down, a fact requiring a steep slope of the walls. 

A very compact construction is obtained with the next design (Fig. 64). Here the 
cyclones are not only ranged horizontally but also vertically. In order to provide a 
good removal of dust the cyclones arc mounted at an angle of about 45°. The gas 
inlet is half tangential, half axial. 

For the separation of milk powder, cyclone batteries constructed of stainless steel 

Fig. 64. Cyclone battery in which the cyclones are distributed 
both vertically and horizontally. 
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may be used . rn this case it is advantageous to connect the cones to the cylindrical 
bodies by means of quick-release joints, so as to facilitate cleaning. 

Very extensive batteries of cyclones are required for cleaning the gas from rotary 
cement kilns, on account of the large amount of gas to be treated. 

Fig. 65. Cyclone battery, divided into 2, for a steam boiler. 

Fig. 65 shows an instaJilation that has been divided into 2 parts in view of the 
available space. The installation has been hooked up to the gas outlet of a pulverized 
fuel boiler. 

In catalytic crackers used in the oil industry the cyclones are suspended inside the 
reactor and the regenerator (Fig. 66). The gas enters the cyclones from a large space 
and the gas inlets are therefore flared to prevent contraction of the incoming flow. 
In general these installations are not built as a single stage, but have 2 stages. 

SPECIAL APPLICATIONS 

The differential collecting figures of a cyclone diminish gradually from 100 to 0 % 
with reduction in particle size. Tf it were possible to cause this drop in the differential 
efficiency to take place suddenly at a predetermined grain size, a classifier would be 
obtained. This is an apparatus separating dust into fine and coarse products as 

sharply as possible. 
With the ordinary types of cyclone, something, but not much, is obtainable in this 
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Fig. 66. Cyclone battery for a catalytic cracker. 

respect. If, however, the 3-dimensional flow is replaced by a 2-dimensional one, a 
much cleaner cut will be obtained. 

Fig. 67 shows a classifier built according to this principle. The air-dust mixture is 
introduced tangentially; a bend just ahead of the classifier proper causes a nearly 
clean air current to be formed along the outer wall of the classifier. The coarse parti
cles are thrown outwards through thjs air current, whilst the fines are carried along 
with it to the air and fines outlet. Granulometric analyses, carried out on the fine 
and coarse fractions from this type of classifier, confirm the sharpness of the separa
tion obtained by the small amount of overlap and the steepness of the fractional 
efficiency curves. 

Another special use of cyclones, that has come to the fore particularly in the U.S.A. 
and Germany, is the cyclone burner for steam boilers (Figs. 68 and 69). The coal is 
broken, but not pulverized, and is introduced into the cyclone with a high tangential 
velocity. The slag remaining after combustion constitutes a viscous film on the inside 
of the cyclone and is removed at its front end. Owing to its high viscosity, however, 
a film of molten slag always remains on the walls. 

The fine coal particles burn in suspension, but the coarser grains are thrown out 
into the film of slag, where they nearly come to rest. A hurricane of air rages over 
these particles, resulting in extremely rapid combustion. The heat release of the 
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t 
Fig. 67 . Cyclone sifter in which the main 

flow follows a flat spiral inwards. 

Fig. 68. Steam boiler with cyclone burner. 
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cyclone, regarded as a hearth, is consequently very high, nearly 5,000,000 kcal/m3h. 
As the ash is precipitated to a large extent in the cyclone, the dust content of the 
combustion gas beyond it is but small, so that a simple dust separator behind the 
boiler will be sufficient. 

Fig. 69. Cyclone burner of the boiler installation shown in Fig. 68. 

Since the cyclone, as a device for separating dust from gas, is relatively cheap, 
requires little maintenance and almost no supervision, furthermore since products in 
the form of dust are appearing in steadily increasing quantities in the modern world, 
the use of cyclones is increasing by leaps and bounds and they are now found in the 
most divergent industries. Not only, as in early days, in the industries concerned with 
wood (and later in electric power stations), but now in almost all plants, among 
which those dealing with chemicals and foodstuffs, occupy important positions. 



Chapter 9 

Separation of Emulsions m a Cyclone* 

J. J. VAN ROSSUM** 

INTRODUCTION 

In gravity settlers and in centrifuges the maximum aUowable flow rate of the contin
uous phase is restricted by the size of the smallest particles or drops to be separated 
from it. If no coagulation takes place, the capacity is proportional to the free falling 
velocities of these smallest particles or drops. 

A cyclone creates its own centrifugal field by imparting a vortex motion to the 
liquid flowing through it. This centrifugal field, which causes the desired separation, 
is increased when the flow of the continuous phase is increased. One can say as a 
first approximation that the maximum allowable flow rate through a cyclone is 
inversely proportional to the free falling velocity of the smallest particles or drops 
to be separated. Hence, contrary to what is true for settlers and centrifuges, separation 
of smaller particles or drops not only allows, but even requires a greater flow rate of 
the continuous phase through the cyclone. It follows that even for large throughputs 
the cyclone can be designed as a small unit. Its small dimensions are of special use 
when high pressures are involved. In many cases the hydrocyclone has already shown 
its usefulness for separating solid particles from a liquid. Not much information is 
available about its suitability for separating 2 liquids. There are a few features that 
are typical for the liquid- liquid separation. 

In general the difference in density between 2 liquid phases is smaller than that 
between a solid and a liquid; therefore the conditions are less favourable for liquid
liquid separation than for solid-liquid separation. 

Drops of the dispersed phase may either coalesce to form larger drops or split up 
into smaller ones. Which of the 2 possibilities will occur depends on the magnitude 
of the shearing forces set up by the velocity gradients in the cyclone. 

The dispersed phase may be the heavier one, which will concentrate near the cyclone 
wall, or it may be the lighter one, and then it will concentrate in the central part of the 
cyclone. 

The present article deals with separation experiments on water-in-oil emulsions and 
consequently with the case in which the density of the dispersed phase is greater than 
that of the continuous phase. 

* Communication to the Jst Symposium on Cyclones, Utrecht, 3rd June, 1953. 
** Bataafse Internationale Petroleum Maatschappij N.V., The Hague (The Netherlands). 



SEPARATION OF EMULSIONS 111 

SEPARATION CRITERIA 

The ability of a cyclone to separate 2 phases will depend on a great number of variables 
such as cyclone dimensions, flow rate (or inlet speed), density of the 2 phases, viscosity 
of the continuous phase, concentration and dispersion of the dispersed phase, and 
ratio of underflow to total flow. 

When a given emulsion of 2 phases G and His to be separated at a given flow rate 
in a given cyclone, there remains only one variable, namely the ratio a of underflow 
to total flow. 

There is no absolute measure of the ability of a cyclone for separating a mixture 
into its constituent phases, because each different application will call for a different 
criterion. 

In some cases the purpose of separation is to obtain one of the phases in as pure 
a form as possible, as in the dehydration of oils. 

Here the criterion is the water content in the oil phase at the maximum tolerable 
underflow. In other cases the purpose may be to separate the mixture into 2 parts, 
each containing as little as possible of the other. A simple and useful criterion for this 
case is a separation number E as proposed in Chapter 2. 

E = 
G1 H1 

Go Ho 

Go and Ho stand for the flow rates of the 2 phases at the cyclone inlet, while G1 and 
H 1 are the flow rates of the 2 phases in the overflow. G1 = Go and Hi = 0 means 
that separation is complete and that £ 2 = l. 

EXPERIMENTAL SET-UP 

The experiments were all carried out with a cyclone of 12.6 cm diameter and of 
conventional construction. The main dimensions are given in Fig. 70a. The set-up 
used is shown schematically in Fig. 70b. Oil and water were mixed in a centrifugal 
pump running at 2800 rev/min. A great part of the mixture delivered by this pump 
was recirculated by means of a by-pass situated near the cyclone so that flow condi
tions in the pump and the pipe-circuit remained practically constant when the flow 
through the cyclone varied . It is plausible to assume that, owing to these provisions, 
the size distribution of the water droplets in the emulsions obtained will be practically 
unaffected by the flow conditions of the cyclone. The by-pass jet caused some agita
tion in the sump tank and an additional circulation pump increased it. The overflow 
and underflow could be varied by means of valves. 

EXPERIMENT AL RESULTS 

Fig. 71 shows the dehydration of an oil of 3 cs viscosity containing 4 % of water. 
The dotted line in Fig. 7\a and b represents the water content in the overflow 

References p. 117 
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Fig. 70a. Cyclone used in the experiments. 
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Fig. 70b. Experimental set-up. 

and underflow respectively for the hypothetical case that the cyclone sends as much 
water with the underflow as is theoretically possible.* It is clear that for this ideal case 
the cyclone must have an underflow of 4 % to separate the water from the oil com
pletely. At higher ratios of underflow to total flow the underflow contains not only 
water but also oil. Its composition is indicated by the dotted line in Fig. 71 b. The full 
lines in Fig. 7la and b indicate the water contents measured at inlet velocities of 6.2 
to 8.8 m/sec. It is seen that even at an underflow as great as 30 % the overflow carried 
some water with it. The slight variation in velocity had no noticeable influence on 
the results. 

* If a = G Go H stands for the water content in the cyclone inlet and J stands for the ratio of over
o + 0 

a - J + I 
flow to tota l flow, one can easily find that the water content in the overflow is fl = . or zero 

J 
a 

and the water content in the underflow is y = -
1
- . or I. 
- 1 
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Fig. 71. Separation of a water-in-oil emulsion containing 4 % of water; 
viscosity of oil: 3 cs. 
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A few preliminary experiments performed in a 3-in. model, into which oil and 
water (4 % of water) were introduced separately, with the water nearest to the cylin
drical cyclone wall, showed that with an underflow of 10 % the overflow still contained 
some water. It appears therefore that in the cyclone some undesirable mixing takes 
place and this may perhaps be responsible for the fact that the water content in the 
overflow could not be reduced below about 0.5 %-

Fig. 7 lc shows the separation number E as defined above, as a function of the 
ratio of underflow to total flow. E is maximum when the underflow is about 10 % 
of the total flow. At underflows below I 0 % the cyclone can be considered as over
loaded because the underflow is too small to evacuate all the water present. At under-

References p. 117 
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Fig. 72a. Inlet, 2 % of water in oil of 3 cs. F ig. 72b. Overflow, 0.5 % of water. 

Fig. 72c. Ratio of underflow to total flow, I I%. 

Figs. 72 a - c; I Division of scale = 24.4 mm. Since the slides were covered, so that the sample 
was contained in a space of 0.1 mm between top and bottom, all water drops larger than 100µ 

(fig. 72 c) are deformed. 
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flow proportions greater than 10 % it becomes underloaded, that is to say too much 
oil is fed with the water to the underflow. For higher water contents in the feed 

similar curves were found. Essentially the same results were obtained in experiments 
with an underflow orifice open to the air so that an air core was free to develop. The 

same separation results were also obtained when a cylindrical body 25 cm long was 
inserted between inlet and conical part (see Fig. 70a). The pressure loss 6,p, however, 
was markedly decreased in the cylindrical body. The effect of such a cylindrical body 
on separation and pressure loss is already known for cyclones separating solids from 

water (DAHLSTROM 1). 

By way of illustration Fig. 72 shows photomicrographs of samples taken from the 
inlet, overflow and underflow for an emulsion of 2 % of water in oil of 3 cs; the 
underflow was 11 % of the total flow. Inlet velocity was 7 m /sec. 

THE EFFECT OF VISCOSITY ON SEPARATION 

If the tangential velocities of the liquid were known, the centrifugal forces acting on 

the water droplets at any point in the cyclone could easily be calculated. For some 
drop sizes, these centrifugal forces just balance the viscous drag due to the inwardly 
directed radial oil flow, so that these droplets move neither outwards nor inwards; 

smaller droplets move inwards to the vortex-finder, larger ones move outwards to 
the cyclone wall. By applying Stoke's law for the viscous drag it can be shown that 
the size of the drops that are in equilibrium at a given radius is proportional to the 
square root of the oil viscosity and inversely proportional to the square root of the 
tangential velocity at that radius and, therefore, although as a very rough approxima
tion, also to the square root of the inlet velocity. It follows that at constant inlet 
velocity, water drops of small size that would be separated from a low-viscosity oil 
cannot be separated from an oil of higher viscosity, and that separation from this 

heavier oil will be less efficient. 
Drop-size measurements by means of a few photomicrographs taken from the inlet 

emulsion revealed that, at least at a water content of 2 %, the maximum size of drops 
in emulsions with an oil of 3 cs was of the order of I 00 fl. For the oil of 3 cs, a 

rough estimate gave 50 fl as the maximum size of drops in the overflow. This overflow 
contained 0.5 % of water (compare Fig. 72). From the theoretical considerations 
expounded above we see that, if the inlet velocity remains unchanged, an oil with for 
instance a viscosity of 4 x 3 = 12 cs would have an overflow containing droplets 
y 4 x 50 = 100 µin diameter; this is just the diameter of the largest drops present in the 
inlet mixture. At this viscosity one may therefore expect very poor separation indeed. 

ln order to find out empirically to what extent viscosity influences the separation 

of water from oil in a cyclone, some more experiments, with oils of 3, 11 and 30 
cs, were carried out. 

Fig. 73 shows the results of the separation experiments with these 3 oils *. The 

* The difference in density between these 3 oils is negligible as compared with the difference in 
density. 
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Fig. 73 . Water concentration in overflow for water-in-oil emulsions containing 8% of water. 
Inlet velocity about 8 m/sec. 

inlet velocity was about 8 m/sec. The lines drawn were determined by interpolation 
from curves of the type shown in Fig. 71a. It is seen in Fig. 73 that the cyclone sep
arates no water from oils of viscosities greater than 30 cs, and also that for oils of 
viscosities between 10 and 30 cs separation is very poor. This agrees with the rea
soning given above. 

Although at low viscosities the separation is substantially promoted by an increase 
in the ratio l-j of underflow to total flow, separation becomes less and less affected 
by j when the viscosity increases. 

According to the idea of equilibrium drop sizes, already expounded , an increase 
in inlet velocity should decrease the sizes of the drops that are in equilibrium within 
the cyclone, and hence improve the separation . A few tests were run with the 
oil of 11 cs at 8 and 16 m/sec inlet velocity. ln these tests, at both velocities, a 
water content of 8 % at the inlet was reduced to a water content of 4 % in the overflow 
when 1-j remained constant at 20 %, so that doubling the inlet velocity had no effect 
on the separation. An increase in the inlet velocity causes an increase in the separating 
action, but at the same time an increase in the shearing forces set up by the velocity 
gradients in the cyclone, which promote the splitting up of water drops. These 2 
effects counteract each other. This may be the reason why a 2-fold increase in inlet 
velocity did not produce any noticeable effect on the overflow water content. 

The ratio of pressure loss L, p and velocity head of the liquid entering the cyclone 
is shown in Fig. 74, where this ratio is plotted against the Reynolds' number, defined 

oVb 
as Re = -~-; ( V = inlet velocity, b = diameter of inlet nozzle, Q = density of fluid 

Y/ 

and 17 = the dynamic viscosity). 
During these measurements the underflow nozzle was kept closed and clean oil was 
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Fig. 74. Pressure loss over cyclone of Fig. 70, as measured with water and 3 oils, of 3, I J and 
30 centistokes viscosity. lnlet velocity ranging from 4 to 12 m/sec .. 

used. These curves will not change very much with underflows up to say 20 % of the 
total flow. It is seen from Fig. 74 that for Re> 105 the ratio of pressure loss to inlet 
velocity head is constant. For lower values of the Reynolds ' number (such as obtained 
with the heavier oils) this ratio decreases. Probably this must be attributed to an 
alteration in the distribution of tangential velocities within the cyclones, because 
pressure drop is directly related to the conversion of static head into kinetic head. 
At high Reynolds' numbers this distribution is such that over a great part of the 
cyclone radius the tangential velocities can be represented by Vl'n = constant. Near 
the radius of the vortex-finder the velocities may amount to 3 to 4 times the inlet 
velocity (KELSALL '}The exponent n, which amounts to 0.7 to 0.8 at high values of 
Re, tends to decrease when the viscosity is increased . When viscosity effects become 
predominant the tangential velocities in the whole cyclone may even remain far below 
the inlet velocity. Tt will be clear that such a decrease in tangential velocities will be 
another factor unfavourably affecting the separation in a cyclone. 

Recapitulating, it can be said that the cyclone, because of its small dimensions and 
simple construction, is an attractive apparatus for the separation of emulsions. In 
case the continuous phase is a viscous one, however, the effectiveness of the cyclone 
is very restricted, as is likewise that of gravity settlers and centrifuges. The experiments 
provide some evidence that at high velocities the separation is counteracted by the 
splitting up of the dispersed phase. 

The author is indebted to Mr. B. G. VAN DER HEGGE ZIJNEN for suggestions and 
criticisms made during the preparation of the manuscript. 
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Chapter JO 

Separation by Cyclone according to Specific Gravity* 

F. J. FONTEIN ** 

THE FLOW IN A CYCLONE 

For an understanding of the separation and classification occurring in a cyclone, it 
is necessary to have a complete knowledge of the phenomena of flow. Figs. 75 and 76 
represent the non-tangential flow lines present, as deduced from observations made 
in a transparent cyclone, where the flow was rendered visible by the injection of ink. 

inlet cpen1ng 

inlet 

CNerfLow 

overflow 
opening 

-+t---..tt-cyclone core 

_ air core 

eddy 

apex 

underfl.ow 

Fig. 75. Non-tangential flow in a cyclone with large inlet and overflow openings. 

The following striking features were observed : 
(a) the presence of vortices along the core; 
(b) d1e occurrence of powerful, non-tangential flow Jines along the walls. 

* Combined from two communications by the author to the 1st and 2nd Symposiums on Cyclones, 
Utrecht , 3rd June, 1953 and 10th December, 1958. 
** Mining Research Establishment, Dutch State Mines, Hoensbroek-Treebeek, Limburg (The 
Netherlands). 
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inlet opening 
inlet 

overflow 

l:a-- --- --- overf Low 
opening 

Fig. 76. Non-tangential flow in a cyclone with small inlet and overflow openings. 
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The presence of vortices becomes clearly evident by injecting ink into a cyclone 
operating on water. The contents as a whole first become blue, but if the supply of 
ink is then stopped the blue colour along the core remains visible for a long time. 
This proves that there are vortices in which the liquid is replaced only gradually by 
colourless water. There is hence almost no radial flow in this part. 

The flatness of the vortices, i.e. their location between cylindrical planes not 
differing greatly in diameter, is due to the fact that the liquid in a cyclone, when 
circulating with a small radius, has lost most of its original energy. Consequently the 
liquid has no longer enough tangential velocity to penetrate later into a larger radius. 

The powerful, non-tangential flow lines along the walls can be explained if the 
following is kept in mind. It is necessary that the liquid will acquire, besides its 
tangential velocity, both an axial and a radial velocity, because it is introduced at a 
large distance from the axis and is removed at a short distance from the same axis. 
The flow of the liquid towards the centre is counteracted by the centrifugal force. 
The stronger this force, the greater will be the counteraction of the radial component 
of flow. As this radial component determines the velocity with which the component 
leaves the cyclone, the capacity of the latter is reduced by a high centrifugal force. 

The result is that a cyclone with a smooth waH allows less liquid to pass at equal 
feed pressure than a cyclone with rough walls. If the wall is smooth, the retardation 
of the tangential velocity is low; consequently the centrifugal force is high and the 
radial component of flow is small. If the same amount of liquid is supplied to a 
smooth-walled cyclone, the resulting higher tangential velocity gives rise to a larger 
counter-pressure. 
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It will now be clear that the radial component of flow (and hence, owing to con
tinuity, also the overall non-tangential component of flow) are greatest in a hydro
cyclone at places where the tangential velocity is retarded the most, in other words 
where this velocity is lowest. The liquid seeks a way out along points where the 
greatest retardation in tangential flow occurs. 

This is clearly illustrated by the following experiment. If water is fed into a flat 
cyclone as shown in Fig. 77, one wall of which, at right angles to the axis, has been 
'roughened' by the insertion of short pieces of copper wire, four fifths of the water 
leaves the cyclone on the side of the 'rough' wall. 

overflow 
1/5 A 

overflow 
4/5 A -....__ 

Fig. 77. Flat cyclone illustrating influence of rough wall. 

The fact that a strong, non-tangential flow will occur in cyclones along parts 
causing a heavy retardation, for instance along the walls, explains why small cyclones 
operate equally well upside down as in their normal position. 

The flow along the conical wall forces out the solid particles that have settled out 
there owing to the centrifugal force. This fact also explains the necessity for the 
overflow pipe. This pipe enables the coarse particles, entrained by the radial flow 
along the wall, to be thrown out, so that they do not finish up in the overflow. 

CLASSIFICATION IN A CYCLONE 

From the foregoing it follows that there are 2 regions in a hydrocyclone where a 
separation between solid particles suspended in the liquid can take place. These 
regions are separated by the vortices, where the liquid is not renewed. These regions 
are that along the wall of the cone and that around the air core in the centre, from 
where the liquid flows in an axial direction to the overflow. 

The final separation which is obtained is a result of that occurring in both regions. 
In the following pages of this article we shall deal only with classification, that is to 
say with the separation according to particle size of solids with a relatively high 
specific gravity; only fine particles here leave the cyclone through the overflow. The 
separation along the cone always occurs, even if much liquid is drawn off at the apex. 
The very complicated mechanism of separation taking place here is comparable in 
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principle with that occurring in a launder. The core separation effective around the 
axis of the cyclone takes place only if particles are entrained by the liquid flowing 
rapidly to the overflow. This effect is encountered principally if the concentration at 
the apex is high. Relatively speaking, the classification at the core then becomes of 
importance. 

It is clear that the sharpness of classification is in principle favoured by a recircula
tion of the particles along the core. If we disregard a few secondary considerations, 
it is basically possible to calculate the classification for a single treatment in a cyclone 
core, with due observance of the law governing the rates of fall applicable to the 
circumstances. If Stokes' law is that to be applied, the curve has the appearance 
shown in Fig. 78. 
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Fig. 78. Differential efficiency in core, assuming that particles fall according to Stokes' law 
and enter the core only once. 
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Fig. 78a. Differential efficiency in core if particles enter the core more than once. 
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A particle that is 'caught' to the extent of 100 % by a single treatment will not arrive 
in the overflow, even if it passes again along the core before leaving the apex and is 
thus again submitted to classification. 1f, however, the chance of its being caught by 
a single treatment is smaller, it will have but a small chance of leaving tbe cyclone 
by the apex on repetition of the above-mentioned process (if the chance is 50 % for 
single treatment, it becomes 100-(0.5)4 = 6.25 % for 4-fold treatment). As the result 
of the recirculation of 'dubious cases' along the core, one thus obtains a sharp clas
sification. The curve of Fig. 78 then assumes the shape shown in Fig. 78a. 

In practice it has actually often been found that a better classification is attained 
in a cyclone than that possible in a normal 'classifier' (giving curves according to 
Fig. 78). From numerous cyclone experiments 2 it has further appeared that the 
classification curve becomes sharper at higher apex concentrations (and consequently 
with a greater recirculation of solid particles) (see Fig. 79). 
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Fig. 79. Influence of the apex opening (underflow concentration) on the classification in a cyclone. 

SEPARATION IN A CYCLONE ACCORDING TO SPECIFIC GRAVITY HIGHER THAN THAT OF 

THE CARRYING MEDIUM; THE SEPARATION OF FLAT AND SPHERICAL PARTICLES IN A 

CYCLONE 

In the foregoing it was assumed that the particles in the cyclone core fall according 
to an appurtenant law, such as that of Stokes' for small particles. This assumption 
is approximately correct only in certain cases. The particles entrained into the core 
originally have no speed in a radiat direction and thus obtain a radial acceleration 
owing to the rotation of the core. Their rate of 'fall' (in radial direction) during the 
onset of acceleration is certainly not equal to the final rate of fall (such as that accord
ing to Stokes). The fact that in certain cases particles do not fall uniformly in the 
core follows directly from the observation that a cyclone can be so dimensioned , for 
example, as to allow particles of coal (spec. grav. 1.3) of 35 mm particle size to leave 
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the overflow (using water as carrying medium), whilst the largest particle of stone 
passing through the overflow is 200 µ . These particles certainly do not have the same 
rate of Jail. It is mainly the principle of acceleration, described above, that is respon

sible for this effect. Other phenomena also play a part, but cannot be dealt with in 
detail here. Some of them will be briefly referred to, whilst the main principle of 

acceleration will be discussed somewhat more extensively. 
The acceleration mechanism occurring in the core of a cyclone (here referred to as the 

'cyclone water-washing' effect) can be explained as follows. 
At the outset of an accelerated motion in water the difference in speed between 

particle and liquid is so small that the force of resistance can be neglected with respect 
to the forces of jnertia (centrifugal force). 

If we disregard the resistance, the path travelled in the core in the radial direction 
can be calculated by the formula: 

in which 

or 

K 
rp =----

mp + mwz 

s = ·l rp/2 

/) - 0 
S - I * '<S ~t 2 - z g ---1. 

Qs + AQz 

Jn these formulae 

S = the path covered in radial direction; 

<p = the acceleration; 

t = the residence time in the core; 
K the centrifugal force acting on the particle; 

mp - the mass of the particle ; 
mw1 = the mass of the liquid entrained by the particle (the so-called apparent 

additional mass) ; 

I the volume of the particle; 

(!8 the density of the particle; 
g1 the density of the liquid; 
a* 
0 

A 

the centrifugal acceleration in the core; 

volume of Liquid entrained by the particle 

volume of the particle 

(I) 

(2) 

(3) 

In the case of a rotational ellipsoid with an axial length of 2/ in the direction of 

motion and a dia meter of 2 h, A can be calculated as a function of f /h. ln Table V 

(see Ref.3) A is given for various values of fl h. 
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f/h 

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
l.2 
1.5 
2.0 
5.0 

Cf) 

F. J. FONTEIN 

TABLE V 

A 

ro 
3.008 
1.428 
0.908 
0.651 
0.500 
0.401 
0.304 
0.201 
0.059 
0.000 

By using A from Table V and formula (3) the ratio 

path travelled by sphere with spec. grav. 1.3 (coal) 

path travelled by sphere with spec. grav. 2.7 (stone) 

can be calculated. This ratio has a value of 

1.3 - 1 2.7 - 1 
-- . - = 0.32. 

1.3 + 0.5 2.7 + 0.5 

The particles of stone hence cover a path in the radial direction that is about 3 
times as long as that of the coal particles. With suitable dimensions of the cyclone 
the particles of stone can therefore leave the core in time, whilst the coal particles 
cannot do this and end up in the overflow. 

Since flat particles entrain a large amount of liquid (see Table V), the path travelled 
in the radial direction in the core will be far smaller for flat than for spherical par
ticles, because S becomes small as A becomes large. Flat and spherical particles with 
the same rate of fall can therefore be separated in a cyclone, because that which 
occurs is not a pure fall, but a classification according to acceleration. This point will 
be referred to again in the next section. 

As has already been said, other effects besides the 'cyclone water-washing' effect 
play a part. 

During an experiment with a transparent cyclone, as used for the separation of 
palm-kernels and shells 4 • 5, it could clearly be seen that the 'cyclone water-washing' 
effect as described above takes place. Furthermore, however, another influence was 
observed, which leads to a still better separation according to specific gravity. 

The palm-kernels (low spec. grav.) make far larger 'leaps' in the cyclone than the 
sheills (high spec. grav.). As a result, they often arrive closer to the overflow opening 
in the core current. This effect - the phenomenon that particles with a low specific 
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Fig. 80. Installation for separating palm kernels and 
shells, operating with 2 cyclone water-washers, one for the 
treatment of the feed, the other for re-treating the shells 
from the first cyclone. (Photograph courtesy Bros. Stork 

& Co., Apparatenfabriek N.V., Amsterdam.) 

Fig. 80a. Flow diagram of 
installation shown in Fig. 80. 
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OKernets 
•shells 

gravity on an average move to a greater distance from the cyclone wall than denser 
particles - is due to a combination of influences, which are also of importance in the 
cases already described. 

Some other practical points may be mentioned. In a cyclone for washing coal with 
water (where the separation must be effected at a higher specific gravity than that of 
coal, i.e. above 1.3 to 1.4) the core length is kept fairly short. If it were made longer, 
the coal could leave the core in time, so that both coal and stone particles would 
appear at the apex. When, on the other hand, particles with specific gravities differing 
only little from water are to be mutually separated, for instance particles with specific 
gravities of 1.05 and 1.2, the core is made considerably longer. 

EXAMPLES OF THE APPLICATION OF THE 'CYCLONE WATER-WASHING' EFFECT 

The separation of shells and kernels of palm nuts 

The most successful application of 'cyclone water-washing' is the separation of palm 
kernels (spec. grav. I.I) from palm shells (spec. grav. 1.25). An installation operating 
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according to this principle has been described 4 • 5, so that it will be sufficient to give 
a photograph of such an installation (Fig. 80) and to state that 45 of these plants 
have now been installed. The prototype was developed in the Central Experimental 
Statjon of the Dutch State Mines in collaboration with Messrs. Dorr Oliver. 

The separation of coal and stone 

In the State Mines a cyclone water-washer is in operation for preparing coal with a 
low ash content. This installation consists of 5 cyclones with a diameter of 350 mm, 
connected in parallel. The results of separations with 2 different lengths of the over
flow pipe are given in Table VI. 

TABLE VI 

RESULTS OF SEPARATlONS IN A CYCLONE WATER-WASH ER WITH A DIAMETER OF 350 MM AND OVERFLOW 

PlPES OF 150 AND ] 00 MM. THE FEED IS THE UPPER RUN OF A LAUNDER, THE INLET Pl\ESSUl\E IS APPROX . 

0.5 ATM. ABOVE ATM.OSPHERIC 

Properties Length of Ol'erfiow pipe Length of Ol'erfiow p1jJe 
150 111111 JOO mm 

Particle size (mm) > 2 0.5-2 0.21 - 0.1- > 2 0.5- 2 0.21- 0.1-
0.5 0.21 0.5 0.21 

ca. 
Spec. grav. of separa- 1.49 1.64 1.93 2.5 1.37 1.49 1.73 2.20 
tion according to 
Tromp (g/cm3) 

Probable error (g/cm'l) 0.12 0.24 0.31 0.08 0.14 0.26 

Imperfection 0.24 0.37 0.33 0.22 0.29 0.36 

Difference in yield ( %) 19 15 9 37 24 12 

Difference in ash 3.4 5.9 4.5 5.8 5.1 
content ( %) 

The number of cyclone installations of this type in use for coal washing is until now 
restricted to 4. (For the description of an installation in France, see Ref. 6). The main 
reason why it is not more widely used is that a cyclone water-washer, though yielding 
a good grade of coal, gives a stone fraction with a relatively high coal content. The 
explanation of this fact is at once obvious if we consider the mechanism underlying 

' 
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the method of separation. The coal fraction will in general contain no stone, because 
coarse stone cannot reach the overflow opening. On the other hand the coal can 
reach the apex. The underflow of the cyclone must therefore always be re-treated. 

ft is, however, quite possible that more applications will be found in the field of 
coal washing as soon as the possibilities inherent in the process become more widely 
known. In this connection we shall here mention the results of 2 experiments, carried 
out in a 700 mm cyclone water-washer. ln the one experiment the fraction 0-8 mm 
was washed, in the other experiment particles of 8-35 mm. The experimental lay-out 
is shown in Fig. 81. 

Fig. 81. Experimental lay-out with 700 mm cyclone water-washer. 

The results of the separations are collected in Tables VU and VffL 

The separation of specifically heavy particles from paper fibre 

This is probably one of the oldest applications of the hydrocyclone. The 'cyclone 
water-washer' effect here probably plays a considerable part. Since both the paper 
fibre and the contaminations have specific gravities only a little higher than unity, 
the cyclones employed are not short, as they are when separating specifically heavy 
particles. On the contrary, they are very long. The fact that normal classification by 
gravity never yields the same good separation as is possible in a cyclone, even when 
the fibre content is very low, is an indication of the special separating effect of the 
cyclone. 
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TABLE VU 

RESULTS OF SEPARATIONS JN A CYCLONE WATER-WASHER WITH A DIAMETER OF 700 MM AND OVERFLOW 

PIPE LENGTHS OF 500 AND 585 MM. THE FEEDSTOCK WAS RAW COAL WITH A PARTICLE SIZE OF 0-8 MM, 

THE FEED PRESSURE 0.5 ATM. ABOVE ATMOSPHERIC 

Length of overflow pipe, Length of overflow pipe, 
585 mm 500111fll 

Oi•erflow Underflow Overflow Underflow 

Throughput of solids (tons/h) 31.7 8.9 27.9 7.2 

4-8 mm 4.8 59.0 3.8 54.6 
2-4 mm 6.2 52.8 4.2 51.6 

%-ash 
1-2 mm 7.4 49.4 5.5 50.2 

0.5-1 mm 9.7 47.0 6.3 52.2 
0.2.1--0.5 mm 11.9 46.7 9.6 52.5 
< 0.21 mm 36.7 43.6 33.3 49.5 

TABLE Vlll 

RESULTS OF SEPARATIONS IN A CYCLONE WATER-WASHER WITH A DIAMETER OF 700 MM AND OVERFLOW 

PIPE LENGTHS Of 300, 400 AND 500 MM. THE FEEDSTOCK WAS RAW COAL WITH A PARTICLE SIZE Of 

8-35 MM, THE FEED PRESSURE 0.5 ATM. ABOVE ATMOSPHERIC 

Length of Throughput Spec. grav. Probable Ash content Ash content 
01•erffow pipe of solids of error of of 

(mm) (tons/hj separation 8-35 mm solid~ 8-35 m111 solids 
in overflow in underflow 

300 25.3 1.64 0.18 5.7 48.8 
400 35.4 1.62 0.15 5.9 67.2 
500 23.4 1.72 0.18 8.1 73.3 

Separation of sand fi"om potato starch suspensions 

This is an application which is becoming increasingly important. The final lay-out 
is shown in Fig. 82. The potato starch suspension contaminated with sand is first 
pumped to fairly large classifying cyclones. The sand and the coarsest grains of potato 
starch leave these cyclones at their apex. This mixture is subsequently separated in a 
cyclone water-washer. 

Cyclones for separating flat and spherical particles 

As has already been said, flat particles entrain a relatively large amount of liquid. 
The result of this fact is that the flat particles, on acceleration, apparently have a 
lower specific gravity. 
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If flat and spherical particles having the same stationary rate of fall under the 
influence of gravity are treated in a cyclone, there exists the possibility that, if the 
cyclone is properly dimensioned, the fiat particles emerge from the overflow, whilst 
the spherical particles are caught and thus come out at the apex. 

sand-treed starch su91>enS1on 

sand-freed starch suSPeosion 

cyclone 
: ,water washer 

sand 
I 
I 

starch suspension I 

~···· ' · ····· · ····' 

Fig. 82. Lay-out for the separation of sand from potato starch by means of 
classifying cyclones and an additional cyclone water-washer. 

A subsidiary effect here becomes evident. In a cyclone the particles 'fall' with a 
higher speed than under gravity. The Reynolds' number for particles of a certain size 
is thus larger in a cyclone. Now it is known that flat and round particles, falling 
equally fast at low Reynolds' numbers, do not do the same at high Reynolds' numbers; 
in the latter case the flat particles 'fall' at a relatively slower speed. This phenomenon 
is extensively discussed in Ref.7, and has been a'lready briefly treated in Ref. 4 . It inten
sifies the original effect that occurs owing to the acceleration mechanism. 

With a view to the foregoing, experiments have been carried out by Mr. J. G. VAN 

Kooy in Prof. LENIGER's laboratory in Wageningen Agricultural University, with 
fiat and spherical particles having the same stationary rates of fall. These experiments 
gave convincing proof that the views on the 'catch' of flat and spherical particles, 
discussed here, lead to conclusions confirmed by practical results. 

From the experimental data shown in Table lX it follows that under certain 
conditions the percentage catch of spheres is 95.2 and that of flat particles 2.8 (second 
row of Table IX). The spheres are thus caught in the cyclone and the flat particles 
not. In a normal classifier operating by gravity both kinds of particles would be · 
caught to the same extent, because they have the same rate of fall under gravity. 
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TABLE lX 

PERCENTAGES CAUGHT IN CYCLONES, OPERATING WITH WATER, OF FLAT AND SPHERICAL PARTICLES 

HAVING THE SAME RATES OF FALL UNDER GRAVITY 

The spheres had a diameter of ca. 360 /I, the discs a diameter of 3 mm and a thickness of 0.03 mm. 
The spheres and discs both had a spec. grav. of 1.05 

Diameter Capacity 
Diameter Diameter of Diameter Cone Pressure of Catch Catch 

of of inlet overflow of angle above underflow (spheres) (discs) 
cyclone opming pipe apex (o) a/mos- : capacity (%) (%) 
(mm) (mm) (mm) (mm) pheric of feed 

(aim.) (/;;) 

60 IO 20 I2 10 l. I 5 I5. I 99.3 45.5 
60 IO 20 14.8 45 1.80 10. I 95.2 2.8 
60 IO 20 14.9 60 1.90 9.3 90.4 0.5 

So-called washing cyclones in the potato starch and corn starch industries 4,B 

If a mixture of flat and spherical particles is passed through a screen of a certain 
mesh size, the particles smaller than this mesh can be largely freed from flat particles 
by treatment in a hydrocyclone. This is what is actually done in the potato starch and 
corn starch industries. In these industries large numbers of very small cyclones, with 
diameters of 10 to 15 mm, are used in parallel in several stages. These cyclones are 
employed for purifying the starch from the underflow of screens. Besides starch 
particles and solubles this underflow contains impurities that are flatter than the 
globular starch particles. The cyclone water-washing principle undoubtedly plays a 
part in the separation of flat from globular grains. Ln order to remove the impurities 
and solubles completely, the material is alternately thickened and diluted in counter
current. 

Fig. 83 shows one of the small cyclones. 
Fig. 84 illustrates how the cyclones are arranged. In order to simplify control and 

to avoid extremely narrow apex openings, the underflows and overflows of the 
parallel cyclones are collected in common underflow and overflow chambers. Sub
sequently the 2 products can be subjected to one or more re-treatments as such or 
after passage through a pump. With this set-up an entirely enclosed arrangement 
without pump-basins, etc. is possible. 

A construction in which the small cyclones have been moulded in a rubber block 
is shown in Fig. 85. 

Fig. 86 illustrates a 3-stage cyclone unit in which the overflow of the first stage is 
re-treated twice. In this unit the cyclones shown in Fig. 83 are used; these can be 
made of nylon, bakelite or similar materials. 

Fig. 87 is a diagram of a cyclone installation for a potato starch factory (for corn 
starch manufacture a similar plant has been developed). On thei.r arrival in the factory 
the potatoes are washed and milled. The milled material is next passed through a 
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Fig. 83. Small cyclone (diameter JO mm). 

,Overflow chamber 

Feed 

! 
1

Underflow chamber 

Underflow 

Fig. 84. Multi-hydrocyclone with underflow and overflow chamber. 

screen of about 80 mesh. After having been defrothed, the undersize from the screens 
is sent to desanding cyclones (See Fig. 82) and subsequently to a strainer in order to 
prevent plugging of the following single-stage multicyclone, built up of I 0 to 15 mm 
cyclones. The overflow of these multicyclones is subjected to a re-treatment in 3-
stage multicyclones, which catch even the smallest starch particle. The underflow of 
the primary single-stage multicyclone flows to the 'washing stages', where the starch 
is washed in several stages in counter-current. The overflow of one of these stages is 
often screened on a fine-mesh screen. 

Fig. 88 shows the washing stages of a potato starch installation and Fig. 89 a 
washing stage aggregate in a corn starch factory. 
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overflow 

Underflow 

feed 

Fig. 85. Multi-hydrocyclone in rubber block. 

Third 

Und~rflow 

Seoond 

Underflow 

First 
Underflow 

t 
Feed 

Fig. 86. Three-stage cyclone with 88 cyclones per stage: 
feed capacity at 7.5 atm. pressure drop = 17 m:J/h = 75 U.S.A. gallons/min. 
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O•erflow fraction 

Purified 
starch 

Fig. 87. Flow sheet of cyclone installation in potato starch factory. 
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The great success of cyclones for purifying starch is undoubtedly due not only to 
the cyclone water-washing effect, but also to the fact that the starch particles caught 
in a cyclone are subjected t~n that frees them very thoroughly from 
adhering impurities. 0 ~ 1 

1 f "' .. 
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Fig. 88. Washing stages in potato starch plant. 

F ig. 89. Washing stages in corn starch plant. 
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DISCUSSION 

PROFESSOR H. A. LENIGER: In classification a part is played both by differences in 

specific gravity and by differences in sJrnpe. The latter give rjse to an apparent dif

ference in specific gravity. In the case of particles falling at the same rate under gravity, 

differences in shape also have the result that the rate of fall in a centrifugal field is 
not the same, owing to differences in the resistance factor. Generally speaking, there

fore, both the separation along the cyclone waJI and that in the core will play a part. 

Jn some cases the separation along the wall will be the most important, in others the 

separation in the core. 

REPLY : As was stated in my paper it is indeed the case that the arrival of relatively 

large, flat particles in the overflow of a cyclone can be ascribed to the cyclone water

washing effect, owing to which the flat particles apparently have a lower specific 

gravity as a result both of the large amount of entrained liquid and of the high resist

ance factor of the flat particles in the cyclone. This high resistance factor is due to 

the greater 'rate of fall' of the particles in the cyclone, in other words to the higher 

Reynolds' number pertaining to this rate of fall. 
PROFESSOR J. G. SLOTBOOM: ln speaking of solid particles in non-stationary motion 

in a carrier medium, use has been made of the expression 'the amount of liquid 

entrained', in order to explain the 'cyclone water-washing effect' for grains of different 

shape and a specific gravity higher than that of the carrying medium. This 'amount 

of entrajned liquid' should, however, not be taken too literally. lt is actually a way of 

visualizing the phenomenon that, as a result of a non-stationary motion of particles 

with respect to a liquid , additional energy is introduced into the field of flow, in fact 

into the whole field . (In the case of stationary flow this has already taken place.) This 

current of energy is opposed by the apparent additional mass to which reference has 

been made. 

REPLY : As Professor Slot boom has remarked, the conception of entrained liquid 
is a simplification of what actually takes place. However, this simplification does not 

lead to erroneous conclusions. 

MR. P. J. KREIJGER: Mr. Fontein has shown in his paper that from a cyclone 

operating according to the cyclone water-washing principle only small particles 

emerge in the overflow, and small and large particles in the underflow. Operating 

with a closed receiver under the cyclone it has often been found that the fraction 
collected (the underflow) shows a lower limit. This receiver therefore does not contain 

small particles. Must we not explain this effect by assuming that a washing effect also 

takes place here? Since there is no positive drain of liquid from the apex the con

centration of solids at the apex opening is high. The light particles are then present 

in the upper part of the 'plug' of solids at the apex. The light particles are driven 

away from the wall by the coarse particles, which are centrifuged out with greater 

force. The fine particles are thus entrained by the rising liquid in the core and do not 

arrive in the receiver. 

REPLY: lt is not correct to say that in a cyclone operating according to the cyclone 
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water-washing principle only small particles emerge with the overflow. Large, specif
ically light particles also arrive in it. 

In my opinion the fact that particles below a certain grain size are not collected 
in a closed receiver is not due to a washing action, but to recirculation via the core. 

In the case of cyclones operated with a closed receiver the concentration of the 
feed is usually very low with respect to that in the receiver, the latter being of the 
same order of magnitude as the concentration in the neighbourhood of the apex. 
There is hence a relatively high recirculation of 'doubtful cases' through the core, 
and these doubtful cases practically all disappear in the over.flow and are therefore 
almost or entirely absent in the receiver. 

MR. A. LOPES CARDOZO: Is it possible that, as a result of 'hindered settling', a 
recirculation of the underflow tends to reduce its coal content? 

REPLY: If the feed contains a relatively high proportion of specifically heavy 
'doubtful cases', it is indeed possible that owing to recirculation of the underflow its 
coal content is reduced. 



Chapter 11 

The Separation of Barytes and. Clay in Drilling Muds by 

Means of Hydrocyclones * 

I. HAVENAAR ** 

INTRODUCTION 

Drilling mud is used in the petroleum industry for drilling bore holes in the earth's 
crust. The mud is pumped down through the drill pipe, it flows through openings in 
the bit and subsequently back to the surface through the annular space between the 
pipe and the walls of the hole. The drilling mud fulfils various tasks, such as cooling 
the bit and removing the cuttings. It also serves to keep oil, gas and water, which may 
be present in the penetrated sediments, in situ, in other words to prevent a 'blow
out' . 

Particularly in view of the last-mentioned function the specific gravity of the drilling 
mud must be high enough to produce a sufficient counter-pressure. In many cases the 
specific gravity need not exceed 1.2, a value easily attained with a suspension of clay 
in water. ft frequently occurs, however, that a mud of higher density is required . By 
adding clay alone, the specific gravity cannot be brought above 1.35 without producing 
an excessive viscosity of the mud. In that case special substances are admixed with the 
clay suspension for weighting it; of these barium sulphate (barytes) is the material 
most employed. 

When drilling proceeds through a bed containing clay, some of this clay will be 
dispersed in the mud. In order to counteract the resulting undesired increase in 
viscosity, the following technique was followed until recently for muds weighted with 
barytes. Water was admixed with the mud in order to reduce the clay content and 
at the same time additional barytes was added for restoring the specific gravity to its 
proper value. By this treatment the volume of the mud increased - often to such an 
extent that part of the mud (and therefore also a part of the costly barytes) had to be 
thrown away. In this way large expenses for barytes were incurred in the oil industry 
until a short time ago. 

Jn order to avoid such losses of barytes, the use of centrifuges i and cyclones 2• 3 

has been introduced during recent few years. A part of the drilling mud, after consid
erable dilution, is pumped into the centrifuge or cyclone. Herein it is separated into 

* Communication to the 2nd Symposium on Cyclones, Utrecht, 10th December, 1958. 
** Koninklijke/Shell-Exploratie en Produktie Laboratorium, Badhuisweg 3, Amsterdam-N (The 
Netherlands). 
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a heavy fraction, rich in barytes and a light fraction containing the greater part of 
the clay. The barytes fraction is returned into the drilling mud circuit, whilst the clay 
fraction is discarded. lt has already been shown that the use of this technique enables 
the loss of barytes to be reduced considerably. 

So far, most of the experience in this field has been gained with centrifuges, whilst 
cyclones have been employed to a far smaller extent. Cyclones are, however, simpler, 
less vulnerable and cheaper than centrifuges. An investigation was therefore carried 
out with the object of gaining a better insight into the prospects of cyclones and of 
amplifying the scarce data given in literature. In this investigation a valuable guide 
was found in the results of the work on cyclones performed by RIETEMA (this vol
ume, chapter 4).This work had Jed to the design of cyclones of optimum shape, and 
to the drawing up of 2 correlations. The fast of these gives the possibility, amongst 
others, of calculating the pressure drop in a cyclone for a particular throughput (this 
relationship will here be called the pressure-loss correlation); the second can be used, 
inter alia, for calculating the diameter of the particles having a 50 % chance of being 
separated (This will be termed the d50 correlation). 

MEASURE OF THE SAVING .IN BARYTES EFFECTED 

As a measure of the saving in barytes attained by the use of cyclones, the recovery 
parameter S was introduced. This is defined as 

L1 - L2 
S = --

L1 
(l) 

in which L 1 is the loss of barytes suffered when the classical technique of adding 
water and barytes is followed, whilst L2 is the Joss in barytes experienced when using 
cyclones. 

If we now call the rates of mass-flow of the barytes through the inlet, the underflow 
and the overflow of the cyclone Bo, B1 and B2, respectively, and the corresponding 

Bo B1 Bz 
mass flow-rates of the clay Co, C1 and C2, then - ··, -- and - represent respec-

Co Ct C2 

tively the proportions by weight of barytes to clay in the inlet, in the underflow 
and the overflow. 

If we must now remove A kg of clay from a certain amount of weighted drilling 

mud, it will be seen that for the old technique of 'watering back' Lt = Bo x A. In the 
Co 

Bz 
case where a cyclone is used L2 = - >< A. By combination with equation (I) we 

C2 

obtain 
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S = l _ B2Co * (2) 
BoC2 

The value of parameter S always lies between 0 and 1. The closer S is to 1, the 
greater the saving in barytes. 

By using equation (2) S can be calculated from the amounts of barytes and clay 
entering the cyclones and leaving it through the overflow. The specific gravity of the 
overflow, however, lies close to unity and the determination of barytes and clay in 
this stream is therefore very inaccurate. Matters are more favourable in the case of 
the underflow. Here we can write 

S = l _ _ (_B_o _- -_B_1_)_Co 
Bo(Co - C1) 

(3) 

Experimentally - and also theoretically, with the aid of the cyclone correlations 
given in Chapter 4 - it can be shown that true clay particles (by which we understand 
particles smaller than 2 Jt) are not separated from the water in the cyclone used by us. 
Jn calculating Sit was therefore assumed that the clay content of the water in the 
underflow was equal to that in the water of the feed. The barytes content of the 
underflow can then be calculated with the formula 

y (}1> + ( 1 - y) (}e = Qi 

m which y is the fraction by volume of barytes in the underflow, Q/J the specific 
gravity ofbarytes, (}1 that of the underflow and {!e that of the clay suspension (without 
barytes). Since the clay content of the clay suspension is known, that of the underflow 
can be calculated. 

From this figure Scan again be computed, if the barytes and clay contents of the 
feed, the feed rate and the underflow rate are also available. This procedure is not 
quite correct, because the clay always contains some coarse material such as sand or 
silt, which is separated with the barytes. As a result, the values of S given in this 
article are on an average slightly too high (about 5 %). The advantage of the method 
followed is, however, that the very laborious and inaccurate determinations of the clay 
and barytes contents are avoided. 

THE EXPERIMENTS PERFORMED 

All runs were carried out with a cyclone of 7.5 cm diameter. The other dimensions 
(except the diameter of the apex opening, which could be varied) corresponded to 
those of the optimum cyclone suggested in Chapter 4. The total length of the cyclone 

* Nole by the edi!ors: It should be remarked that the parameter S is not a true efficiency number. 
It is related to the efticiency number E introduced in Chapter 2 by the formula: 
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was 37.5 cm, the length of the cone 33 cm, the diameter of the feed opening was 2.1 
cm and that of the overflow 2.6 cm. 

The parameters varied were the inlet pressure (from 0 to 4 kg/cm 2) and the dilution 

of the mud (from 0 to 10 vols. of water to I vol. of mud). Furthermore the diameter 
of the apex opening was varied (from 0.7 to 2.0 cm), since in this way the specific 
gravity of the barytes-containing underflow can be altered. This point is of impor
tance, since the specific gravity should preferably be equal to or higher than that of 
the original mud. 

The drilling mud used had a specific gravity of 1.74. It was obtained by adding 

barytes to a clay suspension with a specific gravity of 1.20. 
The particle size distributions of the clay and barytes used are shown in Figs. 90 

and 91. 

PARTICLE DIAMETER, p 
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Fig. 90. Particle size distribution of the clay employed. 

EXPERIMENTAL RESULTS 

lrifluence of the inlet pressure 

Figs. 92 and 93 show the influence of the inlet pressure on the throughput, the recovery 
parameter S, the percentage of underflow and the specific gravity of the underflow. 

Fig. 92 gives these values for a dilution ratio of 2.65 and Fig. 93 for a dilution ratio 
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of 4.65 vols. water to l vol. of mud. The specific gravity of the 2 suspensions was 
1.20 and 1.13, respectively. 

ln Figs. 92a and 93a the throughput has been plotted as a function of the inlet 
pressure. The curves shown in these figures were calculated with the pressure-loss 
correlation (see section 'Comparison of results with the cyclone correlations'). 

In Figs. 92b and 93b the recovery parameter S has been plotted as a function of 
the inlet pressure. The theoretical (dashed) curves were deduced from the c/50 correla
tion. It is found that at low inlet pressures the value of S increases rapidly with rising 
inlet pressure; at higher pressures the increase is lower, though often still important. 

Figs. 92c and 92d show that an increase in the inlet pressure has but little effect 
on the percentage of the underflow. From Figs. 92d and 93d it is seen that the specific 
gravity of the underflow rises with increasing inlet pressure and that this effect is 
greater the smaller the diameter of the apex opening. Above 3-4 kg/cm 2 the specific 
gravity increases but little. 

Influence of dilution of the mud 

Fig. 94 demonstrates the influence of the dilution ratio on the recovery parameter, 
the percentage of underflow and the speci.fic gravity of the latter. The figure applies 
to an inlet pressure of 4 kg/cm2• The points shown were mostly derived from Figs. 
92 and 93, since the inlet pressures in the experiments were seldom exactly 4 kg/cm 2• 

In Fig. 94a the recovery parameter has been plotted. ft will be seen that practically 
no saving is obtained for undiluted mud. With increasing dilution S rises rapidly. 
For an apex opening of 15 or 20 mm this rise persists to a dilution ratio of about 5; 
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further dilution gives no improvement. If a smaller apex opening is used, however, 
S continues to increase to a ratio of 10 or more. 

The percentage of underflow naturally differs considerably for the various apex 
openings (Fig. 94b). It proves, however, to be almost independent of the dilution. 

The specific gravity of the underflow decreases with the increasing dilution (see 
also the next paragraph). 

Influence of the apex opening 

The influence of the diameter of the apex opening on the separation of barytes and 
clay is greatly dependent on the dilution employed. This is represented in Fig. 95a, 
where the recovery parameter S has been plotted as a function of the apex opening 
for 3 dilution ratios. 

From Fig. 95a it is seen that for obtaining the highest possible saving in barytes 
a considerably larger apex opening is needed at a low dilution than at a high dilution. 
With a dilution ratio of 2.65 an opening of 15 mm or larger had to be used, whilst 
with a dilution ratio of 9.3 a diameter of l 0 mm or less was required. 

In Fig. 95b the specific gravity of the underflow is shown as a function of the apex 
opening, again for various dilution ratios. It proves that with increasing apex opening 
the specific gravity of the underflow falls appreciably. This point is of importance 
when a cyclone is to be used on a drilling site. The specific gravity of the underflow 
must then preferably be equal to or larger than the specific gravity of the original 
drilling mud (1.74 in the case investigated). It would follow from the above that for 
a dilution ratio of 4.65 the apex opening should be at most 15 mm. With a dilution 
ratio of 9.3 a diameter of approximably 13 is the maximum. 

References p. 146 



144 I. HA YENAAR 

RECOVERY PARAMETER 
O.BOr 

0.70 

060 

050 

R~o~ 
·;;d45' ~: 

040 ~· 
o~/o 

020r· 
0.10 

o~~'--'---'-' --'-~''---''---''---''---''---''---''--''--'' 
8 JO 12 14 16 18 20 

APEX OIAMETER, mm 

SP. GR OF UNOERFlCW 

26[ 

24 ~ 
• 

1.8 

1.6 

1.4 

8 10 12 14 16 18 20 
APEX 01AM£TER, mm 

Fig. 95. Influence of diameter of apex opening on recovery parameter and specific gravity of 
underflow (R = dilution ratio). 

Finally it may be observed that the size of the apex opening had little or no in
fluence on the throughput of the cyclone (see Figs. 92a and 93a). 

COMPARISON OF THE RESULTS OBTAJNED WITH CYCLONE CORRELATIONS FROM CHAPTER 4; 
IMPROVEMENT OF THE SAYING IN BARYTES 

The experimental results collected in this investigation can be used to examine how 
far the cyclone correlations already mentioned can be applied to the separation of 
barytes and clay in drilling muds. 

With the aid of the pressure-loss correlation the relationship between throughput 
and pressure drop was calculated for the suspensions with dilution ratios of 2.65 and 
4.65 (sp. gr. 1.20 and 1.13, respectively), in both cases assuming a viscosity of 0.9 cp. 
In order to illustrate the influence of the viscosity, the line calculated for 2. cp has 
also been drawn in Fig. 92a. From the course of the 2 lines it is seen that with both 
dilutions the suspensions behave as liquids with approximately the viscosity of water, 
in so far as pressure drop is concerned. 

By means of the cho correlation the diameter of the barytes particles having a 50 % 
chance of separation can be calculated. From this d5o value and the particle size 

distribution of the barytes it is possible to calculate !!!._, i.e. the fraction of the in
Bo 



SEPARATION OF BAR YTES A ND CLAY IN DRILLING MUDS 145 

coming barytes carried away with the underflow. It is here assumed that all barytes 
particles having a diameter larger than {'5o go into the underflow, whilst all smaller 
particles are transported away by the overflow. The parameter S was calculated from 

Bi and the percentage of underflow, assuming no separation of the clay. 
Bo 

Jn this calculation the specific gravity of the barytes was taken to be 4.2. A difficulty 
lies in the value of the viscosity that must be used here. From Fig. 94 it follows that 
for the larger apex diameter (15 and 20 mm) the separation of barytes improves but 
little with dilution beyond a ratio of 5. This suggests that the viscosity of the suspen
sion at this dilution has become practically equal to that of water (0.9 cp at 25°). 
The theoretical curve for this viscosity and for 10 % of underflow is shown in Fig. 93b 
(dilution ratio 4.65) as a dashed line. There is a reasonable agreement between the 
theoretical and experimental values for 15 mm apex opening, which also give iO % 
of underflow. The theoretical and experimental values prove also to be almost iden- · 
tical for an apex opening of 20 mm, corresponding with 30 % of underflow. As was 
to be expected, however, the d50 correlation does not hold for the smaller apex 
openings, where the separation process no longer proceeds satisfactorily. 

The agreement between theory and practice also proves to be good for a dilution 
ratio of 9.3. 

At a dilution ratio of2.65 (fig. 92b) far lower values of Sare obtained . This must 
be a consequence of the higher viscosity of the suspension. A good agreement be
tween the theoretical and experimental values is namely found if a viscosity of 2 cp 
is assumed in the calculation. Curiously enough , the pressure differentials measured 
for the various dilution ratios do not point to a difference in viscosity (Figs. 92a and 
93b). 

In the experiments here carried out the highest recovery parameter attained was 
0.65. By means of the d50 correlation it can be shown that it must be possible to 
improve this saving in barytes considerably by using cyclones of smaller diameter and 
applying higher inlet pressures. lf, for instance, a cyclone of 2 cm diameter were used 
instead of one with 7.5 cm diameter , the parameter S would be raised from 59 to 76 % 
at an inlet pressure of 4 kg/cm2 with the grade of barytes used in the investigation. 
If furthermore the pressure were increased from 4 to, for instance, 16 kg/cm 2, S 
would rise from 76 to 84 %. 

It should be pointed out, however, that the use of small cyclones requires efficient 
measures for preventing the cyclone from being plugged by coarse material such as 
rock cuttings. The cyclone would also have to be made of material capable of with
standing the erosive action of the suspension. 

CONCLUSIONS 

( 1) The saving in barytes rises with increasing inlet pressure; this effect is greatest at 
low inlet pressures. 
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(2) The saving in barytes is larger the more the drilling mud is diluted with water. 
This effect continues to a dilution ratio of about 5; above this figure the saving 
improves but little with dilution. 

(3) According as the dilution is increased, a smaller apex opening should be chosen 
for obtaining the maximum saving in barytes. 

( 4) The investigation has substantiated the validity of the cyclone correlations de
scribed in Chapter 4. 
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DISCUSSION 

MR. M. Ans: Would it be possible to recirculate part of the overflow and use it as 
dilution for the feed , so as to economize on the total amount of water needed for 
dilution? 

REPLY: In principle it is possible to reduce the consumption of water by recir
culating a part of the overflow liquid. To what extent this can be done depends on the 
difference in viscosity of the overflow and feed . 

ff the viscosity of the feed is caused mainly by the clay, this difference will be small, 
and little advantage of recirculation is to be expected. ff, however, the viscosity of 

the feed is also due to an appreciable extent to the barytes, it is probable that a 
certain amount of water can be saved by recirculation. 

DR. C. KRIJGSMAN: (1) In regenerating the barytes, the drill cuttings will also be 
collected. What measures are taken to separate these cuttings from the barytes? The 
Netherlands State Mines also use hydrocyclones for separating the cuttings from the 
drilling liquids used in sinking mine shafts. 

(2) Is it not the case that Dr. Rietema's theory, in combination with the measured 

figures, is actually used as a viscometer? Has it been determined whether the viscosity 
of dilute drilling muds, as measured in the laboratory, agrees with the assumed 
values? 

REPLY : (1) In the petroleum industry the drill cuttings are usually separated by 
means of vibrating screens, which a llow the barytes to pass. If the drilling mud, how
ever, contains sand, this is separated off with the aid of cyclones. The drilling mud is 

in that case pumped through the cyclone without dilution. Our laboratory exper
iments have shown that little or no barytes is removed with the sand under these 

conditions. The finest particles of sand can, however , not be separated off in this way. 
Tn the regenera tion of barytes, using diluted drilling mud, these fine sand particles 

a rrive in the underflow. They are returned, together with the regenerated barytes, to 
the mud flush . 
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(2) It is not quite correct to say, at all events in the case of high dilutions, that the 
cyclone has been used in combination with the theory as viscometer. Above a dilution 
ratio of about 5 it has been observed that the saving in barytes no longer increases 
with dilution (if the apex opening is not too small). From this fact it was concluded 
that the viscosity at such high dilutions is practically equal to that of water. If this 
value is used in the calculation, a good agreement with the theory is found. 

At the lower dilution of 2.65 it was shown that there is satisfactory agreement. 
between theory and experiment if a viscosity of 2 cp is assigned to the suspension. 
In this case it might be said that the cyclone has been used as a viscometer. 

A few measurements were carried out with an Ubbelohde viscometer. The values 
so found were higher than would follow from the cyclone experiments. With the 
dilution of 4.65, for instance, a viscosity of 2 cp was found instead of 0.9 cp. This 
difference is not surprising, because far higher shearing stresses exist in the cyclone 
than in the viscometer employed. I do not know of a viscometer capable of measuring 
the viscosity of suspensions under the conditions present in a cyclone. 



Conclusion 

CHAIRMAN'S SUMMARY AFTER THE SECOND SYMPOSIUM ON CYCLONES, 

UTRECHT, DECEM13ER, 1958 

J. 0. HINZE* 

From the lectures and discussions that we have heard 2 main facts have emerged, 
On the one hand it has appeared that since the previous symposium, in 1953, 
there has been an appreciable advance in our knowledge of and insight into the 
phenomena occurring in a cyclone; on the other hand, however, it has proved that 
the theory describing the phenomena is still too incomplete to be sufficient, for 
instance, as a basis for designing a cyclone. Such a design is, in fact, still largely 

governed by experience and experiment. 
As regards our advance in knowledge, 2 new elements have come to the fore. The 

first is the recognition of the fact that the residence time of the particles in the cyclone 

is an essential magnitude in the separation process. The second is the acceleration 
effect introduced by Mr. FONTETN, which can exert an important, and sometimes even 
decisive influence in the classification of particles according to specific gravity. 

Mr. RIETEMA has shown in his paper that when complete separation in a cyclone is 

required, the residence time must also be included in the basic theory. And in view 
of the good agreement between theory and experiment this development has clearly 
been successful; it has led to a proposal for a method of designing cyclones. This 
would at first sight appear to be a contradiction of my statement that the theory is 
still insufficient. ft should be realized, however, that Mr. RTETEMA's theory is founded 

on a flow pattern and a velocity distribution determined empirically for a certain type 

of cyclone . All flow patterns as yet derived theoretically still depart too much from 
those actually present, especially in details - they are too simple. lt is as yet unknown 

why the flow pattern, in a quantitative sense, is established as it is observed. This 
applies particularly to the secondary currents occurring together with the rotating 
current and that directed radially inwards towards the axis. Quantitatively these 

secondary currents can still scarcely be predicted for a certain form of cyclone, whilst 
they actually play an important part in the separation process. Consider, for instance, 

the axial flow and its velocity distribution as factors in determining the residence 
time in Mr. RIETEMA'S theory, or the secondary currents around the axis of the cy
clone. There is still important work for flow specialists to be done in this field. 

* Professor of Technical Hydrodynamics, Laboratory for Aerod ynamics and Hydrodynamics , 
Technical University, Delft (The Netherlands). 
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In addition, much experimental work is still necessary in order to test the assump
tions made in the theoretical considerations, and of the influence of departures from 
these assumptions, for example those occurring in Stokes' resistance law, those 
affecting very low concentrations (i.e. the concentration effect) and so on. In the 

present state of our knowledge an appreciable amount of experimenting is as yet 
required for every new application or constructional form that is developed. 

Finally, on the subject of applications, I would like to draw your attention to the 

use of the cyclone in cases where it functions not purely as a separator or a classifier. 
I refer to its use as a mixer or contacting apparatus in physical and chemical pro

cesses. So far only sporadic references to these applications are encountered in the 
literature (for instance as a homogenizer or cyclone burner), but I believe that there 
are definitely more uses of this kind to be found for an apparatus like the cyclone, 
having the attractive features of simplicity and the absence of moving parts. lt is as 
yet premature to suggest such new applications of the cyclone as the subject of a 

coming symposium, but it is a matter that it would be well to keep in mind. 
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