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Preface

This book has been conceived to provide guidance on the theory and design
of cyclone systems. For those new to the topic, a cyclone is, in its most basic
form, a stationary mechanical device that utilizes centrifugal force to separate
solid or liquid particles from a carrier gas. Gas enters near the top via a
tangential or vaned inlet, which gives rise to an axially descending spiral of gas
and a centrifugal force field that causes the incoming particles to concentrate
along, and spiral down, the inner walls of the separator. The thus-segregated
particulate phase is allowed to exit out an underflow pipe while the gas phase
constricts, and—in most separators—reverses its axial direction of flow and
exits out a separate overflow pipe.

Cyclones are applied in both heavy and light industrial applications and
may be designed as either classifiers or separators. Their applications are as
plentiful as they are varied. Examples include their use in the separation or
classification of powder coatings, plastic fines, sawdust, wood chips, sand, sin-
tered/powdered metal, plastic and metal pellets, rock and mineral crushings,
carbon fines, grain products, pulverized coal, chalk, coal and coal ash, catalyst
and petroleum coke fines, mist entrained off of compressors and various pro-
cessing units, and liquid components from scrubbing and drilling operations.
They have even been applied to separate foam into its component gas and
liquid phases in recent years.

This book strives to provide a long overdue overview of the state of the
art in this specialized, albeit, important area of separation technology. Theory
and design methods are presented covering the important classical topics, in-
cluding particle cut-size, grade-efficiency, overall efficiency and pressure drop.
In addition, many special topics are covered on basis of the authors expe-
riences and interests. These include discussions and sections on a very wide
variety of topics that, in one way or the other, relate to cyclone technology:

e particle characterization, motion, size distribution, sampling
e swirl flow and flow patterns
e important cyclone separation and pressure drop models
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static and dynamic pressure

computational fluid dynamics

vapour-liquid (demisting) and foam-breaking cyclones
swirl-tube type cyclones

wall roughness and solids loading effects

model predictions and comparison with experiments
dimensional analysis and scaling rules

sampling and performance measurement

in-leakage (up-flow) effects and hopper crossflow
dipleg backup

hopper venting

forces acting on a flapper valve

erosion and erosion protection methods

particle settling in conveying lines

high vacuum operation

estimating feed drop sizes distribution

non-uniform inlet flow distribution

inlet, overflow and underflow geometries and configurations including inlet
vane design

cyclone length and the natural vortex length
parallel and series arrangements and multiclones

A number of cyclone models of varying degree of complexity are given.
The modeling approach instigated by Walter Barth, and further developed
by Edgar Muschelknautz and co-workers to account for solids loading and
wall roughness effects is given special treatment due to its overall practical
usefulness.

Many drawings and photographs are included to help illustrate key con-
cepts or interesting aspects. A number of worked example problems are in-
cluded to help firm-up ideas presented in the textual discussions.

Even with today’s modern tools, the complexity of cyclone behaviour is
such that experimental studies are necessary if one is to truly understand
the phenomena governing their behaviour. Thus, laboratory-scale studies are
discussed on basis of the writers understanding and experiences in this central
area.

For the researcher in gas cleaning and cyclone technology, the basic con-
cepts underlying the working of centrifugal separators are set out, with refer-
ences to literature where the topics are treated in more detail. Understanding
the peculiarities of swirling flows and the basic description of fluid dynamics in
rotation-symmetric coordinate systems is very much the key to appreciating
the topic at hand. Other essential topics are elements of particle character-
ization and fluid-particle interaction. Although it is not possible to give the
derivations of all the model equations in full, the basic reasoning behind each
is discussed, and references are given to the original articles with full accounts
of the derivations. Dimensional analysis is another key topic for understanding
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cyclone technology and the basis for cyclone modeling and scaling. Compu-
tational fluid dynamics (CFD) simulations of the fluid and particle flows in
cyclones has become a hot topic, and it has clear advantages for understanding
the details of the flow in cyclones, but also limitations in terms of modelling
cyclone separation performance accurately.

Obviously, the design of cyclone systems requires some expertise in many
diverse areas of the physical sciences and engineering disciplines. For the ben-
efit of the reader who works in either a manufacturing plant, a contractor or
engineering-design firm, an engineering division of a company, or as an inde-
pendent consultant, the book tries to go beyond the research or mathematical
aspects of cyclone behaviour and to provide examples of how one designs,
sizes and evaluates commercial-scale equipment. Those who have the respon-
sibility to design, operate, evaluate, troubleshoot or modify cyclone systems
must not only understand the theory and principles underlying their perfor-
mance, but must also learn how to apply this understanding in a practical,
cost- and time-effective manner. Because so many variables or factors govern
the performance of cyclones, one must understand them well enough to know
which variables are important and which are not, in any given situation. One
must be able to see the whole picture and not be content, for example, with
having developed a mathematical or computer model of cyclone behaviour.

The cyclone separator is one of the most efficient and most robust dust and
mist collectors available for the cost. Its robustness is largely the result of its
lack of moving parts and ability to withstand harsh operating environments.
Cyclones can be fabricated from a wide variety of materials of construction
including carbon steel, stainless steel and exotic alloys, or they may be made
from castings. Some are molded in plastic or heat-formed from plastic sheets.
Where conditions require they may be equipped with refractory, rubber, fluo-
rocarbon, or specially hardened metal liners or electro- polished surfaces. Fur-
thermore, cyclones are particularly well suited for high pressure applications
and severe solids and liquid loadings, where filter media is sensitive to abra-
sion, sparks, oil, humidity, temperature, et cetera, and in applications wherein
the separator must operate unattended for extended periods of time—up to
several years in some refinery processing units. Nevertheless, things can and
will go wrong. When they do, it tends to happen at the discipline or equip-
ment interfaces. We are referring here to the fact that design, fabrication and
installation work is often performed by isolated groups or by individuals and,
unless all aspects or components of the system are examined from the stand-
point of their impact on all other aspects or components, the system may fail
to perform up to expectations. This applies to both the process and the me-
chanical aspects of their design. A simply spray nozzle, for example, can shut
down a huge commercial operation if it fails to atomize the water, and a jet
of water impacts an 800°C cyclone nearby. Because such things will happen,
good communication and an appreciation of how the various components of
the entire system interact will prevent most such problems.
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Experience teaches that the more one understands and learns about cy-
clones, and the more performance and equipment experience one obtains, the
more successful and confident one becomes in applying his or her knowledge in
a laboratory or operating plant environment. And, with this understanding,
some of the mystery surrounding these deceptively simple looking devices will
vanish.

We recognize that the International System of Units (SI) has become the
fundamental basis of scientific measurement worldwide and is used for every-
day commerce in virtually every country except the United States. As painful
as it may be for those of us who have learned and practiced the British or
US Customary system of units, we feel that it is time to put aside the units
of the industrial revolution and adopt the SI system of measurement in all
aspects of modern engineering and science. For this reason, SI units have been
adopted as the primary system of units throughout this book. However, it is
recognized that US customary or British units are still widely used in the
United States and some use of them is provided herein for the benefit of those
who still relate closely to them. Dimensional constants specific to the British
system, such as g., have been left out of the formulae.

In this book, we have tried to capture not only the state of the art pertain-
ing to cyclone technology but to also capture and convey as much of our 55
cumulative years of experience as possible and, in some few cases, permissible.
Still, there are areas where further research and analysis is required to fill the
gaps in the checkerboard of our understanding. We hope this book will be a
stepping-stone and an aid to all those who work with cyclones and who find
them as useful and fascinating as we do.

Bergen and Houston, Alex C. Hoffmann
April 2007 Louis E. Stein



Foreword to the First Edition

The cyclone is one of the most elegant pieces of engineering equipment—a
triumph, one might say, of the particle technologist’s art. Here is a device
with no moving parts and virtually no maintenance which enables particles of
micrometres in size to be separated from a gas moving at 15 m/s or so, and
without excessive pressure-drop. It gets better: the harder you drive it (up to
a point), the better the efficiency; the heavier the particle loading, the less
the pressure drop. There can be few examples of engineering equipment that
are so forgiving. It is for this reason that cyclones have become ubiquitous
in processes. In catalytic cracking they are the main reason why the catalyst
stays in the process. In power generation and innumerable manufacturing
plants, they are the first line of defence of the environment. In air intakes to
turbines on trains and helicopters® they are essential components. Even in the
home they now enable vacuum cleaning without frequent bag cleaning.

Where did the principle come from and why do we design them as we do?
The first design is probably lost in the mists of time. There are reports that
the first Renault car factory, in late 19" century France, was equipped with
an extraction system incorporating cyclones, but the idea must go back much
further than that - probably to the flour milling industry. Their subsequent
development is an interesting story of design evolution, with largely empirical
optimisation studies being carried out simultaneously and apparently indepen-
dently in the USA (Lapple, Leith and others), the UK (chiefly Stairmand),
Japan (Iinoya and others) and the Eastern bloc countries. Seldom could it
have been more clearly demonstrated that good engineering will converge on
the same range of designs, wherever it is performed. Despite many attempts to
improve on those basic general-purpose designs, they still represent the bulk
of the industrial units installed today.

A full understanding of how the cyclone works and how individual particles
behave within it has been slow in following these pioneering industrial devel-

1 As discovered on President Carter’s ill-fated rescue mission of the Iranian hostages
in 1980.
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opments. Little could be done until the invention of the measuring equipment
necessary to measure fluid velocities within the cyclone (particularly laser
Doppler anemometry - LDA), the assembly of theoretical models (largely
in Germany, by Barth, Muschelknautz, Loffler and others), and ultimately
the development of computational fluid dynamics (CFD) codes (pioneered by
Swithenbank) which could accurately model swirling flows. Armed with these
devices and techniques, it became clear that cyclones are in fact far from sim-
ple, and there is still much to know. At the same time, new uses have been
found and new designs developed. Despite (or because of) its simplicity, the
cyclone is not about to disappear.

It seems odd that there has not been before now an attempt to put to-
gether what is known empirically and theoretically about this most essential
of separation devices. This book is both necessary and fascinating - a use-
ful guide, complete with worked examples, for those attempting to design
and use cyclones, and the first authoritative assembly of what is known both
experimentally and theoretically for the benefit of those skilled in the art.

Jonathan Seville
University of Birmingham

Gas Cyclones and Swirl Tubes—Principles, Design and Oper-
ation is a valuable and necessary work in the field of gas cyclones. It will
become a classic in this field because of the comprehensive manner in which
it covers the study and usage of cyclones. In addition, this work provides
unbiased presentations of the many theories used to describe and calculate
the performance of cyclones, empirical methods of cyclone design, and the
practical aspects of using cyclones.

Cyclones have the ability to provide for fine particle collection while ar-
guably also providing for the most robust methods of construction and sim-
plicity of design. If one is faced with a particle/gas separation application a
cyclone should be the first technology examined. Low capital cost, low operat-
ing cost, and reliability are the reasons for this placement within the hierarchy
of technologies that may be selected. Cyclones have been successfully used in
industrial applications from the most common to the most severe, including
highly erosive applications—a topic that this book discusses in some detail.
Cyclones are routinely used in applications where the operating temperatures
exceed 1000°C and in applications where the pressures may exceed 100 bar.
Cyclones may be safely designed to handle highly explosive powders or py-
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rophoric materials. They can be used to recover pharmaceuticals without the
loss of expensive product due to contamination.

This then raises the question, why not use a cyclone for all particle-gas
separation applications. The two cases where a cyclone may not be the correct
choice are:

The engineering and data collection required to design a cyclone to meet
the requirements of the application are too high, and

The cost of the cyclones required to meet the particulate collection re-
quirements exceeds that of other technologies.

Although it is relatively simple to fabricate a cyclone for severe duty, it is
not so simple to select the geometry and subsequently accurately predict the
performance of a cyclone. As shown herein, predicting the particle collection
performance of a cyclone also requires accurate particle size and loading data
at the inlet of the proposed cyclone. While this may be worthwhile and feasible
for a severe duty industrial application, it may not be for the operator of a
small wood shop whose neighbors are complaining about the dust.

Cyclones may be designed to effectively remove virtually any size particu-
late from a gas stream. Several worked examples of this are presented herein.
The barriers to cyclone usage for small particle collection are largely those of
economics. Small cyclones are routinely used for particulate as small as .5 mi-
cron with 90% removal efficiency. Unfortunately, these small cyclones are not
an attractive economical choice for many industrial applications. Conversely
though, cyclones are now able to satisfy environmental and process require-
ments on particulate that is much finer than is commonly believed. With the
advances in cyclone design that have begun in the late 20" century cyclones
are commonly used for emission control and product recovery on particulates
with average particle sizes below 10 microns.

Gas Cyclones and Swirl Tubes—Principles, Design and Operation
provides a valuable tool in the advancement of the design and usage of cy-
clones. The authors, a scientist and an industrialist, bring varied backgrounds
and strengths to this work. The result is the most comprehensive work in the
field of cyclones to date. Although it would be impossible to provide a com-
plete treatise of all of the subjects covered, this work covers a wide array of
the most critical, to a depth that allows the reader to understand the concepts
and applications that are appropriate for designing or using a cyclone.

William L. Heumann
President and CEQ, Fisher-Klosterman Inc.
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Rarely does the technical community have the opportunity to learn from the
accumulated efforts of a first-rate academic author of impeccable qualifications
teamed with an also-academically qualified and broadly experienced practi-
tioner, and where both individuals are natural teachers. Such an opportunity
is available in this book. Comprehensive methods are presented, coupled with
real-life examples gathered from the published literature and from the au-
thors’ own experiences in cyclone research and application. Those charged
with responsibility for cyclone design or trouble-shooting will eagerly study
and absorb this book’s teachings—from theoretical basis to worked example
problems.

For particles from a few microns upward, cyclones provide an attractive
process alternative for particle separation from a fluid. Knockout pots are
fine in applications where particle size is large, but for smaller sized parti-
cles, effective separation requires agglomerating or filtering the particles, or
increasing the effective gravity force acting on them. Cyclones are often the
preferred choice, as the authors show. While the physical principles of cyclone
performance are intuitively clear, internal flow fields are quite involved. Ro-
tational fields are coupled with secondary flow vortices and their interactions
with particles, most often of varying size, density, or both. After separation,
the solids must flow to a quiescent region away from the central vortex to
avoid being re-entrained into the swirling fluid. There are virtually no stan-
dards of geometric proportion. Prediction of overall cyclone performance as a
separation device has proven to be quite a challenge, and even overall pressure
loss is not completely understood.

Professor Hoffmann and Dr. Stein have expanded by some hundred-plus
pages the first edition of this book. Chapter 1 has an interesting section on the
history of cyclones. An explanation of centrifugal force is given in Chapter 2.
A beautifully clear explanation of the vortex equations is given in Chapter 3.
Improved material on cyclone pressure drop in Chapter 4 is enhanced by
better illustrations. Chapters 5 and 6 are virtually the same as in the ear-
lier edition, but a new curve-fit is included useful for computerized cyclone
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design, with emphasis on Muschelknautz’ method. The computational fluid
dynamics presentation in Chapter 7 is a welcome new segment, since flow
profiles in a cyclone even without the complications of particles are inherently
three-dimensional fields. Breakthrough work remains in coupling effective tur-
bulence models to the small length scales associated with fine particles. Chap-
ter 8 has a very useful applied section on scaling cyclone pressure loss and
separation performance with Stokes, Euler, and Reynolds Numbers.

New material on the end-of-vortex phenomenon in reverse flow cyclones
and swirl tubes is given in Chapter 9. Chapters 10 and 11 emphasize the
importance of base-line performance of a new cyclone, tracer measurements,
and post-separation problems including hopper design. Prudent advice is given
regarding suggested focus on underflow mechanics when operational problems
arise. Substantial changes were made in Chapter 12, with new material and
illustrations added on erosion of the vortex finder’s outer wall in view of
recent CFD results, and use of wetted walls, sprays, and electrostatic fields in
cyclones.

New sections and illustrations were added to Chapter 13 arising from the
authors’ recent research on re-entrainment of particles, and on wall film flow.
Chapter 14 has an improved discussion of foams. Extensive additions to Chap-
ter 15 include new material on vortex finder geometry and length, the design
of inlet vanes, and rectifying vanes for pressure recovery. New material is
included on design of the cyclone roof, and use of a pressure recovery dif-
fuser chamber, along with experimental data illustrating its effectiveness. An
appendix is added on construction of a vane cutout pattern. An expanded
discussion is given in Chapter 16 on application of multiple cyclones nested
together.

The changes included in this second edition show that cyclone technology
is indeed still evolving. Those involved in cyclone design, operation and se-
lection will welcome the effort put into the new material, and the authors’
effectiveness in presenting the subject with enthusiasm and clarity, always
with an eye on rigor.

Moye Wicks IT11
Consulting engineer, fluid flow phenomena
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Introduction

The subject of this book is centrifugal gas cleaning devices, namely cyclones
used as gas-solids separators (for ‘dedusting’) and as gas-liquid separators (for
‘demisting’).

1.1 Some Historical Background

The first cyclone patent was granted to John M. Finch of the United States
back in 1885 and assigned to the Knickerbocker Company. Although the “dust
collector”, as it was then called, contained the essence of today‘s modern
cyclones (see Fig. 1.1.1), the dust was allowed to exit out the side of its
cylindrical body, rather than out a conical-shaped bottom. It was also a rather
complex device and bore little resemblance to today‘s modern cyclones.

Still, the idea of using centripetal acceleration for separating particles from
a gas stream was quite a radical idea back in the late 1800’s. After all, everyone
knows that dust will settle only when the gas stream carrying the dust is
quiet and relatively free of motion for a long time. Indeed, a 10-micron dust
particle of unit density requires about 5% minutes just to settle 1 meter in
still air. The beauty of John Finch’s discovery is that he devised a solution
to the problem of dust “settling” which was just the opposite of conventional
thinking or even common sense at the time of his discovery. Rather than
devising a large, quiet settling chamber, he introduced the dust-laden air into
a small cylindrical housing in a tangential manner and imparted a significant
velocity to the mixture, thereby separating the dust from the air under highly
turbulent flow conditions using the principle of centripetal acceleration, rather
than gravity. In the area of separations technology the concept embodied in
Finch’s discovery has proven to be one of the most elegant, yet practical
inventions of the 19" century. It’s a textbook example of the value of “thinking
outside the box”.

Improvements in the design of cyclones rapidly followed (at least rapid for
the times) and, by the early 1900’s, there began to appear cyclonic devices
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Fig. 1.1.1. Illustrations of the first cyclone patent

that more closely resemble today’s modern units. An example of this is the
“dust collector” by the American inventor O. M. Morse who, in 1905, was
awarded a patent for purpose of reducing the hazard of dust explosions in
flourmills. See Fig. 1.1.2. He wrote—

My improved machine separates the dust from the air by its own
momentum in an extremely simple manner, it employs no moving
parts, (and) is very simple in construction...

Due to their simple construction, low manufacturing cost, compactness,
lack of moving parts, and relative ease of maintenance, cyclones continued to
grow in popularity and improve in both construction and operation. By the
1920s they began to take on the features that characterize today’s modern
cyclones, as evidenced by two flourmill cyclones shown in Fig. 1.1.3.

Even though the underlying principles governing the behavior of cyclones
has not changed since their inception back in the late 1800’s, the intervening
years of testing and industrial application has resulted in significant design
improvements. The geometry and relative proportions of the inlet, roof, vortex
finder, barrel, cone, hopper, dust discharge opening, and bewildering array of
ancillary features have been the target of numerous investigations. By todays
standards, some have been “interesting” to say the least. See, for instance, the
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Fig. 1.1.2. An early cyclone patent featuring a conical dust discharge

Fig. 1.1.3. Flour mill cyclones manufactured by the Wolf Company (The Wolf
Company (1922) Flour Mill Machinery catalog, Chambersburg, Pennsylvania) dur-
ing the early 1920s. Note the variety of inlet duct designs used to feed multi-
ple cyclones. Courtesy of Theodore R. Hazen and Pond Lily Mill Restorations
(http://home.earthlink.net /~alstallsmith /index.htm)

patented “Rube-Goldberg” like design shown in Fig. 1.1.4 which featured ro-
tating chains, driven by the vortex motion, to keep the lower walls of the cone
from clogging up with dust. In addition to such “hardware” considerations,
significant attention has been given to the role that velocity, phase densities,
viscosity, particle concentration, shape and size distribution has on separation
performance. For the most part these investigative efforts have consisted of
laboratory and field tests augmented or guided by whatever “theory” and in-
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sight was at the investigators disposal at the time. As has been the case with
most fundamental inventions, cyclone designs have become very specialized—
reflecting the process duties and industries that they serve. Some examples
are shown in Fig. 1.1.5.

April 4, 1939, A B. 0SGOOD 2,153,270

DUST COLTECTOR

Filed April 21, 1938 2 sheete-Shaet 1

FLrreeridor
Arfharire £, dsgood
Py m« 2

Hecdar™

Fig. 1.1.4. 1939 US cyclone patent by A. B. Osgood

Most of the early cyclones were used to collect dust created from mills that
processed grains and wood products. In the decades that have followed, how-
ever, cyclones have found application in virtually every industry where there
is a need to remove particles from a gas stream. Today, cyclone separators are
found, for example, in:

ship unloading installations

power stations

spray dryers

fluidized bed and reactor riser systems (such as catalytic crackers and
cokers)

synthetic detergent production units

food processing plants

crushing, separation, grinding and calcining operations in the mineral and
chemical industries
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Fig. 1.1.5. Examples of modern cyclones. From top left to bottom right: Polutrol-
Europe cyclone (excerpt from US Patent 3,802,570); Oneida wood shop cyclone &
cartridge filter; Pentz/Mangano Clear-Vu cyclone; two-stage LSR Core Separator-
Butcher (2001); Shell Global Solutions “Third-Stage Separator” multiclone; Dyson
vacuum cleaner multiclone

e roasters, sintering plants, rotary kilns, furnaces and converters in the fer-
rous and nonferrous metallurgical industries

e fossil and wood-waste fired combustion units (normally upstream of a wet
scrubber, electrostatic precipitator or fabric filter)
vacuum cleaning machines
dust sampling equipment

Cyclones have also been utilized to classify solids on the basis of their aero-
dynamic characteristic such as their mass, density, size, or shape. Because of
their simple construction and high reliability, cyclones are also used very effec-
tively to separate two-phase gas-liquid mixtures, such as the entrained droplets
exiting a venturi scrubber or other type of scrubber. Other examples include
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the removal of water droplets from steam generators and coolers and oil-mist
from the discharge of air compressors. Likewise, they have been widely applied
in process machinery to remove entrained oil and hydrocarbon droplets gener-
ated from spraying, injection, distillation, or most any process that results in
the production of entrained droplets or a two-phase mixture. They have even
been used as inlet devices to prevent foaming in gravity separation drums.

The physical laws governing the behavior of today’s modern industrial cy-
clones were firmly established more than a hundred years ago in the works
of Sir Isaac Newton and Sir George Gabriel Stokes. Their work provided us
with a basis for describing the forces acting on a particle traveling in a fluid
medium. P. Rosin, E. Rammler, W. Intelmann and Eugen Feifel, especially,
established the basis for scientific calculations. Since then, cyclone develop-
ment and our understanding of cyclones has continued to expand due to the
pioneering and valuable contributions of individuals such as Eugen Feifel, C.
J. Stairmand, Ludwig Leineweber, Koichi linoya, G. B. Shepherd, C. E. Lap-
ple, A. J. ter Linden, Walter Barth, and Edgar Muschelknautz, to name a few.
Eugen Feifel published no less than seven papers between 1938 and 1950 on
the theory and principles governing the motion of the fluid and particle phases
within cyclones. He appears to have designed the first horizontal cyclone—
essentially a cylinder with a horizontally oriented gas outlet on each end and
a centrally located, “slot-type” inlet. We rarely see his name mentioned in
today’s modern literature but his contributions had a major impact on the
thinking of investigators for several decades starting in the late 1930’s. Walter
Barth’s theoretical work back in the 1950’s has also had a great influence on
the work of investigators that followed him, and this influence continues even
today.

Still, many unanswered questions remain. In fact, we shall encounter and
point out some of these in this book.

The optimization of cyclone performance for any given task is an oft-sought
goal but is seldom achieved in practice. Understanding cyclone performance
as a function of a cyclone’s size, geometry, feed properties, feed flow rates
and the system of which it is a part is essential if we wish to successfully
design, operate, troubleshoot or predict cyclone performance. We trust that
the information presented in this book will help to develop this understanding.

In this first chapter we start by briefly discussing the removal of particles
from gases in general, to put the topic in context. We will then focus on
centrifugal devices, which are the most widely used gas cleaning devices in
industry today. We will explain qualitatively the principle by which centrifugal
separators work, and mention the different types that are in use.

1.2 Removal of Particles from Gases

Particulate pollution is a societal concern and has been recognized as a prob-
lem for many decades. Airborne particles manifestly cause increase in in-
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cidence of disease of the air passages, and constitute a real environmental
problem in some urban societies.

It therefore seems appropriate that governments are imposing more strin-
gent limits on particulate emissions from the processing industry. The chal-
lenge is to meet these restrictions with robust and efficient technology at
minimum cost, retaining, where relevant, as much separated material as pos-
sible as useful product and thus minimizing other process waste streams and
maximizing profitability.

Aside from meeting ambient air quality targets, various types of separation
equipment, including knock-out drums, bag filters, electrofilters/electrostatic
precipitators (ESP’s), scrubbers and cyclones are also used to capture solid
particles for:

re-use in the process (such as valuable catalytic particles) or
further processing (grain processing plants) or
direct sale to the customer (elastomeric particles off a fluid bed dryer).

Another reason for removing particles from process streams is to protect
downstream equipment, such as blowers and turbines, from erosion damage
caused by particles impacting on, for instance, rotorblades.

If the goal of a given gas cleaning operation is to limit emissions or to collect
as much product as is practical, the target is often one of not allowing particles
in the emitted gas stream to exceed some maximal allowable concentration .
If, on the other hand, the goal is to protect downstream equipment, the target
can be in terms of a maximal particle size allowed in the cleaned gas stream.

Particles in gas streams vary so widely in terms of size, density, shape,
stickiness, friability, erosiveness, surface charge, and other characteristics that
no one method of separation, and not one type of separator, is suitable for
processing the entire spectrum of materials. Thus the separation equipment
must be capable of processing a very wide variety of material—from pellets to
sub-micron powders, from hard minerals, like garnet sand, to soft food prod-
ucts like rolled oats. Some of these materials are very free-flowing, others tend
to compact or cake. The products and types of particles shown in Figs. 1.2.1
and 1.2.2 are rather typical of the myriad of substances that can, and have
been, successfully conveyed and subsequently classified or separated in modern
separation equipment, including cyclones, bag filters and electrofilters.

Figure 1.2.3 shows the approximate size ranges of a number of particle
types, and the methods suitable for removing them from a gas stream (Igna-
towitz, 1994; Perry, 1997). Below we mention some of the most popular gas
cleaning methods with their main advantages and disadvantages.
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Fig. 1.2.1. Illustration of the diversity of material types that can be conveyed and
separated with modern separation equipment. Images courtesy of Flexicon Corpo-
ration

1.2.1 Filtration

By far the most common method for removing very fine particles from gas
streams is by filtration'. The gas stream is led through a filter, which is often
a woven or compressed fibrous, cloth-like material.

! Here we wish to express our profound thanks to the late Professor Frank M.
Tiller of the University of Houston who, for 50 years, performed ground-breaking
research in the field of fluid/particle separation, earning wide recognition as the
father of modern filtration theory.
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Fig. 1.2.3. Particle size of some materials and suitable methods for removing them
from a gas stream; from Ignatowitz (1994) and Perry (1997)
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The pore size of the filter material will often be greater than some of the
particles that are to be retained. During the first part of the filtration process,
particles fill the pores in the filter, and start to build up a layer (a filter ‘cake’)
on the filter. As this layer builds up, the filtration efficiency increases, and so
does the pressure drop across the filter. Once the pressure drop exceeds a
certain limit, the filter needs to be reconditioned. This is often achieved by a
reverse pulse of air, which blows off most the filter cake, allowing it to drop
into a hopper, whereafter the filtration process can resume.

The advantage of filtration is its high efficiency. Drawbacks are the os-
cillating pressure drop, wear of the filter material, handling and disposal of
spent filter cartridges or bags, and the fact that filters normally cannot be
kept biologically clean so that a food or pharmaceutical product captured in
a filter is lost. Cloth filters cannot be used at high temperature (in excess of
about 250°C) or in aggressive environments; for such conditions ceramic or
sintered metal filters are an option.

A special sort of ‘filter’ is the electrofilter, sometimes referred to as an
electrical or electrostatic precipitator (i.e. an ‘ESP’). Here, the particles are
charged and led through narrow gaps between two oppositely charged plates.
The particles are electrostatically attracted to—and deposit on—one of the
plates. ESPs have the advantage of being able to collect particles below one
micron in size and can operate at elevated temperatures. Some of their disad-
vantages include failure of electrical components and their large size relative
to the amount of solids-bearing gas that they process. They also require a
highly uniform distribution of the incoming gas over their collecting plates if
they are to operate at peak efficiency. In addition, ESPs may alter the compo-
sition of the particles in such a manner as to render them useless for further
processing.

1.2.2 Wet Scrubbers

In wet scrubbers droplets are either directly sprayed into the incoming dusty
gas or the gas is allowed to shear a source of liquid into droplets, which
achieves the same effect. Due to their inertia, the particles impact on the
droplets and are incorporated in them. The particle-containing droplets have
a larger diameter than the dust particles, which allows them to be separated
more easily from the gas stream in inertial type separators such as cyclones,
settling chambers or knock-out vessels.

Wet scrubbers can have a high efficiency for small particle sizes, especially
the venturi type scrubbers, where the flow is subjected to strong accelera-
tion—a condition that encourages efficient coalescence between particles and
droplets. In wet scrubbers, the pressure drop remains constant (except in
some relatively rare cases where calcium or other deposits may accumulate
in the throat area of the scrubber). Degradation of the separation medium is
normally not a problem. However, most scrubbers recycle most of the scrub-
bing ‘water’ and the efficiency of the scrubber will suffer if the solids or other
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contaminates contained within the recycled scrubbing liquid are not held in
check. A more systemic drawback to scrubbers, however, is that the dust, and
any water-soluble components within the gas phase, end up in the liquid. This
leads to a loss of product in many industries, and the problem of what to do
with the slurry stream. Indeed, when considering a scrubber, care must be
taken, in some cases, that one does not turn an ‘air pollution problem’ into a
‘water pollution problem’.

1.2.3 Centrifugal/Cyclonic Devices

Centrifugal and cyclonic type separators are the subjects of this book. Com-
pared with the other methods, their advantages are:

the collected product remains dry and, normally, useful

low capital investment and maintenance costs in most applications

very compact in most applications

can be used under extreme processing conditions, in particular at high
temperatures and pressures and with chemically aggressive feeds.

no moving parts

very robust

constant pressure drop

can be constructed from most any material suitable for the intended service
including plate steel, casting metals, alloys, aluminum, plastics, ceramics,
etc.

can be equipped with erosion or corrosion resistant or ‘particle repelling’
type liners, such as Teflon. Internal surfaces may be electropolished to help
combat fouling

can be fabricated from plate metal or, in the case of smaller units, cast in
molds

can, in some processes, handle sticky or tacky solids with proper liquid
irrigation

can separate either solids or liquid particulates; sometimes both in combi-
nation with proper design.

Some disadvantages of cyclones are:

a low efficiency for particle sizes below their ‘cut size’ when operated under
low solids-loading conditions

usually higher pressure loss than other separator types, including bag fil-
ters, low pressure drop scrubbers, and ESPs

subject to erosive wear and fouling if solids being processed are abrasive
or ‘sticky’

can operate below expectation if not designed and operated properly. Al-
though this problem, as well as the erosion and fouling problem mentioned
above, is not unique to cyclones, it is the writers’ hope that this book will
help in eliminating these type of problems.
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1.2.4 Knock-out Vessels and Settling Chambers

For larger particles, adequate separation can be realized if the incoming
gas/solids or gas/liquid mixture is allowed to flow slowly through a vessel
so that the particles settle out under the influence of gravity. Such vessels
share most of the advantages of cyclones, except for low investment costs
and compactness since settling chambers, with their 1-G driving force, can
be very large. Still, common practice often includes knockout vessels ahead of
cyclones. Their performance is less sensitive to flaws in design and operation
than that of centrifugal separators. These vessels are normally used to sepa-
rate out particulate matter (liquids and/or solids) that is greater than about
500 microns in size.

1.3 A Closer Look at Centrifugal Gas Cleaning Devices

We now concentrate on centrifugal devices. In these, the dust-laden gas is ini-
tially brought into a swirling motion. The dust particles are slung outward to
the wall, and are transported downward to the dust outlet by the downwardly
directed gas flow near the wall.

A sketch of a standard reverse-flow, cylinder-on-cone cyclone with a tan-
gential, slot-type inlet is shown in Fig. 1.3.1.

Gas outlet <b*
or ]
‘vortex
finder’

Inlet

j—

Separation
space

or

cyclone
body

Dust
outlet

Fig. 1.3.1. Sketches of a reverse-flow, cylinder-on-cone cyclone with a tangential
inlet. The geometrical notation is indicated in the right-hand sketch

For the standard, reverse-flow cyclone, (with a so-called ‘slot’ or ‘pipe’
type of entry, see below) the swirling motion is brought about by designing
the inlet in such a manner that it forces the gas to enter the unit on a tangent
to the inner body wall. The inlet is normally of rectangular cross section, as
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shown. As the gas swirls, it moves axially downwards in the outer part of the
separation space. In the conical part of the cyclone, the gas is slowly forced into
the inner region of the cyclone, where the axial movement is upwardly directed.
This flow pattern is often referred to as a ‘double vortex’: an outer vortex with
downwardly directed axial flow and an inner one with upwardly directed flow.
The gas exits the cyclone through the so-called ‘vortex finder’, which extends
downward from the center of the roof. This outlet pipe goes by many different
names, with ‘vortex tube’ and ‘dip-tube’ being the most common, aside from
‘vortex finder’. The particles in the inlet gas are slung outwards to the wall in
the centrifugal field, and are transported to the dust exit by the downwardly
directed gas flow near the wall. In the following chapters we shall look in more
detail at the flow pattern in the separation space.

The geometry of a cyclone with a ‘slot’ type inlet is determined by the
following eight dimensions:

body diameter (this is the diameter of the cylindrical section), D
total height of the cyclone (from roof to dust exit), H

diameter of the vortex finder, D,

length of the vortex finder (from the roof of the separation space), S
height and width of the inlet, a and b, respectively

height of the conical section, H,

diameter of the dust exit, Dy

All dimensions are understood to be inside, finished dimensions exposed to
flow.

1.3.1 Applications of Centrifugal Separators

Centrifugal separators for dedusting and demisting are very widely used
throughout industry. Moreover, they come in all sizes and shapes, as shown
in Fig. 1.3.2 and elsewhere in this book.

Some of the industries making extensive use of these devices are:

oil and gas (for instance in fluidized catalytic cracking units, FCCU)
power generation

incineration plants

iron and steel industry/blast furnaces and non-ferrous industries

ore sintering plants

wood chip, wood mill and building material plants

sand plants

cement plants

coking plants

coal fired boilers

lead, ferrosilicon, calcium carbide, expanded perlite, carbon black plants,
etc.

e grain processing facilities such as flour mills (wheat, rice, etc.)
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Fig. 1.3.2. A few examples of the variety of cyclone sizes and shapes used in
commercial practice. Top photo courtesy of Ducon Technologies Inc., left photo
courtesy of Fisher-Klostermann Inc., right photo courtesy of EGS Systems Inc.

‘chemical’ plants (plastics, elastomers, polymers, etc.)
catalyst manufacturing plants

food industry

MTB type plants (similar to FCCU).

Figures 1.3.3 a, b show two commercially available cyclones designed for
light industrial use. An example of a much larger scale cyclone installation
is presented in Fig. 1.3.4. This is a good example of a complete system—
including cyclone, blower, rotary airlock valves and ducting—all supplied by
the same manufacturer. Fig. 1.3.5 illustrates a huge spent catalyst regenerator
cyclone system typical of today’s modern FCCU installations. Such cyclones
are used to capture and return the catalyst entrained off the vessel’s fluidized
bed. Fig. 1.3.6 illustrates where these and other cyclones are typically used
in a commercial FCCU refinery process. The left- and right-hand frames in
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Fig. 1.3.7 illustrate the first two separation stages of a modern four-stage
home vacuum cleaner assembly. Dust-laden air enters on a tangent near the
top of the see-through plastic housing. The resulting centripetal energy acting
on the incoming dust particles within this first stage separator causes most of
the particles to separate to the walls of the housing and to settle within the
dust collection bin which comprises the bottom of the housing. The air then
flows through a louver or vane type, second-stage separator, which produces
a very sharp (180°) flow reversal. The particles inertial prevents most of them
from following the air through the bend and, through such action, the vane
assembly separates out most particles not captured in the first stage. A circular
disk or “separator plate” (item 158 in patent drawing) is employed to help
prevent the vortex generated in the upper chamber from re-entraining dust out
of the dust collection bin. A porous foam filter and a high-efficiency HEPA
filter (not shown) are used to separate micron and most sub-micron sized
particles from the air prior to its exit out the cleaning apparatus.

Fig. 1.3.3. Two light commercial slot-type inlet cyclones with an overhead ’pull-
through’ fan on the clean-gas side and a downstream bag filter assembly. Courtesy
of Penn State Industries (a) and Torit Products (b)

The cylinder-on-cone cyclone with a tangential entry is the industry stan-
dard design for centrifugal dedusting or demisting devices. Even so, wide
varieties of other configurations are in use and some of these will be discussed
in the chapters that follow. We now proceed to look at some of these config-
urations.
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Fig. 1.3.4. A complete pull-through cyclone system for collecting various wood
chips, dust and shavings including cyclones, fans and rubber-tipped rotary airlock
valves. Note also outside wear plate on inlet bend. Courtesy of Koger Air Corporation

Fig. 1.3.5. A collection of two-stage cyclones suspended from the vessel head of
a modern FCCU regenerator prior to installation. Photo courtesy of TapcoEnpro
International
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Fig. 1.3.6. A typical Fluid Catalytic Cracking Unit (FCCU) with internal sets of
regenerator and reactor cyclones

Fig. 1.3.7. An example of a two-stage dust separator comprising a modern home
vacuum cleaner. Left frame: Bissell Homecare, Inc. US Patent 6810557 B2. Right
frame: commercial example. Photo by L.E. Stein. Image used with permission of
Bissell Homecare, Inc.

1.3.2 Classification of Centrifugal Separators

We can classify centrifugal separators according to either:

e their inlet configuration
e the shape of their body
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o the flow direction in and out of them

Four main types of inlet configurations are used:

The first and simplest is the circular or pipe-type inlet. See Fig. 1.3.8
a. Such inlets are typically found in inexpensive cyclones constructed from
sheet-metal wherein some sacrifice in separation performance is acceptable.
Many woodshop and grain processing units are designed with this type of
inlet. Unlike the slot-type inlet described below, pipe-type inlets eliminate
the need to fabricate a round-to-rectangular inlet transition section.

P

o
e

d

Fig. 1.3.8. Side and top views of the four most used inlet configurations. a circular
or ‘pipe’ inlet, b ‘slot’ (also called ‘tangential’) inlet, ¢ ‘wrap-around’ inlet, and d
axial inlet with swirl vanes
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The second inlet type is the ‘slotted’ inlet, see Fig. 1.3.8 b. Included
in this definition is the helical-roof inlet, see for example, Fig. 12.1.3 in
Chap. 12. ‘Slot’-type inlets are, by far, the most widely used in the chemical
and petroleum processing industries. It is sometimes called a ‘rectangular’
or ‘tangential’ inlet. However, in this book we reserve the term ‘tangential’
to denote all cyclones with tangential inflow, in contrast to “axial” cyclones
wherein the gas enters along the cylindrical/conical axis of the cyclone (see
below). Except in cases where wall stiffening or special reinforcing is required,
slot-type inlets are not normally difficult to construct, and they generally
give good performance. Since the feed reporting to the cyclone is conveyed in
circular pipes, they require the construction of a round-to-rectangular inlet
transition duct and this results in some complication in the cyclone’s de-
sign relative to a simple pipe-type inlet. From a fabrication/strength point of
view, it is often preferred that the top of the inlet be located slightly under
the roofline, rather than at the same elevation as the roofline (as shown in the
figure). This practice, though, can give rise to a ring of dust circulating along
the inner roofline. Fortunately, the presence of such a ring does not seem to
significantly influence cyclone performance.

The third inlet design is the ‘wrap-around’ inlet, sometimes referred to as a
‘scroll’ or ‘volute’ (Fig. 1.3.8 ¢). In this type of inlet, the gas flow is gradually
constricted as the area available for flow decreases. It therefore undergoes
some acceleration upstream of the main separation space. Since the scroll’s
inlet radius is greater than that of any of the other inlet types, this type of
inlet produces a greater inlet angular momentum and, as a consequence, a
higher spin velocity within the inner core of the vortex. Thus, a scroll inlet is
one way of realizing most of the benefits of a larger-bodied cyclone without
having to fabricate a larger diameter barrel and cone section. It is preferred in
geometries with a wide vortex finder, since the incoming gas and solid mixture
will not then impact the wall of the vortex finder. Scroll inlets are also widely
used in high solids-loaded cyclones wherein a large fraction of the incoming
solids are separated within the scroll section, ahead of the cyclone proper.
Figure 1.3.8 c illustrates a ‘full’, 360° wrap-around scroll. Simpler and more
compact 180° and 270° scrolls are also in common usage. For more details,
see also Sect. 15.1.2.

The fourth type of inlet we wish to describe is that of swirl vanes. As
shown in Fig. 1.3.8 d, a swirl-vane assembly allows the gas to enter the cy-
clone parallel to the axis of the cyclone The swirl-vane assembly is positioned
between the vortex finder (or, in case of a ‘straight-through’ device, see below,
a central solid body) and the outer (body) wall of the cyclone. This type of
inlet is often inserted in cylindrical-bodied cyclones rather than in cylinder-
on-cone or ‘conical-bodied’ geometries. When it is, we refer to the separator
as a swirl tube. Swirl tubes are often of small size (by commercial standards)
and are most commonly arranged in a parallel array on a common tube-sheet
within a pressure-retaining vessel. They are normally fed from, and discharge
into, common, but separate overflow and underflow plenums.
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One advantage of the axial entry is the high degree of axial symmetry in
the flow, which gives some operational advantages. For instance, it eliminates
the region prone to fouling on the ‘back side’ of the vortex finder—that region
pointing opposite the inlet opening. Another way of achieving a higher degree
of axial symmetry is to distribute the inlet gas over two tangential entries,
located 180° apart, rather than only one. Axial inlets also eliminate the need
for fabricating a roof or an inlet-transition piece, or for cutting an entry slot
in the upper body of the cyclone. The vane elements or “blades” can be bent
from metal plate or they can be cast in one piece. Once these are available,
the swirl-vane type cyclone is the simplest of all cyclones to assemble.

We have already mentioned the two possible configurations for the shape
of the body: cylinder-on-cone and cylindrical. The last classification of cen-
trifugal separators is according to the gas flow direction upon entering and
exiting the device. The possible configurations are sketched in Fig. 1.3.9. The
gas may leave the cyclone either through the roof, which is called a ‘reverse-
flow’ configuration or through the bottom, in the same direction as the dust,
which is called a ‘straight-through’ (or ‘flow-through’ or ‘uniflow’) configura-
tion. Straight-through devices are almost always cylindrical in shape.

Gas
outlet
: Dust :
: g ¥
outlet Gas
outlet
a : i b »'

Fig. 1.3.9. Sketch showing the axial gas flow pattern in ‘reverse-flow’ (a) and
‘straight-through’ (b) types of centrifugal dedusters

1.3.3 Two Main Classes—Cyclones and Swirl Tubes

A systematic discussion of all the configurations mentioned above would lead
us to spend a disproportionate amount of space on devices that are seldom
used in practice. We are therefore concentrating on the two types of devices
most used in industry; both are of the reverse-flow type:

e devices with a tangential inlet (‘slot’ or ‘wrap-around’) and a cylinder-on-
cone body shape, which we will call ‘cyclones’, and
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e devices with an axial inlet with swirl vanes and a cylindrical body shape,
which we will call ‘swirl tubes’.

We thus make the distinction between vane-type ‘axial’ inlets and ‘tangen-
tial’ inlets. By tangential inlets, we mean both slot and wrap-around inlets,
unless we explicitly distinguish between the two. “Pipe” type inlets are also
a type of tangential inlet, which compromises some degree of separation per-
formance for the sake of construction simplicity.

The word ‘cyclone’ is used as an umbrella designation for all centrifugal
separators throughout the scientific and engineering literature, and when using
the term in this way swirl tubes can be seen as a special type of ‘cyclone’.
We have not been able to avoid using the word ‘cyclone’ in this sense in this
book. It should be clear from the context in each case whether the designation
‘cyclone’ refers to centrifugal separators in general, or to cylinder-on-cone
cyclones with tangential inlets in particular. On the other hand when we are
saying ‘swirl tube’, we are referring to the special type of cyclonic separator
with cylindrical body and swirl vanes; we could also have called these ‘swirl
tube cyclones’.
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Basic Ideas

In order to understand the practical working of cyclones, it is necessary to
master a number of topics, which span a range of different disciplines. Fluid
mechanics, particularly relating to swirling flows, particle motion in a fluid,
and different aspects of particle properties, such as size and size distribution,
shape, and density, are all topics relevant to the later chapters.

This chapter contains a series of short discussions of these topics. Due to
the nature of the subject matter, it can be difficult to recognize a ‘red thread’
in this chapter, but the account of each particular topic should be sufficient
for appreciating the material in the subsequent chapters. Literature references
are given for the reader wishing to study the disciplines more broadly.

2.1 Gas Flow

This section discusses some aspects of fluid mechanics that are particularly
relevant to cyclones and swirl tubes.

2.1.1 Swirling Flow

Swirling flow, or vortex flow, occurs in different types of equipment, such as
cyclones, hydrocyclones, spray dryers and vortex burners. Swirling flow also
plays a central role in the developing fields of fluidics and process intensifi-
cation. It is also the basis for the operation of foam-breaking or ‘defoaming’
separators that have received significant industrial attention in recent years.

We derive the equations for the tangential velocity distribution in two
types of ideal swirling flows:

1. forced vortex flow, which is swirling flow with the same tangential velocity
distribution as a rotating solid body, and

2. free vortex flow, which is the way a frictionless fluid would swirl. The
tangential velocity in such a swirl is such that the moment-of-momentum
of fluid elements is the same at all radii.
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The tangential velocity distribution in real swirling flows is intermediate
between these two extremes.

In order to derive these equations, we start by considering the forces acting
on a fluid element in a swirling flow, as shown in Fig. 2.1.1. We use a cylindrical
coordinate system (r, 6, z) (Weisstein, 1999) fixed in space with the z-axis,
the axis of rotation, pointing out of the paper.

As the element rotates, it accelerates toward the center. If it did not accel-
erate it would continue in a linear path tangent to the orbit toward the axis
of rotation. This acceleration is the ‘centripetal acceleration’.

If we observe the element from a coordinate system, which is not fixed in
space by rotating with the element, the centripetal acceleration will not be
observed, but will appear as an apparent force directed away from the axis
of rotation, the ‘centrifugal force’ (Fig. 2.1.1 b). This latter force is similar in
nature to the gravity force, and acts away from the axis of rotation with a
magnitude equal to the mass of the element times the centripetal acceleration.

Fluid Fluid element
stationary relative to
coordinate system

element

Centripetal
acceleration Centrifugal
force

Tangential
velocity

Stationary Rotating /G(Q\
coordinate coordinate
system system
Orbit
a b

Fig. 2.1.1. A fluid element in a swirling flow, from two different points of view a a
fixed coordinate system, and b a coordinate system rotating with the element

Strictly speaking, Newton’s equations of motion apply only in a coordi-
nate system that is not accelerating (in this case, rotating). Nevertheless, for
mathematical simplicity, scientists and engineers often use an accelerating co-
ordinate system (a rotating one, for instance), and then devise a non-physical
or “pseudo force” (such as the “centrifugal force”) in order to apply or pre-
serve the equation of motion. We say “non-physical” because, in a rotating
coordinate system, it is not possible to identify a physical object which pro-
duces the force needed to satisfy Newton’s laws of motion. Also, real forces
always occur in pairs yet, if we were to shrink in size and hitch a ride atop
a tiny ball connected to a central post by a string and spin around the post,
the one and only force we would experience would be the inward force (or
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tension) exerted by the string. To then explain why the string does not pull
us inward toward the post, we create an outwardly directed “pseudo force”,
called the “centrifugal force”, whose magnitude is the mass of the spinning
object times the inwardly directed centripetal acceleration, or muvj3 /r, where
vg is the tangential velocity of the ball, and r the length of the string.

For a fluid element (as opposed to a solid or liquid particle, which we will
discuss later), the so-called “centrifugal force” is balanced by a force created
by a gradient in the static pressure. This pressure gradient acting over the
surface of the particle is the “string” tension in our spinning ball example
mentioned above. Thus, this latter force acts toward the axis of rotation and
keeps the element in its path. This is sketched in Fig. 2.1.2. Depending on
our point of view!, we could also say that this pressure force gives rise to the
centripetal acceleration or “centrifugal force”. As we shall see in Appendix 2.A
the pressure in a swirling flow increases with the distance from the axis of
rotation.

Pressure force

Centrifugal
force

Resultant
pressure force

Fig. 2.1.2. Detail of a rotating fluid element in a rotating coordinate system, with
the forces acting on it indicated

Now imagine first that the swirling fluid has an infinite viscosity (behaves
like a solid body). Hence, no shearing motion exists between fluid layers at
different radii. In this case fluid elements at all radial positions are forced
to have the same angular velocity. The angular velocity, {2, is measured in
radians per unit of time, usually seconds, and therefore has units s~!. It equals
vg /1, with vg the tangential velocity, measured in m/s. Swirl with constant 2
is called ‘forced vortex flow’ or ‘solid-body rotation’:

vg = (2r (2.1.1)

This is the first ideal swirl flow.
In the other extreme, if the swirling fluid has no viscosity, the motion of
a given fluid element is not influenced by the neighboring elements at smaller

! In principle, cause and effect cannot be identified in this type of flow
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and larger radii. If we, in such a fluid, bring an element to a smaller radius, its
tangential velocity will increase, since its moment-of-momentum (mass times
tangential velocity times radius of rotation: mugr) will be conserved. We call
a vortex where moment-of-momentum is conserved in this way, ‘loss free’, or
‘frictionless’. In such a flow we have rvg = C, with C' a constant, so that:

= —. 2.1.2
Vo r ( )

This is the second ideal swirl flow. We should point out that the quantities
vg, §2 and 1 are vectors since they have both magnitude and direction. Here,
however, we are only interested in their magnitudes and, for this reason, we
dispense with the vectorial notation.

These two ideal flow patterns are derived from the fundamental equations
of fluid mechanics in Appendix 2.A. This derivation is useful for a fuller un-
derstanding of the flow, but it is not essential for appreciating the material in
this book as a whole.

A real fluid will have some finite viscosity, which will cause transfer of
moment-of-momentum between layers at different radii. An additional trans-
port of moment-of-momentum will be caused by any turbulence present, due
to exchange of fluid elements between the layers.

A real swirling flow normally has a core of near solid-body rotation sur-
rounded by a region of near loss-free rotation as sketched in Fig. 2.1.3. This
is called a ‘Rankine vortex’.

VL
\ /\ Solid body rotation vy= 2 r
/ \«—— Loss free vortex, vo= C/r
//\
Vo / N\ N
/ X
N
S
Real vortex
r

Fig. 2.1.3. Sketch showing the two ideal vortex flows, and the tangential velocity
distribution in a real vortex

2.1.2 Static and Dynamic Pressure

The flow and pressure distribution within cyclones and swirl tubes is more
easily understood if we make clear the relation between static and dynamic
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pressures: p and 1/2pv?, respectively, with p the density. The well-known
Bernoulli equation for steady flow of a frictionless, constant density fluid,
which can be derived from the Navier-Stokes equations (Bird et al., 2002),
states that:

1
Py gh + _v* = constant along a streamline. (2.1.3)
p

2
In this equation, we recognize the static and dynamic pressures—the latter is
often called the ‘velocity head’—as the first and third terms on the left-hand
side. They have been divided by the fluid density.

This equation shows that static and dynamic pressures can be interchanged
in the flow field. In areas where the velocity is high, the static pressure will
be low and wice versa. This is the principle used in many flow meters, for in-
stance pitot tubes and venturi meters. It is especially important to appreciate
this interdependence between static and dynamic pressure when dealing with
swirling flows.

The left-hand side of Eq. (2.1.3) is sometimes called ‘Bernoulli’s trinomial’.
The second term is unimportant relative to the two others when discussing gas
cyclones and swirl tubes, since the fluid density is relatively low, and height
differences not very large.

In an actual flow situation, the fluid is not frictionless. Frictional dissipa-
tion of mechanical energy will therefore cause Bernoulli’s trinomial to decrease
in the flow direction, i.e. the trinomial is no longer constant, but decreases
along a streamline.

Frictionless flow is, nevertheless, a reasonably good approximation in the
outer part of the swirl in a cyclone, Bernoulli’s trinomial does not change very
much there.

Friction is taken into account in the ‘extended Bernoulli equation’, some-
times called the ‘frictional form of the Bernoulli equation’ or the ‘engineering
Bernoulli equation’ (Bird et al., 2002).

2.2 Particle Motion

We now look at the motion of a solid or liquid particle in a fluid, starting with
a general discussion and focusing on the particle motion in swirling gas flows
toward the end of the section.

In a gas cyclone or swirl tube, the particles of interest are almost always
moving relative to the gas at their terminal velocity, and the terminal velocity
of a given particle determines whether it will be captured or lost. This termi-
nal velocity is exactly analogous to that of a particle settling in the earth’s
gravitational field, g, under steady-state conditions except that, for a cyclone,
the radially directed centrifugal force, mv3 /r replaces the gravitational one.
This will be discussed in detail later.
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We are therefore interested in calculating the particle terminal velocity in
the swirling flow. We begin with the equation of motion of a particle in a fluid.

Applying Newton’s law to a particle moving in a fluid, equating its mass
times acceleration to the sum of the forces acting on it, we obtain

m . n
nass body Auid unsteady
times = + + | force
. force drag
acceleration terms

where the body force is normally due to a gravitational field and/or a cen-
trifugal force. Following our earlier discussion, in using the term ‘centrifugal
force’ we are implying that the above force balance is being performed in a
reference coordinate systems that is rotating with the particle. The fluid drag
is the drag acting on the particle if it moves with a steady velocity relative to
the fluid, while the unsteady terms account for the effects of acceleration of
the particle relative to the fluid. With appropriate substitution into the above
expression the general equation of motion for a particle in a Newtonian fluid
becomes Clift et al. (2005):

3 du’ 3 1 i, 2
(s ) oS- (70 ) = ma-co (i) (7))

_ added _ ( Basset
mass term

where U’ is the particle velocity vector relative to the gas and has cylindrical
coordinate components (U}, Uy, U.); a is the acceleration vector of an external
force field (equal to g for a gravitational field); p, and p are the particle and
fluid densities, respectively, and ¢ is time. ||-|| denotes the absolute value (the
length) of the vector. Throughout this book we shall represent the particle
diameter with the symbol z.

The first term on the right-hand side represents the body force, and the
second term the drag Fp acting on the particle when the flow around it is
fully developed, Cp is the drag coefficient.

The two last terms on the right-hand side of (2.2.1) relate to fast, unsteady
motion. The added mass term accounts for the fact that when accelerating
a particle from rest, the surrounding fluid must also be accelerated. This
appears to ‘add mass’ to the particle. The Basset integral says that the drag
will, by rapidly changing motion, depend not only on its instantaneous velocity
relative to the fluid, but also on the previous motion since the fluid flow pattern
may not have had time to adjust, due to the fluid inertia. These two terms
are zero in steady movement.

Clift et al. (2005) showed that ignoring these two unsteady terms (in par-
ticular the Basset integral) can lead to errors for a rapidly changing motion
in liquid. Fortunately, in the case of gas cyclones we can safely ignore them,
even when calculating the rapid, small-scale turbulent motion, since the gas
inertia is relatively small. In fact, it turns out that this is true even for the case

(2.2.1)
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of hydrocyclones, where the carrier fluid is a liquid rather than a gas. Also
practical plant experience with their design and operation indicates that it is
not necessary to include either the added mass or the Basset terms appearing
on the right-hand side of (2.2.1).

The second term on the right-hand side in (2.2.1) can be simplified. In gas
cyclones we are concerned with small particles (small ) moving in a fluid of
low density (small p), so that the ‘particle Reynolds number’:

!
Re, = p|U'| z (2.2.2)

I
is relatively low, in spite of the relatively low viscosity p. For low Re,, the
equations of motion—Egs. (2.A.1) and (2.A.2) in Appendix 2. A—for the fluid
moving around the particle can be solved, and Fp calculated. If there is no
slip between fluid and particle surface (that is: the fluid velocity is equal to
the velocity of the surface at the surface), the result is ‘Stokes drag law’ (Bird

et al., 2002):

Fp = —3mzuU’. (2.2.3)

Comparing this with the expression for the fluid drag term of Eq. (2.2.1)
and, by using Eq. (2.2.2), we see that Cp = 24/Re,,, which is the particle’s
drag coefficient under conditions of laminar flow.

These simplifications produce the following equation of motion for the
particle:

a3 du’ , 3
( 6 ) P g = —3rzpU’ + ( 6 > (pp — p) a. (2.2.4)

If we solve this differential equation in one direction indicated by the index
i (replacing the vectors with their components in the i-direction, where i is
a Cartesian coordinate), assuming U/ = Ui/,O at t= 0, the particle velocity
relative to the gas becomes:

2(p, — i 18t 18t
g = TP =p) ai (1_exp [_xgu ]) LU {_xgu } _

(pp_p) Ta; (1_67t/‘r) _i_Ui/Oeft/‘r
Pp '
where 7 is called the ‘particle relaxation time’:
2*pp
= . 2.2.6
™= T (2.2.6)

For large ¢ the exponential terms go to zero, and the particle reaches its
terminal velocity. If p, > p, as it is in gas cyclones, the terminal velocity is
(dropping the index i):
z2p,
18p

Ul =Ugy =Ta= a for p, > p (2.2.7)
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where the subscript Stk signifies that this is the ‘Stokes’ velocity’, i.e. the
terminal velocity of a particle when Stokes’ drag law applies. Small particles
in gas cyclones reach their terminal velocity quickly. We can see this from
Eq. (2.2.5): 7 is small for small z (in the cases we are considering it is of the
order 1073 s), so the exponential term goes to zero quickly. We may put this
into perspective for commercial cyclones for which the particle residence time
within the cyclone typically lies within the range of about 50 milliseconds
(ms) for small, high velocity cyclones to 1 to 2 seconds for large industrial
units such as those in use in large coal conversion units or fluid catalytic
cracking (FCC) units. This means that we can ignore the unsteady part of
Eq. (2.2.5), even for the rapid, small-scale velocity fluctuations caused by the
gas turbulence, and assume the particle will always be at its terminal velocity
relative to the gas.

In Fig. 2.2.1 velocity is plotted against time for a 10 pm particle of density
2700 kg/m? (a typical density, close to, for instance, those of chalk or sand)
dropped in air in the field of gravity. The terminal velocity and 7 are indicated.
The particle approaches its terminal velocity within a couple of milliseconds.

As mentioned, Stokes’ drag law is valid for low particle Reynolds numbers.
Another requirement for Stokes’ law to apply is that the surrounding fluid can
be considered a continuous medium. This is not so for very small (sub-micron
size) particles in gases, especially for sub-micron particles feeding cyclones
operating under high vacuum conditions. In some applications, for example,
vacuum assists with the drying of moist or solvent-laden incoming solids.
Here we have to take into account the fact that the gas consists of individual
molecules. This has two effects:

1. Collisions with gas molecules give rise to a fluctuating particle motion
(‘Brownian motion’). This can be neglected compared to any large-scale
turbulent particle dispersion.

2. A slip takes place between the gas and the particle as the free space
between the gas molecules becomes comparable to the particle size. This is
accounted for in the drag law by multiplying the terminal particle velocity
calculated from Stokes’ law, Ug,,, by the ‘Cunningham correction factor’,
C. (Allen, 1990):

2\
U' = UgCe = Ugyy (1 + ?> (2.2.8)

where A is the molecular mean free path. This correction factor can be viewed
also as a correction to the viscosity term appearing in the denominator of
(2.2.7). Thus, the ’effective’ viscosity becomes the gas viscosity times the Cun-
ningham correction factor. It has the effect of always decreasing the effective
viscosity and, hence, the drag that all particles—not just the the sub-micron
particles—experience.

We now turn our attention to the behavior of a particle in a swirling
flow. Here, we can apply some of what we have previously discussed about



2.2 Particle Motion 31

0.01 :
@ 0.008 """""""""i _________________________
£ X !
g Terminal i
‘g 0.006 velocity :
T !
o 0.004 :
° !
% |
& 0.002 i’( 4
0 H
0 0.001 0.002

Fig. 2.2.1. The velocity of a particle (z=10 um, p,=2700 kg/m?) dropped in air.
Calculation is according to Eq. (2.2.5)

a rotating fluid element to a solid or liquid particle. One difference, though,
is that the force arising from the pressure gradient in the fluid, which in
this context is akin to the buoyancy force acting in a gravitational field, will
not keep the particle in its path unless it has the same density as the fluid.
In gas cyclones the particle density is much higher than that of the carrier
gas, so the ‘buoyancy’ is low and the particle will move radially outward
in the vortex. This, then, becomes and defines the primary mechanism for
separation of particles within a cyclone. As we shall see, we can even ignore the
buoyancy when calculating the particle’s velocity, so that the only significant
force opposing the particle’s outward radial motion is a drag force.

If the particle moves with the same tangential velocity as the gas, and
we choose a coordinate system rotating with the particle, we can consider
the centrifugal force as analogous to the force of gravity. This allows us to
replace the acceleration a in Eq. (2.2.5) with the magnitude of the centripetal
acceleration: vg /r, and we can say that a centrifugal force equal to mpvg /T,
where m,, is the mass of the particle, acts on the particle (compare with
Eq. (2.A.12) in Appendix 2.A).

When p,, > p, the particle will thus be centrifuged outward (see Fig. 2.2.2),
resisted by drag, and will move with a terminal velocity relative to the gas of:

2 2 2
U = U o) = T () = () tor gy > . (2.2.9)
This outward movement of the particle is, as mentioned, the principle of sep-
aration in all centrifugal separators, both for dedusting and demisting,.

In addition to its mean movement, a particle in a cyclone will also have
a small scale, fluctuating motion in response to the local turbulence in the
gas. This is more severe for smaller particles, which are most affected by
the fluctuations in the gas velocity. The turbulent motion gives rise to some
dispersion and mixing of the particles.
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Fig. 2.2.2. Sketch showing gas and particle pathlines in a swirling flow field where
the gas has no radial velocity component, that is: v, = 0 in Eq. (2.2.9). The vectors
represent the radial, tangential and resultant particle velocity components

2.3 Particle Size

2.3.1 Definitions of Particle Size

The motion of a particle, and its separation in a cyclone, obviously depends
on its size, amongst other important factors, such as its density, shape, and
tangential velocity. By the term ‘size’ we normally mean the diameter. The
particle diameter can be defined in different ways, and one should be aware
which one is used in a given context. Clift et al. (2005) and Allen (1990)
review this issue. We mention here the definitions that are most relevant for
cyclones.

The ‘volume equivalent’ diameter is the diameter of a sphere with the
same volume as the actual particle?. The ‘surface equivalent’ diameter is the
diameter of a sphere with the same surface area as the actual particle. The
‘surface/volume diameter’ is the diameter of a particle with the same surface-
to-volume ratio as the actual particle.

To illustrate this, a cylindrical particle with height 2L and diameter L is
shown in Fig. 2.3.1, together with its equivalent spheres.

Very central to cyclone technology is the ‘dynamically equivalent’ particle
diameter. This is the diameter of an equi-dense sphere that has the same ter-
minal velocity as the actual particle. Calculating this can be difficult in the
range of intermediate Reynolds numbers, or when the Cunningham correc-
tion is significant. In the region where Stokes drag law applies, we call it the
‘Stokesian’ diameter.

2 If all the particles are of the same density, then the volume equivalent diameter
is the same as the mass equivalent diameter, since their mass is then proportional
to their volume.
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Fig. 2.3.1. Sketch of a cylindrical particle with the different equivalent spheres

A similar measure, which is widely used in aerosol science, is the ‘aerody-
namic particle size’. This is the diameter of a sphere of density 1000 kg/m?
that has the same terminal velocity as the actual particle in air at normal
temperature and pressure in a gravity field.

Figure 2.3.2 from Kaye (1995) shows silhouettes of dynamically equivalent
particles. The more nonspherical the actual particle, the larger it needs to
be in order for it to settle with the same terminal velocity. The spheres to
the right are Stokes diameters, those to the left aerodynamic diameters. Since
uranium dioxide is far denser than 1000 kg/m?, the two diameters differ the
most for this type of particle.

2.3.2 Particle Size Distribution

The particle size distribution of a given dust or mist can be reported as a num-
ber, length, surface, volume or mass (weight) distribution. Figure 2.3.3 shows
number and volume distribution curves for a sample powder. The curves in
the figure are density curves: the function values f(x) represent the fraction of
particles in a given interval divided by the width of that interval. The definition
of the number density distribution fy(z) is thus:

fn(z)dz = the number fraction of particles with a diameter between
x—1/2dx and = + 1/2 dx,

and the definition of the volume density distribution fy () is:

fv(x)dx = the volume fraction of particles with a diameter between
x—1/2 dx and x 4+ 1/2 dzx.

Since the particle volume is proportional to 23, the larger particles con-
tribute much more to the volume distribution than to the number distribution.
This can be seen in the shapes of the curves in Fig. 2.3.3. The larger parti-
cles contribute negligibly to the number distribution, which appears to go
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Fig. 2.3.2. Silhouettes of several different particle types along with their equivalent
aerodynamic and Stokesian diameters from Kaye (1995)

to zero, while they contribute substantially to the volume distribution. The
same holds true for the mass or weight distribution. For this reason it is also
difficult to obtain a statistically satisfactory volume distribution from sizing
methods based on particle counting if the particle size distribution is wide
(many small particles need to be counted for each large one).

fu(X)

fAX)
A

Probability density

Particle diameter

Fig. 2.3.3. Number and volume density distributions for a sample powder
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If one of the distributions is known, the others can be calculated; at least
this is the case if one assumes the particles to be spherical (Allen, 1990). For
instance, we can calculate the volume density distribution from the number
density distribution. Since the number fraction of particles in the diameter
interval: x — 1/2 dx and x + 1/2 dz is fy(x)dz, then:

7'('.1?‘3

fv (z) x 6 fn (z)dx. (2.3.1)
We have to choose the proportionality constant so that the area under our
volume density distribution becomes unity:
7T133 f
= fy (z) do
fr (@) do = G———

Of%‘”?’fN (z) dx

(2.3.2)

In addition to density distributions, a very widely used method of reporting
a particle size distribution is through the use of its ‘cumulative undersize
distribution’ F'(x), defined as the fraction of particles with a diameter less
than x. F(x) is related to the density function f(x) by:

F(x):/f(z)dz, (@) dz = dF (z) (2.3.3)
0

where we have used z as the dummy variable of integration.
In Fig. 2.3.4 the cumulative undersize distributions corresponding to the
density functions in Fig. 2.3.3 are shown.

Fn(x)

Fv(x)

Cumulative fraction undersize

o

Particle Diameter
Fig. 2.3.4. Cumulative number and volume distributions for the powder in Fig. 2.3.3
Throughout this book, we shall be using the volume distributions and, in

order to simplify the notation, we drop the subscript V' from now on. In prac-
tice, one frequently encounters the terms 'mass’ or 'weight’ distributions such
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as that obtained from sieve analysis. It is important to recall that, irrespective
of the way in which the particle sizes are measured or reported, if the density
of the particles comprising the distribution does not change as a function of
particle size, then the particles’ mass and weight distributions are identical to
their volume distribution. This is so because the volume of any one particle or
fraction of particles is directly proportional to its mass or weight if its density
remains constant.

A number of model distribution functions exist, some of which fit the size
distributions of many powders quite well. The model functions used most
frequently are the ‘normal’ (or ‘Gaussian’) distribution, the ‘log-normal’ dis-
tribution and the ‘Rosin-Rammler’ distribution (Allen, 1990). These are given
in Appendix 2.B for reference. The latter two can be fitted particularly well
to the volume distributions of a wide range of powders. The Rosin-Rammler
distribution was used to produce Figures 2.3.3 and 2.3.4.

It should be added, however, that it is generally not necessary or even
necessarily desirable to represent a particle distribution by ‘fitting’ it to any
particular distribution function, a priori. Computer programs for designing
and evaluating cyclone performance normally utilize the ‘raw’ particle size
distribution data (often in cumulative form) in their internal computations.
This technique eliminates any errors pertaining to any differences that may
exist between the mathematical ‘fit’ of the data and the actual data that is
being fitted. Often it is observed that some distribution function does ‘fit’ the
majority of the measured distribution data but may, for example, fail to fit
the smallest particle size fraction. Under such conditions, if it were important
to know about the collection or losses of the ’fines’, one would not want
to use such a distribution model in practice. Instead, the actual measured
distribution data would be utilized for cyclone simulation purposes.

Finally, we consider the mean and spread of a particle size distribution.
The mean size can be defined in different ways, depending on which property
of the powder is important. A review of this can be found in Allen (1990).
In this book, we use the volume distribution, and the ‘volume mean’ particle
size, which is equivalent to the mass mean particle size, is defined as the first
moment of the volume distribution around zero:

oo

(x) = /xf () dx. (2.3.4)

0

Other characteristic sizes are: the ‘median size’, Z,,eq, defined as the size
at which F(x)=0.5, and the ‘mode’, defined as the size where f(x) takes its
maximum value.

We note here that the mean and the median sizes are often close in practice,
and that, of these two, the median size is much easier to determine by reading
directly off the cumulative size distribution. The median is therefore often
taken as the ‘mean’ particle size for a given powder in practice, while in the
model distribution functions the mean is that defined in Eq. (2.3.4). We shall
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follow common practice by using the median diameter as a measure of the
‘mean’ particle size in this book, we will refer to it as the ‘(mass) average’ or
the ‘median’ size, but always use the symbol x,,.4 when we mean the median.

We may also characterize the particle size distribution through a parameter
that characterizes its spread, o, the square of which is the second moment
around the mean :

0% = /(m —(2))? f (2) d. (2.3.5)
0

The above parameters are very useful to characterize powders with only
two parameters, for instance for controlled laboratory experiments in which
results need to be related to the particle size distribution. However, they
rarely enter the considerations in engineering design. Those whose job it is
to design and/or troubleshoot cyclone systems in industry are generally faced
with designing or evaluating the performance based on what the upstream
process delivers, using a measured particle size distribution as a basis for
calculations.

2.4 Particle Density

In addition to size, one more particle property plays an important role in de-
termining particle motion in fluids, and therefore also in cyclones: the particle
density.

If the particle is a nonporous solid, its density is unequivocal, but if it is
porous, we need to distinguish the density of the solid material comprising
the particle (often called the ‘skeletal’ density) and the overall or effective
particle density, including both the solid material and the pores. The latter is
often called the ‘envelope density’ or ‘the density in a Stokes-settling sense’.
In practice, it is the envelope density that determines the behavior of the
particle in a fluid, and is therefore the density we wish to determine.

Particle density is often determined by some sort of pycnometry. If a liquid
is used as the pycnometric fluid, this is mostly done in a so-called ‘density
bottle’, where the masses are determined of:

the empty bottle, mq

the bottle containing the powder sample only, mo

the bottle containing the powder sample filled with the liquid, mg
the bottle filled with the liquid only, my4

The mass of the powder sample is given by (mo —m1), while its volume is
given by [(m4—mg3)— (ma2—mq)]/p1, where p; is the density of the pycnometric
liquid. The density can then be found by dividing the mass of the sample with
its volume.

If the pycnometric fluid penetrates into the pores of the particles, the
density determined will be the skeletal density. In order to find the envelope
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density, some pycnometric fluid has to be found that will penetrate the in-
terstitial space between the particles, but not the pores within the particles.
Mercury can be used for this, whereby the mercury is added under vacuum,
so that it will penetrate the interstices between the particles properly. If one
is interested in the skeletal density, and the pores in the particles are fine, air
can be used as the pycnometric fluid in specially designed equipment.

We note that if, during particle sizing, the dynamically equivalent particle
size is determined, the problem of determining the appropriate particle density
is solved already.

We have now reviewed the most essential topics necessary for an appre-
ciation of the basic working of gas cyclones. We shall make frequent use of
these developments in the subsequent chapters, and we shall look at models
for cyclone performance based on the above-mentioned basic principles. We
hasten to add that a cyclone design based on these principles is only a start-
ing point. Many key issues for practical cyclone design and operation are of a
highly complex nature and cannot be described using the basic ideas of single
particles in swirling flows alone. Examples are the effect of inlet solids loading
on cyclone separation efficiency, the ‘natural turning point’ of the vortex, the
phenomenon of ‘hopper crossflow’, hopper venting, and the issue of cyclone
erosion. We will be discussing these and some related issues later on.

2.A 1Ideal Vortex Laws from the Navier-Stokes
Equations

In this appendix, we will derive the essential equations for swirling flow from
the basic equations of fluid mechanics: the Navier-Stokes equations. The
Navier-Stokes equations are derived in most textbooks on fluid mechanics,
for instance Bird et al. (2002).

The ‘equation of continuity’ states that material can neither be generated
nor destroyed. For an incompressible fluid the equation is:

V-v=0 (2.A.1)

with v the fluid velocity vector.
The ‘momentum conservation’ equation states Newton’s law for a fluid
element: its mass times acceleration equals the sum of the forces acting on it:

Dv
p—=—-Vp—-V .7+ pg (2.A.2)
Dt
where p is the density, p the pressure and g the gravitational acceleration.
T is the deviatoric stress tensor (see below). The terms in (2.A.2) represent
from left to right:

e The mass times acceleration per unit volume. This is the density multiplied
by the absolute (or ‘material’) derivative of the velocity. The material
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derivative D/Dt gives the acceleration of a fluid element in a Eulerian®
frame of reference.
The net force due to normal stresses per unit volume.
The net force due to shear stresses per unit volume. 7 is the ‘deviatoric’
stress tensor, meaning that the pressure has been subtracted from the total
stress tensor, so that the sum of the three diagonal elements is zero. This
essentially leaves us with the shear stresses.

e The gravitational force per unit volume.

Equation (2.A.2) can be expressed in terms of its coordinate components.
For cyclones, it is convenient to use a cylindrical coordinate system (r, 6, z),
with the z-axis along the cyclone axis. Writing out the #-component of Eq.
(2.A.2) gives (Bird et al., 2002):

Ovg Ovg v Ovg v,vg dug\
P(E*”W*?W* r +a_> -

I II 111 v \%

1 8}? 1 8 2 1 (97'99 87‘92 (2.A.3)
_r%_(ﬁar(rTre)+rW+ 8z)+pgz

VI VII VIII IX X

In the shear stress components 7, the first index indicates the plane on
which the stress acts, and the second its direction.

This complicated looking equation can be simplified to give useful informa-
tion about swirling flow. In steady, axisymmetrical vortex flow with negligible
velocity in the r and the z-directions, the terms listed in Table 2.A.1 can be
eliminated?.

This leaves only term VII, and, since 1/72 # 0:

0

or (r*m9) = 0. (2.A.4)

And, because the derivative of the quantity in parenthesis is equal to zero,
the quantity itself is a constant, which we call C;:

3 In a ‘Eulerian’ frame of reference time derivatives are stated in a stationary
frame. Therefore, in order to write the time derivative of a property ¢ for a fluid
element, we have to include both the local derivative (the rate of change of ¢ at
the stationary point) and the convective derivative (the rate of change of ¢ in the
direction in which the fluid element is moving). The Eulerian frame is in contrast
to a ‘Lagrangian’ frame where we state time derivatives following a fluid element
(or a particle).

4 We note that this is an idealized flow pattern, if the radial velocity in a cyclone
were zero, the cyclone would not function since, then none of the entering fluid
could make its way to the inner core, and, hence, out the vortex finder.
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Table 2.A.1. Eliminating terms in Eq. (2.A.3)

Term eliminated Reason

I steady flow, no change with time

II and IV no radial velocity

IIT and VI and VIII no gradients in the #-direction (axisymmetric flow)
V and IX no gradients in the z-direction

T = —5 - (2.A.5)

The next step is to relate the shear stress 7,9 to the velocity field. The
simplest way of doing this is to assume a constant Newtonian viscosity, u.
Then the expression for 7,9 becomes (Bird et al., 2002):

0 /vy 1 0w,
o = — — — . 2.A.6
o M[rar(r)+r89} ( )
Here the second term on the right-hand side can be eliminated if there are no
gradients in the 6 direction. Doing this and substituting in the first part of
(2.A.4) gives:

R G | R e OO | B

- since p is independent of r. The first equation above only implies the second
if w#0.If p =0, any vy profile will satisfy the first part.
The solution to (2.A.7) is:

vg = Cr + % (2.A.8)

If we require that vy does not become infinite at » = 0, Cs has to be zero,
giving the well known equation for a ‘forced vortex’ or ‘solid-body rotation’:

vg = Cyr = 2. (2.A.9)

This is one ideal vortex motion, where, as mentioned in the main text, the
angular velocity {2 is constant.

Another is the ‘loss-free’ vortex, which is a vortex motion in a fluid with a
viscosity of zero. We saw that if = 0, any radial vy profile would satisfy the
first part of (2.A.7) under the assumptions. If we allow a radial velocity, so
that fluid elements can move radially in the vortex, this is no longer so. Doing
this and setting the viscosity and, therefore, the shear stress 7,9 equal to zero,
we see that terms II and IV re-emerge, and that term VII of Eq. (2.A.3) is
eliminated. This leads to:

" (&;9 n @> -0, (2.A.10)

ar
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which has the solution:

— 2.A.11
vy = ( )

with C' an integration constant. This is the familiar equation for the tangential
velocity distribution in a loss-free vortex. In this type of flow the moment-of-
momentum of fluid elements is constant in the radial direction.

Note that we could not have derived (2.1.2) by letting Cy equal zero in
(2.A.8) since the viscosity p was assumed to be nonzero to arrive at (2.A.8)
in the first place.

In the same way that (2.A.7) was derived from the 8-component equation
of (2.A.2), two other differential equations for the flow field in a vortex mo-
tion can be derived from the r- and the z-component equations. They are,
respectively:

Op vZ
= p—> 2.A.12
or P r ( )
and: 9
P
= pg.. 2.A.1
5, = P9 ( 3)

Equation (2.A.12) is the balance between the centrifugal force (or the
mass times the centripetal acceleration) and the pressure force, all on a per
unit volume basis. It shows, as we also saw on basis of heuristic arguments
in the main text, that the pressure in a vortex flow increases towards the
periphery and more so the stronger the tangential velocity. The radial pressure
distribution can be obtained by integrating the right-hand side over r.

Equation (2.A.13) simply says that the axial pressure distribution is the
hydrostatic pressure, which in gas cyclones is not very interesting, since the
fluid density is low.

This completes the derivation of the basic equations for swirling flows
from the Navier-Stokes equations. When deriving flow equations, particularly
in cylindrical coordinates, this method is safer than using heuristic arguments.

2.B Common Model Functions for Particle Size
Distributions

In this appendix, the most frequently used particle size distributions are given
for the reader’s reference. If you are a researcher interested in these distri-
butions, it is very instructive to program and graph these models using a
mathematics package (for instance Mathematica, or a freeware program called
MathGV), and have a look at how the shapes of the distributions change with
the parameters.

When studying cyclone performance, or any issue in powder technology, it
can be advantageous to fit models to the experimentally determined particle
size distributions obtained from laboratory measurements. In this way the
particle size distribution can be characterized using only two parameters: the
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mean size and the spread. Model functions may also make it possible to make
up for incomplete information about size distributions, as long as one is aware
of the dangers of doing so pointed out in Appendix 3.A.

2.B.1 The Normal Distribution

The density function for the normal distribution is:

exp <—M> (2.B.1)

fl2) = —7= 557

To obtain the cumulative undersize function, we must integrate this:

F(x)= / ! exp <—%>d,&:. (2.B.2)

oV 2w

— 00

For this distribution, the mean particle size (), the median, and the mode
are all equal, and the spread is ¢. In this purely mathematical distribution, x
can take on negative values, which is not physically meaningful.

2.B.2 The Log-Normal Distribution

The log-normal distribution is defined as: the distribution of a variable, the
natural log of which is normally distributed. Thus, for the distribution of the
natural log of particle diameters we get:

! — (Inz))?
f(nz) = dF” (Inz) S exp (—M> (2.B.3)

dlnzx o2 202

To obtain the distribution of the particle diameter itself rather than that of
its logarithm, we note that F’(In z), the fraction of particles with the logarithm
of their diameter less than In z, is the same as F'(z), the fraction of particles
with diameter less than x. Thus:

Inx
F'(Inx) = / . 127r exp (— (Inz ;Ogn Z>)2>dlnz =F(x). (2.B.4)

In order to write F(z) in terms of x rather than In z, we change the
variable of integration:

y 2
F(z) = / ! exp (— (Inz—{nz) ) 1dz, (2.B.5)
0

oV2m 202 z

which shows that the density function of x for the log-normal distribution is:
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ﬂ@=1 ! <—&ﬁlﬁfﬁ>. (2.B.6)

ex
T o\ 21 P 202

One should be most careful when converting between cumulative and density
distributions for the log-normal distribution.

The log-normal distribution is skewed with a long tail at large particle
sizes. It fits the volume distributions of many powders very well. Because it
is skewed, the mode, the median and the mean particle sizes are all different.

2.B.3 The Rosin-Rammler Distribution

The Rosin-Rammler distribution is one that applies specifically to dusts gen-
erated by crushing. The density function is:

[ (x) = nka" " exp (—ka™). (2.B.7)

The shape of f(z) depends on the constants n and k. Integrating to find F(x)
and adding a constant to make it start at the origin gives:

F(z) =1—exp(—ka™). (2.B.8)

For this distribution the mode, median and mean sizes are different. Using
Egs. (2.3.4) and (2.B.7) the mean particle size becomes:
1 1
<@=knr(—+g (2.B.9)
n
where I is the Gamma function.
Mathematics packages, such as Mathematica, Matlab or Mathcad and
MathGV make it easy to fit these model distributions to sets of experimental
data. It is often helpful to do so, since this allows the particle size distribution

to be described by only two parameters. This also has its limitations, though.
We shall come across one in Appendix 3.A.
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How Cyclones Work

As mentioned in Chap. 1, cyclones work as a result of the centrifugal forces
acting on the particles suspended in the swirling gas stream. This causes the
particles, which are denser than the gas, to move outward to the cyclone wall,
along which they are transported downward to the dust exit. The cleaned
gas leaves near the centerline, in a reverse-flow cyclone through the roof.
In a ‘once-through’ or ‘flow-through’ cyclone, the cleaned gas exits out the
bottom®.

In this chapter we take a first look at the flow of gas and particles in
cyclones. We also introduce the two key performance indicators for cyclones:
their separation efficiency and their pressure drop.

3.1 Flow in Cyclones

The gas flow pattern in cyclones is fairly well known from experimental evi-
dence collected over decades. For particle trajectories, on the other hand, very
little experimental data are available, so for this we shall resort to computa-
tional fluid dynamics (CFD) simulations.

3.1.1 Gas Flow Pattern

The velocity field in cyclones has been measured using hot-wire anemometers,
pitot tubes and, recently, laser-Doppler anemometry (LDA). See Chap. 10 for
more information about these techniques.

! In some configurations, cyclones may be oriented at an angle to true vertical and,
in the limit, may be oriented horizontally. Such configurations do not violate the
rules and equations governing vertical cyclones except in certain ‘highly loaded’
cyclones, wherein the force of gravity competes with the radially-directed cen-
trifugal force, which the particles experience. In such latter configurations the
designer must be especially careful in scaling-up. We shall return to this topic in
a later chapter.
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Figure 3.1.1 shows a sketch of a standard reverse-flow cylinder-on-cone
gas cyclone with a tangential entry. The global flow pattern is indicated. A
swirling motion is created in the separation space by the tangential injection
of the gas. The gas flows downward in the outer part of the swirl (the ‘outer
vortex’) and upward in the center (the ‘inner vortex’). The downward flow in
the outer part of the cyclone is critically important as it, and not gravity, is the
dominant mechanism for transporting collected solids (those at the wall) out
the bottom of the cyclone. In vertically oriented cyclones, gravity will assist
but its influence is important only for cyclones operating at high solids-loaded
conditions, for which ‘mass loading’ effects are important. More on this later.
At the same time there is a radial flow from the outer vortex to the inner one,
this is distributed—though not uniformly with height—over the length of the
body under the vortex finder.

Axial velocity,

—= Vortex
Inlet A= finder | ‘
| ‘

1 /Separation CI’_

. space Wall
| Tangential velocity, vy
i
Dust : i
outlet i i
Z i i
= | -
3 G| G Wall

Fig. 3.1.1. Sketch of a tangential-inlet cyclone with the flow pattern indicated.
The coordinate directions are shown, normally the z-axis coincides with the axis
of the cyclone or swirl tube. To the right, the radial distributions of the axial and
tangential gas velocity components are sketched. It is understood that the ‘dust
outlet” may be the ‘liquid’ outlet for the case of a demisting cyclone

To the right in Fig. 3.1.1 the radial profiles of the axial and tangential
gas velocity components are sketched. The former shows the outer region of
downwardly directed axial flow and the inner one of upwardly directed flow.
As mentioned, the downward velocity at the wall is the primary mechanism
for particle transport out the dust outlet. The axial velocity often shows a
dip around the center line. Sometimes this is so severe that the flow there
is downwardly directed. The tangential velocity profile resembles a Rankine
vortex: a near loss-free swirl surrounding a core of near solid-body rotation.
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We do not know enough about the radial velocity to graph it. It is gener-
ally much smaller than the tangential velocity and more difficult to measure
accurately. It is generally inwardly directed below the lip of the vortex tube,
but it is not uniform with height. Rather, the greatest inward flow occurs
immediately below the vortex tube opening — this is related to the secondary
flows discussed below.

As the discussion in Sect. 2.1.1, and Eq. (2.A.12) show, in order for a
rotating fluid element to maintain its equilibrium (static position in the r-
direction), the pressure on its surface at higher r must exceed that on its
surface a lower r. Thus the static pressure must increase monotonically with
increasing radius. This, in fact, is borne out by experiment—a classic example
of which is the data of Ter Linden (1953), a sample of which is presented in
Fig. 3.1.2. Here the lower curves contained within each set of curves represents
the variation in static pressure, p, with radial position; the upper curves, the
total pressure, p+ (1/2)pv? (static plus dynamic). Comparing with Eq. (2.1.3)
and realizing, as before, that the second term in Bernoulli’s trinomial is small,
we see from the profiles of total pressure in Fig. 3.1.2 that Bernoulli’s trinomial
is almost constant in the outer, nearly loss-free part of the vortex, while it
decreases significantly in the center. This is as we would have expected.

Total pressure

L

Static pressure

Fig. 3.1.2. Static and dynamic pressure profiles within a cyclone

These data also show that the static pressure within the vortex finder also
increases with radial position. This is also what we would expect, since there
is still swirl present there. In this “core” region the velocity is approximately
that of solid-body rotation, i.e. Eq. (2.1.1). Additionally, the static pressure is
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observed to be strongly dependent upon radial position and, like that within
the main body of the cyclone, has its maximum value at the wall. Clearly, a
simple static pressure measuring tap mounted flush with the inner wall of the
vortex finder is not representative of the average pressure within this tube.
We will have more to say about this in Sect. 4.1.2.

Swirl flow near the walls of concave surfaces is inherently unstable. Pres-
sure gradients caused by the swirling motion create ‘secondary flows’ in the
cyclone body along the walls. We saw in Chap. 2 that the static pressure
increases toward the outer part of a swirling flow. This pressure gradient con-
tinues to persist through the boundary layers at the roof and at the conical
wall. The tangential velocity, on the other hand, is low in these boundary
layers. The result is a net inwardly directed force acting on gas pockets in
the near-wall region, causing inwardly directed flows along the cyclone roof
and the conical wall as indicated in Fig. 3.1.3, so that this net inward force is
balanced by frictional drag with the wall and the bulk flow.

‘Lip
| leakage’
|
High | Lower High
pressure pressure ] pressure

Fig. 3.1.3. The secondary flows caused by the swirl in the cyclone

The strong pressure gradient also has other effects, aside from the sec-
ondary flow patterns just mentioned, which are important for the flow near
the wall within cyclones and within other such centrifugal devices including
swirl tubes and hydrocyclones. In particular, let us apply the above concepts
to the region of the boundary layer at the cyclone wall. Here we find that
none of the velocity profiles we have discussed thus far apply since none of
them predict a sharp decrease in vg within this “near wall” region as r — R,
where R is the cyclone radius at any given axial position. Nor do they account
for the fact that vy = 0 at » = R. In this wall region, as vy — 0, the ‘cen-
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trifugal force’ that the fluid experiences becomes vanishingly small, and the
static pressure experiences a negligible increase with radius. See Eq. (2.A.12),
for example, which predicts dp/dr — 0 for vg — 0. Consequently, wall distur-
bances can cause the affected portion of the high pressure, solids-laden fluid
near the wall to be deflected radially inward. In so doing the fluid will carry
some of the previously collected solids with it, thereby degrading separation
performance. In a figurative sense, it is as though the high-pressure fluid near
the wall is “just looking for an excuse” to break away from the wall and
flow into the low-pressure inner regions of the cyclone. Flow over any con-
cave surface is inherently unstable. This, then, is one reason why cyclone
walls should be constructed and maintained as smooth as possible—free of
any features which can disturb the flow. This includes such things as: weld
seams, warped or distorted walls, solid deposits, damaged refractory or ce-
ramic lining, eroded walls, sight-glasses, thermowells, light-ports, ‘manways’
or access ports/hatches (that are not flush and contoured to the inside surface
of the cyclone), pressure sensors, areas that are hardfaced or ‘weld overlaid’,
flange joints, gaskets that protrude into the flow, and most any area that has
been previously repaired that is not in smooth ‘like new’ condition. This may
even include walls that are out-of-round or walls fabricated from plate metal
that have been crudely ‘braked’ and not ‘rolled’ to render smooth internal
surfaces. Such nonideal conditions are virtually impossible to accurately sim-
ulate with existing models. Our models can handle uniform wall roughness,
once this roughness is known. However, they cannot handle the nonideal wall
conditions listed above. Yet, these conditions can strongly impair separation
performance. For this reason, plant engineers, maintenance personnel, and
designers need to be especially attuned to wall conditions and, should flow
disturbances be found, take whatever steps are necessary and practical to
render the walls smooth and free from such disturbances.

The secondary flows mentioned above drive others, in turn. For instance,
the flow along the roof drives a downward flow along the outer wall of the
vortex finder. This contributes to the high radial velocity just under the vortex
finder wall, mentioned above, generally referred to as ‘lip leakage’.

In addition to these secondary boundary layer flows, there is experimental
evidence that a ‘swiss roll’ type of secondary flow pattern exists in the core
of the cyclone body, as indicated in Fig. 3.1.3. Such a flow pattern can cause
particles to recirculate in the cyclone body.

In general, many of the features of the flow in cyclones can be understood
when considering the effects of the swirling motion on the axial and radial
flow pattern. This issue will be discussed in Chap. 4.

3.1.2 Particle Flow

Particles entering the separation space are subject to an inwardly directed
drag and an outwardly directed centrifugal force. The ‘separation space’ starts
at the point, where the incoming gas first experiences rotational flow and
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the particles carried along in this gas flow first experience a centrifugal force
acting radially outwards. This point varies with inlet design and may start,
for example, at the leading edge of an inlet scroll or helix upstream of the
upper ‘barrel’ section of the cyclone proper.

Irrespectively, the centrifugal force is proportional to the particle mass
and, therefore, the cube of the particle diameter: 23. The drag force, which
is due to the flow of gas from the outer to the inner part of the vortex, is
proportional to x, at least when Stokes’ law applies which it often does in
practice. The largest particles are therefore the easiest to separate.

It is not easy to study the particle flow pattern experimentally. In order
to give an impression of the flow of a particle through a cyclone, we can
resort to CFD simulations. Figure 3.1.4 shows a series of particle trajectories.
The particles are injected at different radial positions along the inlet in a
precalculated gas flow field. The swirling motion is not shown.

Although the object is to centrifuge the particles to the wall and capture
them, it is interesting to look at particles so fine that some of them are not col-
lected. An extremely fine 1.0 pm particle size was used to generate the particle
paths shown in Fig. 3.1.4. Some of the particles can be seen to exit through
the vortex finder, while those injected closer to the wall, reach the wall, where
they are deemed to be captured and are removed from the simulation.

k¢ ) )
Ne—0
‘!‘ E;n;uprzglc °
Fine particles _|

lost

Fine particles
lost

Fine particles
captured

Fig. 3.1.4. Particle tracks in a cyclone by computational fluid dynamics. The swirl
components are not shown. On the left 10 tracks are calculated from the mean flow
field; on the right 5 particle tracks are shown where the response to the turbulent
motion of the gas is taken into account. Conditions: cyclone diameter: 20 cm, gas
inlet velocity: 15 m/s, gas at SATP (‘standard ambient temperature and pressure’,
25°C and 1 atm), particle density: 2730 kg/m?
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3.2 Separation Efficiency

3.2.1 Overall Separation Efficiency

The three particle fractions we are concerned with in cyclone operation are the
feed, the captured (or collected or ‘underflow’) and the ‘overflow’ (or emitted
or lost) fractions. Let us represent their masses (or mass flow rates) by the
symbols My, M. and M., respectively. The mass balance for solids over the
cyclone is:

My =M.+ M.. (3.2.1)

The overall separation efficiency 7 is simply calculated as the mass fraction
of the feed solids captured by the cyclone:
M. 1 M. M.
My M; M.+ M.’

n (3.2.2)
The efficiency is determined by collecting samples and weighing two of the
fractions.

The overall efficiency is usually what counts the most in the context of an
industrial process. However, it is not a good measure for characterizing the
intrinsic separation performance of a particular cyclone, since, for example, it
tells us nothing about the separation capability of the cyclone as a function
of particle size.

3.2.2 Grade-Efficiency

The separation characteristics of a cyclone are best described by the so-called
grade-efficiency curve or GEC, which is the separation efficiency for a given
feed particle size or (narrow) range of particle sizes.

If the differential volume or mass density distributions of the charge dust,
the captured and overflow (or emitted) fractions are f¢(z), fo(x) and fo(x),
respectively, the mass balance for particles with diameter between x — 1/2 dx
and x + 1/2 dz is:

fr (@) de = nfe () de + (1 —n) fe (x) dv = dFy (z)
=ndF,(z)+ (1 —n)dF. (z). (3.2.3)

To help make this a little less abstract, let us approximate the particle
size differential with a finite, yet small value for dz, and also substitute in
some numbers obtained from a hypothetical cyclone performance measure-
ment: Thus, let us assume we determine (through measurements) that 10%
of the feed solids (by wt. or vol.) lie within a 5-micron (Az) band centered
about some particular particle size, x. In addition, the measurements show
that 80% of the particles within this particular 5-micron band are collected
and that they comprise 6% of the collected material. Likewise, 30% of the
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particles are emitted (“lost”) and they comprise 26% of the emitted solids.
Our finite approximation to the left three terms of Eq. (3.2.3) then reads:

0.10 x 5= 0.08 x 0.06 x 5 + (1 — 0.80) x 0.26 x 5
or, cancelling the Az’s (i.e. the 5’s):
0.10 = 0.048 + 0.052 = 0.10

Thus, we see that the cyclone brings about the mathematical equivalent
of a partition function, n—it partitions the particles in any given size range,
Ax, into the underflow and overflow streams. It does this on the basis of the
forces acting on the particles within the separation zone of the cyclone.

Equation (3.2.3) can be integrated term-by-term to give a mass balance
for the dust with particle size less than a given size x:

Fi(z) =nF.(xz)+ (1 —n) Fe (2) (3.2.4)

The grade-efficiency is defined as the fraction of the feed solids with diameter
between x — 1/2 dz and = + 1/2 dx that is captured in the cyclone:

_ Mfe(x)d
- M fy(2)de

Making use of Eq. (3.2.2) and of the mass balances in Egs. (3.2.3) and (3.2.4)
gives:

(3.2.5)

L@, )
n@ = TR

A typical grade-efficiency curve is sketched in Fig. 3.2.1.

(3.2.6)

Fig. 3.2.1. Sketch of a typical, s-shaped grade-efficiency curve

If the separation in the cyclone was ideally sharp, the grade-efficiency
curve would be a vertical line at the ‘critical’ or ‘cut’ size, x59. For a number
of reasons—two of which we have considered already—this is not so:
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e particles of the same size may be either captured or lost depending on
their entry position in the inlet,

e turbulent particle dispersion due to normal fluid turbulence, and enhanced
by such things as internal wall roughness and surface irregularities, leads
to backmixing,

e particles greater than xsg, which were already separated, may be reen-
trained low in the cyclone or in the dust hopper if the cyclone’s lower
section is not carefully designed,

e particles smaller than z59 may agglomerate with larger ones, and be sep-
arated

e particle attrition may take place within the cyclone.

For these reasons we obtain a smooth, s-shaped, grade-efficiency curve
in practice. The cut size, or ‘x-50 cut-point’ (often referred to as the ‘d-50
cut-point diameter’) is taken as the size that is separated with a fractional
efficiency of 0.5: x50.

Unlike gross or overall efficiency, a cyclone’s x-50 cut-point and grade-
efficiency curve are true measures of its intrinsic separation potential. These
properties are independent of the size distribution of the feed, at least under
low solids loading conditions. We shall return to this issue later.

The x50 size is exactly analogous to the openings in an ordinary screen
or sieve. In a sieving operation, all feed particles greater than x5y will be
captured or ‘retained’, and all less than x5 will not be captured. In practice,
even a sieve exhibits some nonideal separation with respect to particle size
but, generally speaking, a sieve very closely approximates a perfectly sharp
separator: it tends to retain all particles greater than its x-50 cut-size or cut-
point (sieve opening) while losing those less than its cut-point. In practice, it
is often useful to think of a cyclone as a ‘sieve’, especially when it performs a
particle classification duty as opposed to a bulk solids separation task. More
on this later.

Furthermore, if the grade-efficiency is reported in terms of an aerodynamic
particle size (see Sect. 2.3.1) by calculating this from the actual particle sizes,
it is also independent of the density of the feed particles and truly a charac-
teristic of the cyclone. The aerodynamic particle size can be calculated from
the actual particle sizes.

The steepness of the grade-efficiency curve around the cut size is an in-
dication of the ‘sharpness of the cut’ of the cyclone. One measure for this is
simply the gradient of the grade-efficiency curve at x50, another is the ratio of
the diameters corresponding to two specific fractional efficiencies, for instance
0.25 and 0.75: (EQ5/(E75.

The measures of sharpness reported above are two ways of representing
the true slope of the grade-efficiency curve near its cut-point, x59. However, in
many applications one can mathematically fit the cyclone’s measured grade-
efficiency data to some functional form n = f(z;) and, with appropriate trans-
formation of the variables, plot the data so that it appears as a straight - or
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nearly straight - line. Such a line will also have a ‘slope’ but this slope will be
constant over the entire range of particle sizes and different than the ‘true’
grade-efficiency curve slope described in the previous paragraph. Neverthe-
less, both slopes are useful and we will encounter this latter type of slope in
Chaps. 5 and 6.

3.2.3 Converting Between Overall Efficiency and Cut-size

We often have occasion to convert between the overall efficiency 7 and the cut
size x50, for instance, when we wish to compare an efficiency determined by
testing with the cut-size predicted by a model. There are two ways of doing
this: a simple approximation and the precise way.

The simple approximation is to assume the cyclone to have a sharp cut at
Txo, i.e. that all material below x5 is lost and all material above is collected. If
the cumulative undersize distribution of the feed is F (), then (see Fig. 3.2.2):

1= Ff (z50) (3.2.7)

The precise way is to use the entire grade-efficiency curve for the cyclone,
n(x). The fraction of feed lying within the band x — 1/2 dz and = + 1/2 dz,
is captured with a fractional efficiency of n(x)fs(x)dzx. The total fraction of
the feed captured is therefore:

7,:0/ () f 0/n )dFy (x (3.2.8)

Experience shows that the approximate method (Eq. 3.2.7) comes out
surprisingly accurate, even when the cut of the cyclone is far from sharp. This
has very practical implications and is often used when one just needs a rough
estimate of overall separation efficiency.

3.3 Pressure Drop

We finally look briefly at cyclone pressure drop. The normal procedure for
measuring a pressure drop in the process industry is to measure the static
pressure at the wall in the upstream and downstream piping or ducting. This
is complicated in cyclones by the swirl in the exiting gas. In the first place,
the swirl causes the static pressure at the wall to be higher than the cross-
sectional average, and in the second place, there is the issue of what to do
with the dynamic pressure stored in the swirling motion. We shall consider
the options for solving these problems in Chap. 4. Here it suffices to say that
when we talk of the ‘pressure drop’ over the separator, we mean the drop in
total pressure: the sum of the static and dynamic pressures.

The pressure drop over a cyclone is normally subdivided in three contri-
butions:
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Cumulative fraction undersize

Xs50 Particle Diameter

Fig. 3.2.2. Sketch showing the principle of determining the overall efficiency from
the cumulative size distribution of the feed and the cut size

1. losses in the entry,
2. losses in the separation space (the main cyclone body), and
3. losses in the vortex finder.

The losses in the entry are often negligible compared to the other con-
tributions, at least in tangential entry cyclones. For swirl tubes with inlet
vanes little information is available, but if the vanes are properly contoured
aerodynamically, the losses are generally small.

The losses in the cyclone body are higher, but, as we shall see later, their
main significance is in limiting the intensity of the swirl in the separation
space: more frictional losses at the walls lead to a less intensive vortex. Such
wall losses do not dominate the overall pressure drop.

The losses in the vortex finder are the largest, in both through-flow and
reverse-flow tangential-inlet cyclones. Vortex finder losses may be an order of
magnitude larger than the two other contributions. The one notable exception
is highly (solids) loaded primary or ‘rough-cut’ cyclones wherein wall losses
associated with frictional drag at the walls can become a significant contribu-
tion to the overall pressure loss—at the expense of losses in the vortex core,
and the vortex finder.

The pressure drop over a cyclone, Ap, is proportional to—or very close
to being proportional to—the square of the volumetric flowrate, as it is in all
processing equipment with turbulent flow. To obtain a characteristic measure
for pressure drop in a given cyclone, pressure drop is often reported in a
dimensionless form known as the ‘Euler number’:

A
Euz1 P

W (3.3.1)

where (v,) is the mean axial velocity in the cyclone body, i.e. the volumetric
flow rate divided by the cross-sectional area of the cylindrical part of the body.

It does not matter which velocity we use to define the Euler number. While
the definition in (3.3.1) is popular in research laboratories, most practicing
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engineers prefer to use either the inlet velocity or the mean velocity in the vor-
tex finder, since these are the velocities most commonly reported by vendors
and designers as part of their overall performance summary:

Ap
27

E'LLin = T = .
2pv7,'n 2pv:r

(3.3.2)

Equation (3.3.2) is especially useful to the plant engineer who wishes to esti-
mate the pressure loss through his or her cyclone system at conditions other
than design conditions, or at some flow rate other than one for which the pres-
sure loss is known. We shall see how in Chap. 8, where also the derivation of
this and other dimensionless numbers characterizing cyclones and swirl tubes
can be found.

With this discussion, we have introduced the basic working characteristics
of gas cyclones. In Chaps. 4, 5 and 6 we shall consider the gas flow pattern and
the separation in more detail, and also models for predicting them as reported
in the research literature. In Chap. 10 we will discuss how cyclone performance
can best be determined from laboratory and/or plant measurements.

3.A Worked Example: Calculating a Grade-Efficiency
Curve

Let us say that we have measurements of the cumulative undersize distribu-
tions for the feed and the lost fractions. The overall fractional efficiency has
been measured to be n=0.88. We wish to calculate the grade-efficiency curve.
The cumulative size distributions are:
Feed:

x; (pm)| 1.5| 2.5 3.75| 5.25| 7.0| 85| 9.6| 11.4| 13.1| 14.8| 16.8| 18.5
Fy(z;) | 0] 0.01) 0.09/ 0.22| 0.37| 0.57| 0.68| 0.78| 0.87| 0.94| 0.98| 1.0

Overhead fraction:

z; (pm)] 1.75] 24| 29[ 3.25] 35| 40] 46] 55| 65| 7.3
F.(z;) | 0.047| 0.10] 0.30] 0.45] 0.54] 0.70] 0.83] 0.94] 0.99] 1.0

Solution

The equation we need to use is Eq. (3.2.6). One option we might consider
is to fit model distribution functions, such as the ones we looked at in the
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previous chapter, to the data and then using Eq. (3.2.6) directly to determine
grade-efficiency performance. However, this will usually not work unless the
data are fitted extremely well in the fine end. The small discrepancies between
data and fitted function for the smaller size particles of the distributions will
otherwise lead to totally wrong grade-efficiency data.

We therefore use the discrete equivalent of Eq. (3.2.6) on the data as they
are and calculate, using a spreadsheet for example, the separation efficiency
in a series of size intervals, as follows.

The discrete equivalent of Eq. (3.2.6) is:

T + $i+1> (Fe (zig1) — Fe (1))
n|—————— ) =1-(1-n) (3.A.1)
( 2 (Fy (wig1) — Fr (2:))

In order to use this equation, we need data for F, and Fy at the same
x;. We interpolate the function Fy to the points at which we have Fe. Linear
interpolation gives:

Feed interpolated:

z; (pm)| 1.75 2.4 2.9 | 3.25 3.5 4.0 4.6 5.5 6.5 7.3

Fy(z;) | 0.0025| 0.009| 0.036| 0.058| 0.074| 0.112| 0.164| 0.241| 0.327| 0.410

Filling in values for the first interval in (3.A.1):

(0.10 — 0.047)

= 0.022
(0.009 — 0.0025)

7(2.08) =1—(1—-0.88)
The result of doing this for all the intervals are the points on the grade-
efficiency curve shown in Fig. 3.A.1. This completes our solution to the prob-
lem.

X (um)

Fig. 3.A.1. Grade-efficiency data calculated from Eq. (3.A.1)
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It only takes a small change in the F-data to generate quite different grade-
efficiency points, particularly at small x;. A high quality of size analyses is
therefore necessary for generating reliable grade-efficiency curves, especially
for the finer particle sizes. Even changing the interpolation from linear to
one of higher order changes the first two points. In practice, linear interpo-
lation often works the best, being the least sensitive to small errors in the
experimental points.

Generation of accurate grade-efficiency curves is often left to sampling
and measurement specialists who are very familiar with the technology under
examination and with all the factors that can give rise to erroneous results if
they are not adequately accounted for. These include, but are not limited to:

1. Solids maldistribution in the ducts being sampled.

2. Inability to obtain a reasonable match between the velocity entering the
sampling probe and that within the duct being measured (i.e. inability to
achieve ‘isokinetic sampling’).

3. Flow conditions in which isokinetic sampling is difficult or impossible,
such as a skewed velocity profile or strong swirl flow.

4. Insufficient sample mass.

5. Vapor condensation as solids are being withdrawn.

6. Solids agglomeration or dispersion upon measurement of their particle size
(after sample is caught).

7. Unsteady gas and/or solids flow conditions during sampling

8. Solids ‘reacting’ or otherwise being transformed upon sampling into a size
distribution other than that which exist in the operating unit.

9. Human error.

Most of these issues will be discussed in Chap. 10.
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Cyclone Flow Pattern and Pressure Drop

Predicting the separation efficiency of cyclones involves predicting how parti-
cles behave in the separation space. In order to do this, we need to know the
velocity distribution of the gas. Some researchers have made all-embracing
models for both gas flow pattern and separation efficiency; others have con-
centrated on one or the other. We look at the two issues separately here.

Models for cyclone pressure drop sometimes spring from models for the
flow pattern and are based on an estimation of the actual dissipative losses in
the cyclone; others are purely empirical.

In this chapter we discuss models for the flow pattern and pressure drop,
and in the subsequent two chapters, models for the separation efficiency. We
shall not look at all of the models here; an initial discussion will lead to a
treatment of a few of the most popular ones. With some regret the authors
have to accept that it is not possible to give a full account of the derivations
of the model equations. This chapter can only indicate the principles behind
the derivations. It is our intent, however, to present enough of the theory and
derivations to allow the practicing design and plant engineer to appreciate the
‘theory’ underlying cyclone performance. It is also our hope that the user of
this book will be able to take what is presented herein and apply it towards
the design, evaluation and troubleshooting of commercial cyclone installations.
The reader wishing to study the details of the derivations is referred to the
original papers. At the end of the chapter we will look at how well the model
assumptions fit with the real flow in cyclones. Worked examples for calculating
cyclone pressure drop can be found in Appendix 4.A.

4.1 Discussion

In this section we will consider some special features of the flow and the
pressure drop that are due to the swirling motion in the cyclone. Swirling
flow can be awkward to consider intuitively. Nevertheless, we try to look at
some of the flow features on an intuitive basis here.
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4.1.1 Flow Pattern

The standard way of arriving at flow equations in Transport Phenomena is
to balance forces on differential elements. This is tricky in swirling flows in
cylindrical coordinate systems. The safest method of deriving flow equations
in such systems is to start with the Navier-Stokes equations and simplify them
as we did in Appendix 2.A. Nevertheless, to understand the flow pattern in
cyclones, and how the models predicting it were derived, it is good also to view
the flow pattern intuitively. This can be done by realizing that the tangential
momentum balance Equation (Eq. 2.A.4), can also be derived by carrying out
a moment-of-momentum balance.

Let’s begin by considering the simple swirling flow of an annular fluid
element of differential thickness, as sketched in Fig. 4.1.1. Set the change
with time in its moment-of-momentum, 9/9t (mwvgr), equal to the sum of the
moments of the forces acting on it, namely the shear forces on the inside and
outside of the element.

Moment of shear force:(Tra 27”}’) r

Moment of shear force=
(z,627h) r + di [(z,p27h) r]ar
r

Rate of change of moment of
momentum=

(@arhdrpvy)r]

a
- di

Fig. 4.1.1. Balancing the moments of the forces acting on an annular fluid element
of thickness dr

Digressing for a moment, we note that the effect of wall friction on a
rotating fluid can be viewed in this way: the moment of the frictional force
can be seen as a flow of moment-of-momentum into the fluid, just as shear force
can be seen as a flow of momentum in Cartesian coordinates. The moment
of the wall friction on a fluid rotating inside a stationary cylindrical wall of
radius R,,, height H,, and area A, = 7R, H,, is

Moment of frictional force = 7.9 Ay Ry = f (;pvgw) (2rR,Hy) Ry (4.1.1)

-where f is the friction coefficient. This is used a lot in derivations of models
for the pressure drop and separation efficiency in cyclones.

We now return to our intuitive derivation of Eq. (2.A.4), and consider the
situation in Fig. 4.1.1 under steady state conditions. In steady state the rate of
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accumulation of moment-of-momentum is zero, so if we balance the moments
acting on the cylinder we get:

d d
(tro2mrh) r = (Tro2mrh) r + — [(Tro2nrh) rldr = — [(Tr27rh) r|dr = 0.

dr dr
However, the entities 2, 7, h and since dr is not zero, this simplifies to:
d
ar ( TTQTQ) =0

-which is Eq. (2.A.4).
We can thus analyze the tangential flow in a swirling flow field intuitively
by carrying out moment-of-momentum balances.

4.1.2 Pressure Drop

The swirling motion can complicate the understanding of cyclone pressure
drop:

1. the variation of cyclone pressure drop with some of the geometrical and
operational parameters can seem counter-intuitive, and

2. experimentally determined cyclone pressure drops are not straightforward
to interpret.

We start with item 1 above. The nature of cyclone pressure drop can be
understood only if we make the clear distinction between static and dynamic
pressures: p and 1/2pv?, respectively, as discussed in Chap. 2.

As gas moves from the outer to the inner part of the vortex in the cy-
clone body, it is accelerated in accordance with the principle of conservation
of moment-of-momentum or, as some would call it, conservation of ‘angu-
lar’ momentum (Chap. 2). In addition, its static pressure decreases (see also
Eq. 2.A.12). We can say that the vortex transforms static pressure into dy-
namic pressure. For a given wall velocity, (governed largely by the inlet veloc-
ity), the less the frictional loss, the more intense the vortex, the more efficient
is this conversion, and the lower is the central static pressure with which the
gas enters the vortex finder. The limit, which is never obtained in practice, is
a frictionless vortex, where Egs. (2.1.2) and (2.1.3) are valid. Smooth walled
and aerodynamically ‘clean’ cyclones therefore produce the highest spin in
the vortex and the greatest decrease in static pressure within the core, other
factors being equal.

Friction at the walls and in the vortex core leads to dissipation of me-
chanical energy. Just like in normal pipe flow, it is this dissipation which
gives rise to the permanent pressure drop over the cyclone. The energy stored
as dynamic pressure in the tangential velocity component, 1/ 2pv§ in the gas
entering the vortex finder is dissipated in the vortex finder and downstream
piping or ducting without much recovery of static pressure (at least in the
absence of a rectifying device, see later).
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Many are surprised to find that cyclone pressure drop decreases with in-
creasing solid load, wall roughness or cyclone body length. After all: all three
give rise to increased wall friction in the cyclone body and, from our expe-
rience with pipe flow, we expect this to cause increased frictional loss and,
therefore, higher pressure drop.

But, with the above ideas about the nature of cyclone pressure drop and
some simplistic considerations, we can see intuitively, as shown below, that
cyclone pressure drop, indeed, should decrease with increasing wall fraction
in the body (we will also present a ‘macroscopic’ quasi-theoretical model of
cyclone performance with predicts such effects later in this book). Consider
two extremes for the flow pattern in the cyclone body:

a) an intense swirl with a very low wall loss, and
b) almost complete attenuation of the swirling motion by wall friction in the
body.

In case a) a large amount of static pressure is transformed into dynamic
pressure. If the inlet velocity is 15 m/s, the tangential velocity in the center
could be about 45 m/s. Swirl dynamic pressure of the order of (1/2p45%) Pa is
then dissipated in the vortex finder and downstream piping per unit volume
of gas. In case b), on the other hand, with a lot of wall friction robbing the
inlet jet of all its dynamic pressure (visualize this by incredibly rough walls
reducing the spin to almost zero in the cyclone body), we are dissipating of the
order of (1/2p152) Pa per unit volume of gas, which is an order of magnitude
less. In this second case, the air will then enter the vortex finder without any
swirling motion, and at a much higher static pressure. The dissipation in the
vortex finder will then be very small. The result is that the dissipation, and
therefore the pressure drop, in case a) is higher than in case b).

Thus, the rougher the walls, the less the pressure loss becomes—quite
contrary to what our intuition may lead us to think. This being the case, it
should not be too difficult to understand that, due to their strong braking
action, wall solids in heavily (solids)-loaded cyclones also reduce the overall
pressure loss relative to the same cyclone operating with negligible solids
loading. Here, drag between the solids and the gas robs the gas of much
of its energy. This manifests itself as both a reduction in core spin velocity
and a reduction in static pressure loss. Such highly-loaded cyclones exist,
for example, at the top of modern FCCU reactor risers and in certain dense-
phase pneumatic transport facilities., and in gas/liquid cyclones at high liquid
loadings It should also be clear that, other factors being equal, a cyclone built
with relatively rough internal refractory liners (for erosion and/or thermal
protection), as opposed to one constructed out of smooth metal plate, will also
experience less overall pressure loss, despite the increased energy dissipation
along the walls. As we shall see later, however, one generally wants to maintain
the wall surfaces as smooth as is practical since this leads to the highest core
spin velocity and the best separation performance.
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Now let us turn to the point mentioned under item 2 above: the inter-
pretation of cyclone pressure drop measurements. Interpreting the measured
pressure in the inlet of cyclones is not a problem: the static pressure is fairly
uniform over the cross section, and can be measured with a pressure tapping in
the wall. In fact, in many commercial fluid-bed cyclone installations, the inlet
static pressure is, for all practical purposes, simply that existing in the rela-
tively low-velocity, dilute-phase region of the vessel containing the cyclone(s).
Interpreting the pressure measured in the outlet of cyclones, however, is made
difficult by any swirl still present at the point of the pressure tapping:

dynamic pressure is stored in the swirling motion, and
the static pressure is not uniform in the swirling flow, but highest at the
wall.

The dynamic pressure stored in the swirling motion in the vortex finder
can be quite significant. As mentioned, if no pressure recovery or flow rectify-
ing/straightening device is installed in the gas outlet tube, wall friction, along
with turbulence and mixing created by downstream bends, expansions, valves,
etc., will eventually dissipate it without much recovery of static pressure.

The static pressure at the wall of the vortex finder can be very different
from the cross-sectional average. CFD calculations show that pressure drops
up to 30 percentage points too low are obtained if the wall pressure is used
rather than the cross-sectional average.

One way out of these difficulties lies in the observation that the static
pressure at the wall is close to the cross-sectional mean of the static pressure
plus the dynamic pressure stored in the swirl (Hoffmann et al., 1992). Or
said in another way: the static pressure measured at the wall is close to the
static pressure that would be measured after an ideal rectifier (or ‘pressure
recovery diffuser’), which would convert all the swirl dynamic pressure into
static pressure. We emphasize that this is not necessarily so, it only happens to
be so because the static pressure in the vortex finder happens to be very nearly
a linear function of the radius!. Thus, in the absence of pressure recovery
devices, the static pressure measured at the wall of the outlet tube minus the
static pressure at the inlet gives the true dissipative loss between inlet and the
measurement point in the outlet. One should be aware, though, that further
dissipation of dynamic swirl pressure will take place in the downstream piping
as the spin decays due to friction with the pipe wall, bends, etc.

This completes our short discussion of flow pattern and pressure drop. We
now turn to the models. By far most of the modeling work has concentrated
on cylinder-on-cone cyclones with tangential inlets. We will therefore talk of
‘cyclones’ in these sections. Very little direct work on the modeling of the
flow pattern and the pressure drop in swirl tubes has been published; our

L If the tangential velocity is linear in the radius in the vortex finder (solid-body
rotation), the pressure difference between the centerline and a radius r will be
proportional to 2. In reality, the radial profiles of both tangential velocity and
pressure in the vortex finder are close to linear.
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discussion of the reasoning behind the models should make the reader able to
judge to which extent a particular approach can be applied to swirl tubes.

4.2 Models for the Flow Pattern

In the literature there exists a variety of mathematical models intended to
predict cyclone velocity distributions. Such distributions are then used in the
modeling or prediction of separation performance. For the cyclone separation
models, the velocity distribution in:

e the near-wall region, and
e the control-surface CS indicated in Fig. 4.2.1

are the most important, as we shall see in the following chapter.

CSs

Fig. 4.2.1. The control-surface CS

We start with the radial velocity, which is computed in a very straight-
forward manner. Near the wall the radial velocity is neglected, and in the
surface CS it is assumed uniform, giving:

Q

_ 4.2.1
D Hcs ( )

[vr (R2) || = vres =
where @ is the volumetric flowrate through the cyclone, D, the diameter of
the vortex finder, which is also the diameter of the surface CS, and Hcg the
height of the surface CS. v,.(R,) is the average radial velocity in CS. We have
called the absolute value of this v,cg.



4.2 Models for the Flow Pattern 65

In reality the radial velocity in CS is not uniform. There occurs a radial,
inwardly directed ‘lip flow’ or ‘lip leakage’ just below the vortex tube. Thus
some portion of the gas tends to ‘short circuit’ the imaginary cylinder of height
Hegg and diameter D, near the top of the cylinder. Such behavior is one cause
of the observed nonideal s-shaped grade-efficiency curve discussed in Chap. 3.
Another cause is mixing brought about by an axial recirculation of the solids.

The axial velocity v, is also fairly straight-forward: the surface CS is
assumed to separate the outer region of downward flow from the inner region
of upward flow. The axial velocities in each region is assumed to be uniform
over the cross section. This, together with Eq. (4.2.1), allows calculation of
the axial velocity from simple geometrical considerations.

Unlike the radial and axial velocities mentioned above, a variety of ap-
proaches have been advanced for computing the cyclone’s tangential velocity
vp. We give an account of some of the models for this under separate headings
below.

4.2.1 n-Type Model

One very simple method of calculating the swirl velocity in the cyclone body,
first introduced by Alexander (1949), is to assume that the vortex follows a
modified form of the ideal vortex flows introduced in Chap. 2:

vo = (4.2.2)

Thus, if the swirl velocity at one radius is known, that at another can
be calculated. In this approach, the swirl velocity at the wall is often taken
as being equal to the inlet velocity in cyclones with tangential inlets. This
simple model does not distinguish between various inlet design geometries,
which may be round pipe, square or rectangular ducting, or a more complex
scroll configuration. Thus, the assumption that the wall velocity equals that
at the inlet is a rather crude approximation to reality. See also the discussion
below.

As discussed in Chap. 2, the index n is 1 for loss-free, and —1 for solid-body
rotation. We recall that, in the outer part of the vortex (outside the surface C'S
in Fig. 4.2.1 above), the swirl is close to loss-free, although some loss is caused
by wall friction. As a result of measurements of the tangential velocity profiles
within laboratory cyclones, n is found to have a value between 0.7 and 0.8.
This is a good approximation for smooth-walled cyclones operating at low
solids-to-gas mass ratios (i.e., low ‘solids loading’), but not so for cyclones
operating at high mass ratios?.

Alexander gave an empirical expression for n:

2 What we mean by low and high mass ratios or ‘loadings’ will be shown later but,
generally speaking, a cyclone running at solids concentrations greater than about
0.2 kg solids/kg of gas is considered to be under high mass loading.
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7\ 03
n=1-(1-0.67D"") ( ) (4.2.3)

T,
where the body diameter D is measured in meters and the temperature T in
degrees Kelvin. T, can be taken as room temperature: 283 K. This expres-
sion indicates that n increases with increasing D and decreasing T'. Equation
(4.2.3), however, seems to predict values of n that are somewhat low. It also
fails to account for the effect of wall friction or solids loading in reducing the
swirl intensity.

In general, wall friction has a profound effect on the flow in cyclones and
on cyclone performance. We shall discuss this in Chap. 5, when investigating
the effect of cyclone body length on cyclone pressure drop and separation
efficiency. We shall also discuss the effect of friction in Chap. 9 when looking
at the effect of solids loading, which also turns out to be a consequence of the
effect of the solids on the wall friction.

4.2.2 Barth

Barth (1956), who pioneered some of the best early practical developments in
cyclone modeling, proposed calculating the wall velocity and the tangential
velocity at the control cylinder CS in steps:

e calculate the wall velocity vg,, from the inlet velocity v;, and
e use this to calculate the tangential velocity, vgcs at CS.

In some geometries the tangential gas velocity at the wall, and in the entire
space between the wall and the vortex finder, can be significantly higher than
the inlet velocity due to constriction of the inlet jet. In Fig. 4.2.2; the inlet
flow pattern in a cyclone with a ‘slot’ type of rectangular inlet is compared
with one with a 360° ‘wrap-around’ or ‘full scroll’ inlet.

In the former, the inlet jet is compressed against the wall, resulting in a
decrease in the area available for the incoming flow, and an increase in the
velocity. Barth accounts for this by introducing «, which he defined as the
ratio of the moment-of-momenta of the gas in the inlet and the gas flowing

along the wall: R
Vinltin
o= R (4.2.4)

where R;, is the radial position of the center of the inlet. For a slot inlet
Rin = (R—b/2) where, as shown in Fig. 4.2.2, b is the width of the inlet chute
and R the radius of the inside wall of the cyclone’s upper body or ‘barrel’
section.

Barth suggested taking « as unity for a wrap-around inlet, and gave em-
pirical data for the value of « for slot inlets in graphical form. Muschelknautz
(1972, 1980) gave algebraic relations for «, the simplest of which is:

a=1-04 (%)Oﬁ (4.2.5)
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+Vin

Fig. 4.2.2. Comparison of the inlet flow pattern between a ‘slot’ and a 360° ‘wrap-
around’ inlet

which fits the graph given by Barth. Equation (4.2.5) is reported to be valid
for slot-type inlets with the ratio of inlet to outlet cross-sectional areas in the
range 0.9 to 1.8. We see from Egs. (4.2.4) and (4.2.5) that, for a given R,
as b increases, so does vg,,. When designing a cyclone, one should generally
avoid making b larger than the annular width between the barrel wall and the
vortex tube (i.e. R — R,) in order to prevent large incoming particles from
striking and penetrating the outer wall of the vortex tube.

Muschelknautz also gave more sophisticated models for the wall velocity
for 360° wrap-around inlets, taking into account the frictional loss of moment-
of-momentum. Those expressions do not all give consistent values, and can
lead to values considerably larger than 1, which is physically questionable. For
the Barth model we will use a = 1 for scroll-type inlets and regard the inlet
velocity as neither expanding nor contracting upon entering the cyclone.

To get from vy, to the tangential velocity at CS,vgcs, Barth placed an
imagined frictional surface in the flow. This surface accounts for the loss of
angular momentum due to friction at the cyclone wall. The diameter and
height of the friction surface are (D x Dx)l/ 2 and Hcg, respectively. Outside
and inside this frictional surface the rotation is assumed to be loss free. This
was a most significant advancement in the theory up until that time and,
for the first time, a model was developed that could predict, approximately
at least, realistic effects of friction upon cyclone performance. Muschelknautz
later significantly refined Barth’s work (see Chap. 6) but the concept of a
frictional cylindrical surface remained a key component to the modeling work
that followed.

We shall have to refer to Barth’s paper for the details of the derivation,
but a differential balance, where the gas loses moment-of-momentum as it
flows over the friction surface, leads to the following expression for vgcs:
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R
Vow (Ra‘)

VoCcs = (4.2.6)
Hcs R fugw
(1 1 Hesfnfvg )
From (4.2.4) and (4.2.6) we can get:
vgcs Ry Ripm (4.2.7)

vy  aba+ HosRinmf

In order to use Eq. (4.2.6) to calculate vgcs we need the wall friction factor
f.

Before discussing this, however, it is of some practical interest to note that
the core spin velocity, vgcs, (which has a major impact on separation perfor-
mance) is not only a function of ‘geometry’ (R, Rin,a,b and «), but also a
function of internal friction, f. This has very significant practical implications
in that, with this approach, the realistic effects of two very important fac-
tors influencing commercial cyclone performance—wall roughness and solids
loading—can be computed once we have some estimate for the value of f.
Furthermore, if we look closely at Eq. (4.2.7), we can also see why simply
increasing the height of a cyclone may not always lead to an improvement in
performance. This is especially true of cyclones that: must operate under high
mass loading conditions and/or with rough refractory or brick-lined walls, or
with walls that foul-up with deposits or that significantly roughen over the
course of a run.

This phenomenon of wall friction even has a bearing on the performance
of otherwise smooth-walled, liquid-irrigated or demisting cyclones wherein
the water phase on the walls actually exhibits a surprising large hydraulic
roughness. See, for example, Fig. 4.2.3. The extent of the effect of liquid
on the friction factor depends, for now at least, on experimental laboratory
testing, as little has been reported in the cyclone literature. It would appear,
however, that data currently available on the effects of liquid films on the
friction factor of common gas flow in ordinary pipes could be applicable to
any model development work in this area. This, then is one area that is in
need of further research.

Muschelknautz (1972, 1980) gave expressions for f based on experiment.
He found that, in a cyclone without dust, f decreases with the Reynolds
number, as it does in normal pipe flow, but that the variation is somewhat
different. He also found that f increases with increasing dust load due to the
relatively slow movement of the separated dust along the cyclone wall. This
dust forms a spiral-shaped dust heliz or “strand” and acts as an additional
component augmenting the dust-free wall friction. Such a dust helix can be
seen in the laboratory cyclone shown in Fig. 4.2.4. He expressed f in two
additive parts: one, which we will call f,;, for a dust free cyclone, and the
other, fqust, accounting for the effect of the dust.

Determining first fq;-, he plotted fu; against a ‘cyclone Reynolds number’
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Fig. 4.2.3. A laboratory air/water cyclone showing wave-producing wall roughness.
Photo by L. E. Stein

Rege = —ce (4.2.8)

H D
4L (D—m —1)

with Re, the exit pipe Reynolds number: (pv, D, /), where v, is the average
axial velocity in the vortex finder. If Rey. > 400, the plots, which are given
in Chap. 6, show that f,;- is about constant, depending only on the relative
roughness of the wall, ks/D?. Under these conditions we can read off the
values of f,; approximately. The values are given in Table 4.2.1.

Table 4.2.1. Value of fqir for three values of ks/D

ks/D (-) fair (')
hydraulically smooth 0.005
0.5.x10° 0.010
3.x107° 0.025

3 For the sake of consistency with the Muschelknautz method, the ‘relative rough-
ness’ ratio reported in Chap. 6, however, is based on the cyclone radius, R, and
is reported therein as ks/R.
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Fig. 4.2.4. A typical dust helix observed in a laboratory cyclone. Courtesy of
CSIRO Thermal and Fluids Engineering

Turning to fgust, Muschelknautz gave a simple relation: fg,s = 0.015
(co)l/ 2 where ¢, is the mass ratio of dust feeding the cyclone.
We thus get for a cyclone with a smooth wall at a sufficiently high Recy.:

[ = fair + faust = 0.005 (14 3./c,). (4.2.9)

In effect, Rey. is sufficiently high for fu; to be constant independent of
Recy. in all cyclones except small ones working under severe vacuum. As in
the case of pipe flow, even though we used the term ‘smooth’ wall above, the
wall still exerts a frictional drag on the gas. This drag, however, is accounted
for in the fg;- term just as it is within hydraulically ‘smooth’ pipes. The added
dust, assuming that most of it is collected and in contact with the walls (as
has been assumed above), may be regarded as an additional wall roughness,
as indicated in the above equation.

This completes our treatment of the models for the flow pattern in the
cyclone. We discuss one more model for vg, namely that of Meissner and
Loffler (1978), in Appendix 4.B. We now examine some of the most used
pressure drop models.

4.3 Models for the Pressure Drop

As mentioned, some of the models for cyclone pressure drop are based on
a consideration of the dissipative loss in the cyclone while many are purely
empirical.
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4.3.1 Models Based on Estimating the Dissipative Loss

Stairmand (1949) calculated the velocity distribution in the cyclone from a
moment-of-momentum balance, and then estimated the pressure drop as en-
trance and exit losses combined with the loss of static pressure in the swirl.
In line with the discussion of cyclone pressure drop above, Stairmand stated
that in practice little of the decrease in static pressure from the outer to the
inner part of the vortex can be recovered in the vortex finder, so that this can
be counted as lost. His model was worked out in a compact form by lozia and
Leith (1989), who gave the following formulae for calculating cyclone pressure

drop:
Ap 5 (2(D—b) dab \*
= —FBup, =1+2¢ (25— 1) 42— 43.1

Td, T ( D, w2 (3.1

with:

0.5 5
D, 4ARG
- (Q(D—b)) + (2(D b) + R )

q =
(239)

(4.3.2)

whereAp is the total wall area of the cyclone body, including the inner walls
of the lid, the cylindrical and the conical sections and the outer wall of the
vortex finder (see also Chap. 6). G(= f/2) is a wall friction factor, which
Stairmand set equal to 0.005 for conditions “which normally apply to flow in
cyclones”.

Barth (1956) estimated the dissipative loss, i.e. the loss in the sum of the
static and dynamic pressure: p + 1/2pv?, as separate contributions from:

the inlet
the cyclone body, and
the vortex finder.

Barth stated that inlet losses could be effectively avoided by design. He
estimated the pressure loss in the body as the decrease in dynamic pressure at
his imagined friction surface, i.e. he considered the decrease in total pressure
to arise from the loss of swirl velocity at the friction surface:

Aprody _ D 1 B (Wcs)Q (4.3.3)
3 pv2 D ( v, (H— s)f) Vg 3.

voCcs 0 5D,

where f can be calculated with Eq. (4.2.9). We observe that this equation
and Eq. (4.3.1), unlike other pressure loss models presented in this section,
account for the effect of solids loading upon pressure loss via the total friction
factor, f, which includes the effect of solids loading in the incoming gas.

Barth estimated the loss in the vortex finder by a semi-empirical approach,
the reasoning behind which is somewhat cryptic. The result is:
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A ) 2 ) 5
P :< 005) +K< ecs> (4.3.4)
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2PV Vg Vg

where K is found empirically to take on the values 3.41 and 4.4 for vortex
finders with rounded and sharp edges, respectively. In normal situations, the
model predicts that the loss in the vortex finder is an order of magnitude
larger than that in the cyclone body. This equation also accounts for the effect
of varying wall friction in the body, but indirectly: as f increases, the swirl
velocity decreases (Eq. 4.2.6), and this decreases the vortex finder pressure
loss computed from (4.3.4).

Barth stated that the pressure drop could be reduced by 10 to 30% by
using a conical vortex finder or outlet diffuser downstream of the cyclone. See
also the discussion in Sect. 15.1.5.

4.3.2 Core Model

Our goal in this section is to derive a useful model expression for computing
the pressure drop across a cyclone’s vortex finder. This model computes the
loss in static pressure in the vortex tube as opposed to the permanent or
frictional pressure loss. However, as discussed in Sect. 4.1, the energy stored
as dynamic pressure in the spinning gas flowing through the vortex finder is
usually dissipated therein—and within the downstream piping—without much
recovery of static pressure (at least in the absence of a rectifying device). This
energy is completely dissipated if the gas is allowed to simply exhaust abruptly
to the atmosphere. Thus, the pressure decrease resulting from the generation
of swirl flow is not recovered very efficiently and it becomes the permanent
pressure loss across the vortex finder.

The flow in the vortex finder is assumed to consist of an outer annulus of
nonviscous, axisymmetric, potential vortex flow with a uniform axial velocity
surrounding a core of solid-body rotation with negligible axial velocity. The
derivation here is similar to that presented by Lewellen (1971) and Smith,S Jr.
(1962)—both have origins in the original work of Binnie and Hooking (1948).

The model assumes that within a core of radius R, the vortex undergoes
solid-body rotation with negligible axial flow, see Fig. 4.3.1. As numerous
studies have shown (see Slack et al. (2000), for example), the axial velocity
within the core region is usually significantly smaller than the tangential ve-
locity. We will be discussing velocity profiles in some detail later in the book.
For now, however, we may wish to ‘jump ahead’ and simply review Slack’s
data shown in Fig. 7.2. Here we find that, within the vortex core radius of
4+ 0.035 m, the rotation closely follows that for solid-body rotation and has
a maximum tangential velocity of about 38 m/s. More importantly to the
subject at hand, the axial velocity within the core varies from about 10 m/s
down to —5 m/s, approximately, and has an average velocity of no more than
+4 m/s.
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We begin our derivation of the ‘core flow model’ with a flow balance relat-
ing the average axial flow velocity, v,, in the annular region located between
radii R, and R,, to the average velocity normally computed or measured out
the vortex tube, v,:

Voc = C/ Hc
Vacs= C/Rx

Fig. 4.3.1. Plan (left) and elevation (right) views of the tangential and axial
velocity profiles within the vortex tube for the stagnant-core flow model

Q=nR2v, =7 (R2 - R?) v, (4.3.5)

where v, is the average axial velocity through the shaded annular area shown
in Fig. 4.3.1 which is enclosed between radii R, and R.. From this equation
it follows that,

Vg
a = - 4. .
v =Rz (4.3.6)
where,
R.
R, = —. 4.3.7
i (137)

In addition, for the free-vortex region, the tangential velocity at radius R,
which we have called vgpc g elsewhere in this book is, according to Eq. (2.1.2).

C
vocs = R_@ (4.3.8)

and, at radius R,
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== 4.3.9
Voe = T (4.3.9)

Thus, upon eliminating the constant C

Ryvpcs — vocs
Ve = —————— = 4.3.10
“" "R Ra (4:3.10)
If we now apply Bernoulli’s Equation (Eq. 2.1.3) between point 1 located at
the entrance to the cyclone, and point 2, located on the inner surface of the

vortex core cylinder, there results
p1—p2 = Ap, = g (v2 + v3.) (4.3.11)

where p; is the total pressure entering the cyclone. As this equation shows,
our measure of the dynamic pressure in the vortex finder is based on the
maximum swirl velocity at the inner edge of the core. It could also have been
based on the mean. This would, in most cases, not have made an enormous
difference in the predicted pressure drop.

Equation (4.3.11) is the pressure difference between the total pressure
entering the cyclone (p; = p + pv?/2), i.e., static plus dynamic pressure, and
the static pressure po at the inner of the vortex core. Yet, one normally regards
cyclone pressure drop to be the difference in static pressures only. Therefore, if
we wish to compare the results of the core-flow model with measurements (or
correlations of measurements) of cyclone delta p for flow out the vortex tube
(as we do in Table 4.3.1 later in this chapter) this is permissible providing
pv? /2 for the gas entering the cyclone is small in comparison with the p(v2 +
v3.)/2 term that appears on the RHS of Eq. (4.3.11).

Upon substituting (4.3.6) and (4.3.10), this becomes,

P 1 2, P 1 5
Ap, = 21 Rgx)z% + 2 R2, Vgos- (4.3.12)

This equation shows that both axial and tangential velocity components
contribute to the static pressure drop across the vortex tube and that these
have pressure loss coefficients, or Euler numbers (see also Eq. 3.3.2), that can
be defined in terms of the dimensionless core radius R.,.

Before we can apply Eq. (4.3.12) we must be able to compute R, which
is, in turn, a function of the core radius, R.. However, R. is a function of
v, and vgog. We will determine the functional relationship between R, and
Vg, Vgcos by assuming that, for given values of these velocities, the vortex
core radius will adjust so that the static pressure loss is a minimum. This, by
the way, is equivalent to saying that the core radius will adjust to maximize
the flow at a given pressure difference. Thus, we wish to minimize Ap, with
respect to Rezin (4.3.12):

10Ap, 1 2R

ks = wlag — ——e 2 4.3.13
p 8Rca: Rgx 0CS (1 —Rgx)g ( )
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which reduces to: .
2R
2 cr 2
Vocs = 77, 3V
(1 - sz) ’

This is equivalent to Eq. (6) of Smith’s excellent paper (Smith,S Jr., 1962) on
swirl flow, although he refers to the paper by Binnie and Hooking (1948) for
background on its development. The closest we can get to a physical reasoning
is the fact that a creeping flow will adjust so as to maximise the volumetric
flow.

We observe from (4.3.14) that, formally, as the dimensionless core radius
approaches a limiting value of 1, the tangential-to-axial velocity ratio increases
without limit. Thus, a design characterized by intense spin will result in a
narrow annulus near the inside wall of the vortex tube through which all the
flow will spin and exit the vortex tube. On the contrary, as the dimensionless
core radius approaches its limiting value of 0, the tangential-to-axial velocity
ratio tends to vanish. Hence, a design characterized by a very weak spin will
result in predominately axial flow filling virtually the entire cross-sectional
area of the vortex tube.

Our task is to compute R, from (4.3.14), having found v, and vgcg using
methods presented elsewhere in this book. This can be done by trial-and-error.
Although this poses no special challenges, it is also not necessary. We have
found that the following equation gives an excellent approximation of R, as
a function of the ratio vgcg /v, over the very wide range: vocs/v, = 0.01 to
172, with errors of only about 1%, or less:

(4.3.14)

0.0219 (vpes/v,) %0 1

“ 0.700 (Uacs/vx)_o'ﬁ% +1 .

As a point of reference, cyclones usually operate at vgog /v, ratios of 1 to 2.5
and always less than 5.

Knowing vgcs/vz, once Re, is known from Eq. (4.3.14) or (4.3.15), its
value may then be substituted into Eq. (4.3.12), along with vgcs /v, and p to
compute the pressure loss associated with the gas expansion out the vortex
tube.

Equation (4.3.12) is still not quite complete since it does not account for
any pressure loss associated with the gas entering the vortex tube. If, in the
limiting case of no rotation, and for a sharp-edged entrance to the vortex tube
(thickness of outlet pipe or tube < R, as is the usual case), the gas loses
an additional velocity head upon entering the tube, as is the case with gas
flow into any protruding entrance. See Blevins (1984) for example. Thus, for
the pressure drop model at hand, the total pressure loss associated with gas
flow into and out the vortex tube equals that presented by Eq. (4.3.12) with
1 additional velocity head associated with the purely axial contribution:

1 1
[(m + 1) Ui + 2 0305] . (4.3.16)

(4.3.15)

Apz =

NN
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It is both interesting and instructive to compare the ‘core flow‘ pressure
drop predictions of Eq. (4.3.16) with those of the Barth model presented above
and the Muschelknautz model, which we shall discuss in some detail later (see
Chap. 6). For this purpose, we shall divide (4.3.16) by the impact pressure of
the axial velocity component. This leads to:

Apy 1 1 2
Eu, = pfz - —+ (”905> +1 (4.3.17)
5" (1_Rc;c) RC@’ Ve

where R, may be computed from Eq. (4.3.14) or (4.3.15).

We compare the predictions of the Barth and the Muschelknautz models
for pressure loss across the vortex tube with those of Eq. (4.3.17) in Ta-
ble 4.3.1. In the models of Barth and Muschelknautz, Fu, is related to the
velocity ratio vgcs /v, in a semi-empirical way, based on a curve-fit to exper-
imental data. Muschelknautz and Krambrock (1970) also observed that Eu,
was somewhat dependent upon the vortex tube Reynolds number, Re,, but
that it had little effect for Re, > 5 x 10%. Since the vast majority of practi-
cal cyclones operate well above this value, we do not attempt to ‘fine tune’
the model to account for Re, effects herein. We also want to point out that
Muschelknautz and Krambrock’s data automatically include the pressure loss
associated with gas entering the vortex tube since the ‘upstream’ static pres-
sure they used to derive their vortex tube loss coefficient (Eu,) was measured
at a point ahead of the vortex tube.

Table 4.3.1. Comparison of various vortex finder pressure drop models

vgcs/vz  Barth Muschelknautz Core flow model

Eq. (4.3.4) Eq. (6.6.2) Eq. (4.3.17)

Fu, Fu, Res Fu,
0.01 0.009 2.01 0.087 2.03
0.05 0.074 2.06 0.181 2.15
0.1 0.191 2.15 0.252 2.30
0.2 0.496 2.39 0.343 2.62
0.5 1.80 3.44 0.487 3.77
1 4.90 6.00 0.601 6.22
2 13.8 13.6 0.706 13.0
5 58.3 52.6 0.818 47.5
10 184 167 0.878 150
50 3218 3055 0.956 2871

We observe that at vanishing spin (vgos/v, — 0) the Muschelknautz-
derived model has a value of 2, but then exponentially increases with increas-
ing dimensionless spin velocity, vgcs/v,. The Barth model does not account
for an entrance loss, and so the initial value of Eu, is zero. The Barth and
Muschelknautz models agree reasonably well from a vgcs/v, value of about
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unity. Most cyclones will operate at vgcs/v, above 1, and well below a value
of 5, the latter corresponds to an Fu, of about 50.

The two columns on the right side of Table 4.3.1 present the predictions
of our ‘core flow’ model. The dimensionless core radius, R.;, was computed
on basis of Eq. (4.3.15) for the values of vgcg/v,; shown in the leftmost col-
umn of the table. Knowing R., and vgcs/v., Eu, was then computed from
Eq. (4.3.17).

The writers find it rather remarkable that the Eu, (or ‘pressure loss co-
efficients’) predicted by the three methods—two based on experimental mea-
surements, the third on a relatively simple, theoretically-based model— agree
so closely over the very wide range of dimensionless spin velocities reported,
particularly the Muschelknautz and the core flow model agree closely. Such
agreement provides strong support to the assumptions underlying the model
and for its use as a method for computing the pressure loss through the gas
outlet tube in cyclone separators.

As a final comment, the above development assumed a thin-walled vortex
tube. If the tube wall thickness were to be 2% of its diameter, for example, the
value of unity, which we added to Eqgs. (4.3.16) and (4.3.17), can be expected
to take on a value of 0.69. If the thickness were 5% or greater, it would become
0.47. These values are based on experimental data taken on ordinary (axial)
flow of gas into protruding (Borda type) inlet pipes. See Blevins (1984), for
example.

4.3.3 Purely Empirical Models

A number of empirical models have been proposed for cyclone pressure drop.
We shall mention two of the most widely used.
Shepherd and Lapple (1940) suggested:

16ab
which is valid for slot-type inlets.
Casal and Martinez-Benet (1983) gave:
ab \ 2
Eugn = 3.33+11.3 D7) - (4.3.19)

Common to these empirical expressions is that they only contain the ratio
of the inlet to the outlet areas. Like the common practice of treating the “K”
value associated with a particular pipe fitting as a constant, indpendently of
the size of the fitting, the preceding simple correlations imply the relatively
easy scaling law that the Euler number is independent of the Reynolds number
and that it is constant between geometrically similar cyclones. This means
that pressure loss measurements performed on a ‘model’ cyclone, for example,
could be expected to give reasonably accurate pressure loss predictions for a
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‘commercial’ cyclone irrespective of whether Re-similarity is satisfied. We will
be discussing scaling laws for cyclones more thoroughly in Chap. 8. For now
we mention that the scaling equation for constant Euler number (based on
the inlet velocity, vy, ) is:

Ap Ap
(E“Z’”)C"’””:(p?) :<p7> = B (4320)

Equation (4.3.20) is known to give good results for smooth walled cy-
clones operating under fully developed turbulent flow at light to moderate
solids loadings. It assumes not only geometric similarity between the ‘model’
and the ‘commercial’ unit, but also constant total friction factor. This implies
constant relative wall roughness and inlet solids concentration (expressed as
mass solids/mass gas or as mass solids/volume of gas). Even so, as we shall
see later in Chap. 6, Eq. (6.1.11), the total friction factor is a rather complex
function of a large number of dimensional and physical property variables.
For this reason, it is not realistic to expect that the total friction factor will
remain truly constant between a model cyclone and its commercial counter-
part, even if the relative roughness and solids loading are maintained con-
stant. One would not want to use Eq. (4.3.20) to estimate the pressure loss
of a heavily solids-loaded, brick-lined commercial cyclone, for example, on
the basis of pressure loss measurements performed on a small, smooth-walled
model cyclone operating under air-only feed conditions. This would be true
irrespective of their dimensional similarity. Fortunately, in most applications
involving light to moderate loadings and smooth walled cyclones, the differ-
ence in friction factors do not normally impose a serious restriction on the use
of Eq. (4.3.20).

4.4 Model Assumptions in Light of CFD and Experiment

In order to obtain analytical models for cyclone performance, investigators
have made some rather sweeping assumptions about the flow pattern that ac-
tually exists within cyclone separators. We can get some indication of whether
these assumptions are reasonable from measurements and numerical simula-
tions.

One important assumption in models predicting cyclone flow pattern and
separation performance is that the surface CS defines the boundary between
axial upflow and downflow. We can test this both experimentally and by CFD.
We shall discuss CFD (computational fluid dynamics) for cyclone modeling
in Chap. 7.

Figure 4.5 shows results of both experiment and CFD in a swirl tube with
a cylindrical body (Peng et al., 2002). In the left-hand figure a series of mea-
surements are shown where the boundary between the up- and downwardly
directed flow has been determined using laser-Doppler anemometry (LDA, we



4.4 Model Assumptions in Light of CFD and Experiment 79

will discuss this technique in Chap. 10). The right-hand side of this figure
is a CFD plot wherein this boundary shows up as two dark fuzzy vertical
‘lines’ symmetrically arranged about the central axis and located about 1/2
the radius out from the centerline®.

The qualitative picture is the same in the two figures, in fact the measure-
ments and the simulations agree excellently: for the larger vortex finder (D, is
a little larger than 1/2 D, the surface appears to be cylindrical in agreement
with the model assumption. For the smaller vortex finder, however, the inner
part of the vortex widens under the vortex finder wall, and, in the main part
of the body, it becomes practically the same diameter as the larger vortex
finder.

Although the general picture therefore is in agreement with the model
assumptions, the results in Fig. 4.4.1 indicate that the diameter of the bound-
ary between up- and downward axial flow is determined by D rather than D,
except right under the vortex finder wall.

LDA measurements CFD simulations

g

Vortex finder wall

‘4

0.3
12/L ()

0.5

Outer Inner Outer
vortex vortex vortex

0.7

1.0 0 1.0
a R () b

Fig. 4.4.1. LDA measurements and CFD simulations in a swirl tube with different
vortex finder diameters. In a the boundary between the up- and downwardly directed
flow have been pinpointed with LDA. In b the loci of zero axial velocity have been
made visible in a CFD flow field by plotting contour plots of In(1+v2), which shows
up the locus as a black region (low contour value)

In much of the cyclone literature the radial position of the boundary be-
tween up- and downward flow is held to determine the cut size of the cyclone
or swirl tube. However, for a particle caught in the upward flow to be lost, it

4 The boundary has been made visible in a CFD flow field by plotting contour plots
of In(1+wv2), which shows up the boundary as a black region (low contour value).
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still has to enter the vortex finder. Thus, although we see that the radial posi-
tion of this boundary does not correspond with D, D, remains the parameter
determining the cyclone cut size, in accordance with the ‘equilibrium-orbit’
cyclone separation models, which is one type of model we will discuss in the
following chapters. This also means that the separation efficiency to a large
extent is determined by the local flow pattern just under the vortex finder
wall.

Another assumption made in the models is that the swirl velocity profile
(its radial distribution) in the cyclone is constant axially. Figure 4.4.2 shows
LDA measurements of the radial profiles of the tangential velocity at a series
of axial stations in a cylinder-on-cone cyclone with a conventional slot-type
inlet. Figure 4.4.3 shows a similar plot for a swirl tube with a cylindrical body.

50 T
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Fig. 4.4.2. The tangential gas velocity as a function of dimensionless radius r/R.,
measured with LDA at axial stations in a cylinder-on-cone cyclone. The highest
station is just in the cylinder, the rest are in the cone. The darker the points the
lower the station. The velocities measured beyond the cyclone axis of symmetry
(which is at /R = 0) appear with the opposite sign in the output from the LDA

The figures show that the profile of the dimensionless tangential velocity
is constant at all axial positions in the cylinder-on-cone cyclone, even until
deep in the conical section. In the swirl tube there is a slight tendency for the
tangential velocity to decrease as we move down. Overall, the measurements
confirm the validity of this model assumption at least for geometries most
commonly found in commercial service.

A third assumption made in cyclone performance models is that the ra-
dial velocity is uniform over CS. The radial velocity is the smallest velocity
component, and it is more difficult to measure with LDA than the other com-
ponents. We can again resort to CFD to get an impression of the flow pattern.
Figure 4.4.4 shows profile plots of the radial velocity distribution in both a
cylindrical swirl tube and a cylinder-on-cone cyclone with slot inlet.
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Fig. 4.4.3. The tangential gas velocity measured with LDA at a series of axial
stations in a cylindrical swirl tube. The highest station is just under the vortex
finder. The darker the points the lower the station

Strong inward
velocity just
under vortex
finder wall (‘lip
leakage’)

Shade
corresponding
to zero velocity

Fig. 4.4.4. Profile plots from CFD simulations of the radial velocity distribution in
a cylindrical swirl tube and a cylinder-on-cone cyclone. The main difference between
the two is that the radial flow from the outer to the inner vortex is more uniformly
distributed axially in the cyclone than in the swirl tube

The figure clearly shows the region of strong inward velocity just under
the vortex finder, often referred to as ‘lip leakage’. This region is obviously
much more localized in the cylinder-on-cone cyclone. Another region of strong
inward velocity is visible low in the swirl tube, while the radial velocity is
somewhat more uniformly distributed in the cylinder-on-cone design.

The picture is not quite ‘fair’. Although the lip leakage appears to be
much less of a dominant feature in the cylinder-on-cone cyclone, the maximum
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velocity is actually about four times higher than the mean in the cyclone, while
it is only two times higher in the swirl tube. Since the gray-shades are evenly
distributed from the minimal to the maximal velocities, the flow appears more
uniform in the cylinder-on-cone cyclone.

In both cases, the bottom boundary condition was simply a ‘no flow-
through’ condition. The bottom configuration varies in swirl tube designs;
some swirl tubes discharge directly to a wider hopper without any bottom
plate. Such an arrangement does not encourage gas to suddenly turn inwards
at the bottom of the main body cylinder.

4.5 Overview

We finish this chapter with a tabular overview of the models discussed. The
models involve different degrees of complexity and vary in terms of the aspects
that they account for.

The reader should use his or her own judgment as to which model should
be chosen for a particular situation. If the task is to estimate the pressure
drop in a smooth-walled cyclone operation at a low solids loading, a simple
empirical pressure drop model may well suffice, but if the cyclone in question
has rough walls, e.g. due to a refractory lining, or is operating at high loading,
the model of Barth or the latest model of Muschelknautz, which we shall
discuss in Chap. 6, would be more appropriate. Perhaps also the Stairmand
model with a good estimate of the friction factor could be used for situations
in which wall roughness plays a role.

Table 4.5.1. Models for the tangential velocity in the cyclone body vg

Model Range of application Comments

n-type model All cyclones

Barth Cyclones and swirl tubes

Meissner/Loffler  Cylinder-on-cone  cyclones
with slot inlets at low solids
loading

The index n is often determined
empirically for a given cyclone and
operating conditions. Alexander’s
expression seems to predict some-
what low values of n.

Considers the frictional losses in the
body. The effects of wall roughness
and solids loading are accounted for
in the value of the friction factor, f.
Considers the frictional losses in
the body. The friction factors on
the cylindrical wall, the conical wall
and the roof can in principle be dif-
ferent. The authors themselves did
not relate f to the solids loading.
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Table 4.5.2. Models for cyclone pressure drop, Ap

Comments

Model Range of application

Stairmand Cyclones with tangential in-
lets.

Barth Cyclones and swirl tubes

Shepherd-Lapple Cyclones with tangential in-
lets. Low solids loading.

Casal-Martinez Cyclones with tangential in-
lets. Low solids loading.

Considers the frictional losses in the
body and vortex finder. Restricted
to cyclones with low solids loading if
Stairmand’s friction factor is used.
Considers the frictional losses in the
body and vortex finder. Effects of
wall roughness and solids loading
accounted for in the value of the
friction factor, f.

Empirical. Only contains inlet and
outlet areas.

Empirical. Only contains inlet and
outlet areas

4.A Worked Example for Calculating Cyclone Pressure

Drop

A large, short-coned, 4 m diameter cyclone is to be installed in a factory.
Figure 4.A.1 shows the geometry of the cyclone, which is to operate at varying
gas flows; the maximum inlet velocity foreseen is 30 m/s. The gas is ambient
air having a density of 1.2 kg/m3. We are asked to predict the pressure drop

over the cyclone at low solids loading.

Solution

We have the model equations in the main text at our disposal. We assume

that low loading corresponds to about 2.5 g dust per m? of incoming gas.
Let’s start with the Stairmand model, Eqgs. (4.3.1) and (4.3.2). We need

the total wall area of the cyclone separation space. This is (Dirgo and Leith,

1985):

m (D2 - D2

Ar = 1

2

Inserting:

:) +7D(H — H,) + 7D, S+

(D + Da) <H3+ (ﬂf)“, (4.A.1)

2



84 4 Cyclone Flow Pattern and Pressure Drop
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Fig. 4.A.1. Large, short-coned cyclone, D = 4 m
7 (4.02 — 1.722)
AR = — 1 +74.0(8.0 —5.6) + 7 x 1.72 x 2.28+
(4.0 + 1.4) 20— 1.4\2\""
% <5.62 + (%) ) =101.5 m?

-which seems reasonable.
We can then fill in Eq. (4.3.2) to get:

_ ( 1.72 )0'5 + ( 172y 4><101.5><U.005)0 g
2(4.0—0.96) 2(4.0—0.96) 1.36x0.96
= — 1.060
2x101.5%0.005
( 1.36%0.96 )

and substituting this in (4.3.1) we get:

Ap

— = 1+2x1.060?
5 % 1.2 x 302 - (

2 (4.0 - 0.96) 1)

1.72
4% 1.36 x 0.96°
2( 7 x 1.722 ) =783

-which gives a pressure drop Ap of 3960 Pa (0.574 psi).
In the same way we can fill in the values in the Barth model equations,
(4.3.3) and (4.3.4). This requires some more computations.
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First we calculate the wall velocity vg, using an « of 0.723 which we
compute from Eq. (4.2.5). This gives: vg,, = 31.5 m/s, which is slightly higher
than v;, due to the constriction of the inlet jet in the slot inlet. We can then
calculate vpog from (4.2.6), calculating the friction factor, f, from (4.2.9):

f=0.005(1 + 3(0.0025/1.2)°%) = 0.00568

Note that we divide the solids loading in kg dust/m? air with the air
density to obtain the loading as a mass fraction. This gives vpcs = 64.1 m/s.
We then find v, from v;,:
vinab 30 x 1.36 x 0.96

U= GDra) T (alazjay Lo

We now have all the necessary data. Inserting in equations (4.3.3) and (4.3.4)
using the value of K for a rounded edged vortex tube, we find that Barth
predicts a pressure drop of:

Ap = Appody + Aps = 390 + 5910 = 6300 Pa (0.913 psi)

We can also use the empirical models of Shepherd and Lapple (4.3.18):
1 1 16ab 1 16 x 1.36 x 0.96
Ap = 2 ) Fug, = 2 — 1.2 2y~ - 2 7
P (2”””) “ (2””2”) D2 (2 x 30 1.722
— 3810 Pa (0.553 psi)

and Casal and Martinez (4.3.19):

2
(1, (1 9 1.36 x 0.96
Ap = <2pvm> Euy, = (21.2 x 30 > <3.33+ 11.3 (71.722 > )

= 2990 Pa (0.434 psi)

Obviously the predictions of the models differ considerably. While the models
of Stairmand and Shepherd and Lapple agree reasonably well, the Casal/Mar-
tinez and Barth models differ by almost a factor of two. In the following chap-
ter we shall put the models for pressure drop to a test: we shall compare their
predictions of the effect of cyclone length on pressure drop with experiment.

4.B The Meissner and Loffler Model

In this appendix we discuss one other model for vy: the model of Meissner
and Loffler (Meissner and Loffler, 1978; Mothes and Loffler, 1988). They per-
formed an intuitively appealing moment-of-momentum balance in the cyclone
separation space. Figure 4.B.1 illustrates the principle.
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Fig. 4.B.1. A diagram illustrating the moment-of-momentum balance carried out
by Meissner and Loffler

They consider a cylindrical element as sketched. Convective flow of moment-
of-momentum in and out of the element is balanced with the moment of the
wall friction force at the top and bottom walls. An obvious weakness in this
approach is that the friction at the cylindrical part of the wall is not easily
included. Meissner and Loffler therefore propose a three-step strategy:

e calculate the wall velocity vg,, just after the inlet from the inlet velocity
Vin,

e calculate the velocity reduction due to the friction at the cylindrical wall,
giving the tangential wall velocity vg.,,

e calculate the tangential velocity at CS, vgcs

Also here, we shall have to refer to the original paper of Meissner and
Loffler for the detailed derivations involved in the two latter steps. The for-
mulae themselves for this model are set out clearer in the paper of Mothes
and Loffler (1988).

Like Barth, Meissner and Loffler also consider that the velocity is increased
(from vy, to vj,,) by contraction of the inlet jet just after a slot inlet. They
find:

Vin b
f=—= —0.204E + 0.889 (4.B.1)

Ow

which is an empirical expression; compare with (4.2.4) and (4.2.5) in the
main text.

Meissner and Loffler then perform a moment-of-momentum balance on the
gas considering the friction at the cylindrical wall using a wall friction factor,

fcyl3
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(vz) 1 v 1
Vo = ————— + Je H* wo 4.B.2
0 fcylH:yl 4 ey cyl (v) 2 ( )
with:
« _ G |—arccos (1 — }b%) H.y (4B.3)
wl ™R 2 R

where (v,) is the cross-sectional mean axial velocity in the (modified) body.
The last equation follows Meissner and Loffler (1978), while in Mothes and
Loffler (1988) the argument of the arccos function has the opposite sign.

Finally, they obtain the tangential velocity inside the separation space
vg(r) from the moment-of-momentum balance illustrated in Fig. 4.B.1, giving:

Vow

R (fut ) (0= 1)

where € is the angle between the wall of the conical section and the cy-
clone axis. To calculate vgog, insert r = R, in this equation. In the original
work, Meissner and LofHler differentiated between the friction factors at the
cylindrical wall, conical wall and lid, feyi, feone and fiia, respectively, but in
the later publication of Mothes and Loffler (1988) they are all given as being
equal and lying in the range: 0.0065 to 0.0075.

Obviously this model has some restrictions in its range of applications.
As the model stands, it is only suitable for cyclones with slot inlet and a
low loading. This is because the effect of the dust on the wall on the friction
factors is ‘not reliably quantified’ as the authors state. If the effect of the solids
is to be accounted for, the friction factors at the different walls are likely to
differ. Another restriction is that it is only applicable to the conventional
cylinder-on-cone cyclone design, and therefore not to cylindrical swirl tubes.

vy (1) = (4.B.4)
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Cyclone Separation Efficiency

In the previous chapter we have examined various models for predicting the
velocity distributions in cyclones. In this chapter we wish to first present a
brief discussion of the issues, and to then present some of the literature models
available for computing cyclone separation efficiency.

5.1 Discussion

There are basically two modeling concepts for cyclone separation efficiency in
the literature: the ‘equilibrium-orbit’ models and ‘time-of-flight’ models.

Figure 5.1.1a illustrates the concept behind the equilibrium-orbit models.
They consider the imagined cylindrical surface C'S that is formed by continu-
ing the vortex finder wall to the bottom of the cyclone. These models are based
on a force balance on a particle that is rotating in CS at radius R, = éDx. In
this balance the outwardly directed centrifugal force' is balanced against the
inward drag caused by the gas flowing through, and normal to, surface CS
and into the inner part of the vortex. The centrifugal force is proportional to
the particle mass and therefore to x3 while the (Stokesian) drag is propor-
tional to z (Chap. 2). Large particles are therefore “centrifuged” out to the
cyclone wall, and small particles are dragged in and escape out the vortex
tube. The particle size for which the two forces balance (the size that ‘orbits
in equilibrium’ in C'S) is taken as the cyclone’s x50 or cut size. As such, it is
the particle size that stands a 50-50 chance of being captured. This particle
size is of fundamental importance and is a measure of the intrinsic separation
capability of the cyclone. As discussed in the previous chapter, all the gas
velocity components are assumed constant over C'S for the computation of
the equilibrium-orbit size.

Figure 5.1.1b illustrates the other modeling approach: time-of-flight mod-
eling. Here, the particle’s migration to the wall is considered, neglecting the

! See discussion pertaining to the use of the term “centrifugal force” in Sect. 2.1
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inward gas velocity. In the original time-of-flight model, the question was
posed whether a particle, injected at some lateral position in the inlet, had
the time to reach the cyclone wall and be collected before reaching the cyclone
bottom.

Some later models have been hybrids between these two concepts, consid-
ering both an interchange of particles across C'S (due to centrifugation and
turbulent dispersion) and particle migration to the cyclone wall.

In the following sections, we will give an account of some of the models.
Worked examples will be given in Appendix 5.A.

Particle

Fig. 5.1.1. Sketches showing the concept behind a, the ‘equilibrium-orbit’ models,
and b, the ‘time-of-flight” models

5.2 Models

5.2.1 Equilibrium-orbit Models: the Model of Barth

The model of Barth (1956) (see also Muschelknautz (1972)) is the original
equilibrium-orbit model.
The forces acting on a particle rotating in C'S are:

2
e the centrifugal force acting outward with a magnitude of: ’TT”S Pp (U}‘?%CHS)

and
e the (Stokesian) drag acting inward: 3rzpv.cs.

We are neglecting the gas density in comparison to the solid density in the
centrifugal force term (Chap. 2). Equating these forces to find the cut size x5
gives:
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VrosIuDy,
o = | ES (5.2.1)
PpYycs

We calculate v,.cs and vgcs from Eqs. (4.2.1) and (4.2.6).

Once we have the cut size, we can fit a grade-efficiency curve through it.
Barth determined a ‘universal curve’ by experiment, and gave it graphically
in his paper. Dirgo and Leith (1985) have fitted a functional form to this curve
(see also Overcamp and Mantha (1998)) to obtain:

(5.2.2)

Figure 5.2.1 shows this function.
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Fig. 5.2.1. Fitted grade-efficiency curve (Eq. 5.2.2) around the cut size of Barth

Equation (5.2.2) represents one functional form for representing the grade-
efficiency curve (GEC). The writers’ own analysis on numerous commercial
and laboratory cyclones reveals that the form of Eq. (5.2.2) describes some
cyclone geometries quite well, especially smooth, well-designed laboratory cy-
clones. The exponent 6.4 is, however, a little larger than the values typi-
cally observed in some large-scale, refractory-lined, commercial cyclones and
in some poorly designed small-scale cyclones. In these latter cases, the expo-
nent typically lies between 2 and 4.

If one has generated GEC data on a given cyclone type, one can then plot
ln(ﬁ —1) versus In(;-) using linear coordinates or simply (ﬁ —1) versus
( xioo) using log-log coordinates. If the majority of the data defines a straight
line, then the functional form of Eq. (5.2.2) correctly describes the cyclone’s
GEC. If not, then some other function may be tried (see below). Assuming
that the data do define, within reason, a straight line, then the slope of the
line thus plotted, m, is the coefficient to be used (in place of 6.4) in Eq. (5.2.2).
This slope is a measure of the ‘sharpness’ of the GEC. The greater m is, the
steeper is the curve, and the GEC begins to conform to a ‘stair-step’ or ‘sieve’
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type of separator—collecting all particles greater than the x5 cut-point and
rejecting or losing those that are smaller.

As indicated above, a poorly designed cyclone or one that is in poor me-
chanical condition will tend to exhibit low values for m. This is often evidence
of excessive backmixing occurring within the cyclone. It can also be caused
by gas leakage up the bottom of the cyclone or by excessive wall roughness or
wall deposits.

Another useful functional form for the GEC is:

n(z) =1—exp [111(0.5) (i)m} . (5.2.3)

T50

Cyclones which are very ‘clean’ aerodynamically (minimum mixing, good
mechanical condition, good ‘seal’ on the underflow, etc.) often have GEC’s
that conform to this exponential form. In this case, if one were to plot In(1 —
n(x)) versus x on a log-log chart and find that the data defined a reasonably
straight line, then Eq. (5.2.3) would correctly describe the cyclone’s GEC.
Typically, m will take on a value between 2 and 4 for this functional form
with the higher values being associated with well designed, smooth-walled
cyclones that are in good mechanical condition.

Using a rather idealized model of gas and particle behavior within a cy-
clone, Licht (1980) showed that, if the mixing is such that all the uncollected
particles within a cyclone are subject to complete backmixing, then equation
(5.2.2) correctly describes the GEC for the process. Likewise, it can be shown
that if the uncollected particles are subject to only radial backmixing (and
not axial as well), then Equation (5.2.3) correctly describes the GEC.

In the limiting case where no backmixing of any kind occurs, then the
functional form of the GEC becomes:

n(x)=0.5 (%) for n(z) <1 (5.2.4)

and a plot of GEC data using log-log coordinates would define a straight line
having slope m. It turns out that if the particles were all small enough to
settle under Stoke’s law, the value of m would be 2 and the GEC would have
the shape of a parabola up to the point where n(z)=1.

We note that in all three of the GEC’s presented above, n(z) — 0 asx — 0,
n(x) = 0.5 for x = x50, and n(z) — 1 as © — oo (except for the ‘no mix’ case
wherein n(xz) — 1 at some finite value of x. Unlike the other two functions,
the parabolic, no-mix, function does not posess an asymptopic limit of 1 as
& — 00, which, from a physical point of view, it must.)

Muschelknautz improved the model of Barth in a number of ways. As
we discussed in the previous chapter, he measured friction factors in both
cylindrical and conical bodied cyclones and, on basis of this work, accounted
for the effects of wall roughness and solids loading upon the cut-point and
the pressure drop. We will discuss the latest version of his model for cyclone
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efficiency in Chap. 6. In Chap. 9 we will be dealing with the effect of solids
loading on the cyclone separation performance and pressure drop.

5.2.2 Time-of-Flight Models

The original time-of-flight model was proposed by Rosin et al. (1932), who
compared the time required for a particle injected though the inlet at some
radial position to reach the cyclone wall, to the time available for this. They
considered the smallest particle size that can traverse the entire width of the
inlet jet before reaching the bottom of the cyclone as a critical particle size,
which we will call x59. The total path length for a particle swirling close to
the wall (assumed cylindrical) is: mDN,, where Ny is the number of spiral
turns the particle takes on its way toward the bottom of the cyclone. We have
here neglected to multiply by the cosine of the angle to the horizontal of the
spiral path, this angle will normally lie between 15 and 30 degrees. Assuming
the inlet velocity to prevail at the cyclone wall, the time the particle takes to

reach the bottom is:
7wDNy

Vin

. (5.2.5)

The terminal velocity of a particle in the radial direction in the centrifugal
field is given by Eq. (2.2.9). Taking here vy as vy, r as D/2, and including
the density of the gas, we obtain:

a? (pp = pg) (Vi
! = Bin ) 2.
v =" ( : ) (5.2.6)

Neglecting any radial gas velocity, the time required for the particle to reach
the wall is b/U/. Equating this to the time available (we are looking for the
critical particle that just manages to reach the wall), and solving for x, the
critical particle size is obtained:

9bu

T50 = || —o—— -
TNsVin, (Pp —p)

(5.2.7)

To use this equation we need to determine N;. Zenz (2001) gave a graph
for Ny as a function of inlet velocity, based on experience. Fitting this graph
by a simple function gives:

Ny =6.1 (11— ¢ 0000um) (5.2.8)

with v, in m/s.

Rietema (1959) considered the migration of a particle to the wall as shown
in Fig. 5.1.1b, using the idealized geometry of a purely conical cyclone. He
assumed that the tangential gas velocity profile (i.e. vy as a function of r)
does not change with axial position at constant r (the tangential velocity at
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a given distance from the wall is therefore increasing as we move down the
conical cyclone body). He also assumed that the axial velocity in which the
particle moves, v,,,, is constant. With these assumptions he derived a cut size,
which is the size of particle that is just captured when injected in the middle
of a slot-type inlet:

R
Ly 2ol —p) H /v—gdr (5.2.9)
2 18u VowR T
0

Rather than trying to model vy as a function of r, Rietema noted that the
gas density times the integral in (5.2.9) equals the static pressure difference
between the wall and the centre (see Chap. 2). He considered this to be the
largest contribution to the total pressure drop over the cyclone, and therefore
almost equal to it. This suggests that hardly any of the loss in static pressure
in the vortex is recovered in the vortex finder, in line with the discussion in
Chap. 4. Inserting the static pressure in (5.2.9) gives:

1 2 _ H A 2 — A 3R
b= 50 (1p§ p) R_P _ Zsolpp—p) pAp 3R (5.2.10)
1 VR p jz PR 2a

where Q = abvy,. This equation incorporates Rietema’s observation that
Vin /U2 has the constant value of 62.

Rietema found empirically that the left-hand side of the latter part of
(5.2.10) is a characteristic cyclone number only dependent on geometry, and
called this number C'ysg. By experiment he determines that Cyso = 3.5 for a
cyclone of optimal design.

The Rietema model for determining zs5¢ in a cyclone is therefore:

2
Cyso = 50 (o = P) g AP _ 4 o (5.2.11)
1 pQ

Thus, although this model was derived by considering the gas flow pattern
in the cyclone, it relates, in its final form, the separation cut-point diameter,
50, to the pressure drop. Hence, the pressure drop needs to be predicted
to use the model. A good pressure drop model for this purpose is that of
Shepherd and Lapple, Eq. (4.3.18).

As we shall see in the following chapter, the empirical models of Svarovsky
and Karpov/Saburov, like that of Rietema, also relate efficiency to pressure
drop.

The strong influence of the vortex finder diameter, D,, on the efficiency
of cyclones is not directly evident in the reasoning behind the time-of-flight
models. For the Rosin-Rammler-Intelmann model, Zenz (2001) argued that

2 Rietema’s original derivation assumed an inlet of circular cross section. The ex-
pressions have been rederived for a rectangular inlet.
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reducing D, prolongs the vortex in the cyclone?® (that is, it pushes the ‘natural
end’ of the vortex down; the issue of the natural end will be discussed later),
increasing N and the time available for a particle to reach the cyclone wall.
Such a dependency is not yet built into the expression for N,, Eq. (5.2.8).
Turning to the Rietema model, we saw in the previous chapter that the pres-
sure drop depends rather strongly on D,, and, thus, so does x59. Therefore
we could say that the effect of D, on cyclone efficiency is brought in by ‘the
back door’ in this model.

One more model should be mentioned when considering the time-of-flight
modeling approach: the model of Leith and Licht (1972). Like the pure time-
of-flight models mentioned above, this also considers the particle migration to
the cyclone wall neglecting the radial gas velocity. The Leith and Licht model,
however, considers not a single particle, but rather the flux of particles to
the wall, which is calculated assuming complete radial, but no axial, particle
mixing.

We shall not give the equations for this model. Clift et al. (1991) pointed
out that for the derivation of the model to be consistent with the underlying
concept, the equation for the particle flux to the wall should be different than
that reported in the original paper. After changing this, and another aspect,
the resulting expression gave grade-efficiency curves of a sigmoidal shape, con-
sistent with practice as we discuss later in this chapter. But the model then
shares the weakness of the time-of-flight models, in that it does not easily
account for the effect of D, on the efficiency. To remedy this, the same argu-
ment as Zenz made for the Rosin-Rammler-Intelmann model (longer vortex
for smaller D,) may be applied here, but these authors find the behavior of a
cyclone vortex is not so simple. As we shall show later in this book, decreasing
D, increases the vortex core spin velocity and tends to reduce the stability
of the vortex. Depending on how the bottom of the cyclone is designed, and
other factors, such as the cyclone geometry, wall roughness, solids loading,
etc., the vortex (bottom) “end” can “short circuit” by attaching itself to,
and precessing around, the lower cone (or hopper walls). If sufficient height is
available, this induces a secondary vortex of weaker intenstity below the main
or primary vorter. Such short circuiting and precession disturbs the particle
that have reached the wall and reduces particle collection performance. It is
not known, however, how effective the secondary vortex is in collecting solids
in cyclones that are long enough to accommodate a secondary vortex. This is
a poorly understood area and is in need of additional investigation.

In conclusion, we can say that the time-of-flight modeling concept is en-
tirely different in nature from the equilibrium-orbit concept. It is peculiar
that these two very different concepts should result in efficiency models that
agree well, both absolutely and in trends, over a wide range of cyclone designs

3 We note that such an effect of D, on the vortex length is contrary to a well-known
correlation for the vortex length, and also contrary to a number of experimental
observations, as will be discussed later
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and operating conditions. Except for the Rietema model, the time-of-flight
models predict somewhat larger cut sizes than the equilibrium-orbit models.
Although we are using equilibrium-orbit models mostly in this book, we have
to say that the time-of-flight concept is very consistent with what one sees in
CFD simulations, for instance, those shown in Fig. 3.1.4. It is also very likely
that the time-of-flight concept is the most promising for formulating models
for the performance of cylindrical swirl tubes.

5.2.3 Hybrid Models: the Models of Dietz and of Mothes and
LofHler

In Appendix 5.B, we give the model equations for one more cyclone perfor-
mance model: that of Mothes and Léffler. This model is built on the approach
of Dietz, and is hybrid between the equilibrium-orbit and the time-of-flight
models.

This type of model considers both particle interchange between the outer
and the inner vortices across C'S and particle migration to the wall. It is in
this sense that these models can be said to be hybrids between the other two
types. In practice the x50 predicted by these models often lie close to the x5
predicted by the equilibrium-orbit models.

We have stated that the models agree quite well in spite of the very differ-
ent underlying concepts. In the next sections, some quantitative comparisons
between the model predictions and between predictions and experiment will
be given.

5.2.4 Comparing the Models

So how do the predictions of these models compare? In Fig. 5.2.2, the pre-
dictions are plotted for a standard case: a Stairmand High Efficiency cyclone
with a diameter of 0.2 m, separating solids of density 2730 kg/m? at an inlet
velocity of 15 m/s.

The models agree well in terms of critical particle diameter or cut size.
The grade-efficiency curve of Mothes-LofHler is obviously much flatter than
that of Barth. We refer to our discussion above, where we state that Barth’s
index of 6.4 in Eq. (5.2.2) is in the high end of the range, and best suited for
smooth, well-designed cyclones. In our experience the index for many older
units of poorer design often lies between 2 and 4, which gives a slope much
more in line with the model of Mothes and Loffer.

The performance predictions in Fig. 5.2.2 are for a standard cyclone geom-
etry with a typical inlet velocity used in laboratory testing. In Appendix 5.A
we shall be looking at a case involving a much larger inlet velocity, namely
the one for which we predicted the pressure drop in Chap. 4.

This completes our treatment of some of the models proposed in the liter-
ature for cyclone separation performance. Although we have not been able to
derive the models in detail, we trust that we have discussed the principles on
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which they are based and have presented the governing equations in sufficient
detail so that the reader can now use them to predict the performance of a
given cyclone. In Appendix 5.A we shall be using them in a worked example.
In Chap. 6 we will give the latest model equations for the Muschelknautz
model.
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Fig. 5.2.2. Comparison of the model predictions for a Stairmand HE cyclone with
D=02m,D; =01m, Dg =0.075m, S=0.1m,a=01m,b=0.04m, H=0.8
m and H. = 0.5 m. Operating conditions: ambient air, inlet velocity: 15 m/s, solids
density: 2730 kg/mS, and low solids loading

We now wish to compare the predictions of cut size with a large body of
experimental data, and we will put the models for pressure drop and separa-
tion to a special test. We will do this by seeing how well they can predict the
effect of increasing the body length of the cyclone, and discuss the reasons for
their successes and failures. We shall see that, although some models are suc-
cessful in predicting the trends in cut-diameter and pressure drop with length
up to a certain limit. Albeit, as briefly discussed above, a phenomenon known
as the ‘natural turning length’, which none of the models account for, either
limits the length of cyclones in practice, or makes performance predictions
very uncertain if a double vortex occurs.

5.3 Comparison of Model Predictions with Experiment.

5.3.1 Agreement with Experiment in General

Abrahamsen and Allen (1986) compiled a large number of experimental grade-
efficiency data, and plotted them against the square root of a parameter S44,
defined as:
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!
Saa = 5 (5.3.1)
Urcs

They evaluated the particle terminal slip velocity in C'S, U/ g, using the
flow model of Meissner and Loffler in combination with Stokes’ law, and v,¢cg
by the normal assumption of uniform flow. Their plot is shown in schematic
form in Fig. 5.3.1. The range of experimental data, which stem from a mul-
titude of sources, is shown as a gray area. The curves corresponding to the
model prediction of Barth and Mothes-Loffler for the case described in the
caption of Fig. 5.2.2 are also shown.

This plot shows that the equilibrium-orbit concept is, in general, quite
successful, since the data are grouped around Sa4 = 1. In principle, Sqa =1
corresponds to the cut-diameter of Barth, although Barth used his own flow
model rather than the model of Meissner and LofHler to calculate U/ng. Saa
= 1 does not, however, necessarily correspond to the cut-diameter of Mothes
and Loffler, since they also considered collection of particles in the near-wall
region. In most cases, however, including the case described in the caption
of Fig. 5.2.2, Mothes and Loffler’s cut-diameter is close to the diameter for
which S44 = 1. In Fig. 5.3.1 the shape of the Mothes-Loffler curve appears to
agree very well with that of the gray area which represents experimental data.
This again illustrates what we mentioned above, that the index value of 6.4
in Eq. (5.2.2) is in the high end, reflecting cyclones in good condition and of
good design, and that this index can vary considerably in practice. Using an
index of 3 in that equation gives almost the same slope as that of the model
predictions of Mothes and Loffler. We should mention here that a lot of the
actual grade-efficiency curves in the band are steeper than the shape of the
area would seem to indicate.

The points in Fig. 5.3.1 are experimental G-E (grade efficiency) data for
the system described in the caption of Fig. 5.2.2. These data were generated
in the laboratory of one of the authors. The ‘tail’ at very fine particle sizes,
where the efficiency increases with decreasing particle size, has nothing to
do with the separation characteristics of the cyclone. Such a tail is a fairly
common observation. In this case the tail exists for particle sizes less than
about 0.5 to 0.6 um, and is probably due to insufficient dispersion of the very
fine particles of the feed solids.

5.3.2 A Case Study: the Effect of Cyclone Length

The effects on performance of some cyclone dimensions, such as gas inlet and
outlet dimensions, have been extensively studied. An effect that is less well
researched, and less well understood, is that of cyclone body length. We can
therefore see it as a decisive test for the quality of the performance models,
namely, whether they can predict this effect correctly, at least up to the point
at which we reach the ‘natural turning length’.

Having discussed the flow in cyclones, and the principles behind some
models, we are able to anticipate to an extent the effects of increasing cyclone
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Fig. 5.3.1. Plot of Abrahamson and Allen showing the range of experimental grade-
efficiency data in the literature. The curves corresponding to the Barth and Mothes-
LofHer predictions shown in Fig. 5.2.2 are also included, together with experimental
results

length. So what would we expect? We would expect the pressure drop to
decrease. This is so because, as the length increases, so does the wall surface
area and this imposes an additional friction on the flow. From our moment-
of-momentum balance, this increase in friction decreases the spin in the inner
vortex. As we discussed in Chap. 4, we would expect this to cause a decrease
in pressure drop.

We cannot be sure about the effect that an increase in length would have
on separation efficiency. According to the Barth and Mothes-Lofller models,
a less intensive vortex means less centrifugal force on the particles in CS.
Conversely, the radial velocity across a longer C'S will be less, so that the
inward drag on a particle in C'S is also reduced. We cannot predict in advance
what the net effect will be. We are in the same boat when turning to the time-
of-flight models: they predict a smaller radial particle migration to the wall
in the weaker vortex, but longer time for the particle to reach the wall.

In a recent study (Hoffmann, Groot, Peng, Dries and Kater, 2001) the
effect of increasing the cyclone body length considerably on the performance
was tested. The cyclone had dimensions: D= 0.200 m, D, = 0.065 m, Dy
= 0.110 m, S= 0.140 m, a= 0.114 m, b= 0.050 m and H. = 0.410 m. It
was equipped with extra cylindrical sections so that the length of the body
could be varied between 0.260 m and 0.960 m. The cyclone feed was a chalk
powder with density 2730 kg/m? dispersed in ambient air entering with an
inlet velocity of 19 m/s. The dust loading was low at approximately 1.6 or
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1.7 ¢ dust/m® gas. The range of cyclone lengths and the effect on separation
efficiency and pressure drop are shown in Fig. 5.3.2.
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Fig. 5.3.2. The range of cyclone lengths tested, and the effect of length on cut size
and pressure drop

The cut size x50 is seen to decrease slightly with increasing cyclone length,
although the last result is atypical (and we will return to this issue below).
The pressure drop decreases with increasing cyclone length as we anticipated.

Considering first the pressure drop model predictions, it is obvious that the
purely empirical models of Shepherd-Lapple and Casal-Martinez (Egs. 4.3.18
and 4.3.19) are not able to capture the effect of cyclone length, since they
contain only the inlet and outlet dimensions. The models of Stairmand and
Barth, however, which are based on considerations of the physical phenomena,
both predict a decrease in cyclone pressure drop with increasing length. This
is shown in Fig. 5.3.3 together with predictions from a CFD program (Boysan
et al., 1986). These models predict the trend quite well, although the Barth
model predicts higher pressure drops. We should note, however, that the out-
let pressure was measured at a point close to the cyclone. If this pressure
measuring point had been further from the cyclone, at a point where most of
the swirl is attenuated, the experimental pressure drop would have been even
higher (see the discussion in the previous chapter).

Researchers in Germany often let their laboratory cyclones exhaust to the
atmosphere and, thus, their pressure drop is simply the inlet static pressure
above atmospheric. Barth may have done the same when developing his pres-
sure loss model as this is a good way to ‘get around’ the problem of interpreting
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the cyclone outlet pressure when no solids are charged to the system during
testing. Pressure loss models based on such experiments therefore have built
into them a complete loss of velocity head or dynamic pressure.
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Fig. 5.3.3. Comparison of the measured pressure drop with the predictions of some
models

As far as the separation performance is concerned, we cannot, as men-
tioned, tell a priori what the models will predict for the effect of cyclone
length. Figure 5.3.4 shows that they, in general, predict a decrease in the cut
size with increasing length, and therefore an increase in the separation effi-
ciency. The models are generally successful for this low solids loading case.
The CFD program is known to predict the performance of a Stairmand HE
cyclone very well, so its relatively poor ability to predict the performance for
this cyclone is somewhat surprising; the combination of the numerical proce-
dure and the geometry of this particular cyclone may be unfortunate.

We could use the experimental Ap’s to evaluate the Rietema model rather
than the Ap’s computed from the Shepherd and Lapple model. This would
raise the Rietema points somewhat, causing them to lie almost on top of the
Mothes-Lofler points. The trend in the Rietema predictions of a decreasing
cut size with increasing cyclone length would be maintained in spite of the
decreasing Ap.

In conclusion, we can say that the models based on considerations of the
physical phenomena occurring within a cyclone are reasonably successful in
predicting pressure drop and separation performance as a function of cyclone
body length. The CFD model was found, in this case, to under-predict cyclone
separation performance, while successfully reflecting the trend as a function
of length.

The reason that the xsg cut size diameter of the longest cyclone lies well
above those for the shorter cyclones—indeed, even a slightly shorter cyclone—
(see Fig. 5.3.2) is that this particular cyclone’s length exceeded the cyclone’s
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Fig. 5.3.4. Comparison of the experimentally measured cut size with the predic-
tions of some models

‘natural turning length’. This is a most interesting phenomenon very relevant
to cyclone design, and we shall return to this key topic in a Chap. 9.

5.4 Overview

As in the previous chapter, we finish with a tabular overview of the models
we have discussed.

Table 5.4.1. Models for cyclone separation efficiency at low solids loadings

Model Range of application Comments
Barth Efficiency model valid for Equilibrium-orbit model. Calcu-
all cyclones and swirl tubes lates the cut size, then fits an empir-
(but see Table 4.5.1). ical grade-efficiency curve through
it.
Rietema Cylinder-on-cone cyclones Time-of-flight model. Derivation
with slot inlets. considers particle motion, but the
final model relates cut size to pres-
sure drop.
Mothes-Loffler All centrifugal separators. Combines migration to wall with in-

terchange between inner and outer
part of the vortex. Based on con-
cept introduced by Dietz

Muschelknautz Efficiency model valid for all Comprehensive model based on

cyclones and swirl tubes Barth’s approach, will be covered in
Chap. 6.
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5.A Worked Example for the Prediction of Cyclone
Separation Performance

Let us predict the separation efficiency of the cyclone reported in Ap-
pendix 4.A. As for the pressure drop, we have different models at our disposal
and this is advantageous in that we are not dependent upon just one model
for our predictions. If, for the case of 59, various model predictions were to
differ by, say, 50%, we would want to allow for this variation and interpret
the results accordingly—not becoming overly attached to any one model’s
predictions.

In order to predict separation performance we require information about
the solids feeding the cyclone, in addition to the geometrical data given in
Fig. 4.A.1, information about the solids feeding the cyclone. Let us say we are
feeding the cyclone a cement powder of density 2730 kg/m3, at a relatively
light load of 2.5 g per kg of gas. The feed has a volume (or mass) mean size of
27.5 ym and follows a log-normal volume or mass size distribution for which
(Inz) = 3.32 and o (the spread) = 1.2. F(x) is then given by Eq. (2.B.5)
shown in Fig. 5.A.1.
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Fig. 5.A.1. Cumulative volume size distribution of the feed solids

The cyclone to which we are feeding the solids is quite large. We would
therefore expect it to have a relatively large cut size.

Finally, we need the inlet velocity, which we take as 30 m/s, like in the
previous chapter.

Solution

Let us start with the Barth model. We wish to use Eq. (5.2.1). First we need
vres and vgos, which we get from Eqs. (4.2.1) and (4.2.6), respectively. Filling
in (4.2.1):
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Q _ Vinab ~ 30 x1.36 x 0.96
mD.Hecg o D, Hcg T o x1.72x5.03

VrCcs = =144 m/s.

Since the dust outlet is smaller than the gas outlet, C'S intersects the
physical cone near its lower end, and H¢g is shorter than the physical height
(H — S). It can be shown from simple geometric considerations that:

Hes = (H — S) — Ho(Ry — Ra)/(R — Ry).

To find vgcs in (4.2.6) we first need to use Egs. (4.2.4) and (4.2.5) to
compute vgq:

b\ %? 0.96\°° VinRin 30 X (2 —0.96/2)
=1-04( = =1-04( — =0.723 = 2" —
° (R> ( 2 ) erR 2 x Vow ’

which gives vg,, = 31.5, which is slightly higher than v;,, due to the constriction
of the inlet jet. Filling in (4.7) gives:

R
vgos = (1+ Hcs}ervsw) = 1+ 5.03><2><7r>§8..;)0568><31.5) = 0.0 1my/s

where we have calculated the wall friction factor, f, from Eq. (4.2.9) using ¢,
= 0.0025, as given in the problem.
We can now fill in Eq. (5.2.1):

VrosIuD,  [1.44x9 x 1.81 x 1075 x 1.72
PpVEcs 2730 x 64.02

=6.01 x 107% m = 6pum.

Ts50 =

Thus, we are predicting the cut-diameter of the cyclone to be around 6
um. We could now use Eq. (5.2.2) to construct a grade-efliciency curve around
this cut size, if necessary.

We turn now to the Rietema model in combination with the Shepherd and
Lapple model for the cyclone pressure drop. In the previous chapter, we found
a pressure drop Ap of 3810 Pa from the Shepherd and Lapple model. Filling
in Eq. (5.2.11):

z2, (pp — p) Ap 22, (2730 — 1.2) 3810
1 pQ 1.81 x 105 1.2 x 39.17
Z50 =598 x 107 m =6 pm

=35 =

which agrees with the prediction of Barth above, as it often does (though
normally not this precisely).
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Finally, we use the model of Mothes and LofHler as it is presented in Ap-
pendix 5.B below. To use their model equations we need the tangential ve-
locities vg,, and vecs from the Meissner/Loffler model given by Egs. (4.B.1)-
(4.B4).

Space does not allow us to present all the details of the calculations, but
we can give the intermediate results. Using feyi = feone = fiiqa =0.007, and
filling in the data, we get: v}, = 37.9 m/s for the (‘constricted’) velocity just
after the inlet. This is higher than v;, due to the contraction and acceleration
of the inlet jet (4.B.1). Using (v.) = Q/(7R?) = 3.12 m/s, we then obtain vg,,
= 34.9 m/s for the velocity at the cylindrical wall (4.B.4). Equation (4.B.4)
with » = R, gives us the tangential velocity in the surface CS: vgcs = 65.4
m/s.

We now need to calculate R4 from Eq. (5.3.1), so we need the volume of
the cyclone, which is:

e i
‘/cyc = D2Hcyl + Hc

4 gie\ T T

D?* DD, D?
( 4 4 + 4 )

giving Veye = 64.7 m?. It follows that R., = 1.604 m, which is slightly less
than D/2. In Mothes and Loffler’s cylindrical cyclone, we can take Hog as
equal to (H — 9), giving v,cs = 1.267 m/s, which is slightly lower than that
found for the physical cyclone in the Barth model, where Hcg was smaller.

Finally, we calculate the grade-efficiency from Eq. (5.B.2), using the formu-
lae (5.B.6)(5.B.10) and, as mentioned, D = 0.0125 m?/s. This is a straightfor-
ward substitution, involving the calculation of U/ ¢ and Uj,, from Eq. (5.B.3).
The resulting grade-efficiency curve is shown in Fig. 5.A.2, together with that
of Barth, the latter being calculated from the cut-point diameter we found
above and Eq. (5.2.2). For this cyclone with a somewhat a-typical geometry
and a relatively high inlet velocity?, the model of Mothes and LofHler predicts
a smaller cut size than the other two models. The plot also exposes a slight
weakness in this model: if the particle size for which Ut’cs = vp¢s (which in
this case is 5.5 pm) differs significantly from the cut size (in this case 4.6 pm)
the curve takes on a somewhat peculiar shape with a break in the curve at
the particle size for which U],¢ = vrcs.

We have not yet used our knowledge of the size distribution of the solids
going into the cyclone. We can use the method illustrated in Fig. 3.2.2 to
estimate the overall efficiency from Fig. 5.A.1. A cut-diameter of 6 pm can be
seen to correspond to an overall efficiency of about 90%.

4 Most of the models agree with the performance of the Stairmand HE cyclone for
inlet velocities in the region of 15 m/s. The geometry we are using here has a
considerably shorter cone and higher inlet velocity.
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Fig. 5.A.2. Predicted grade-efficiency curves for the cyclone in Fig. 4.A.1. The cut
size predicted by the Rietema model is also shown

5.B The Cyclone Efficiency Models of Dietz and of
Mothes and Loffler

The models of Dietz (1981) and of Mothes and Loffler (1988) consider both
the exchange of dust between the inner and outer part of the swirl and the
migration of particles to the wall. They can therefore be considered as hybrids
between the equilibrium-orbit and the time-of-flight models.

We shall be giving the model equations of Mothes and LofHler here, but
we should credit Dietz with having pioneered this whole approach. Like the
model of Mothes and Loffler, that of Dietz works quite well in practice, but
Dietz’s treatment of the particle exchange between inner and outer parts of
the vortex raises some fundamental difficulties (Clift et al., 1991).

Mothes and LofHer simplified the cyclone geometry by making the cyclone
cylindrical as shown in Fig. 5.B.1. They chose the radius of their cylindrical
cyclone R, so that the volume of the cylindrical cyclone, and therefore the
gas residence time, equals that of the physical one:

ch clone
Reg = ;T (5.B.1)

Particle mass balances are performed in the differential elements indicated
in the figure under the assumption that the particles in each separate region
(but not between the regions) are completely mixed in the radial direction.
Particles reaching the cyclone wall in sections 1 and 2 are considered captured.
Region 3 allows for reentrainment at the dust outlet, but this can often be
neglected in practice.

The strategy is to calculate the axial particle concentration profiles of a
given particle size in the three regions 1, 2 and 4, where the efficiency is
computed from:
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Fig. 5.B.1. Simplified cyclone geometry for the Dietz and Mothes-Lofller models.
Dietz does not have Region 3

ey (z=15)

n(z)=1- o (5.B.2)

and where ¢ is the inlet concentration of particles of size x.

To calculate the particle fluxes to the wall and at the surface C'S, Mothes
and Loffler calculated the particle velocity relative to the gas at radius r from
Eq. 2.2.7 using the centripetal acceleration v3 /r for a:

2, .2
/ " Pp Vy
=—r2t .B.
Up () = G (583
At the wall the radial velocity was taken to be zero, while at CS it was
assumed uniform: 0

7D, (H —S)’

We recognize this as Eq. 4.2.1 with Heg taken as (H — .S) for this cylindrical
cyclone.

If a particle is at C'S, it will be collected if U/ ¢ > vrcs, otherwise it will be
lost. This would give a jump in the grade-efficiency curve at the size for which
Ulcs = vres. To avoid this difficulty, Mothes and LéfHer also introduced a
diffusive interchange, writing the flux js 4 of particles from Region 2 to Region
4 joa at CS as:

Vros — (5.B.4)
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. Cy — C
o4 = —Dﬁ + (Ulcg — vrcs) cq for Ujqg > veos
eq T
_ el / , (5.B.5)
.7274 = _Dﬁ + ( tCS — Urcs) Co fOI‘ UtCS’ S UrCS
eq T

D is the particle diffusivity. Mothes and Loffler found that their predicted
grade-efficiency curves agreed the best with experiment for D = 0.0125 m?/s.

The mass balances over the differential elements in the three regions re-
sulted in three differential equations. The equation for Region 1 was solved
directly starting at z = 1/2 a, at which point the concentration is taken
to be the inlet concentration c,. The two differential equations for regions 2
and 4 are coupled, since both ca and ¢4 appear in the interchange term (see
Eq. 5.B.5) between the two regions at C'S in both balances. In spite of this,
these two equations are straightforward to solve (but very tedious unless one
uses a mathematics package or other such tool with symbolic capabilities). By
solving for ¢4 in terms of co in the equation for Region 2, and inserting the
result in the equation for Region 4, Mothes and LofHler obtained an ordinary
second order differential equation.

If they assumed no reentrainment at the dust outlet, the result for c4(z =

S) was:

ca(S) = K (mlB_ A) (5.B.6)
with:
mle—gD+\/(A—gD>2—(AD—BC). (5.B.7)

Since the flux expressions (5.B.5) depend on the relative size of U/ 4 and
v-cs, S0 does the solution to the differential balance equations. The constants
A, B, C and D are given by:

For Ulng > vres:

_ 27R,Ul,(H-S) 2rR,D(H—5)

4 Q TQR, R
B _2nR,D(H -S) 2rR, (Ujcs —vrcs) (H —5)
Q (Req - Rm) Q (5B8)
= 2rR,D (H — S)
Q (Req - R:c)
D=B-1,

while for Uj,g < vrcs:
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_ 2nR. U/, (H —5) _2mR, (Uleg —vrcs) (H—S)

. Q Q
2R, D (H —5) )
Q (Req - Rx)
B _27R,D(H - S) (5.B.9)
Q (Req - Rx)
o_ 2nR,D (H —S) 2nR; (Ujcg —vres) (H—S)
B Q (Req - Rx) Q
D=B-1.
Finally:
K1 = coexp <— 27TReqUtlz)2 (5~ ;)) (5.B.10)

In these model equations, the subscript w signifies Mothes and Loffler’s
equivalent wall, so that by U/, we mean: U/(Req), while, as always, U/, g
means U/(R;). Mothes and Loffler used the model of Meissner and Loffler
(see Chap. 4) to calculate these velocities.
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The Muschelknautz Method of Modeling

Over a period of more than 30 years, Professor Edgar Muschelknautz, along
with his students and co-workers, working mostly at the University of Stuttgart,
have developed what may be, overall, the most practical method for modeling
cyclone separators at the present time.

The roots of the Muschelknautz method (‘MM’) extend back to the early
work performed by Professor W. Barth (see Barth (1956), for example) of
the University of Karlsruhe. Over the years, as understanding of the under-
lying phenomena and measuring techniques developed, Muschelknautz and
co-workers, and those who have now followed him, have continued to refine
the model. The reader of the literature will thus encounter many versions or
improvements of the MM depending on the time of publication. It will also
be noted that the more recent adaptations of the basic method are rather
complex. We present some elements from simpler versions of the MM in other
chapters (5 and 9); in this chapter and in Appendix 6.B we present what we
believe to be a rather complete account of a later version of the model. Even
here, however, we are obliged to strike a balance between covering all the
details of the most recent versions of the MM, which would require another
book in itself to do justice to all the details, and covering only the most basic
elements of the model, which would limit its applicability or utility to the
reader.

As a bit of a review, the most recent MM embodies three main features:

1. The ability to account for the effects of wall roughness due to both the
physical roughness of the materials of construction and to the presence of
collected solids.

2. The ability to account for solids ‘saltation’ or ‘mass loading’ effects, which
we discuss in Chap. 9.

3. The ability to account for the change in particle size distribution (PSD)
of the feed within the body of the cyclone.

In this chapter, we will focus mainly on the first two items above and will
present our interpretation or implementation of item 3 in Appendix 6.B.
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It is primarily the features listed above that distinguish the MM from other
cyclone modeling methods, including the equilibrium-orbit models from which
it springs. These features give the model its ability to simulate reality with
reasonable precision in most cases of practical interest. Still, it not a perfect
model and it continues to evolve and change with each new investigation of
the assumptions and elements comprising this model.

Cyclone manufacturers are often required to give a legally binding, writ-
ten guarantee of the performance of their equipment. If their equipment were
to fail to meet this guarantee, they may have to absorb the total cost of the
installation as well as the damage done to their company’s reputation. Suc-
cessful equipment manufacturers must make performance predictions with
a very high level of confidence. Thus, they will normally perform extensive
testing, analysis and correlation of a limited line of design geometries. They
cannot afford to rely solely on a general purpose, ‘utility’ model developed
independently of their particular product offering. Such correlations, if prop-
erly made, can predict performance better than any general purpose model
that attempts to cover a broad range of dimensional ratios, body and hopper
shapes, inlet configurations, loadings, surface conditions, physical properties,
et cetera.

Thus, one hybrid approach to performance prediction is to perform exten-
sive testing on a family of geometrically similar cyclones and to then apply
certain equations, such as those presented in this chapter, to correlate the
data.

Understandably, models developed in this manner for ‘internal use’ by
cyclone manufacturers, or by organizations that use cyclones, are proprietary
and not in the public domain. Hence, it is not possible for us to present or
comment, herein, on their performance or applicability.

6.1 Basis of the Model

In this section we will present formulas required to design or evaluate a con-
ventional cylinder-on-cone or a predominately cylindrical type of cyclone ge-
ometry. In doing so, we shall follow closely the methods of Muschelknautz
(1970, for example) and, to some extent, those of Muschelknautz and Trefz
(1990, 1991, 1992). Some departures from the MM will be worked into the
development that follow the writers’ own experiences and preferences.

We begin by computing the entrance ‘constriction coefficient’ « for a con-
ventional ‘slot-type’ inlet from the empirical formula:

(5) - f] ¢ Lo h gy

1
o= 1—4|1+4
§
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where £ = b/(1/2D) = b/R (see Figs. 6.1.1 and 6.1.2 for symbol notation
and definition) and ¢, is the ratio of the mass of incoming solids to mass of
incoming gas in the stream feeding the cyclone.

Vow

Vecs

HC R cone

Vécone

L&)‘

Fig. 6.1.1. Elevation views of a typical cylinder-on-cone cyclone showing various
dimensional notations used herein

Knowing «, along with v;,, R;, and R, one computes the wall velocity
Vow-
UinRin

aR
Q Q
in = = —. 6.1.3
Vin = A, T ab (6.1.3)

We next compute the geometric mean radius:

Ry = \/R.R, (6.1.4)

which we need in the computation of a ‘wall axial velocity’, v,.,

o 09Q
T T (RP—RZ%)

Trefz and Muschelknautz found that approximately 10% of the incoming
gas ‘short circuits’ the cyclone and flows radially inward in a spiral-like man-
ner along the roof and down the outside of the vortex tube (as sketched in

Vo = (6.1.2)

where

(6.1.5)
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Co

Fig. 6.1.2. Plan view of a typical cylinder-on-cone cyclone showing additional no-
tation used in this chapter

Fig. 6.1.1). This boundary layer flow can vary from about 4% to 16% of @
but a good, average value for calculation purposes is 10%. As a consequence,
approximately 90% of the incoming flow @ directly participates in the flow
along the walls and in the formation of the inner vortex. This is the reason
for the factor 0.9 in Eq. (6.1.5) and in Egs. (6.2.3) and (6.4.2) below. As we
will see below, the inner vortex flow has a major influence on the cut-point
diameter, z5g.

In order to compute certain key cyclone characteristics, such as the internal
spin velocity, vgcs, or the particle cut size in the inner vortex core, xsg,
it is necessary to first compute the gas-phase and total gas-plus-solids wall
friction factors, fui» and f, respectively. Gas-phase wall friction factors for
both cylindrical and conical cyclones as a function of body Reynolds number
and relative wall roughness are presented in Fig. 6.1.3. Muschelknautz and
Trefz define the cyclone body Reynolds number (compare with Eq. 4.2.8) as:

RinRinvzwp
Hp (1 + (vzw/vem)Q)

with p and p representing the gas phase density and absolute viscosity, re-
spectively. vg,, is a geometrical mean rotational velocity based on the spin
velocity near the wall, vg,,, and that of the inner vortex vgcs:

Vom = \/vngecs (6.1.7)

However, vgcg is, itself, a function of Reg. Fortunately, in most applications,
the term (v,y /vom)? in Eq. (6.1.6) is small in comparison to 1 and can be

Reg = (6.1.6)
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neglected!. This is especially true in commercial units that operate at Regp
values greater than about 2000. In this industrially important range, in anal-
ogy to ordinary flow in a pipe, the wall friction factor is virtually independent
of Rer and thus, so are vgcs and vg,, as well as all other quantities that are
dependent upon this wall friction factor.

In order to read fg;, off the chart in Fig. 6.1.3, we need, in addition to Reg
from Eq. (6.1.6), the wall relative roughness: ks/R. The relative roughness is
simply an estimate of the absolute roughness of the inside surface of the
cyclone walls kg, divided by the inside radius of the cyclone R, expressed in
any consistent set of units. Here, ks is normally taken to be about 0.046 mm
or 0.0018 inches for commercial steel pipe. In some applications wherein brick
or erosion protecting, refractory liners are installed, ks may as high as 3 mm
or 0.125 inches.

The relative roughness cannot be less than that for ‘smooth’ walls; that
is, the lowermost curve shown in the upper and lower frames of Fig. 6.1.3. If
the relative roughness is computed to be less than 6x10~* it should be set
equal to 6x1074.

We may note that, above a body Repr of about 2000, the gas-phase wall
friction factor is essentially independent of Reg. In this region it depends
primarily on the relative wall roughness ks/R, as in ordinary flow through
pipes. We can also observe that f,; becomes independent of ks /R for Reg <~
1000, that is, in the ‘laminar’ flow regime. This too is analogous to ordinary
flow in pipes.

Figure 6.1.3 is useful in showing thow the (solids free) gas friction factor in
conical- and cylindrical-bodied cyclones varies with cyclone Reynolds number
and relative wall roughness, that is fu:r = f(ks/R, Rer). Even so, if we wish
to incorporate it into a cyclone computer model, we need to express this
functional relationship in equation form. Although the dependency between
the variables shown in Fig. 6.1.3 is very nonlinear, and difficult to “fit”, the
authors have developed a set of equations that fit the entire range of fuir, ks/R
and Rep values shown in Fig. 6.1.3 for both conical- and cylindrical-bodied
cyclones. These empirical equations have a maximum error of about 20 to
22% relative to the data points shown in Fig. 6.1.32. This error decreases, of
course, with increasing solids loading. The gas phase friction factors computed
with the empirical curve fits shown below have proven sufficiently accurate
for most design applications.

For either conical or cylindrical-bodied cyclones, we can express the gas
friction factor as the sum of two components—that for smooth wall, fs.,, plus

! If programming the computations, one could first compute Regr by neglecting the
squared term in Eq. (6.1.6), compute vgcs as described, and then use this value of
vgpcs to compute a new Reg, repeating the procedure until no appreciable change
occurred in the value of either Rer or vgcs.

In a lightly loaded cyclone where in friction is dominated by the gas friction factor,
a 22% error in the latter will typically correspond to an 8% error, approximately,
in the cyclone’s computed dso cut size.

N
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Fig. 6.1.3. Cyclone gas-phase wall friction factors for both cylindrical (top) and
conical (bottom)-cyclones as a function of body Reynolds number and relative wall
roughness. (Muschelknautz and Trefz, 1991). In the notation of this book: Ao = fair;
Te :Rin; Vg = Vzw; h = H; Um = V.gm; Tm = Rm; re = R

an added contribution due to wall roughness, f,:

fair :fsm+fr- (618)
For conical-bodied cyclones:

fsm = 0.323Re 002
2.38\ ~2 -1

F ) 1.60 " 2.25 x 10°

= o  EEEE—— .
" & ke —0.000599 Ref (% —0.000599)0-213
(6.1.9)

For cylindrical-bodied cyclones:
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fsm = 1.51Rep"?

2.59\ ~2 4
5= 1.29 (1 L 214 x 105> (6.1.10)
r=|log| — - .
¢ k2 — 0.000599 Re};0t

Ta

When applying the above equations, if the computed relative wall rough-
ness ks/r, turns out to be less than that for a smooth-walled cyclone (see
lowermost curve for conical and cylindrical-bodied cyclones in Fig. 6.1.3),
ks /7, should be set equal to that of a smooth-walled cyclone, i.e. 0.0006. Oth-
erwise an error will occur during the computation of f,. when the logarithm
of a negative number is attempted.

As mentioned in Chap. 4, the total frictional drag, f, within a cyclone
consists of two components in the MM: that due to drag on the (pure) gas
phase (fqir discussed above) and that due to an additional drag imposed by
the moving strand of solids which is present at the walls. The expression for
the total friction factor becomes:

—0.625
OF xT
f = fair +0.25 (E) 1ot TP (6.1.11)
R, Pstr

The second term in this equation is the frictional contribution due to the
solids. This term depends on a number of geometrical and fluid flow variables,
including a few which we have not introduced thus far. These include the
density of the ‘strand’ of particles along the wall, rhog,-, the cyclone’s overall
collection efficiency, n and the Froude number for the flow out the vortex
tube, F'r,.. This expression for f can be compared with the earlier and simpler
version, Eq. (4.2.9).

The quantity n is the overall efficiency, that is, the fraction of incoming
solids collected by the cyclone. However, one does not know its value at this
stage in the computations. Hence, we must assume a value for 7 initially and
update it later in the computations, if necessary. Happily, this is seldom neces-
sary or is a minor correction since most cyclones operate at overall efficiencies
that are on the order of 0.9 to 0.99+ (or 90 to 99+%). This relatively high effi-
ciency can be due to a number of factors including the processing of relatively
large and/or dense particles or to the ‘mass loading’ effect (sometimes referred
to as ‘limit loading’ or ‘saltation’ effect). In the MM this mass loading effect
refers to the separation of that fraction of the incoming solids that exceed the
‘limit loading’ concentration, c,z,. We will discuss this ‘limit loading’ concept
a bit more later.

In contrast to the high solids loading case, at low solids loadings the factor
cé/ % forces the entire term representing the solids contribution to the overall
friction factor to small values. Under such conditions, it matters little what
value one uses for . But independently of how close our initial estimate of 7 is
relative to the ‘final’ computed value, one can always repeat the computations
with an updated value for 7 derived later from the computations. Moreover,
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this procedure can be repeated, as necessary, until the change in 7 is less than
some specified tolerance value such as +1%.

The pst term, which represents the bulk density of the dust or strand layer
at the walls, is approximately equal to 0.3 ppyixto 0.5 ppuik, where ppyi is the
bulk density of the solids at rest. Lacking better information, it is reasonable
to assume a strand density equal to 0.4 ppyik-

The last term we wish to define in Eq. (6.1.11) is the Froude number.

Vg

V2R g

where v, is the superficial axial velocity through the inlet section® of the
vortex tube.

Fry = (6.1.12)

6.2 Computation of the Inner Vortex Cut-Point, x5q

A very fundamental characteristic of any lightly-loaded cyclone is its cut-point
diameter or cut size, xsg, produced by the spin of the inner vortex. This is
the particle diameter that has a 50% probability of capture. As discussed
elsewhere in this book, the cut size is analogous to the screen openings of
an ordinary sieve or screen although, with a cyclone, the separation is not as
sharp as that of a sieve.

In lightly-loading cyclones, x5¢ exercises a controlling influence on the cy-
clone’s separation performance. It is the parameter that determines the hor-
izontal position of the cyclone’s grade-efficiency curve (fraction collected vs.
particle size). However, under high solids-loading conditions (‘high’ can mean
solids-to-gas inlet loadings, c,, as small as about 0.01, or less, for smooth,
small-scale units), mass loading effects within the entrance zone will domi-
nate the cyclone’s separation performance. When this occurs, any additional
separation generated by the rotating inner vortex is normally small (in terms
of mass of total feed solids collected) in comparison to that produced by the
effect of mass loading.

In what follows, we will first present the MM for computing a cyclone’s
50 cut-point which governs the performance under lightly loaded conditions
(wherein the inlet loading ¢, is less than the ‘limit loading’, ¢,r,, prior to
describing the separation process experienced at higher loadings.

In order to compute x59, we must first compute the tangential velocity of
the gas at the ‘inner core’ radius Recg. (See Figs. 6.1.1 and 6.1.2) This velocity
follows from the expression

R/R,
Vocs — Vow i‘ / )R = (6.2.1)
1+ f Rvegcs/ /R

3 Upstream of any flow expansion that may occur within the vortex tube.



6.2 Computation of the Inner Vortex Cut-Point, x50 119

where Ap is the total inside area of the cyclone contributing to frictional drag
(as in the Stairmand model for cyclone pressure drop in Chap. 4). As shown
in Fig. 6.A.1, it encompasses the inside area of the roof, the barrel cylinder,
the cone, and the external surface of the vortex tube. Thus:

AR = Aroof + Abarrel + Acone + Avt
=n|R*~R24+2R(H — H.) + (R+ Ry)\/H2 + (R—Rd)2+2R$S}
(6.2.2)

This expression is also given in Appendix 4.A.
Knowing Ag, we are now in a position to compute vgos from Eq. (6.2.1),
which is needed in the computation of the cut-point diameter of the inner

vortex:
1814 (0.9Q)
= ac . 2.
0 =T \/ 2 (5 — 1) Vs (= 5) (62:3)

This equation is a variation of Barth’s famous expression for a cyclone’s
cut-size, Eq. (5.2.1). In fact, the two equations become identical if we neglect
the roof ‘leakage flow” and the gas density (relative to that of the solids), and
set the @4 term equal to 1. This x4 term is simply a correction factor
that may be applied, if desired, to force the computed cut point to match that
observed in practice. It normally falls within the range of about 0.9 to 1.4.
No such factor, however, has been applied in the example problems reported
later in this chapter.

Outside

Inside

Fig. 6.2.1. Areas contributing to the area Agr term in Eq. (6.2.1)

Like the Barth equation, Eq. (6.2.3) is strictly valid only when the particle
size being computed is settling in the Stokes law regime. One may check that
this is the case by computing the particle Reynolds number:
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!
_ PU{50%50

Re
P [

(6.2.4)

where U’y5p is the terminal velocity of the cut-sized particle rotating in CS
(in Appendix 6.B and Fig. 6.1.2 U’45 is used about a similar particle in the
inlet region):

Q

2nR.Hcg'

If Re, <~ 0.5, Stokes law applies. In the rare case that it does not, one may
use:

Upsg = vrcs = (6.2.5)

0.875
0.375p0.25 U’

£50 (6.2.6)

Is50 = 518” }0.625

|: (pp _p)Ugcs

R.

which was derived from a simple, steady-state force balance relating the parti-
cle’s drag to the centrifugal force at radius R,. In this case, the drag coefficient
used is the empirical relation,

18.5 .
Cp = o0 s valid for 0.3 < Re, < 1000. (6.2.7)
P

Equation (6.2.6) may be used with any consistent set of units. Thus, if one
selects the units of kilograms, meters and seconds for the dimensions of mass,
length and time, the answer will be in meters. If one uses the lb-mass, foot
and second set of units for mass, length and time, the answer will come out
in feet.

6.3 Computation of Efficiency at Low Solids Loadings

In this section we will compute the grade-efficiency curve and overall separa-
tion efficiency at low inlet solids (classification only) loadings (¢, < ¢or,). The
grade-efficiency curve for a given cyclone expresses the functional dependence
of separation performance upon particle diameter. As discussed in Chap. 3, it
is normally an s-shaped function satisfying the limits:

n—0asz—0
n — 1 for z > x5¢ (theoretically, as © — oc0) (6.3.1)
1 = 0.5 for x = x5 (the defining equation forz;0)

The grade-efficiency curve 7 is normally defined with the use of just the two
parameters: the cut size, x50, and a ‘slope’ m. A variety of equations have
been proposed to represent n(zsp, m) but, as pointed out in Chap. 5, one of
the simplest and more practical forms is:

—_

N = ——F——m (632)

1 + (I50)77L7
Zq
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which is the discrete equivalent of Eq. (5.2.2), but with the exponent variable.
If we have grade-efficiency data for a given cyclone we can test this equation
to see how well it represents the cyclone’s grade-efficiency performance. We
do this by plotting ln(% — 1) vs. Inz; and noting how well the plotted data
define a straight line. The quantity m is the negative of the slope of the line
that best fits the plotted data points.

Depending on the particular design, the slope thus found can vary any-
where from about 2 to 7 for this particular grade-efficiency function. If one
is designing a new cyclone for which no grade-efficiency data is available, we
suggest choosing a slope on the basis of experience with a similar design (simi-
lar size and operating environment), if possible. Lacking such information, we
suggest using a ‘typical’ slope of about 3. For well-designed, smooth walled
cyclones, one often observes slopes in the 4 to 6 range. We choose a value
of 5 for the purpose of simulating two laboratory cyclones in the example
calculations presented at the end of this chapter.

A large m (in the range 4 to 7) is characteristic of a cyclone having a sharp,
nearly ‘stair-step’ shaped, grade-efficiency curve. Such a unit tends to behave
like a sieve—collecting all particles greater than x5g but allowing smaller par-
ticles to pass through (out the overflow). Conversely, a cyclone that has a
relatively small m has the opposite characteristics and is often evidence of an
excessive amount of internal mixing stemming from poor aerodynamic design
or poor mechanical condition. The latter would include rough walls, eroded
walls, holes, leaking gaskets, upflow, wall depressions and/or protrusions, and
the presence of wall deposits.

When one is designing a new cyclone system, it is customary to perform the
calculations indicated above to find z5¢, choose a slope—based on experience
or otherwise — and then use Eq. (6.3.2) to compute points on the cyclone’s
grade-efficiency curve, 7; as a function of z;, using the known x5y and m.

The overall collection efficiency is obtained by first dividing the feed into
N size fractions, each fraction comprising a known fraction of the total mass of
feed solids. Next, each of these mass fractions is multiplied by the efficiency of
capture for the average particle size of each fraction. This efficiency of capture
is that computed from the grade-efficiency curve. The sum of all N fractions
thus computed is the overall collection efficiency. Mathematically, this may be
expressed as,

N
n=>Y nixAMF, (6.3.3)
i=1

where AMF; is the ' mass fraction. This is the discrete equivalent of
Eq. (3.2.8).
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6.4 Determining if the Mass Loading Effect will Occur

Next we determine whether the mass loading effect (saltation) will occur.
According to the MM, the amount of solids that the gas phase can hold in
turbulent suspension upon its entrance into a cyclone depends on the mass
average (the median) particle size of the feed, &,,cq, the cut-point of the inner
vortex, x50, and, to a lesser extent, on the inlet loading itself, ¢,. This limiting
or limit-loading is:

Cor = 0.025 (;50 ) (10¢0)"" for ¢, > 0.1 (6.4.1)
med
and
cor = 0.025 ( 50 > (10¢,)" for ¢, < 0.1 (6.4.2)
Tmed
where
k=—0.11-0.10Inc, (6.4.3)

Now, if ¢, < ¢op, then saltation does not occur upon entrance into the cyclone
and the comparatively simple method for computing the cyclone’s separation
performance, as described in Sect. 6.3 above applies. Factors that may lead to
this scenario include low solids loadings, ¢,, a fine feed particle size distribution
(i.e., small Z;,eq), and a large inner vortex cut-point diameter, x5o. The latter
is normally associated with large-diameter cyclones, cyclones incorporating
rough, erosion-protecting liners, low volumetric flow rates, low density feed
solids and/or high-density gases. It is also associated with poorly designed
and/or damaged cyclones.

If ¢, > ¢,1, then saltation will occur and the MM asserts that the cyclone
will, in effect, become a two-stage separator: the weight fraction of incoming
solids exceeding the limit-loading will be centrifuged to the walls almost im-
mediately upon entry. The fraction that remains in turbulent suspension will
then be subject to separation within the inner vortex according to its particle
size distribution. Accordingly we end up with both a ‘mass loading’ and a
‘classification’ type of cyclone separator operating in series with one another.
This whole notion is also discussed in Chap. 9, where we discuss the effect of
solids loading in light of experimental results.

6.5 Overall Separation Efficiency when ¢, > c,r,

Here, we will determine the overall separation efficiency for saltation condi-
tions, i.e. when ¢, > ¢,r. This efficiency includes the efficiency due to saltation
in the inlet and the efficiency due to classification in the inner vortex. A por-
tion of the incoming solids that is not collected by the former is collected by
the latter, so that the total efficiency becomes (see also Chap. 9):
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N
CoL CoL
=(1- i X AMF; 5.1

(o} (o} i=1

where, again, AMF; is the i*® mass fraction and 7; is the capture efficiency
for the i size fraction computed via Eq. (6.3.1) with x50 obtained from
Eq. (6.2.3).

Fig. 6.5.1 is presented to help visualize the mass loading (“saltation”) and
classification phenomenon that exists in the general case when the incoming
mass loading exceeds the limit-loading. This illustration, which is a simple
material balance, was created for a unit mass entering the cyclone over some
arbitrary time interval. Note that the underflow solids quantity, divided by the
feed solids quantity (unity), gives the overall collection efficiency as presented
by Eq. (6.5.1).

1 - (cor/co)Zmi AMF;

CoL/co
classification|
1 (unit mass)
mass
loading
1
(Ccol/Co)Zmi " AMF;
1- C‘,]_/C0

1- cor/co (CQL/CO)Zni AMF;

Fig. 6.5.1. General case illustrating both mass loading and classification phenomena
that can transpire within a single cyclone

In addition to the normal feed particle size distribution that enters the
cyclone, Muschelknautz and co-workers (Muschelknautz and Trefz, 1990, 1991;
Trefz, 1992) have modified their earlier cyclone model (or models) to include
an ‘inner feed’ or ‘inner feed particle size distribution’. The concept here is
that, if the inlet solids loading’ exceeds the ‘limit loading’, some portion of
the incoming feed solids will quickly separate out but those that don’t will
have a somewhat finer particle size than that feeding the cyclone. It is this
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finer particle size distribution that actually reports to the inner vortex core
for final separation based on particle size.

Although the concept of both an inlet and an inner feed particle size distri-
bution has some appeal, and may even lead to some improvement in the basic
model’s overall predictive capabilities, its inclusion complicates the compu-
tations considerably. Moreover, test data show that the separation efficiency
improves almost uniformly throughout the particle size range with increas-
ing solids loading, indicating that the extra material separated in the inlet is
largely unclassified. The notion of an inlet cut size does not agree with this
evidence, unless the inlet cut is so shallow as to be of only secondary practical
importance. For these reasons we will not include this part of the model in
the main text. A description of our interpretation of the method is presented
in Appendix 6.B where we also discuss the issue further, and show that the
classification in the inlet is, indeed, not very strong. Trefz (1992) and Greif
(1997) report further details of this part of the model.

6.6 Computation of Pressure Drop

We discussed the issue of pressure drop over a cyclone with tangential inlet in
Chap. 4. The influence of solids loading on the pressure drop will be discussed
qualitatively in Chap. 9. The effect can be explained simply as the consequence
of increased wall friction caused by the solids on the wall.

According to the MM, pressure loss across a cyclone occurs, primarily, as a
result of friction with the walls and irreversible losses within the vortex core,
the latter often dominating the overall pressure loss. Inlet acceleration losses
may also occur.

The wall loss, or the loss in the cyclone body, is given by,

fArp (vewvecs)1'5
2 x 0.9Q

Apbody = (661)

The loss in the core and in the vortex finder is given by,

vocs \” voos\* | 1 2
24 ( v ) +3( v ) o PVz- (6.6.2)
These two equations can be compared with Eqgs. (4.3.3) and (4.3.4) from the
model of Barth.

In some installations, the incoming gas-solid mixture must be accelerated
from a region of low velocity to that which exists at the entrance of the cyclone.
Such a condition would exist at the inlet to a highly-loaded primary cyclone
above a fluidized bed, for example. If we apply the mechanical energy balance
between a point located in the low velocity region (ahead of an inlet horn, for
example) and a point in the high velocity region (within the horn) we obtain
for the acceleration pressure loss,

Apx =
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o3 =ud)

Apacc = (1 + ¢co D)

(6.6.3)
where (1+4¢,)p is the density of the gas-solid mixture undergoing acceleration
from upstream velocity v; to downstream velocity vo. We have assumed here
that any ‘slip’ between the solids and the gas phases is negligible.

Thus, the total pressure loss is the sum of the wall and core/vortex finder
loss as well as the acceleration loss, if any:

Ap = Apbody + Apz + Apaco (664)

At low solid loadings, the core/vortex finder loss will generally dominate the
other terms in Eq. (6.6.4), as we also mentioned in Chap. 4. At these loadings
it may constitute 70 to 80% of the total loss. However, at high solid loadings,
¢, = 6 kg/kg, for example, and typical of that which could occur at the inlet
to a primary cyclone above a fluidized bed, the inlet acceleration loss could
constitute over 50% of the total pressure loss across the cyclone.

The total loss shown above is that which occurs from inlet to (gas) over-
flow and represents also the loss in static pressure over the cyclone. As a
rough estimate, the difference in static pressure between the inlet and the
(solids) underflow, under the point at which the vortex ends, is the same as
that computed by Eq (6.6.1) but without the core loss contribution. However,
if the vortex core happens to extend or ‘dip’ down to the underflow pipe, the
difference in static pressure between inlet and underflow can equal—or even
exceed—the total pressure drop from inlet to overflow.

6.A Example Problems

In order to gain some understanding of how well the above model can predict
reality, its predictions have been tested with the aid of three sets of carefully
measured performance data collected on three different cyclone test installa-
tions. The test conditions and results are presented below.

6.A.1 Simulation of Data from Hoffmann, Peng and Postma (2001)

Hoffmann and co-workers have performed measurements on a cyclone having
dimensions shown in Fig. 6.A.1. Physical property and flow data follow. These
results will also be discussed in Chap. 9.

The test conditions were:

Gas: air, atm. pressure; density, p = 1.2 kg/m?; viscosity, 4 = 1.8x107° Pas
Gas volumetric flowrate, @ = 0.04 m3/s and 0.08 m3/s
Particles: Snowcal 40 (chalk powder, Blue Circle Industries); particle den-
sity, pp = 2730 kg/m?; bulk density, ppur = 0.5p, = 1365 kg/m?

e Wall roughness, ks = 0.046 mm (commercial steel)



126 6 The Muschelknautz Method of Modeling

Feed Particle Size Distribution|
(PSD)
X Wit. Fraction b=0.04
(um) <X )
0.3 0.000 T T |
1.0 0.135 a=0.1 S=0.1
2.0 0.300 H-H-=0.3
.=0.
3.0 0.440 . i
34 0.500 l
5.0 0.630 D,=0.075 He 0.8
8.0 0.750
15.0 0.850 Hes = 0.7
30.0 0.940
40.0 0.975
60.0 1.000

Dy=0.075

Fig. 6.A.1. Dimensions, in meters, of the Hoffmann cyclone simulated herein and
the size distribution of the feed solids

Model Results

The following tabulated intermediate results were obtained on basis of the
Muschelknautz method described in the sections above for an inlet velocity
vin = 10 m/s, a solids loading of 4.5 g/m?, and a slope, m, for the grade-
efficiency curve, equal to 5:

o = 0.623 vgcs = 18.6 m/s

Arp = 0.46 m? Vg = 9.05 m/s

ks/R = 0.00046 — 0.0006 vres = U'ts0 = 0.243 m/s
Rer =749 50 = 1.68 pum

Vw =183 m/s Re, =0.027

Appody = 198 Pa Col = 0.00332 kg/kg
Ap, =689 Pa fair = 0.0058

Ap = 887 Pa f = 0.0071

The model predictions at 10 and 20 m/s inlet velocities, as a function of
inlet solids loading, are shown in Fig. 6.A.2.

Figure 6.A.3 presents the model’s predictions at 4.5 and 31.7 g/m? solids
loadings corresponding to two of the four sets of experimental grade-efficiency
data. Figure 6.A.4 presents the Muschelknautz predictions of the particle size
distribution of the overhead dust fraction at two different solids loadings.

The results shown above are encouraging in that the model is observed to
be reasonably capable of predicting both the trend and the absolute magnitude
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Over-all efficiency
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Solids loading (g/m®)

Fig. 6.A.2. The Muschelknautz model predictions as a function of inlet velocity
and solids loading

of the experimental data. However, the model is not capable of predicting
features like the minima or ‘hooks’ in the experimental data, seen around 4 to
7 microns in Fig. 6.A.3. One would, on basis of the MM, expect the measured
efficiency data to asymptotically decrease to some limiting value of zero or
some constant (depending on the mass loading effect) with decreasing particle
size. These minima in the data are probably the result of fines agglomeration.
They are commonly observed in cyclone installations that process very fine
feed solids, as is the case at hand. Such agglomeration is most likely the result
of the feed solids taking on an electrostatic charge in the inlet conveying
piping. Humidity can also bring about agglomeration of very fine particles. It
is well known, for example, that airborne dust levels sampled in manufacturing
sites decreases as the ambient humidity level increases. But, independently of
the cause, if fines agglomeration does occur, this would cause the fines fraction
of the feed to be collected with a greater efficiency than would be possible
otherwise.

The inner cut diameter, 59, of 1.68um predicted by the model is somewhat
larger than the 1.2 ym seen experimentally (see the curve for 4.5 g/m? in
Fig. 6.A.3). The MM shares this conservative efficiency estimate with some
other models for this size of cyclone, for instance, the Barth model described
in Chaps. 4 and 5 predicts an inner x5¢ of 1.56 pm for the same conditions.
The result is the underestimation of the overall efficiency at conditions of
low loading seen in Fig. 6.A.2. In large cyclones the picture is quite different,
predictions are more in line with experiment as far as the x5g is concerned.
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Fig. 6.A.3. The Muschelknautz model predictions of grade-efficiency at two differ-
ent solids loadings, compared with experiment. Inlet velocity: 10 m/s
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Fig. 6.A.4. The Muschelknautz model predictions of the particle size distribution
of the overhead dust fraction at two different solids loadings. Inlet velocity: 10 m/s

6.A.2 Simulation of the Data from Obermair and Staudinger
(2001)

Obermair and Staudinger have performed measurements on a cyclone having
a variety of dust outlet configurations. For illustration purposes, one was se-
lected for simulation herein and its geometry and dimensions are shown in
Fig. 6.A.5. Physical property and flow data at test conditions follow.

The test conditions were:

e QGas: air at standard pressure and 20°C; density, p = 1.21 kg/m3; viscosity,
pu=18x10"%Pas
e Gas volumetric flowrate, Q = 0.222 m3/s
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e Particles: limestone dust; particle density, p, = 2770 kg/m?; bulk density,
prutk =2 0.5p, = 1385 kg/m?; solids loading, ¢, = 0.00531 kg/kg
e Wall roughness, ks = 0.046 mm (commercial steel)

Model Results

The Muschelknautz method provided the following results. As in the preceding
example the slope of the grade-efficiency curve was set equal to 5.0.

o = 0.583 vgos = 27.7 m/s

AR =1.73 m? Vin =12.6 m/s

ks/R = 0.00046 — 0.0006 vres = U'tso = 0.360 m/s
Rer = 2110 50 = 1.92 ym

Uy = 2.55m/s Re, = 0.046

Appoay = 278 Pa cor, = 0.00302 kg/kg
Apx = 1481 Pa fair = 0.0040

Ap = 1759 Pa f = 0.0055

The model predictions of the cyclone’s grade-efficiency curve are shown
in Fig. 6.A.6. The model is seen to predict actual performance quite well for
particle sizes greater than about 2 pm but overpredicts actual performance for
smaller sized particles. In this case, the model predicts a mass loading effect
for the smaller sized particles that is larger than what was observed.

The measured total pressure drop in this particular study was 1297 Pa.
The model predicts 1759. The measured overall collection efficiency was 83.1%.
The model predicts 88.5%.

6.A.3 Simulation of the Data from Greif (1997)

Greif performed measurements on an experimental cyclone at various solids
loadings and distributions and vortex tube immersion depths and diameters.
Considerable attention was devoted to improving the limiting load at low
to moderate levels of solids loadings. For illustration purposes, one data set
was selected for simulation herein. Its geometry and dimension are shown in
Fig. 6.A.7. Physical property and flow data at test conditions follow.

e Gas: air at standard conditions; density, p = 1.20 kg/m?; viscosity, u =
1.8x107° Pa s
Gas volumetric flowrate, @ = 0.86 m?3 /s
Particles: quartz dust; particle density, p, = 2650 kg/m?; bulk density,
poutk = 0.5p, = 1325 kg/m?; solids loading, ¢, = 0.189 kg/kg

e Wall roughness, ks = 0.1 mm (commercial steel wall roughness)
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Fig. 6.A.5. Dimensions, in meters, of the Obermair and Staudinger cyclone simu-
lated herein and the size distribution of the feed solids
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Fig. 6.A.6. Predicted and actual grade-efficiency peformance of the Obermair and
Staudinger cyclone shown in Fig. 6.A.5
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Fig. 6.A.7. Dimensions, in meters, of the Greif cyclone simulated herein and the
cumulative size distribution of the feed solids

Model results

The Muschelknautz method provided the following results. As for the preced-
ing example, the slope of the grade-efficiency curve was set equal to 5.0.

« =0.725 vgos = 22.2m/s

Arp = 5.82 m? Vin = 12.7m/s

ks/R = 0.000222 — 0.0006 vres = U'tso0 = 0.575 m/s
Rer = 6168 50 = 4.47 pm

Ve = 1.86 m/s Re, =0.171

Appody = 284 Pa Col = 0.0157 kg/kg

Ap, = 1014 Pa fair = 0.00403

Ap = 1298 Pa f = 0.0107

The model’s prediction of the classification portion of the cyclone’s grade-
efficiency curve (i.e., that excluding the solids loading effect) is shown in
Fig. 6.A.8. Here, efficiencies are plotted as a function of the dimensionless
particle ratio x/xs59, where x is the particle diameter and 59 the cyclone’s
computed cut size. The model is seen to predict measurements reasonably
well although the ‘slope’ of the predicted s-shaped grade-efficiency curve (m
= 5) is greater than that of the experimental data.

Applying the model to the measured total separation curve, which includes
the mass loading contribution, one obtains the results shown in Fig. 6.A.9.
Here also, the model does a reasonably good job of predicting measured per-
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Fig. 6.A.8. Predicted and actual classification contribution to the total grade effi-
ciency performance for the Greif cyclone shown in Fig. 6.A.7

formance. It is not able, however, to predict the shallow dip in the data for
which a minimum is observed at an /x50 value of about 1.0.

As above, the efficiencies in Fig. 6.A.9 are plotted versus the dimensionless
particle diameter /x50, although it should be pointed out that Greif’s original
data were plotted as a function of the particle diameter divided by an ‘inlet
cut size’, as described in Appendix 6.B below. This inlet cut size differs from
50 by only about 0.2 micron for the case at hand, and this difference has
been neglected in Figure 6.A.9.
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Fig. 6.A.9. Predicted and actual total grade-efficiency performance of the Greif
cyclone shown in Figure 6.A.7

In summary, as we review the Muschelknautz model predictions presented
in Sections 6.A.1 through 6.A.3, we observe that the model is capable of
predicting actual performance reasonably well. This is especially encouraging



6.B Incorporation of the ‘Inner Feed’ 133

in light of the fact that no ‘fine tuning’ of the model was required to obtain
the results.

6.B Incorporation of the ‘Inner Feed’

As mentioned in the preceding section, Muschelknautz and coworkers have
extended their earlier cyclone model to allow the incoming feed particle size
distribution to change within the cyclone if the incoming solids concentration
exceeds the limit loading. The concept here is that the solids that are not
collected immediately upon entry, and which report on to the inner vortex
core, will have a somewhat finer particle size than those entering the cyclone.
This is another way of stating that any initial deposition of solids is selective
with respect to incoming particle sizes.

According to the ‘inner feed’ concept, both the incoming feed and the
inner feed have their own characteristic mass-averaged particle size (an ‘zsg’).
A grade-efficiency curve is applied to this inner feed in order to determine both
the size distribution and the quantity of those solids that are reporting to the
inner vortex that are captured. Under saltation conditions, the centrifugal
force acting on the incoming solids produces its own cut-point, x5¢;, for the
inlet wall region. This controls which particles come out of suspension (‘salt
out’) and which ones remain in suspension and then enter the classification or
inner-vortex zone. And even though the quantity or fraction of solids entering
the cyclone that salt-out is already known (the weight fraction of incoming
solids that exceed the limit loading), it is the inlet x50, that will mostly
determine the particle size distribution of the solids that report to the inner
vortex.

We begin by first computing the tangential velocity of the constricted
and somewhat accelerated incoming gas stream. This is an addition to the
MM. Earlier in this chapter, we calculated the wall velocity, vgy,, from the
constriction of the inlet jet using the ‘constriction coefficient’ @ shown in
Fig. 6.1.2, and then the inner tangential velocity vgcg from that. Now, to
calculate the effect of solids loading in the inlet region, we calculate a velocity,
vgin, Of the gas in the region of the cyclone just after the inlet. The equation
for vgsy, is very similar to that for vecs (Eq. 6.2.1):

(R/Rin)
1+ fAwWvewr/ R/ Rin

2Q

(6.B.1)

Voin = Vow

where Ay, unlike Ag, is the inside area of the barrel and the upper half
of the cone only. See Fig. 6.B.1.
Designating the area of the upper half of the cone Acone,th,
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AW = Abar'r‘el + Acone,th

=7 |2R(H — Ho)+ (R+ Ra) \/ (H/2)> + [R— 0.5 (R — Rd)]Q]‘ (6.B.2)

We also compute a similar rotational velocity midway down the cone at
radius Rs,

(R/R2)
14 fAerw\/R/R2:| ’

(6.B.3)

Vg2 = Vgw

which is used to compute a height-averaged tangential or centripetal acceler-

ation,
_ Vgin Vg2

Qi = .
<Rin>

(6.B.4)

. Here,

(Rin) = VRinR2 = /(R — 0.5ab) Ry. (6.B.5)

An incoming particle will reach the wall of the cyclone with a 50% prob-
ability if it has a settling velocity of:

Exclude
roof

Inside

Top half
only
(R+R)2 ——>

Fig. 6.B.1. Areas comprising the Aw term in Eq. (6.B.1)

0.9Q
24w

Knowing the settling velocity of the entrance cut size particle, we can now
compute its size using Stokes settling law (see Chap. 2) with the centripetal
acceleration replacing the acceleration of gravity,

U/t50 == (6B6)

U'5018u

T50in = (| 7—————-
" (Pp —p) Gin

(6.B.7)
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The above equation is strictly valid only when the particle size being com-
puted is settling in the Stokes law regime. One may check that this is the case
by computing the particle Reynolds number:

!
PU’ t50%50in
w

If Re, <~ 0.5, Stokes law applies. If not, one may use the equation,

Rep, = (6.B.8)

0.375 ,0.2577/0.875
p"=U'50

1
T50in = 5.18 (pp ~ p)0'625 a?ﬁ625’
which is valid for 0.3 < Re, < 1000.
The entrance cut-point, zs5¢;,, establishes, or helps to establish, the inner
feed particle size distribution which we will now compute.
As noted earlier, if the inlet loading ¢, is less than the cyclone’s limit-
loading c¢,z,, then no saltation occurs and the calculations of the cyclone’s
performance is conducted according to Sect. 6.3. On the other hand, if

(6.B.9)

co > 4cor, (6.B.10)

then the average particle size of the inner feed equals the entrance cut-point
diameter:
TmedCS = T50in- (6.B.11)

The functional form of this inner-feed particle size distribution cannot be
rigorously computed at this time. Even so, it is reasonable to assume that it
should resemble that of the particles entering the cyclone. Thus, if a Rosin-
Rammler distribution described the feed size distribution, then the inner feed
should have this same functional form. Many feeds can be represented by a
distribution function that is identical in form to the grade-efficiency equation

shown in Eq. (6.3.1):

MF; = L (6.B.12)

1 + (x'rn;(;CS)
where M F; is the mass fraction of particles in inner feed < size xz;. If the
functional form shown in Eq. (6.B.12) can reasonably describe the incoming
feed then one should use its slope, m, in the above equation.

Independently of the equation selected to describe the inner-feed particle
size distribution, all such equations can only be regarded as rough approxi-
mations to the true size distributions. Fortuitously, perhaps, in most practical
situations wherein saltation or mass loading effects occur, the effect tends to
dominate the overall collection process and so only a small portion of incoming
solids ever report to the inner vortex. As a consequence, the overall collection
efficiency is not highly sensitive to the choice of distribution function for the
inner feed. If, however, one is only interested in the loss fraction, a differ-
ence in the total overall efficiency of 0.9992 and 0.9998, for example, can be
significant since, in this case, the amount lost differs by a factor of 4.
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If the inlet loading falls in the range,
Cor, < Co < deor, (6.B.13)

the average particle size of the inner-feed particle size distribution becomes

1
0.75

CoL
TmedCS = Tmed — (xmed - x50in) (1 -2 ) (6B14)

Co

where, again, Tm,eq is the mass average (median) particle size of the solids
feeding the cyclone and x50, is that for the inner feed.

As shown above, we may now substitute Eq. (6.B.14) into Eq. (6.B.12)
to obtain a rough estimate of the inner feed particle size distribution for the
intermediate case where Eq. (6.B.13) applies.

The overall or total efficiency under saltation or mass loading conditions
includes the saltation efficiency and the classification efficiency. A portion of
the incoming solids that is not collected by the former is collected by the latter
according to:

N

n= (1 - C"L) + LN AMF, (6.B.15)
Co o =1

where, again, AMF; is the i*® mass fraction and 7; is the capture efficiency

for the i size fraction computed via Eq. (6.3.1) with x50 obtained from

Eq. (6.2.3).

We wish to add that the concept of an inlet cut diameter leads one to
expect grade-efficiency curves starting at, or close to, zero at higher loadings
also (i.e., under mass loading conditions). This, however, is not consistent with
practice, where one finds that the entire grade-efficiency curve is displaced
upward as the solids loading is increased, i.e. that there is a more or less
uniform improvement in the collection of all particle sizes due to the effect of
solids loading (see Appendix 6.A.1, Hoffmann et al. (1992) and Greif (1997)).

The author’s experience is (and the second example in Appendix 6.A also
indicates this) that the modeling of the effect of solids loading in some cases
may improve by assuming some classification of the material separated in
the inlet region due to the effect of loading. However, to be consistent with
practice, the cut in the inlet region would have to be very shallow.

Greif (1997) has looked at the classification in the inlet, and his results,
shown in Fig. 6.B.2; confirm that the ‘cut’ in the inlet is very shallow. In
fact, it can be said that the large particles are removed completely, while
the small ones are removed with a high, and almost uniform, efficiency. The
ramifications of this will be discussed further in Chap. 9. Note that the results
shown in Figs. 6.A.9 and 6.B.2 are not the same, although they look similar.
Figure 6.A.9 shows results for the overall efficiency; 6.B.2 the classification in
the inlet.

As mentioned, to be consistent with practice, the grade-efficiency curve
describing the collection efficiency as a function of particle size in the inlet
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Fig. 6.B.2. Classification of the material salting out in the inlet region of a cyclone
with D = 90 cm according to Greif (1997). The ‘inlet cut size’ xs50in was 4.2 pym,
while the density of the test dust was 2650 kg/m®

region would have to be very shallow or insensitive to particle size, precisely
as Fig. 6.B.2 indicates.
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Computational Fluid Dynamics

We have examined some of the most widely acclaimed and cited cyclone mod-
els. There is one more way of predicting the flow pattern, pressure drop and
the separation efficiency in cyclones and swirl tubes, however: by Computa-
tional Fluid Dynamics, or ‘CFD’ for short.

In CFD, the equations governing the flow of the gas: the Navier-Stokes
equations, are written in a ‘finite difference’ form, and solved with the aid
of a computer on a grid of points spanning the body of the separator. The
particles can either be treated as a sort of second fluid in the cyclone, or as
individual particles, which can be tracked in the precalculated gas flow field.

The gas flow in the separator is turbulent, and this creates one problem
when using CFD. In principle, if the computational grid could be made fine
enough, CFD could be used to solve the Navier-Stokes equations directly,
and the turbulence would automatically arise in the simulation. In ‘direct
turbulence modeling’ such CFD simulations are already being carried out in
small, simple geometries, and this field is advancing fast as the computational
power increases. However, in real processing equipment, this is not possible
yet. The number of grid points and time steps required is too high.

For this reason ‘turbulence models’ are required. These are meant to mimic
the influence on the turbulence on the mean gas flow pattern. Correctly mim-
icking the effect of the turbulence is especially difficult in swirling flows, and
we will, among other things, look more closely at this issue in this chapter.

We shall turn now from the gas flow to the flow of the particles. The
particle flow can be modelled in two ways. One is the ‘Eulerian’ approach,
where the particles are considered a second ‘fluid’ interpenetrating the gas and
interacting with it, in accordance with the known interaction laws, normally
Stokes’ drag law. The advantage of this method is that, not only is it relatively
easy to incorporate the effect of the gas on the flow of the particles, but it
is also relatively easy to incorporate the effect of the particles on the flow
of the gas (the ‘coupling’ between the two phases). The other approach is
‘Lagrangian’ particle tracking, where the movement of a single particle is
followed, solving its equation of motion as it is tracked through the gas flow
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field. Using this technique, therefore, the effect of the gas on the motion of the
particle is calculated directly. On the other hand, the effect of the particles
on the gas flow pattern is more difficult to account for in the simulation®.

7.1 Simulating the Gas Flow Pattern

We first discuss simulation of the gas flow pattern. We will outline what it
means to write finite difference equations for CFD simulations, and explain
briefly the principle behind turbulence modeling. There exists an extensive
literature on CFD, in general, and CEFD in cyclones in particular. However, it
is not possible to cover all the detail here, and so our discussion will have to
be qualitative. The reader is referred to the literature for further information.

The CFD technique is introduced in the book of Patankar (1980). This
book is now dated in terms of computational capabilities, and in some of
the most recent methods used, but it is an excellent and very lucid introduc-
tion to the principles behind CFD. We can warmly recommend it. Another
introduction is by Versteeg and Malalasekra (1996).

7.1.1 Setting up the Finite Difference Equations

In CFD, finite difference equivalents of the differential balance equations are
solved in a ‘computational grid’. The computational grid consists of ‘node
points’ at which we wish to calculate the dependent variable, which can be
the temperature, the concentration of some chemical component or, as it is
in the Navier-Stokes equations, the momentum (mass times velocity). A one-
dimensional finite difference grid is sketched in Fig. 7.1.1.

Differential balance equations for some quantity ¢, which could be the
concentration of some chemical species, or the z-, y- or z-momentum, are given
in Appendix 7.A. We wish to give an idea of how finite difference equations are
formulated by presenting a finite difference equivalent of the one-dimensional
balance equation, Eq. (7.A.2), in its steady state form:

Op 0%
0="5-v oz 0x?’

There are different ways of doing this. One way is to take the differential
equation, and substitute estimates for the first and the second derivatives in
terms of the values of the dependent variable at the grid points. The definitions
of the first and second derivatives indicate that we should take:

(7.1.1)

Ay Yit1 —pi-1 0% i1+ ic1 — 2
— — and: — — .
ox 2Ax 0x? Az?

! Generally speaking, ‘Eulerian’ indicates that the frame of reference for the de-

scription of the flow field is stationary, while ‘Lagrangian’ indicates that the frame
of reference is a material particle, i.e. following the flow.

(7.1.2)
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Fig. 7.1.1. Sketch of a one-dimensional computational grid

Inserting this in Eq. (7.1.1), we get the finite difference equation:

o Pl TPic1 Qi1+ Qio1 — 20
0=8-u,7" D = . (7.1.3)

This can be rewritten as:

2Dp; D Vg D Vg
A;Z =S+yi (m - E) + Qit1 (m - 2A$> . (7.1.4)

We have thus obtained an algebraic equation for ¢ at node point ¢ in
terms of the values at the neighboring points. The set of equations for ¢ at
all the node points can be solved iteratively to obtain the flow field. This is
the principle of CFD.

Another way of formulating finite difference equations is to perform the
balances in ¢ directly on the computational cells. Eq. (7.1.4) could have been
derived by performing the same balance on the cell in Fig. 7.1.1 as that on the
differential element in Appendix 7.A. To obtain Eq. (7.1.4), when performing
the balance, we make the following choices for the values of ¢ and its gradient
at the cell boundary between node i-1 and i2:

Yi—1+ i e pi— it
— and: — —

7.1.5
v 2 Ox Az ( )
-and similarly for the boundary between ¢ and i+1:

0 — Pit Piv and: 9 _ Pl T (7.1.6)

2 " Ox Az

2 Obviously in this case we also need to assign values to v, at the left and right
cell boundaries in terms of its values at the grid-points. We only obtain the same
equation as (7.1.4) if the value v, at the central node point is assigned to both
boundaries. One possible choice is to use the average between the two node-points
surrounding the boundary in question.
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We leave it to the interested reader to perform this balance. A third way
of formulating finite difference equations is to integrate the differential bal-
ance equations over the computational cells. This is explained in the book of
Patankar.

Finite difference schemes based on the principles above are called ‘cen-
tral differencing’. Central differencing schemes have stability problems in sit-
uations where convective transport is significant compared to the diffusive
transport. Various methods have been devised to overcome this problem. The
‘upwind scheme’ assigns the value of ¢ at a cell boundary to be the value at
the node point from which the fluid is flowing, rather than the mean as in
Egs. (7.1.5) and (7.1.6).

In addition to the central differencing and upwind differencing schemes,
which are ‘first-order’ schemes, another popular finite difference scheme is the
‘QUICK’ scheme, a ‘second-order’ upwind differencing scheme. Higher order
means that more node points are involved when estimating the values of the
dependent variables and their derivatives for formulating the finite difference
equations.

7.1.2 Turbulence Models

It was mentioned at the start of this chapter that direct turbulence modeling is
not yet possible. It is therefore necessary to mimic the effect of the turbulence
on the mean flow pattern by means of some model.

When the velocity components in the Navier-Stokes equations are split in
two parts:

e a fluctuating part due to the turbulence with a mean of zero and
e a mean part,

and the equations are then time-averaged, the effect of the turbulence appears
as extra stresses augmenting those caused by the molecular viscosity. These
extra stresses are called the ‘Reynolds stresses’. There are 9 Reynolds stresses,
3 in each of the three coordinate planes. It can be shown that the Reynolds
stress tensor is symmetrical, so that only 6 of the stresses are independent.
We have to refer to a text on fluid dynamics for a satisfactory discussion of
these issues.

Reynolds stresses again give rise to the notion of a ‘turbulent viscosity’
augmenting the molecular one. In most practical situations, the turbulent
viscosity turns out to be much higher than the molecular one. Contrary to the
molecular viscosity, the turbulent viscosity needs neither to be homogeneous,
i.e. the same at all points in the flow field, nor isotropic, i.e. the same in all
directions.

For the reader’s awareness, we briefly describe the most used turbulence
models below.

In the ‘k-e turbulence model’, balance equations are solved for the turbu-
lence kinetic energy per unit mass, k, and the dissipation rate of the turbu-
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lence per unit mass, €, and a turbulent viscosity is calculated from these two
parameters. The turbulent viscosity found is necessarily isotropic.

In the ‘Reynolds stress model’, or ‘RSM’ for short, transport equations
(differential balance equations similar to the balance equations derived in Ap-
pendix 7.A), are solved for all 6 independent Reynolds stresses. These trans-
port equations can be formulated by manipulating the time-averaged Navier-
Stokes equations, but it is very time consuming to solve all these coupled
equations.

In the ‘algebraic stress model’ or ‘ASM’, the transport equations for the
Reynolds stresses are rewritten as algebraic expressions by assuming that the
‘transport of the stresses’ around the flow field is proportional to the transport
of the turbulent kinetic energy, k.

The ASM gives conceptual problems in swirling flows, and for this rea-
son Boysan et al. (1986) formulated a hybrid between ASM and RSM in
which transport equations for some stress components are solved, while, for
the rest, the algebraic expressions from the ASM are used.

The newest technique is ‘Large Eddy Simulation’ or LES, where the larger
eddies, which are mostly responsible for anisotropy in the turbulence, are
simulated directly, while the effect of the smaller eddies is accounted for in
a simple turbulence model. Thus this is an intermediate step toward direct
turbulence modeling.

7.1.3 Simulations

In this section some of the most recent CFD results are shown, illustrating
how well CFD simulations match reality at the time of writing this book,
and the sort of useful information CFD can give. Obviously, CFD is a very
dynamic and rapidly changing field of research, as simulation software and
hardware continue to improve at a rapid pace.

First we illustrate the significance of the turbulence model. It has long been
known that the workhorse of turbulence modeling, the elegant k-¢ model, does
not suffice for strongly swirling, confined flows. Simulations based on the k-
€ model will normally give tangential velocity profiles much like solid-body
rotation, nothing like the measured near-Rankine type profiles (Chap. 3).
Other, more sophisticated, turbulence models are therefore normally used for
cyclone modeling. Figure 7.1.2 shows profiles of the tangential and axial gas
velocities in a Stairmand HE cyclone using RSM and LES, respectively. The
profiles are compared with profiles measured by LDA (see Sect. 10.1). It is
clear that the simulations globally agree with the measurements, although
there are significant differences in detail, as there is between the turbulence
models mutually.

Not only can the turbulence model influence the simulated flow pattern
significantly, but also the finite differencing scheme. In Fig. 7.1.3 profiles of
axial velocity from simulations with a first order and a second order differ-
encing scheme are compared (Phyfe, 1999). Two different turbulence models,
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the ‘Renormalization Group k-¢ model’ and the RSM are used. The simula-
tions agree well between the turbulence models (for the first order schemes
the two turbulence models agree precisely), but they are significantly different
between the finite differencing schemes. Measured values of the axial velocity
are also shown in the figure; they agree roughly with the second order schemes.
This illustrates a danger in CFD: the profiles generated using the first order
differencing schemes look quite plausible if one does not have the other data,
and the two profiles even agree very well with each other. Nevertheless, the
profiles are quite different from those measured. First order schemes are sus-
ceptible to ‘numerical diffusion’. Numerical diffusion has an effect similar to
viscosity when solving the Navier-Stokes equations, but is caused purely by
numerical inaccuracy. Flows with a strong cross-grid component, such as in
cyclones, are particularly sensitive to this.

It is probably fair to say that the main strength of CFD at the present
time is that it can reveal features of the flow that are otherwise difficult to
ascertain, rather than its power to predict cyclone and swirl tube performance
from first principles. Figure 7.1.4 shows profile plots for the tangential velocity
in the inlet region of a cyclone with a tangential inlet (McAuley and Dries,
2000). An area of low tangential velocity, visible as the smooth gray area in
the left-hand figure, prevails around the ‘back’ of the vortex finder pointing
away from the inlet. This area of low near-wall gas velocity is a problem in
cyclones with a tangential inlet, since the particles are prone to depositing on
the wall here, sometimes giving rise to operational problems. In certain fluid
bed coking and FCCU operations, large deposits of slate-like coke will often
form in this stagnant region of the cyclone.

Figure 7.1.5 shows isosurfaces of swirl velocity (surfaces in which the swirl
velocity is constant) colored according to pressure, generated by a large eddy
simulation incorporating a sub-grid Smagorinsky (mixing length) eddy viscos-
ity. Also instantaneous streamlines for the gas flow are shown; in the left figure
these are white, and in the right they are colored according to the pressure.
In the gray-scale images, the most important colors are indicated. The outer
isosurface is obviously one wherein the swirl velocity takes a low value, since
it is near the wall. It therefore follows the outer contours of the cyclone. We
showed in Sect. 4.4 that, within the cyclone body, the swirl velocity is almost
constant in the axial direction. The isosurfaces should therefore be cylindrical
within the body, and this can be seen vaguely in the left half of the left-hand
figure.

The irregularity in the color of the outer isosurface appears to indi-
cate wave-like fluctuations in the near-wall pressure, i.e. near-wall turbulent
boundary layer structures, consistent with what has been stated about the
instability of the near-wall flow in Sect. 3.1.1. The low pressure in the inner
part of the vortex and in the vortex finder is clearly to be seen. A very low
pressure can be seen also to exist in the apex of the cone. Its location is consis-
tent with what is seen experimentally when the vortex extends to the bottom
of the cyclone, not terminating upon a vortex stabilizer or due to the ‘natural
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Fig. 7.1.2. Profiles for the tangential and axial velocity profiles at two axial stations
in a Stairmand HE cyclone with CFD and LDA (Slack et al., 2000). The cyclone
length is 0.82 m, and the axial stations are: left: 0.17 and right: 0.44 m under the
lid of the cyclone
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Fig. 7.1.3. Comparison of axial velocity profiles by CFD using first and second
order finite differencing schemes and two different turbulence models (Phyfe, 1999)
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Fig. 7.1.4. Profile plots for the tangential velocity in a tangential inlet cyclone,
with the area of low near-wall velocity on the back of the vortex finder indicated
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Fig. 7.1.5. Isosurfaces of swirl velocity colored according to the pressure. In the
gray-scale figures the most important colors are indicated. The figures also show
instantaneous streamlines for gas elements. These are white in the left figure and
colored according to the pressure in the right figure. Courtesy CSIRO Thermal and
Fluids Engineering, who developed the code in-house

end’ phenomenon. This underpins the importance of a good underflow seal,
as pointed out in Sect. 11.2 and the need to provide erosion protection in the
lower cone when processing abrasive solids. The instantaneous streamlines
clearly show the irregularity in the flow pattern due to the turbulent eddies.

Figure 7.1.6 shows another image illustrating the turbulent eddies in
LES (Prasad and Bakker, 1999). To the left, the vectors represent the in-
stantaneous velocity field, and to the right the velocity field averaged over a
period of 0.25 seconds. The averaging clearly gives rise to a much more pat-
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terned overall picture, although the vortex core can still be seen to be twisting
around the axis of the cyclone.

We have presented some of the latest CFD simulations of cyclone gas
flow, both from the reviewed and the nonreviewed literature. Many questions
remain, and swirling flow remains very difficult to simulate correctly in all
respects.

Fig. 7.1.6. LES simulations of the flow in cyclones (Prasad and Bakker, 1999). a
is the intantaneous flow, and b the flow averaged over 0.25 s

7.2 Simulating the Particle Flow

We turn now to the particle flow. As mentioned, there are two ways of sim-
ulating the particle flow. In one of these the particle flow is regarded as a
second phase interpenetrating and interacting with the gas phase. This is the
Eulerian approach, wherein the modeling is performed relative to a stationary
frame of reference. This makes the simulation of the influence of the particles
on the gas flow relatively easy and this is one of the advantages of this method.
On the other hand, it gives less insight into the flow of a given particle through
the cyclone. The other approach involves tracking a single particle through
the gas flow field. This is the Lagrangian approach and it uses a frame of
reference that follows the particle under study. The influence of the particles
on the gas can also be estimated using Lagrangian tracking, but it is more
difficult and less reliable.
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7.2.1 Eulerian Modeling

In Eulerian particle modeling, the particles are considered as a continuous
fluid, just like the gas. This ‘fluid’ interpenetrates with the gas in the cyclone,
and interacts with it, in accordance with the known laws of interaction, for
instance, Stokes’ law. Transport equations, which are coupled through the
interaction terms, are solved for both fluid and particle phases.

7.2.2 Lagrangian Particle Tracking

In this approach, the particle equation of motion is solved, mostly in a precal-
culated gas flow field. The particle position and velocity are calculated after
successive short time intervals, and in this way the particle is tracked through
the cyclone or swirl tube.

Once the particle enters a particular cell with a given velocity relative to
the gas ( {70, for instance), its velocity after a short time interval At can be
calculated from Eq. (2.2.5):

2 — ; 18uA 18uA
Ul = " (pp = p) i 1—exp|— SuAt + U/ jexp |— SuAt . (7.2.1)
18u z2pp ’ z2pp

Knowing the gas velocity in the cell, the absolute particle velocity can be
calculated from its velocity relative to the gas. The position of the particle
after At can also be calculated by integrating the absolute particle velocity
over At, since the distance traveled equals [4, U dt.

Doing this for a series of time intervals gives the path of the particle
through the cyclone. The mean value of the gas velocity is used for this since
this is normally all we have available from the CFD simulations. If one wishes
to take the fluctuation in the particle velocity due to turbulent eddies into
account, the gas velocity can be augmented by a fluctuating part with a mean
of zero and a spread and frequency of change that is consistent with the
intensity and scale of the turbulent eddies. Sometimes one comes across codes
where the particle velocity, rather than the gas velocity, is given a random
component. This is incorrect and gives rise to a turbulent dispersion that
does not decrease with increasing particle size, as it should.

7.2.3 3-D particle tracks

We have already shown some particle tracks in a 2-D CFD simulation in
Chap. 3. The pictures show the effect of the turbulence in causing particle
dispersion. This, in turn, has the effect of flattening the grade-efficiency curve.
Figure 7.2.1 shows Lagrangian particle tracks in 3-D. Tracks of particles can
be seen moving down the wall toward the dust exit and moving up the gas
outlet pipe, having been lost from the cyclone.

CFD is obviously a field that changes rapidly. In the first place turbulence
modeling is developing very fast. After a long period of increasing complexity
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in turbulence modeling, we are now facing a phase where the simulations will
probably become simpler, as more and more features of the turbulence can be
simulated directly. However, demands on computing power, and on the finite
differencing algorithms, are becoming more stringent at the same time.

Fig. 7.2.1. Lagrangian particle tracks in 3-D. Courtesy of Fluent Inc.

Eulerian particle modeling has been somewhat less successful until now.
Figure 7.2.2 shows tangential velocity profiles in a finite-volume, 2-D axisym-
metric simulation of the tangential velocity profile in a cyclone with and with-
out solids (Meier and Mori, 1998). Although the simulation correctly shows
the tangential velocity decreases due to the presence of the solids, the quan-
titative comparison with experimental data still leaves a lot to be desired (as
does the printing of Meier and Mori’s article).

7.3 Some Simulations of the Gas and Particle Flow in
Cyclones

We mention some of the latest developments in CFD modeling of the gas and
particle flow in cyclones. Much of the research literature being published aims
at modeling specific systems, often with commercial software and in many
studies the RSM turbulence model is used. We limit this discussion to the
publications of one group at Delft Technical University, in which significant
strides forward have been taken in the numerical modeling techniques and in
the understanding of the working of cyclones.

7.3.1 LES Simulations of Derksen and van den Akker

The simulations of the group of Jos Derksen and Harrie van den Akker at
Delft Technical University (Derksen, 2003, 2005; Derksen et al., 2006) stand
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Fig. 7.2.2. The tangential velocity profiles in a cyclone with and without solids
present modeled with Eulerian particle simulation (from Meier and Mori, 1998)

out in the recent literature as being cutting-edge both in terms of numerical
techniques and providing insight into the working of cyclones.

These authors use the lattice-Boltzmann discretization method for solving
the Navier-Stokes equations. In lattice-Boltzmann discretization, the motion
of the fluid is represented by the motion and collision of discrete particles mov-
ing between the nodes of a fixed grid (the lattice). This discretization method,
which has recently become more frequently used, but is still not standard, is
thus completely different from the ones briefly discussed in Sect. 7.1.1. If the
rules for the particle collisions and the morphology of the lattice upon which
they move are set correctly, the dynamics of these particles will represent a
numerical solution to the Navier-Stokes equations (Wolf-Gladrow, 2000; Chen
and Doolen, 1998).

The turbulence modelling strategy used is large-eddy simulation, or LES,
where, as mentioned in Sect. 7.1.2, the larger (or “resolved”) eddies are al-
lowed to form spontaneously in a time-progressing simulation, and the effect
of those eddies that are smaller than the computational grid is modelled by a
simple subgrid turbulence model, or “subgrid-scale” (SGS) model that yields
a turbulent viscosity, which is added to the molecular viscosity.

In many ways LES is the most exciting development in CFD, since the
sweeping assumptions and significant element of empiricism inherent in clas-
sical turbulence modeling is largely avoided, such that results for turbulent
flows are more plausible. Moreover, as is also shown by Derksen (2003) the
resolved turbulent eddies are, if the computational grid or lattice is reasonably
refined, much more significant in influencing the flow of both the gas and the
particles than is the subgrid-scale turbulence. Thus, as we have mentioned
earlier in this chapter, with LES, turbulence modeling is becoming simpler
and less crucial for the results.
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The main draw-back of LES is the computational effort involved, primarily
because an unsteady-state, time-progressing solution is necessary in contrast
to classical turbulence modeling, which is aimed at finding a mean flow field,
and often, but not always, seeks only a steady-state solution. A single-phase
simulation on a Beowulf-cluster, consisting of Dual Pentium IIT 700 MHz PCs
connected through Ethernet (100 Mbit/s), using six CPUs in parallel typically
took 2.5 days of wall clock time to reach statistical convergence. Including par-
ticle tracking in the simulations did not increase the computational time per
time step very much, but due to the long residence time of the particles in the
separator, the total duration of a simulation became one order of magnitude
larger than for the single-phase simulation.

Derksen (2003) studied the gas and particle flow pattern and the separa-
tion efficiency in a Stairmand HE cyclone (see Fig. 15.1.1 and Table 15.1.1).
Important simplifying assumptions in the simulations were:

e omne-way coupling, i.e. the effect of the gas flow on the particle flow is taken
account of, but not the effect of the particles on the gas flow

e non-interacting particles, i.e. particle-particle collisions were not taken into
account.

Also an obstruction was simulated in the downstream tubing to avoid non-
physical flow phenomena to propagate back into the flow from the outlet
boundary (see below).

The flow of the particles was studied by Lagrangian particle tracking as
described in Sect. 7.2.2.

Figure 7.3.1 shows vector plots of the flow in the cyclone. In the figure
to the left the time-average flow pattern is shown. The familiar pattern of
downflow in the outer part and upflow in the inner, with a velocity deficit
around the core is recognizable. However, it is also clear in this figure, as it
was in Fig. 7.1.6b, that the time-mean position of the core of the vortex does
not coincide with the cyclone axis, but deviates from it slightly. In addition to
this, Derksen states that the core also precesses around its time-mean position.
This latter feature gives rise to a strongly fluctuating fluid velocity near the
core, a fluctuation that is, in contrast to the fluctuation in the rest of the
cyclone, not due to random turbulent motion.

The top figure to the right is a vector plot showing the time-mean flow
pattern, and the bottom-right figure is a snapshot of an instantaneous flow
pattern. Note the strong turbulence in the latter.

As also pointed out by the authors of this book earlier (Hoffmann et al.,
1996), Derksen states that the dust collection vessel needs to be included in
the simulation.

Derksen also shows a series of comparisons of the gas velocity fields in
his simulations and in measurements performed with LDA (see Sect. 10.1) by
Hoekstra (2000). Some are redrawn in Fig. 7.3.2. We note that the agreement
is quite impressive, even in case of the fluctuating velocity components, adding
to the credibility of the LES turbulence simulations.



152 7 Computational Fluid Dynamics

Fig. 7.3.1. Velocity vectors from the simulations of Derksen (2003), reproduced
with permission from Elsevier Science. Left: the entire cyclone, top right: the time-
mean flow pattern bottom right: an instantaneous flow pattern
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0.4

Fig. 7.3.2. Comparison of the mean and fluctuating gas velocity components be-
tween CFD (curves) and experiment (points) at an axial station 2.0D above the
dust exit of the cyclone. a) and b), the mean and fluctuating tangential velocity. c)
and d), the mean and fluctuating axial velocity. Drawn on basis of graphical data
in Derksen (2003)

Derksen also performs particle tracking in parallel with calculating the
flow field, which adds significantly to the computational effort. He calculates
the separation efficiency of the cyclone by monitoring the particles collected
and entering the dust collection hopper and those lost entering the vortex
finder. Figure 7.3.3 shows two grade-efficiency curves at different points in
time during the simulation of his cyclone working with an inlet gas velocity
of 16.1 m/s.

As mentioned, performing simulations with particle tracking demands
great computational effort, and Derksen tried different ways of reducing this.
One was to inject the particles in a “frozen” instantaneous gas flow field, and
thus tracking particles in a pre-calculated flow field. Another method was to
allow the gas flow field to perform a loop through a set of precalculated flows
while the particles are tracked. Both methods gave grade-efficiency curves in
reasonable agreement with the curves shown in Fig. 7.3.3.

Although the simulations in this and the other papers from the same group,
mentioned below, are very impressive, there is one contention that we do not
entirely agree with, namely that the turbulent fluctuations in the gas velocity
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Fig. 7.3.3. Grade-efficiency curves from Derksen (2003) at different points in time.
The predictions for Stkso of the models of Barth and Mothes and Loffler (Chap. 5)
are also indicated

are more important in bringing small particles into the inner vortex, and
therefore be lost, than the mean inward gas flow from the outer to the inner
vortex.

We agree that the turbulent fluctuations in the gas velocity seem far more
significant than the mean inward flow from the outer to the inner vortex in
an instantaneous snapshot, such as the one shown in Fig. 7.3.1. However, the
concentration of particles of sizes close to x5¢ is almost uniform radially, and
turbulent dispersion will therefore not have an important effect in causing a
net radial transport of such particles, e.g. from the inner and outer vortices,
while the mean inward gas flow will, however small it seems compared to
the turbulent fluctuations. We do agree that the turbulent fluctuations will
have an important effect in bringing larger particles into the inner vortex,
and conceivably smaller particles out of it, and so widen the grade-efficiency
curve.

As a further argument supporting what went before, we also remind the
reader that, as shown in Fig. 7.3.3, the x50, and therefore the Stkso predicted
by the models of Barth and of Mothes and Loffler, both described in Chap. 5,
agree quite well with that determined by Derksen. This means that in the
idealized flow patterns envisaged by Barth and by Mothes and Léffler, which
did not take into account turbulence at all, particles smaller than the cut size
determined by the simulations of Derksen will be carried into the inner vortex
and lost from the cyclone. This ends our discussion of this issue.
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A remark in the paper of Derksen (2003) about the flow in, or close to,
the cyclone vortex finder is:

Just upstream of the vortex finder entry vortex breakdown occurs,
similar to the breakdown structures observed by Escudier et al. (2005)
slightly upstream or inside a contraction.

In a subsequent paper Derksen (2005), the flow in a cyclone-like geometry
is studied in more detail, with emphasis on the gas exit tube, using the same
numerical techniques as above. This cyclone-like geometry is shown in Fig.
7.3.4. The flow in the same geometry had earlier been investigated experi-
mentally by Escudier et al. (2005).

outlet

Fig. 7.3.4. Schematic drawing of the vortex tube configuration used in the simula-
tions of Derksen (2005)

It adds credence to the simulations that Derksen (2005) compares many
of the flow features in his simulations with the flow features experimentally
determined by Escudier et al. and that he uses three different SGS models and
three different grid resolutions to show the effects of both on the results of the
simulations. In general he achieves very good agreement between simulation
and experiment.

Obviously the vortex tube shown in Fig. 7.3.4 is very similar to a cyclone,
and the exit tube very similar to the vortex finder in a cyclone. One very inter-
esting feature found by Derksen is a vortex breakdown of type “0”, according
to the classification of types of vortex breakdown by Faler and Leibovich
(1977), in the exit tube at certain flowrates and in certain geometrical config-
urations. In a type “0” breakdown, a “gas bubble” with recirculatory flow is
formed at the point where the vortex breaks down, and the flow downstream
is much more turbulent, and less intensely swirling. Derksen’s simulations are
shown in Fig. 7.3.5.

The existence of such a break-down is supported by the experiments of Es-
cudier et al. (2005). It also appears to be present in a swirl tube, at least one
with a conically shaped vortex finder (sketched in Fig. 15.1.12g). Figures 7.3.6
and 7.3.7 shows the flow pattern in the gas outlet and downstream tubing of a
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Fig. 7.3.5. CFD simulations of Derksen showing type “0” vortex breakdown in the
gas outlet of a swirl-tube-like geometry, reprinted from Derksen (2005), copyright
2004, with permission from Elsevier

reverse-flow swirl tube with a conically shaped gas outlet visualized with he-
lium bubbles Peng, Hoffmann, Dries, Regelink and Foo (2005). The streaklines
of the neutral boyancy tracer are clearly diverging in the gas outlet, consistent
with a type “0” vortex breakdown. The clear formation of a core—wherein
the helium-filled tracer bubbles collect in this experiment—in the downstream
tubing shows that there is still some vortex motion present there.

Obviously the existence of such a vortex breakdown in the vortex finder
will have significant impact on our understanding of the very high pressure
drop in the vortex finder (see Chap. 4), and the working of pressure-recovery
vanes (see Hoffmann et al., 2005, Sect. 15.1.5).

We mentioned that one assumption in Derksen (2003) was one-way cou-
pling between the gas and the solid phase. In Derksen et al. (2006), this
assumption is relaxed, and the effect of the solids on the gas flow pattern, i.e.
two-way coupling, is taken into account in simulations of the flow in the same
cyclone geometry as in Derksen (2003). In order to do this without having to
trace prohivitively many particles, each particle that is traced is considered
to represent a whole assembly of like particles®, the action of which on the gas
flow is fed back into the gas equations to determine the effect of the particles
on the gas flow field.

Figure 7.3.8 shows the distribution of particles of three values of Stk in
the cyclone separation space. Each picture represents a view of a thin slice

3 This is a standard technique in Lagrangian particle tracking in order to reduce
the number of trackings necessary
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Fig. 7.3.6. Visualization of the flow in the gas outlet of a swirl tube

(0.04D thick) of the cyclone, which was operated at v;, = 16.1 m/s, which
is the same inlet velocity as in Fig. 7.3.3. The middle figure thus represents
particles of a size close to the cut-size of the cyclone.

Unfortunately these simulations were too demanding on computer re-
sources to allow simulations to reach a steady state.

One important effect of the particles on the gas flow was to suppress
turbulence in the gas. Figure 7.3.9 shows profiles for the tangential velocity,
the axial velocity and the kinetic energy in the turbulent eddies per unit of
mass, all scaled by the inlet velocity, for three cases: without solids present
and with solids in two different mass fractions in the inlet gas. Figure 7.3.9¢
shows the clear effect of the solids in suppressing the turbulence in the gas.

Consistent with our discussion in Chap. 4, Derksen et al. (2006) consider
that the axial flow profile is a slave of the tangential flow profile, and its axial
evolution.
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Fig. 7.3.7. Visualization of the flow in the tubing downstream of the gas outlet of
a swirl tube

Derksen et al. (2006) also propose—consistent with the contention that
turbulence is the most important reason for particle loss—that the effect of
solids loading in improving cyclone separation efficiency (see Chap. 9) is due
to the particles suppressing turbulence at high concentrations (in spite of
the reduced vortex intensity). While we agree that turbulence is suppressed
and that the vortex intensity is reduced, and also agree that turbulence may
contribute to particle loss from a cyclone, we are of the opinion, as mentioned
in Sec. 9.1.1, that the main effect of high solids loading is in bringing particles
to the wall in the inlet jet due to particles shielding each other from the effects
of the gas flow. This is supported by the fact, mentioned above, that in the
idealized flow of, e.g., Barth particles below the approximate cut size found
by Derksen (2003) will be lost from the cyclone even without any turbulence
at all.
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Fig. 7.3.8. Snapshots of the particle positions in a thin (0.04D) vertical slice in
a 2-way coupled simulation. Particle mass fraction in the incoming stream: 0.1. a):
Stk =3 x 107%, b): Stk = 2.3 x 1072 and c): Stk = 1.8 x 1072. Reproduced from
Derksen et al. (2006) with permission from Elsevier.
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Fig. 7.3.9. The influence of solids on, from left to right: the tangential velocity,
vg, the axial velocity, v, and the turbulent kinetic energy per unit mass, k. Drawn
on basis of graphical data in Derksen et al. (2006)

7.3.2 Some Remarks on CFD in Cyclones

As mentioned, LES seems to be a significant step forward, allowing not only
direct simulation of the most important effects of turbulence, but also more
direct* calculation of the effect of the particles on the turbulence intensity.

As increasing computer power makes finer spatial grids possible the SGS
models will become less important and the simulations more direct. Increasing
computer power is, at the time of writing, however, no longer a matter of
course, since a limit on the clock frequency of conventional processors has
been reached, and the way to higher computer power is envisaged through
parallelization, something that most CFD packages are already making use
of. The focus will therefore probably increasingly switch to developing more
efficient software in the near future.

Significant strides still need to be made, however. Cyclone efficiency de-
pends to a large extent on the behaviour of dense particle strands where the
interaction between the particles becomes important, and this is a field where
much research still needs to be done and one in which the authors of this book
are active. Also, although interesting progess is being made, phenomena such
as the vortex end are still not successfully simulated.

We have yet to see a CFD simulation that has been proven in the open,
peer-reviewed research literature to outperform the efficiency models given in
Chaps. 5 and 6 in terms of predicting the separation performance of cyclones in
general, although we are encouraged to see the agreement between model and
simulation in Fig. 7.3.3. Also, analytical cyclone models and scaling rules allow
a degree of abstraction and generalization and gives an over-all understanding
of the process that specific simulations cannot give.

We look forward to seeing the developments of CFD for cyclone modeling
in the time to come.

4 The drag force between the gas and the particles must still be evaluated by using
a model, e.g. by assuming Stokes drag law
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7.A Transport Equations

To refresh the reader’s memory, we briefly consider transport, or balance,
equations in this appendix. (If the variable is being conserved in the flow field
we can call them conservation equations). The ‘Navier-Stokes equations’ we
mentioned in Chap. 2 are a particular type of transport equation. Transport
equations can be derived by balancing a certain quantity, let us call it ¢, over
a differential volume element. The balance is:

Accumulation of ¢ = Generation of ¢ + Transport of ¢ in— (TA1)
Transport of ¢ out. o

 is transported in and out of the differential element both by convection:
flow with the fluid flowing in and out of the box, and by diffusion, molecular
transport in the down-gradient direction across the box boundaries, which is
proportional to the concentration gradient in ¢.

We perform the balance in the simple case of one-dimensional flow, on a
differential element that has unit width and height (the y and z directions),
see Fig. 7.A.1

Convection in: Convection out:
(wa)x ~ aVX¢’
\ A/ (wa))@dx: vV.p+ ax dx
Diffusion:
e <> <>
Diffusion: A\ aw] (0@ 0 [ a¢;]
[Dai] / [D Ix Xﬂjx_[D ax+ax DaX dx
ox ),
X x+dx

Fig. 7.A.1. Sketch of a one-dimensional element, showing the transport in and out

This figure shows the transport of ¢ in and out of the element. The rate
of accumulation of ¢ in the element is (0p/0t) dz and, if S denotes the rate
of generation of ¢ (for instance by chemical reaction, S may be positive or
negative) per unit volume, the rate of generation of ¢ in the element is: Sdz.

Applying the balance from Eq. 7.A.1 and simplifying gives the one-
dimensional differential balance equation, the steady version of which is used
in the main text:

9y dp Py
— =S—-v,— —-D—. 7.A.2

ot e 0x? ( )
Here we have made two assumptions. The first is that the fluid is incompress-
ible, which means that the derivative of the velocity is zero (same volume flow

in and out of the element):
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The second is that the diffusion coefficient D is constant, so that
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When performing the balance in three dimensions, the differential element
takes the form of a box, as sketched in Fig. 7.A.2.
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Fig. 7.A.2. A sketch of a differential box over which ¢ is balanced

The balance is a straightforward extension of the one-dimensional balance;
we refer to the standard texts on transport phenomena and just write the
balance equation for an incompressible fluid with a constant D:

ot or Yoy ¥ o

9y dp O Oy o  Pp Py

=S5—v, D ((%2 + 57 + 822) (7.A.3)

In order to formulate the flow equations for a fluid, for instance, for the
gas in the cyclone or swirl tube, we must balance both mass and momentum.
The mass balance leads to the ‘equation of continuity’; the momentum bal-
ance to the ‘Navier-Stokes equations’ for an incompressible Newtonian fluid.
When balancing momentum, we have to balance the z-, y- and z-momentum
separately. The fluid viscosity plays the role of the diffusivity. Books on trans-
port phenomena (e.g. Bird et al., 2002; Slattery, 1999) will give the full flow
equations both in Cartesian, cylindrical and spherical coordinates.
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Dimensional Analysis and Scaling Rules

One might ask, here at the outset, “Why bother with ‘scaling rules’ when
one can simulate practically any size and type cyclone of interest with a good
model?” While the latter is generally true, scaling—when based on the per-
formance of a sufficiently large, geometrically similar laboratory model—can
predict the performance of an industrial cyclone installation considerably more
accurately than the models. It is also the writers’ experience that scaling rules
are important for two additional reasons:

e Certain simplified scaling rules and dimensionless quantities allow the de-
signer or practitioner to make quick, ‘back-of-the-envelope’ type calcula-
tions and decisions pertaining to cyclone design and performance.

e The scaling formulae allow one to better ‘see’ the effects of changes in one
variable upon another—both qualitatively and quantitatively.

In this chapter we shall derive and present relationships or formulae that
will allow us to predict a cyclone’s cut-point diameter, grade-efficiency curve,
overall or ‘gross’ efficiency, and pressure drop on the basis of measurements
taken on a geometrically similar cyclone. These formulae should also allow us
to evaluate the performance of an operating cyclone and, if necessary, assist
us in troubleshooting its design, mechanical condition, or mode of operation.

When scaling cyclones we have to consider not only the fluid but also
the particle dynamics. This might lead us to expect complicated scaling laws,
but in the end we shall find that simple rules can provide a wealth of useful
information.

In scaling we wish to predict the performance of one unit, which we will
call the ‘prototype’, from that of another, the ‘model’. We do this by identi-
fying all parameters determining the unit’s performance. We may not know
the effect of each parameter, but we do know that the equations expressing
the performance in terms of the parameters must be dimensionally consis-
tent. This allows us to reduce the number of parameters by bundling them in
dimensionless groups. Making these groups the same between model and pro-
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totype, we know that their dimensionless performance will also be the same
(Perry, 1997).

To derive the dimensionless groups for cyclones, we can proceed along two
lines of inquiry:

a) classical dimensional analysis, or
b) inspection of the equations of motion for gas and particles.

In a) we list the variables influencing the cyclone performance, and arrange
them in dimensionless groups. In b) we arrive at the groups by making the
equations of motion for the gas and the particles dimensionless. Both lines of
enquiry are enlightening in their own way, so we shall follow both, the latter
in Appendix 8.A.

8.1 Classical Dimensional Analysis

8.1.1 Separation Efficiency

The separation efficiency in a cyclone depends on a series of physical and
operational parameters, which we can subdivide as follows:

e Parameters related to the individual particle

— the particle size =,

— the particle density p,. We see in the equation of motion for the particle,
Eq. (2.2.1), that both p, itself and the density difference with the gas
(pp — p) can be included, the former for the unsteady terms, the latter
for the steady terms.

— the particle shape, which we express as Wadell’s sphericity v, defined
as the surface area of a volume equivalent sphere divided by the surface
area of the actual particle.

e Parameters related to the feed solids as a whole

— the solids loading at the inlet, c,.

— the particle size distribution (PSD) of the feed solids, which can in-
fluence the grade-efficiency of the cyclone. In reality, these authors
cannot confirm that the PSD influences the cyclone cut-point or grade-
efficiency, but it has been claimed in the literature that large particles
in the feed will ‘sweep’ smaller ones to the wall in the inlet region,
so we include this parameter initially. If a mathematical distribution
function is fitted to the feed, the size distribution can be characterized
by a mean size (z), and a spread o.

e Parameters related to the gas

— the gas density p,

— the gas viscosity p,

— a characteristic velocity wv.,. In practice, the inlet velocity v;, or the
mean velocity in the vortex finder v, are often preferred; some prefer
the mean axial velocity in the cyclone body (v, ).
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— the gas relative humidity, RH. Components such as water vapour or
ammonia can influence particle agglomeration or dispersion and, hence,
grade and overall collection efficiency.

e Parameters related to the configuration of the cyclone

— the cyclone size, which we can represent by the body diameter D,

— geometry of the cyclone (H, a, b, D, etc.),

— roughness of the cyclone wall, k.

e Parameters related to conservative force fields

— the gravitational acceleration g,

— the Coulomb potential of an electrical field ¢,

— parameter giving the strength of other fields present; we assume there
are none.

This is a large number of parameters, the full list is:

77(1/‘) = f(x7 pp’ Ap7’l/)7 007 <x>70-7 p7 M)vch7g7 RH7 ¢7 D7 H7 a‘)b7

. (8.1.1)
D,, more geometrical parameters).

In order to render the process more tractable, we must make some simplifica-
tions and assumptions:
The simplifications:

e We ignore the effects arising from particle agglomeration, and, therefore,
also the effects of the composition (humidity) of the gas.

e As is standard in scaling, we assume that the model and the prototype
are geometrically similar. This means that all dimensionless numbers de-
scribing the cyclone geometry, for example the ratio of the vortex finder
diameter to the body diameter: D, /D, are the same between model and
prototype.

e The particle sphericity ¥ mainly enters the analysis because it influences
the particle terminal velocity. We can account for its effect if we use the
Stokesian diameter as a measure of particle size z rather than, for in-
stance, a volume or mass equivalent diameter. We recall from Chap. 2
that the Stokesian (or “dynamically equivalent”) diameter is the diameter
of a sphere having the same terminal settling velocity and density as the
particle under consideration.

The assumptions:

e The gravitational field represented by g is so small compared to the cen-
trifugal field that its effect can be ignored. We need to qualify this: at
higher solids loadings, the motion of the strands formed on the cyclone
wall can be influenced by gravitational forces. This influence may or may
not be beneficial depending upon cyclone orientation in the gravitational
field.
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e The particles are always at their terminal velocity (Chap. 2). In this case,
pp need not be included explicitly, but only the density difference: p, —p =
Ap.

These simplifications and assumptions do not significantly limit the range
of application of our analysis. We now make some additional assumptions,
however, that do limit the range of systems to which our analysis can be
applied. The reader confronted with a specific scaling problem should check
which, if any, of the assumptions below are warranted for his or her system.

e We assume that no electrostatic field is present. So our analysis is not valid
for electrostatically-enhanced cyclone separators.

o We assume that the solid loading is no more than 2-3 g dust per kg feed gas
(i.e., mass loading ratio of less than about 0.003 kg solids/kg gas). Then
we can ignore the effect of the particles on the gas flow pattern, which
is determined mainly by ¢,, and, to a much lesser extent, by (z) and o.
This limits the range of validity of this analysis in practice to lightly-
loaded cyclones and/or to second and third-stage units. Many first-stage
or ‘rough-cut’ cyclones work at elevated solids loadings.

e Finally, we ignore the effect of the wall roughness, k5. Wall roughness is due
not only to the material of construction (e.g. metal, refractory lining) but
also to the solids loading. Solids rolling and sliding along the wall give rise
to an ‘equivalent’ wall roughness of their own (see Chaps. 4 and 6). Thus,
in this chapter, we shall limit our discussion to cyclones with smooth walls
and low solids loadings. Note that cyclone wall roughness is important in
many practical situations. We look at the effect of wall friction in Chaps. 4,
5, 6 and 9. As a final comment on roughness, it is actually the difference
in relative roughness between the model and the prototype that we are
ignoring here. This relative roughness is defined as the absolute surface
roughness k, divided by the radius of the cyclone body (upper cylindrical
section), D/2. A large commercial-scale cyclone with some wall deposits or
surface erosion, for example, may have a relative roughness no larger than a
small, ‘smooth walled’, laboratory cyclone. If this is the case, then the wall
friction and, hence, wall shear stress, imposed on the gas flow is the same
in both model and prototype at comparable cyclone Reynolds numbers or
in the fully developed turbulent flow regime of the friction factor versus
Reynolds number chart (described in Chap. 6). This is exactly analogous
to ordinary flow in pipes. Recalling that the Reynolds number is the ratio
of inertial to viscous forces, at high Reynolds numbers the flow within a
cyclone becomes turbulent because the viscosity of the fluid is unable to
dampen out the effects of any local disturbance.

Making all these simplifications, we state that the cyclone’s separation
efficiency, n(x) is:
77(55) :f(vapapa,vavchaD), (812)
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and by the classical techniques for dimensional analysis, for instance the Buck-
ingham Pi method (Perry, 1997), we obtain:

pox Ap

xz) =1 Y Iy
7(@) (Dpvch D" p > (8.1.3)

I II III

Group Iis 1/Re. It is a classical result in fluid mechanics that the Reynolds
number Re determines the gas flow pattern.

One thing missing from Eq. (8.1.3) is a dimensionless group that relates
directly to the movement or separation of the particles. This can be achieved
by introducing the well-known ‘Stokes number’, Stk. We can create this new
dimensionless number by multiplying together powers of the existing numbers
as follows: . Ay

2 7-1 PIT"Vch _
The I x II* xI™" = 85D - Stk. (8.1.4)

This new number can replace any one of the numbers from which it was
made without loss of information. If we replace group II with Stk, we obtain:

n(z) =f (Re, Stk, %) . (8.1.5)

This is as far as classical dimensional analysis can take us. However, in
Appendix 8.A we obtain more physical insight by inspecting the equations of
motion for the gas and the particles. One important result of this is that the
density ratio in (8.1.5) need not appear separately, as the effect of the particle
density is accounted for in Stk. This fact allows us to simplify (8.1.5) even
further so that it becomes:

n (z) = f(Re, Stk) . (8.1.6)

Often the designer or investigator is interested only in the cut size x5,
when applying scaling rules to cyclones. Then n(z) in (8.1.6) can be set
equal to 0.5 and, denoting the Stokes number corresponding to z59 by Stksg,
Eq. (8.1.6) gives:

Stk50 = f(Re) . (817)

8.1.2 Pressure Drop

A similar analysis can be made for the cyclone pressure drop Ap. If we include
all the variables influencing Ap we obtain:

Ap =1{({z), 0, o, p, by Ven, D, ks, g, geometrical parameters). (8.1.8)

Here also we assume geometrical similarity and a low solids loading, so that
the effect of the geometrical variables, (z), o and ¢, can be neglected. We also
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neglect ks. After these simplifications, performing the dimensional analysis

gives:

Ap P D gD

f( 'Uch , _> . (819)
/ vch

H Ugh

The group on the left-hand side we recognize as one half of the Euler
number, Fu. The groups on the RHS are the Reynolds number Re, and the
Froude number F'r, respectively. Thus:

Eu=1{(Re,Fr). (8.1.10)

F'r describes the influence of gravity on the flow field. This can be dismissed
directly, referring to the classical result that there is no effect of gravity in the
absence of free fluid surfaces or stratification in the system. Thus:

Eu =1{(Re). (8.1.11)

We may note that this result is identical to that which we would have obtained
had we applied the above analysis to the flow of a fluid through a smooth-
walled pipe.

We should reiterate that the dimensional analyses in these sections only
apply to cyclones operating at low solid loading, where the effect of the par-
ticles on the gas flow can be ignored.

This completes our treatment of dimensional analysis in cyclones. In the
following section we look at applying it in practice.

8.2 Scaling Cyclones in Practice

The formal rules for scaling of cyclones have thus provided us with some fairly
simple scaling rules. In practice, even further simplification is possible, and
we shall discuss this below.

8.2.1 Approximately Constant Stkso over a Wide Range of Re

Equations (8.1.7) and (8.1.11) suggest that if we arrange experiments in a
geometrically similar model to have the same Re as the prototype, then Stksg
and Eu will be the same as well. From Stkso and Eu we can then calculate the
cut size and the pressure drop in the prototype. Thus, although the pressure
drop or the cut size for the prototype and the model are different in general,
one can use the pressure drop and cut size obtained from model tests to predict
these same quantities for the prototype.

Still, there is a practical problem. Due mainly to their difference in the
characteristic size (D), it is not always easy to obtain Reynolds number simi-
larity in a laboratory model with an industrial-scale cyclone without operating
the model at very high velocities or constructing a very large ‘model’. The first
example presented in Appendix 8.B is included to help illustrate this point.
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To avoid the problem of having to deal with extremely high velocities in
the model experiments, it is possible to perform such studies with water as
the carrier fluid, rather than a gas.

An additional problem in achieving Reynolds-number similarity is that,
when comparing the performance of one industrial cyclone with that of an-
other, obtaining data at the same Re for the two is often not possible.

But is it really necessary to scale-up cyclones on the basis of Re similarity?
A redeeming feature is that, in many cases, Reynolds number similarity is not
very critical. This has long been known, but the issue has only been studied
quantitatively recently, by Overcamp and Scarlett (1993), among others. They
defined Re and Stk in terms of the inlet velocity. We shall use the symbols
Re;y, and Stk;,, respectively. Figure 8.2.1 shows a plot of the square root of
Stkinso against Re;, for a wide range of cyclones, taken from their paper.
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Fig. 8.2.1. Stkinso vs. Rei, for a range of cyclones, taken from Overcamp and
Scarlett (1993)

Most commercial-sized cyclones operate at Re;, values between 10° and
108. Thus, for the commercially important range of Re;, greater than 2x10%,
Stkins0 is seen to be reasonably independent of Re;,. This lack of, or weak,
dependency of Stksy (or Stk corresponding to some other efficiency) upon
Re is the basis for the widely used ‘Stokesian scaling’ of cyclones. We there-
fore arrive at the important conclusion that, in Stokesian scaling, the same
separation efficiency is assumed for the same value of Stk in geometrically
similar cyclones. We can see this more clearly if we examine the equation for
the 50% collection efficiency point as computed by means of our equilibrium-
orbit model from Chap. 5. Therein, we recall, we performed a simple force
balance (centrifugal force in equilibrium with Stokes’ drag force) on a particle
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orbiting on an imaginary cylinder of diameter D,. This led to the following
expression for the cut size (here we include the gas density via the Ap term)

[9puvrcs Dy
=, /=== 8.2.1
T50 AP’U%CS ’ ( )

r25vecsAp — Sithsy = VrCS
uD, voCs

which can be written as,
(8.2.2)

where we here have chosen 2 X vgcg as the characteristic velocity vep, in Stksg.
Thus, from the equilibrium orbit model point of view, when we apply Stokesian
scaling for the computation of x5g, this is equialvent to stating that the ratio

of radial to tangential velocity,
UrCSs

vocs
at the equilibrium orbit position is the same for both of our geometrically sim-
ilar cyclones. From our general knowledge of fluid flow in various equipment
types, a constant velocity ratio is what we would expect for fully developed,
gas phase turbulent flow conditions.

It is interesting to note that the Stokes number that we present above,
and which we can readily derive from an elementary force balance on an
equilibrium orbiting particle, multiplied by the velocity ratio ngi is simply
equal to the ratio of drag to inertial forces acting upon the particle.

In a stricter sense, however, Stk is also the ratio of the response or relax-
ation time of the particle, Ap/18u (see Chap. 2), to a characteristic time scale
of the fluid, D/v.;. In addition the Stokes number shown in Eq. (8.2.2) can
also be expressed in the form:

xggv A
Sthso = zhowosdp _ N d (8.2.3)
9uD, D, - D,’ o

which is the ratio of the x5 particle’s “stopping distance” to some characteris-
tic cyclone dimension, in this case, the diameter of the vortex finder, D,. This
stopping distance is the distance that particle of size x59 would travel against
fluid drag if the fluid surrounding the particle was to suddenly stop its mo-
tion. Thus when we apply Stokesian scaling, we are also implicity stating that
the dimensionaless stopping distance ratio, ds/D,, reamins constant between
model and prototype. If, for example, we were to increase the size of a cyclone
so that D, increases, in order for the Stokes number to remain constant, the
equilbrium particle’s stopping distance, ds, would also have to increase. If we
hold vgcg, Ap and p constant and double D,, then x%o would have to double,
causing rsp to increase by the square root of 2. Thus, scaling-up a cyclone
always results in an increase in cut size if the other variables (comprising the
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stopping distance) are fixed. It is for this reason, and from this perspective,
that one sometimes encounters the statement “cyclones do not scale-up”.

For Re;, < 2 x 10%, Stkinso can be seen to increase, showing that small
cyclones are less efficient than one would expect from Stokesian scaling. Our
defining equation, (8.1.4), for the Stokes number,

Apz2ve,

5D = Stk (8.2.4)

shows that an increasing Stksg means an increasing xs.

We can give an idea of the scale where this becomes a consideration. In a
cyclone with a tangential inlet of circular cross section working with ambient
air at an inlet velocity of 15 m/s, Re;, = 2 x 10* would correspond to an inlet
diameter of 2 cm. The reduced efficiency is therefore only a feature in small
sampling cyclones or in very small ‘multicyclone’ banks. Cyclones in ‘small’
industrial units comprising multicyclone installations are seldom less than 15
cm in diameter.

We should mention that Lidén and Gudmundsson (1997) found some vari-
ation in Stkso with Re, even at larger Re. Their study mostly concentrated
on small cyclones, typically a few centimeters in diameter.

Figure 8.2.1 includes data from cyclones of different geometries. Although
we can clearly see the trend in the figure, there is considerable scatter. For
Rein > 2 x 10%, (Stk;pns0)%° varies by a factor of 4, and so does the cut-point
diameter. Trying to predict the performance of all cyclones, irrespective of the
geometry, from a Stkso-Re plot is therefore not a worthwhile exercise. Even
so, the plot does give a ‘ball-park’ estimate of the Stk;,50 of cyclones.

Since separation performance, as measured by Stk or Stk;,s0, is virtually
independent of Re it is not necessary to maintain a constant Re between the
model and the prototype when attempting cyclone scale-up. In most such
laboratory studies, it is far preferable to use air rather than water. This also
makes it easier to find a test dust, since many dusts give problems with solubi-
lization or swelling or incomplete particle wetting, among other things, when
dispersed in water.

8.2.2 Eu Only Weakly Dependent on Re

As we found for separation performance described above, Re-similarity is not
critical for the pressure drop, either. In Chap. 4 we found that many of the
empirical models for cyclone pressure drop only contain the ratio of inlet
to outlet areas, implying that Eu will be the same between geometrically
similar cyclones, irrespective of Re-similarity. Obviously, as was the case for
separation efficiency, this is only valid when Re is high enough that the friction
factor is essentially independent of Re. This should come as no real surprise
since the same situation holds true for most flow devices (such as pipes, elbows,
orifices, contractions and expansions, etc.) that operate in fully developed
turbulent flow. In such cases, pressure loss can be characterized by the formula:
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Ap = K;pv2 (8.2.5)
where K is recognized as the familiar Fu number which we defined earlier.
For such devices it is well known that K is very weakly dependent upon Re
and can generally be treated as a constant in matters of practical interest.

This principle does have its limitation. The scaling rule of constant Fu and
the models in Chap. 4 have, in the authors’ experience, significantly overpre-
dicted pressure loss in very large-scale cyclones. There is a weak but definite
Re-number effect on the pressure loss coefficient Fu. This variation in Eu is
only with Re to the power of —0.17 to —0.2 but, when scaling up small scale
lab data by a factor of 10 or more, one can easily overpredict pressure loss by
50% or more.

In most cases, such an error on the conservative side in predicting pres-
sure drop is perfectly acceptable since, if anything, the plant will experience
less pressure drop through the cyclone installation and this seldom creates
an operational problem. However, if there is some delicate pressure balance
across a slide valve, for example, which relies on an accurate knowledge of
the cyclone’s pressure drop, then one should try to acquire the most accurate
estimate possible.

8.2.3 Some other Considerations

The above scaling rules have been found by experience to be valid in cyclones
of somewhat conventional designs operating at low solids loadings and normal
inlet velocities.

But cut size, grade-efficiency and pressure drop in such conventional de-
signs are not the only items one must consider when designing a cyclone or
evaluating its performance. Other factors will often play a crucial role; these
may include:

e the design configuration and operating environment at the gas outlet and
the solids discharge,
the position and action of the vortex natural turning point,
the effectiveness of the underflow seal in preventing gas upflow,
the effect of solids loading upon overall separation efficiency and pressure
loss,
the effect of wall roughness upon separation performance and pressure loss,
the effects of physical damage, poor construction, wall deposits, wall flow
disturbances and other such nonideal conditions.

Most of these factors are discussed elsewhere in this book. The effects of the
natural turning point and solids loading are discussed in Chap. 9.

In geometries where the position of the end of the vortex is known to affect
performance (for instance if the cyclone length is near the ‘critical length’),
one would require Re-similarity between the model and the prototype if one
were to have confidence in the scale-up.
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8.2.4 Stk-Eu Relationships

In process engineering work the viewpoint is often taken that an improved
quality of separation or purification is achieved at a correspondingly higher
cost. Empirical relationships are developed which relate the quality of sepa-
ration achieved to the cost. Not surprisingly this includes both cyclones and
swirl tube separators. The measure of the quality of separation is the cut size,
50 or the dimensionless cut size, Stksg, and the ‘cost’ is the pressure drop
required to achieve this, or its dimensionless measure: Fu.
It follows from Egs. (8.1.7) and (8.1.11):

Stkso = f(Eu) . (8.2.6)
Svarovsky (1984) found that for all ‘reasonable’ cyclone designs:

Eub\/Stkb’g,o = \/ﬁ (827)

The mean axial velocity in the cyclone body (v,) was used to evaluate the
Reynolds and Euler numbers. This is signified with the subscript b. His plot,
featuring the line representing Eq. (8.2.7) and his supporting data, is shown
in Fig. 8.2.2.
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Fig. 8.2.2. Fu; vs. Stkyso for a variety of cyclones according to Svarovsky (1984).
The line represents Eq. (8.2.7)

Others have presented similar correlations. Karpov and Saburov (1998)
give:
E'I.Lb Stkbg)o = 08, (828)

which lies considerably above the line of Svarovsky, and thus gives a more
pessimistic view of cyclone performance.
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~

It is noteworthy that if one makes the reasonable assumption: H =
3D, then Rietema’s criterion Cyso = 3.5 (see Chap. 5) can be written
Eu,Stkyso = 0.92, which is very close to Eq. (8.2.8). However, as we saw
in Chap. 5, Rietema’s model predicts the effect of cyclone length correctly,
while Egs. (8.2.7) and (8.2.8) do not.

We should also mention the work of Biirkholz (1989), who, by a variant
of dimensional analysis, derived a general separation parameter applicable
to various types of separation equipment based on impaction, including cy-
clones, mist-mats, lamellar fibre filters and packed beds. Biirkholz’ derivation
begins with a dimensional analysis including, in addition to the variables in
Eq. (8.1.2), a height H!, the gravitational acceleration, g, and the pressure
drop, Ap. The two former variables are quickly eliminated, while inclusion of
the latter is an important aspect of the analysis, and allows Biirkholz to arrive
directly at a relationship between Stk;,50 and Fu;,. We note that including
Ap in the analysis is not quite kosher in terms of dimensional analysis, since
Ap is not an independent, but a dependent, variable.

This procedure initially leads Biirkholz to a relation:

77(3?) = f(Stkm, Reip, Euin) (829)

where the subscript in signifies that Biirkholz used v;, as a characteristic
velocity. Note that Biirkholz’ definitions of Fu;, and Stk;, miss the factors
1/2 and 18, respectively, in the numerators relative to our definitions.

Various further simplifications, partly based on experimental evidence and
similar in nature to the simplification that earlier allowed us to eliminate the
density ratio Ap/p before, allow Biirkholz to reduce these three dimensionless
groups to one:

1 psApia 12118
n(z) = f(va), Yo = AT AT StkaemEumll—z (8.2.10)
pgung 23

where the last numerical factor on the right-hand-side arises from the differ-
ent definitions of Stk;, and Eu;,. Some of the simplifications leading to Eq.
(8.2.10) are easy to follow, while the reasoning behind one of them remains
obscure, at least to these authors.

Biirkholz found by experiment that in cyclones /14 ~ 1.7 for n(z) = 0.5,
i.e. by the cutsize of the cyclone. Substituting this in (8.2.10), and solving for

Fu;y, gives:
2
1.72 :
FEui, =2 (—7> . (8.2.11)

1
411 18,S'tk‘m50Ref’n

which is also a Stk-FEwu relation.

! This is a geometrical variable. Biirkholz’ initial derivation relates to a mist mat,
and H is its thickness
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These authors’ experience is that Svarovsky’s relation, Fig. 8.2.2 or Eq.
(8.2.7) works very well. We have presented the other relations for complete-
ness, and for the reader to recognize them should he or she encounter them in
other contexts. It is possible that the difference between the various relations
to some extent reflects a difference in the experimental methods on which
they are based, namely a difference in the method of measuring the outlet
pressure, as discussed in Chap. 4.

The line fitting the experimental results by Svarovsky (see Fig. 8.2.2 or
Eq. (8.2.7)) tells us that the Stokes number varies as the reciprocal of the
square of the Euler number. Furthermore, since the Stokes number varies as
the square of the cut size, x50, and the Euler number varies directly with pres-
sure loss, Ap, it follows that the cut size is inversely proportional to pressure
loss. Thus, other factors unchanged, any attempt to decrease the cut size will
be accompanied by an increase in pressure loss.

Figure 8.2.2 also serves as a sort of benchmark for comparing cyclone
designs or for evaluating the performance of a working cyclone. For exam-
ple, if we were to gather test data on a lightly loaded cyclone system and
plot its Stokes number versus Euler number on Figure 8.2.2, the resulting
line should lie close to or below Svarovsky’s line. If, on the other hand, the
point were to lie significantly above his line, this would be a good indication
that something is hampering the cyclone’s performance. This could include
any number of factors: physical damage, poor constuction, wall deposits, wall
flow disturbances, blockage, gas upflow and even poor design practice. For
cyclones operating in parallel, connected by common plenums, an operating
point significantly above Svarovsky’s line may indicate problems arising from
cross-talk (see Chap. 16).

We may also use Svarovsky’s graph or equation to get a rough estimate of
the cut size that we could expect at some maximum allowable pressure loss.
In this case, we would first compute the Euler number knowing the allowable
pressure loss, the gas density and the superficial axial velocity (based on the
cyclone’s cross sectional area). We would then use Fig. 8.2.2 or Eq. (8.2.7) to
compute the corresponding Stokes number and, from this, the cyclone’s cut
size (knowing the gas properties, cyclone diameter and, again, the superficial
axial velocity). Clearly, we could reverse this process and obtain an estimate
of pressure loss corresponding to a given cut size.

The relationships derived in this chapter allow us to predict a cyclone’s cut-
point diameter, grade-efficiency curve, overall or ‘gross’ efficiency, and pressure
drop on the basis of measurements taken on another, geometrically similar,
cyclone. They also allow us to assess the performance of an operating cyclone
and determine whether or not there is something wrong with its design, or
with its physical/mechanical condition, or in the way in which it is operated.
We will look at an example in Appendix 8.B.
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8.A Inspecting the Equations of Motion

In this appendix we make the equations of motion for gas and particles dimen-
sionless, so that the parameters form dimensionless groups. If these groups are
equal for model and prototype, the governing equations are identical in the
two.

8.A.1 Equation of Motion for the Gas

The flow pattern of the gas can be determined by solving the Navier-Stokes
equations if there is no influence from the particles. If we assume a Newtonian
viscosity in Eq. (2.A.2), it becomes:

Dv

"Dt

Using a characteristic velocity v.p, along with D and p as scaling param-
eters, we get the following dimensionless parameters:

= —Vp—uV3v +pg. (8.A.1)
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Introducing these in Eq. (8.A.1), we get, after some work (Bird et al., 2002)

Dv* 1 2 1\g
— V4 (=) VR (— ) B A2
AN +(Re)v v+(Fr>g (8.A.2)

The dimensionless velocity and pressure of the gas are thus determined by Re
and F'r. As mentioned in the main text, gravity only affects a flow pattern if
the system contains free surfaces or stratification layers. Thus, Reynolds num-
ber similarity with geometric similarity is enough to ensure dynamic similarity
for a gas cyclone with low solids loading.

This is the formal requirement for dynamic similarity, and is consistent
with the results of the classical dimensional analysis in the main text. As we
mentioned there, experience teaches us that over a wide range of operating
conditions Reynolds number similarity is not all that critical for Stokes num-
ber similarity between cyclones, and this indicates that, in this range, it is not
all that critical for dynamic similarity.

8.A.2 Equation of Motion for a Particle

The Lagrangian equation of motion of a particle rotating at the radial position
r in a centrifugal field with circumferential velocity vy is (Eq. 2.2.4 resolved
in the radial direction)



8.B Sample Cyclone Scaling Calculations 177

3 ' 3 2
T du; T v
= —3maul, Ap-L 8.A.3
(6)ppdt mur+<6) P (8.A.3)
where we have assumed that the particle is sufficiently small for Stokes drag
law to apply. Making this equation dimensionless, using the same scaling
parameters as above, v.p,, D and p, gives:

1% *2
seeLe U _ g gy

Ap dt

;’* . (8.A.4)

If the motion is steady, the left-hand side is zero. The steady motion of the
particle is therefore determined by Stk, and p, does not need to be included
explicitly in the analysis, as mentioned in the discussion following Eq. (8.1.4).
Also the density ratio Ap/p does not occur in the equations when the added
mass and Basset terms are neglected.

Inspection of the equations of motion of the gas and particle phases has
thus confirmed the results of classical dimensional analysis, simplified the
results of the analysis further, and has, we trust, increased our understanding
of the physical significance of the dimensionless groups.

8.B Sample Cyclone Scaling Calculations

8.B.1 Calculating the Inlet Velocity in a Scale Model Required for
Re Similarity

Determine the velocity at which we would have to operate a 6” (152 mm)
diameter model cyclone to obtain Reynolds number similarity to a 48”
(1220 mm) industrial cyclone.

Operating Conditions:

Model:  p,, = 1.19 kg/m3
D,, = 0.152 m (ID)
lm=1.81075 Pa s
Vin,m= (to be determined)

Prototype: p = 1.30 kg/m3
D=122m
1w=3.710"° Pas
Vin = 22.4 m/s

Herein, the subscript m refers to the model, no subscript to the prototype.

Solution

Since Rejn,m = Rein, it follows that,
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Vinsm = PVin Dt [ (Pm D pt)
and, upon substitution, we find that,
Vinm = 82.4m/s!

This is an extremely high velocity and, for an inlet area of 5 x 1073 m? (8
in?) for the model (corresponding to 0.33 m? or 512 in? for the prototype), the
model cyclone would require 0.42 m3/s or 15 ft3 /sec of blower capacity (at a
considerable pressure loss). Such a flow condition would normally exceed the
limits of most laboratory facilities. Additionally, a laboratory-sized cyclone
operating at such high inlet velocities would exhibit such a small cut-point
diameter that it could prove difficult to collect sufficient overhead solids to
permit an accurate determination of the cut size and the grade-efficiency
curve. Static charge effects created at such high velocities, along with particle
agglomeration, could also complicate the analysis.

Although the 1.2 m diameter cyclone used in the preceding example may
seem rather large, many industrially important processes utilize cyclones of
at least this size. Some are as large as 4 m or 13 feet.

8.B.2 Predicting Full-Scale Cyclone Performance using a Scale
Model

A model cyclone of diameter D = 0.2 m operating at an inlet velocity v,
= 15 m/s at ambient conditions on a chalk powder of density 2700 kg/m?,
at low solids loading, is by testing found to have the grade-efficiency curve
shown in Fig. 8.B.1. The cyclone pressure drop was found to be 950 Pa.

We wish to predict the performance of a geometrically similar cyclone of
diameter D = 1.5 m operating with an inlet velocity v;, of 20 m/s, separat-
ing catalyst particles from a gas consisting of light hydrocarbons at elevated
temperature and pressure in an FCC reactor installation.

Solution

We note from the experimental data reported above that the model’s cut-
point diameter, xs59, is 0.98 ym. We do not have data at the same Re for
model and prototype, so we will make use of the approximations mentioned
in the main text. Re;, is large enough in both model and prototype to assume
that the grade-efficiency is about the same in the two cyclones for the same
value of Stk, and that their Eu values are the same.

We look up the physical properties of gas and particles in the industrial
unit. They are summarized together with the relevant geometrical data in
Table 8.B.1

We begin by scaling the entire grade-efficiency curve. We calculate Stk
corresponding to the particle sizes in the model data. These values of Stk
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Fig. 8.B.1. Experimental grade-efficiency data for a laboratory model cyclone

Table 8.B.1. Relevant physical and operational data for model and prototype

Model Industrial unit
Ap 2700 kg/m? 1500 kg/m®
Vin 15 m/s 20 m/s
U 1.8.x107° kg/ms 1.5.x107° kg/ms
P 1.2 kg/m® 1.0 kg/m®
D 0.2 m 1.5 m
a 0.1 m 0.75 m
b 0.04 m 0.3 m

must correspond to the same efficiencies in the prototype, and we can back-
calculate the corresponding particle sizes. Using subscript 7 as an index for the
experimental points on the grade-efficiency curve, the scheme can be written:

Given (4,7i) g0 — calculate (Stk;,n;) (Stki,m;)

model — prototype

calculate (x;, m)prototype

For instance, one of the points on the curve in Fig. 8.B.1 is: (x;, n;) = (1.15,
0.637). Since we are assuming approximate dynamic similarity between the
model and prototype we can use Stk based on any characteristic velocity, such
as v;,, which is the velocity we have been given. We then calculate:

Apr?vy, 2700 x (115 x 107%)” x 15
18uD 18 x (1.8 x 1073) x 0.2

Stkin.i = =827 x 1074

This is also the value of Stk;, ; for the same 7; in the prototype, so we
can back-calculate the corresponding value of z; in the prototype by solving
for z; in:

Qo7 5 104 — 1500 x a2 x 20

= iving: z; = 3.34 x 10~%m = 3. ‘
18 x (1.5 x 1075) x 1.5 giving: z; = 3.34 x 107 %m = 3.3 um
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Repeating this for all the points gives the data for the prototype shown
by the solid black points in Fig. 8.B.2.
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Fig. 8.B.2. G-E data for the model, with the calculated G-E data for the prototype

We can read off the cut size of the prototype in the figure, or we can
calculate it directly by setting Stk;,50 equal in the two cyclones:

( A/mgo Uin ) N ( Apxgovm

18uD ) model 18uD )prototype7

and solve for x5g in the prototype. The result is:
250 = 2.85 x 1070m = 2.8um.

We see from the figure that we can expect all catalyst particles greater
than about 10 um to be completely captured in the industrial unit. We also
see that the grade-efficiency curve for the prototype has the same s-shape
form as that of the model on the logarithmic scale.

One may quickly obtain a rough ‘back of the envelope’ estimate of the
overall or gross separation performance of a lightly-loaded cyclone as follows
(see also Sect. 3.2.3):

First, we ‘fit’ the experimental G-E data with a simple step function or
stair-step curve, as shown in Fig. 8.B.3, for example. This step function rep-
resentation of the s-shaped G-E curve has the properties:

n(xz) =0 for x <wzs0 and n(z) =1 for x> zxo.

Next, we note the weight percent of the feed particles > x5g. This is our
estimate of the overall or gross collection efficiency. The weight percent < x50
comprises the losses.

The authors have found this technique to be quite useful in practice, espe-
cially in situations where one is anticipating the effect a change in cut-point
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Fig. 8.B.3. Grade-efficiency data for the prototype showing a stair-step type of
approximation

diameter may have upon total collection performance, namely, the loss frac-
tion.

When viewed from this ‘step function’ perspective the cyclone behaves in
a manner that is completely analogous to a perfect sieve: all particles entering
the ‘sieve’ (the cyclone) that are greater than the sieve openings (the cyclone
cut-point) are retained (captured). Likewise, all particles that enter but are
less than the sieve openings (cut-point) pass on though (exit with the overhead
gases). Even for the particle that may become ‘stuck’ in the sieve openings
there is an analogy—this is the cyclone’s cut size or, as it is sometimes called,
its cut-point.

Let us now try to estimate the overall pressure drop in the commercial
reactor cyclone. The discussion in the main text of this chapter and in Chap. 4
leads us to expect the Eu number to be the same for the two. In addition, we
can calculate Fu on basis of the inlet velocity:

Ap 950
(Euin)model = 1.,2 =7 2 =7.03
9PV ) odqar 2 X 1.2x15
= (Euw’l) = (Ap)prOtOtype |

prototype 1% 1.0 x 202

Solving for the pressure drop over the industrial prototype, we obtain a value
of 1400 Pa. We note that, even though the gas density was lower in the
commercial unit, the overall pressure drop for the commercial unit increased,
relative to the model, due the increase in inlet velocity.

It should also be pointed out that the Eu number of the commercial cy-
clone is essentially constant and independent of variations in any of the vari-
ables comprising this dimensionless number, such as gas density or inlet ve-
locity. Thus, if we were to know its pressure drop for any operating condition
then, knowing also the gas density and its inlet velocity, we could quite easily
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compute its Euler number. From this, we could then compute its pressure drop
at any gas density and/or inlet velocity of interest. In the above example, if
the inlet velocity were to be increased to 30 m/sec, the pressure drop would
increase to (30/20)% x 1410 = 3170 Pa. Such simple scaling methods can be
of very practical value to the plant or support engineer.

We will leave it to the reader to locate the point corresponding to Stk and
Eu on the plot of Svarovsky, to see how well this cyclone works. Remember
to change the scale velocity from v;, to (v.). You will find the necessary
information for this in Table 8.B.1.



9

Other Factors Influencing Performance

In this chapter we will look at two special factors that strongly influence
cyclone performance. These are solids loading and the ‘natural turning length’,
both of which affect cyclone separation performance, wear and pressure drop,
especially in cyclones with a tangential inlet. The natural turning length may
also correlate with clogging.

9.1 The Effect of Solids Loading

Contrary to what one might expect intuitively, cyclone performance improves
with increasing solids loading up to quite high loadings: the overall efficiency
increases, and the pressure drop decreases with increasing solids loading.

9.1.1 Effect on Separation Efficiency of Cyclones

Cyclone designers have long known that the separation efficiency of tangen-
tial inlet cyclones improves with increasing solids loading. Even so, the exact
mechanism for this improvement is still not established beyond doubt, in spite
of many investigations of the topic.

Figure 9.1.1 shows the overall efficiency as a function of loading for a cy-
clone with a tangential inlet. The overall efficiency can be seen to increase
substantially with increasing solids loading. It increases so much that, at a
moderate solids loading of 40 g solids per m? of air, the fractional emission
from the cyclone is only about one third of what it is at low loading. Thus,
the fraction, or percentage, of incoming solids that is lost decreases with in-
creasing solids loading even though the absolute magnitude of the losses still
increases®. This is clearly an effect to be aware of, since problems can arise
with a plant cyclone design based on testing in a model at an unknown (high)
solids loading.

! For 15 m/s in Fig. 9.1.1, the absolute emission at a loading of 44 g/m? is 15 times
that at 1 g/m?®.
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Fig. 9.1.1. Overall efficiency of a cyclone acting on a chalk powder with a median
particle diameter of 3.7 um as a function of solids loading (Hoffmann et al., 1991).
Dimensions of the cyclone: D = 0.2 m; D, = 0.075 m; S = 0.1; a = 0.1; b = 0.04;
H. =0.5m; H=0.8 m; Dg = 0.075. Scale drawing of the cyclone also shown.

Figure 9.1.2a and b show grade-efficiency data and size distributions of
the overhead fraction corresponding to some of the points shown in Fig. 9.1.1.
Three features in Fig. 9.1.2 are noteworthy:

e Moving in the direction of decreasing particle size, the efficiency decreases,
goes through a minimum, and again increases for the very small particles

e the increase in solids loading pushes the grade-efficiency curve upwards as
a whole, and

e the size distribution of the overhead solids remains essentially unchanged
with solids loading, despite the dramatic increase in separation efficiency.

The two latter features are consistent with the following picture of the
effect of solids loading on efficiency: an ‘extra’ amount of solids (‘extra’ com-
pared to what would normally be separated in the cyclone body in accordance
with the cyclone grade-efficiency curve) separates or ‘salts out’ more or less
unclassified in the cyclone inlet region, i.e. that for each size class about the
same weight or volume fraction separates out in the inlet. The remaining solids
continue to the ‘inner’ vortex, where they are classified roughly the same as
they would be at low loading. We say “roughly the same” since the extra
solids on the wall at high loading will attenuate the vortex somewhat.

We will be returning briefly to the topic of solids loading in swirl tube
separators later. Here, we wish to note that a difference exists between the
behavior of cyclones with tangential inlets and swirl tubes equipped with inlet
vane assemblies, so that the results shown in these figures cannot be applied
to swirl tubes.
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9.1.2 Models for the Effect on Separation Efficiency of Cyclones

The reason for the effect of loading on separation efficiency is not established
beyond doubt, but the data and observations in the previous section can
help us evaluate the merits of the explanations forwarded in the literature. A
number of mechanisms and models have been proposed.
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Fig. 9.1.2. a, b Grade-efficiency and overhead size distributions for some of the
experiments in Fig. 9.1.1. Inlet velocity: 10 m/s. The size distributions of the feed
and overhead fractions were measured by an optical disc centrifuge using a line-start
technique

One explanation for the effect is the critical loading concept of Muschelk-
nautz. We refer to our discussion of the Muschelknautz method in Chap. 6,
and give here only a brief outline of the hypothesis. This concept sprang from
a model for horizontal pneumatic conveying of powders. The idea is that the
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turbulence in the carrier gas can support only so much powder (the ‘critical
load’) in a horizontal conveying tube against the force of gravity. The excess
powder beyond this critical load will settle out of the gas stream to the bottom
of the tube spontaneously and, according to the early work of Muschelknautz,
essentially unclassified (see below and Chap. 6 for more discussion of the issue
of classification in the inlet region). The extension of this notion to cyclones is
straight-forward: the solid-laden inlet jet is considered as a sort of conveying
tube, and the centrifugal force is substituted for the gravitational force.

In his earlier papers, Muschelknautz arrived at the following expression
for the critical load or ‘limit load’ in terms of kg dust (that the gas could keep
in turbulent suspension) per kg of gas:

_ JDmp
COL - 2
2(1 = D,/D) ppxz, . Vom

(9.1.1)

where D,, = (DD,)"? and vg,, = (vnggx)l/Q, and Zyeq is the median
size of the inlet dust. An example of how to use this equation is included in
Appendix 9.A. Another, more recently developed expression for the critical
load is given in Egs. (6.4.1) and (6.4.2). The expression in Chap. 6 is of a
different type, and is not based on a direct analogy with pneumatic conveying
in a gravitational field.

As mentioned, the upwards shifting and flattening of the grade-efficiency
curve with increasing solids loading seen by Hoffmann et al. (1992), and also
exhibited by the data in Fig. 9.1.2 strongly supports the idea that the ‘extra’
material separating out in the inlet due to the solids-loading effect is essentially
unclassified. However, in the more recent work, Muschelknautz and Trefz in-
troduced the notion of a cut size in the inlet region of a highly-loaded cyclone
in addition to the cut size in the inner vortex. This was discussed in detail in
Chap. 6. We note that the observed change in shape of the grade-efficiency
curve with loading is not consistent with the notion of a sharp ‘cut’ in the
inlet region.

The upward shifting and flattening of the curve may, however, be consis-
tent with a certain classification in the inlet. Greif (1997) found that at high
loadings the large particles are completely removed in the inlet region, while
the smaller particles are separated in the inlet with a high (but < 1), almost
uniform, efficiency (see Fig. 6.B.2). Greif looked at this as a very shallow ‘cut’
in the inlet, meaning that the ‘s-shaped’ GEC is rather ‘flat’ and reflects an
efficiency which is significantly greater than zero for all particle sizes. In this
way Greif could reconcile the change in shape of his grade-efficiency curves
as a function of increased loading (Greif found much the same solids loading
effect as Hoffmann et al. (1992)) with the observation of his predecessors that
the material continuing to the inner vortex at high loadings is finer than the
feed.

As an alternative to the critical loading concept, Mothes and Loffler (1984)
put forward the idea that the improvement of cyclone efficiency with solids
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loading is due to particle agglomeration. They proposed a model for particle
agglomeration, based on calculating

e the impaction probability and
e the sticking probability

of a small particle moving toward a large one. As the size of the small particle
increases, the impaction probability increases while the sticking probability
decreases. They found that the product of the two probabilities, which gives
the probability that the small particle will actually agglomerate with the
larger ‘cleaning’ particle, is a maximum for a particle size of about 2 um,
if the large particle is 15 pm. In this concept the larger particles are thus
held to ‘sweep up’ smaller particles as the large particles move to the wall
in the cyclone inlet region. According to the Mothes and Lofller model the
separation of small particles due to solids loading should therefore increase
with the concentration of larger ‘cleaning’ particles. We refer the reader to
their paper for further information.

Empirical relations without any mechanistic explanation have also been
proposed. Smolik, as quoted by Svarovsky (1981), proposed:

0.18
nie2) = 1— (1—n(er)) (—) (0.1.2)

where ¢; and co denote two different solids loadings in the inlet stream ex-
pressed in any concentration unit. 7)(c;) is the corresponding overall, fractional
efficiency.

Another purely empirical model was proposed by Zenz. This is a graphical
method. The chart of Zenz, which is based on years of practical experience,
is shown in Fig. 9.1.3.

Both the models of Smolik and Zenz predict cyclone separation efficiency as
a function of loading purely from knowledge of the efficiency at low loading and
the loading itself. Physical and operational factors, such as cyclone geometry
and size, solids size distribution and density, inlet velocity and other operating
conditions, are not included in these models, and the effect of these parameters
is thus not thought to be of primary importance. In the Muschelknautz model,
on the other hand, the inlet velocity, the cyclone dimensions, and the mean
size and density of the inlet solids all feature.

When trying to weigh up the relative merits of the mechanistic explana-
tions for the effect of loading on cyclone separation, we observe that the results
in Figs. 9.1.1 and 9.1.2 are consistent with the notion of the extra material
being largely unclassified, and they are in this sense more consistent with the
Muschelknautz concept than the concept of Mothes and Loffler. However, the
Muschelknautz concept, as given in Eq. (9.1.1), leads us to expect a range of
low loadings—under the ‘critical load’—where there is no effect of solids load-
ing on the fractional separation. We, nonetheless, do not see such a range in
Fig. 9.1.1, the effect of solids loading starts from zero loading, as the models of
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Fig. 9.1.3. The graphical model of Zenz for estimating the effect of solids loading
on cyclone separation efficiency. 1 grain/f‘c3 =229 g/m3
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Smolik and Zenz also predict (see also Appendix 9.A). In the later revisions of
his theory, on which revisions Chap. 6 is based, Muschelknautz has overcome
this problem, and calculations based on the equations in that chapter show
an effect of solids loading at virtually all loadings, more consistent with the
experimental evidence. On the other hand he has there introduced the inlet
cut diameter which, as we mentioned above, is not easily reconciled with the
experimental evidence.

Parenthetically, we mention that if the solids that drop out in the inlet are
unclassified, we can estimate the grade-efficiency curve of a cyclone working
at high loading from one working at low loading. If a fraction 7y is removed
unclassified in the inlet, and the rest goes through to the inner separation
space, where it is classified according to the grade-efficiency n;(z), then the
grade-efficiency curve at high loading becomes:

n(z,e) =1—=(1=na)(L—ni(z)). (9-1.3)

When we consider the merits of the agglomeration hypothesis in light of
the experimental evidence, solids loading test results do not show a clear
preference for a particular particle size in the extra material that is separated
on account of the loading effect, although we would expect such a preference.
In addition, a rough calculation shows that the volume ‘swept’ by the large
particles on their way to the wall just after the tangential inlet is much too
little to explain the magnitude of the effect seen in practice. Nevertheless,
the theory that agglomeration is responsible for the effect of solids loading on
cyclone efficiency still has its followers.

One could try to resolve the second problem mentioned above and explain
the magnitude of the effect of loading on efficiency by taking into account also
agglomeration in the upstream tubing leading to the cyclone, in addition to
the agglomeration in the inlet region of the cyclone itself. However, it then
emerges as curious that the effect of solids loading is so consistent between
different industrial and laboratory installations, which presumably comprise
very dissimilar piping arrangements upstream of the cyclone. High humid-
ity levels may reduce repulsion forces among particles that are electrically
charged, and may enhance the cohesion forces between particles in contact.
If so, high humidity levels with some types of dust could cause the smaller
particles to form agglomerates and, hence, separate as though they were much
larger particles. Various cyclone vendors state that humidity affects cyclone
collection performance although the writers are not aware of any published
data quantifying the effect. We are aware of one cyclone vendor, however, that
uses a proprietary method that specifically accounts for the effect of humidity
when predicting cyclone collection performance.

At this point, the reader may be wondering what to conclude regarding the
mechanism for the entrance solids-loading effect. It is our judgment that the
solids-loading effect is due to a reduction in the drag force that the individual
solids experience upon entering the cyclone. Our own interpretation of the
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features of Fig. 9.1.2 is as follows: the data in the figure exhibit three somewhat
independent effects:

1. Below about 0.6 to 0.7 microns, we see the probable effects of particle
agglomeration. We believe that these very fine particles entered the cy-
clone as agglomerates and this is why they were collected with such high
efficiency. The smallest particles had the greatest ability to stay bound in
agglomerates, since for them the surface forces tending to bind them were
stronger compared with the intertial forces tending to break them free.
Thus they may either have agglomerated in the inlet piping, or failed to
have been dispersed in the particle dispersion system. For example, the 0.3
pm particles incorporated in agglomerates behaved, from an aerodynamic
point of view, as though they were larger particles in their passage through
the cyclone. This ‘fines agglomeration effect’, as expected, occurred at all
incoming solids loadings.

2. Superimposed on the above effect is the expected sharp increase in effi-
ciency with increasing particle size. This effect becomes most apparent in
the data shown in Fig. 9.1.2 a for particle sizes above about 0.6 to 0.7 pm.

3. Upon comparing the GEC at 4.5 g/m? loading with that for the 31.7 g¢/m?
loading, it is very clear that the efficiency of all particle sizes increases with
increases in loading. The intermediate loading data points, or GECs, lie
between the 4.7 and 31.7 g/m? loadings, as expected.

We are interested in the effect mentioned under item 3 above, and it seems
likely that this is due to some effect of the solids on the two-phase flow pattern
in the inlet region of the cyclone. Aside from the energy considerations which
lead to the Muschelknautz’ solids-loading or ‘critical loading’ concept, one can
understand the basic mechanism by keeping in mind that, as the concentration
of particles increases, they shield one another from the drag that they would
have experienced as individual particles. The individual particles thus move
as an ensemble, and behave as though they were much larger ‘particles’, thus
making them relatively easy to separate within the entry section of the the
cyclone. As a simple example, one may find that it is difficult to throw a
few grains of ordinary flour particles very far across a room. Drag rapidly
decelerates them and decreases their forward momentum. However, if one
grabs a handful of flour (a concentrated ensemble), one can easily toss the
particles a meter or more from the point of release, since nearby particles
shield their neighbors from the full impact of the air’s drag force. The same
principle applies to racecars and even to birds in flight, which take advantage
of the shielding provided by the lead car, or lead bird, by ‘drafting’ behind it.
Developing an accurate, quantitative model of this phenomenon may not be
a simple task but the concept is relatively easy to understand.

We mention that Hoffmann et al. (1991) found that all their results for the
separation efficiency as a function of solids loading could be perfectly fitted
with the expression:
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k2
0 (co) = Ao’ H1l0 (9.1.4)
klco + ].
This reasonably simple expression may form a good basis for an empirical
model, if the constants ki and ks can be related to the relevant parameters.
7o is the efficiency at very low loading.

Figure 9.1.4 shows photos from Trefz (1992) of a cyclone with a tangential
inlet, working with low and high loadings. The photos give an interesting
insight into the flow in the inlet region of the cyclone. Unfortunately, the
inlet jet cannot be distinguished in the left picture with the low loading to
determine whether its shape is different from that in the right picture with
the high loading.

Fig. 9.1.4. Photographs of a cyclone with a tangential inlet (top right in the photos)
working with a low solids loading (left) and a high loading (right). At the low loading,
the solids dispersed in the inlet gas are not visible, only the characteristic strands
on the wall are seen. At the high loading, the solids in the inlet gas are visible, and
are seen to move directly to the wall

9.1.3 Effect on the Separation Efficiency of Swirl Tubes

Much less experimental data are available on the effect of solids loading on the
separation efficiency of swirl tubes with swirl vanes. If the effect of solids load-
ing is indeed one taking place in the inlet region of tangential inlet cyclones,
we might expect it to be quite different in devices with swirl vanes.

This turns out to be so. Experimental data obtained in the laboratories
of the writers show a clear difference between the effect of loading in the two
types of device. The evidence is scant, however, and will not be reported at
this stage.

There are no models in the open literature for computing the effect of
solids loading on swirl tube efficiency. The best approach for doing this in
the first instance may be to fit the exponent a in a relationship of the Smolik

type:

2 =1- (=) (2) ) (9.15)



192 9 Other Factors Influencing Performance

or to fit k1 and ko in Eq. (9.1.4) to results from testing by expressing a in
terms of the relevant operational and physical parameters.

9.1.4 Effect on the Pressure Drop of Cyclones

While there are several schools of thought regarding the exact mechanism
behind the effect of solids loading on separation efficiency, the effect of loading
on cyclone pressure drop is somewhat less contentious.

Figure 9.1.5 shows experimental results for the effect of solids loading on
pressure drop for the cyclone described in Fig. 9.1.1.

It was shown in Chap. 4 that one effect of wall friction was to decrease
the swirl intensity in the cyclone body, and that this in turn had the effect of
lowering the cyclone pressure drop. It was also shown that only the pressure
drop models based on a moment-of-momentum balance, and therefore taking
into account the effect of wall friction, could account for the change of pressure
drop with cyclone length and/or an increase in cyclone surface area. Wall
friction increases not only with the cyclone surface area and the roughness
of the wall material itself, however, but also with the solids loading. The
attenuating effect such friction has on the inner core spin velocity is the reason
why the pressure drop across cyclones decreases with increased solids loading.

As shown in Chap. 4, the Barth-Muschelknautz approach takes into ac-
count the effect of wall friction through a wall friction factor, f, which depends
on the physical roughness of the (usually metal) walls, as well as the addi-
tional, ‘effective’ wall roughness created by the solids spiraling down the walls.
The procedure for using the Barth-Muschelknautz model to predict the effect
of solids loading on pressure drop is as follows: calculate vpc s from Eq. (4.2.6),
using Egs. (4.2.4) and (4.2.5), find the friction factor from Eq. (4.2.9), and
then use Eq. (4.3.4) to calculate the pressure drop.

Smolik proposed an empirical model for the effect of loading on cyclone
pressure drop, in addition to his above-mentioned model for the effect of solids
loading on efficiency (see Svarovsky, 1981):

=(1-a- (9.1.6)

where Apy is the pressure drop for zero load. In this equation the constants
« and ( are dimensional and take on the values 0.02 and 0.6, respectively, if
the units? of the solids loading ¢ are g/m?>.

2 Solids loading in this book and in the literature is often expressed in terms of mass
of dust per volume of gas, such as g/m?® or grain/ft®. While this is intuitively ap-
pealing in text and graphics, it is not optimal in mathematical expressions, where
the loading may occur in exponents or as arguments of logarithms and/or together
with empirical constants, such as in Eq. (9.1.6). In mathematical expressions the
loading can best be expressed as a dimensionless ratio, for instance as a mass
fraction. In SI units this may be done by expressing the loading in kg dust per
kg of gas, denoted by ¢, in this book.
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Worked examples for using these two models to predict the effect of loading
on pressure drop are given in Appendix 9.B, where the predictions of the
models are also compared with the experimental results in Fig. 9.1.5.
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Fig. 9.1.5. The influence of solids loading on the pressure drop at three different
inlet velocities over the cyclone reported in Fig. 9.1.1

In a series of recent papers, Gil and co-workers (Gil et al., 2001; Gil,
Romeo and Cortés, 2002; Gil, Cortés, Romeo and Vellila, 2002) investigated
the working of a pressurized fluidized combustion cyclone equipped with pro-
visions for pneumatic extraction of solids from a dipleg under the cyclone.
Among other things, they investigated the effect of solids loading on the cy-
clone separation efficiency and pressure drop (Gil, Romeo and Cortés, 2002).
Their solids loading varied from 0.03 to 0.230 kg solid per kg of air, the inlet
velocity, vi, was 14 m/s, and the operating pressure was 2.2 bar.

Gil et al. compared a number of relations for predicting the effect of solids
loading on cyclone efficiency and pressure drop. For the efficiency they found
that the model of Muschelknautz (MM, see Chap. 6) predicted the effect
exceptionally well.

For the pressure drop they compared not only the models of Smolik and
Muschelknautz with their experimental results, but also the empirical models
of Briggs (1946):

Ap(c) 1
= 1.
Apo 1+ 0.0086¢05 (9-1.7)
and of Baskakov et al. (1990):
Ap(co 1
pleo) _ +0.67c,. (9.1.8)

Apy  1+3.107
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The model equation of Briggs is in terms of ¢, the solids concentration in g/m?,
while the model of Baskakov et al. is in terms of ¢,, the solids concentration
expressed as a mass fraction. The latter is, as mentioned, better.

They found that the Muschelknautz model described their results for pres-
sure drop exceedingly well. In Appendix 9.B we replot their results and com-
pare them with the three empirical models for the effect of solids loading on
pressure drop given above.

The improvement (i.e. decrease) in pressure drop with increasing solids
load does not continue indefinitely: Zenz (2001), quoting Dry et al. (1993),
shows that at a solids charge of about 7 kg/s m?, which for an inlet velocity of
15 m/s of ambient air translates to about 0.5 kg solids per kg air, the pressure
drop reaches a minimum of about 0.4 of its value at low loading, but then
rises with any further increase in solids loading.

9.1.5 Effect on the Pressure Drop Across Swirl Tubes

The effect of solids loading in swirl tubes is quite different from that in tan-
gential inlet cyclones, although the reason for this is not immediately evident:
one might expect that the solids would affect both types of separators in the
same manner. Nevertheless, limited data available indicate that the effect of
solids loading on pressure drop—although qualitatively the same—is less pro-
nounced in swirl tubes than in conventional, slotted entry cyclones, at least
in the range of relatively low loadings.

9.1.6 Computing the Performance of a Cyclone with High Loading

We wish to conclude this discussion on the entrance solids-loading effect by
simply stating that the effects of solids loading cannot be ignored if perfor-
mance is to be accurately predicted. This applies not only to cyclone simula-
tion models, but also to the use of the scaling laws developed in Chap. 8.

There are two possible strategies for predicting the performance of a cy-
clone at elevated solids loading. One is to:

e first predict the performance of the device at low loading either by using
a model for low solids loading, such as Barth or Mothes and Loffler for
the efficiency, and Shepherd and Lapple for the pressure drop (Chaps. 4
and 5) or by using the scaling criteria in Chap. 8) with results of laboratory
testing or plant data, and

e subsequently account for the effect of solids loading using perhaps the
methods of Smolik or Zenz.

The other is to use a comprehensive model that accounts for the effect of
solids loading directly, such as the Muschelknautz model given in Chap. 6.

If one uses test data taken on a model cyclone to help predict the perfor-
mance of a full-sized unit, it is important not to use a higher solids loading
in the model than that, which the full-sized unit is expected to experience. It
is best to test the model over a range of known solids loadings.
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9.2 The Effect of the Natural Vortex Length

In addition to the effect of solids loading, another effect that the cyclone
designer ignores at his or her peril is the natural turning length of the vortex.

Most of the models developed in Chaps. 4 and 5 predict that longer cy-
clones perform better, at least that the optimal length is considerably longer
than the lengths of most commercially available cyclones. See also the discus-
sion of this issue in Sect. 5.3.2. However, since the inception of the cyclone
it has been known that the cyclone or swirl tube cannot be made arbitrar-
ily long. If it is too long, the vortex will spontaneously ‘end’ at some point
within the body of the separator. The point at which this occurs is called the
‘natural turning point’, or the ‘end’ or ‘tip’ or ‘tail end’ of the vortex, and
the distance from the entrance of the vortex finder to the end of the vortex is
called the ‘natural vortex length’. The pioneering work in this field was done
by Alexander (1949).

Below, we will look at the nature of the turning point, and consider why
and how the cyclone designer should account for its behavior.

9.2.1 The Nature of the Vortex End

If, in a transparent cyclone, there is some mobile dust or liquid on the cyclone
wall, the end of the vortex can clearly be seen as a ring. Until now, it has not
been possible to ascertain the exact nature of the vortex end. Two possible
explanations circulate in the literature and among cyclone experts.

One is that the end of the vortex is an axisymmetric phenomenon, that
the end represents a sort of recirculating ‘gas bubble’. Such a vortex end is
observed in the research field of vortex breakdown in ‘vortex tubes’, tubes in
which a flowing liquid is caused to swirl with swirl vanes. A difference between
a vortex tube and a cyclone or swirl tube is that the flow reverses in the latter,
while in the vortex tube it continues past the vortex end, and discharges from
the bottom of the tube. Another difference is that this type of experiment is
usually (but not always, see Sarpkaya, 1995) performed under laminar flow
conditions, while the flow in a cyclone is turbulent.

Another explanation is that the end of the vortex attaches to the side wall
(i.e. the vortex core bends), and turns around or ‘precesses’ around the wall at
a high rate; see Fig. 9.2.1. Such a phenomenon, known as ‘vortex precession’
can be observed, perhaps most easily, in liquid cyclones, where the core can
be visualized with air bubbles; see Fig. 9.2.2.

The second type of phenomenon has been demonstrated to exist at least
under some conditions in the laboratories of the authors. Under proper dust
and lighting conditions, it was possible to ‘freeze’ the motion of the precessing
vortex with a stroboscope and see the vortex core bend and attach to the wall.
By adjusting the strobe’s frequency so that it is slightly faster or slower than
the precessing vortex ‘tail’, the vortex end could be made to give the illusion
of rotating backwards or forwards. If the vortex is ‘frozen’ on the wall in such
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Fig. 9.2.2. Water model exibiting vortex core precession

a manner, one can even observe a rotating ‘eye’ attached to the inner wall
of the cyclone. See Fig 9.2.3. See also our discussion of cyclone erosion in

Chap. 12.

Although the vortex may attach to, and precess around, the lower walls
of the cyclone as in Fig. 9.2.1, vortex motion does not completely cease in
the axial direction at this point or, more correctly, plane of attachment. This
‘primary’ vortex induces a ‘secondary’ vortex just downstream of it. This is
a type of fluid ‘coupling’. The induction of the secondary vortex is probably
related to the precession of the primary vortex. This precession is always in
the same rotational sense as the swirl in the bulk of the vortex, as sketched

in Fig. 9.2.1.
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Fig. 9.2.3. A stroboscopic image of the “eye” of the vortex core precessing along
the cyclone wall

The following sections will show that the vortex end significantly influences
the behavior of cyclones and swirl tubes. Its nature, and the factors governing
its position, should therefore be well understood by anyone who designs such
cyclonic type separators, and this topic should be given high priority in cyclone
research at this time.

9.2.2 Asymmetric Wall Velocity Resulting from Precession of the
Vortex Core

If we perform a simplified analysis of the gas velocity near the wall in a cy-
clone operating with the vortex end precessing around the wall, an interesting
result emerges with respect to the near-wall velocities. The illustration below
attempts to show the vortex end precessing around the entire inner wall of
a cyclone while, at the same time, displaying a snapshot of its characteristic
rotational “imprint” (“eye” of the hurricane) at any given point in time.

We notice first that the end of the vortex is precessing around the inner wall
of the separator at some precessional frequency f and precessional velocity
vector v,,. For the case illustrated, this motion is counterclockwise (ccw) as
viewed from above. However, superimposed on this motion is the vortex core
spin or rotational velocity vector, vgog. This core spin velocity adds to the
precessional velocity v, at its top-most position (position A in illustration)
producing the resultant velocity v4. On the other hand, the core spin vector
opposes the precessional velocity at the bottom-most position (position B).

Thus, at positions A or B, the net or resultant velocity is:

V=V, +Vcs
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Fig. 9.2.4. Vortex end in contact with, and precessing around, inner wall

Example calculation

Let us now substitute some values for the purpose of computing v at positions
A and B.

For a 200 mm diameter laboratory cyclone operating at a gas flow rate of
200 m?/hr, and an inlet velocity magnitude v;,= 9.75 m/s, we find, basis sim-
ple calculations from actual measurements (Peng, Hoffmann, Dries, Regelink
and Stein, 2005) that,

v, =25 m/s

and compute (basis the approximation, vg = const/r"™ with n = 0.8, v;, =
9.75 m/s, res = 37 mm and r;, = 100 — 25 = 75 mm)

ves = 17 m/s.
Thus, at position A,
v=vy=25+17=42m/s
and, at position B,
v=vp=25—-17=8m/s

For this case, the resultant velocity at the bottom of “imprint” of the
vortex core on the wall is slightly less than the inlet velocity. However, that
at the top is about 4.3 times the inlet velocity.
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Similar calculations at an inlet flow rate of 400 m?/hr (inlet velocity mag-
nitude, vy, = 19.5 m/s) lead to v4 = 93.3 m/s and vp = 24.7 m/s. For this
case, the velocity at the bottom of the “imprint” vg is about 27% greater
than the inlet velocity. The velocity at the top of the imprint, v, is 4.8 times
the inlet velocity.

Thus, not only can one expect an asymmetric velocity distribution near
the wall but the velocity at the top of the vortex “imprint” can greatly exceed
the inlet velocity, as the above example illustrates. This, we believe, has some
far-reaching implications in regards to the design and operation of commercial
cyclone systems.

Potential consequences of a precessing vortex

In light of what is reported above, if the end of the vortex is allowed to attach
to, and precess around, the inner walls of the cyclone, such action can lead
to severe localized erosion in the form of an acute erosion ring. This ring
effectively defines the path of the precessing vortex end.

The intense velocity resulting from the aforementioned precessional motion
also can be expected to significantly impair separation performance as some
fraction of the “collected” dust spiraling down the walls becomes abruptly
re-entrained by the action of the precessing vortex. Furthermore, particles of
dust in this region of the cyclone may attrite at a rate greater than what
one might expect from considerations of inlet velocity or even the core spin
velocity alone.

Since the orderly helical flow of solids (or liquid) down the walls of the
cyclone can be expected to be abruptly disturbed as it enters (and becomes
momentarily entrapped in) the precessing “ring”, tacky or sticky particles
may tend accumulate on the wall in the vicinity of ring.

In addition to the above, we wish to point out that, in our judgment, not
all of the physical height available in the cyclone is utilized if the vortex tail
“short-circuits” the cyclone in the manner described above.

9.2.3 The Significance of the Vortex End

Once one is aware of the fact that a vortex has a ‘natural length’, one may
think it is permissible to simply substitute this length for the physically avail-
able length of the cyclone or swirl tube. The assumption being that the end
of the vortex simply limits the useful length of the separation space.
Although this seems to be approximately true in swirl tubes with a cylin-
drical body, experimental results indicate that the separation performance
of cylinder-on-cone cyclones is reduced more than would be expected from
the reduction of their effective length when the vortex ends within the con-
ical section. One example is the dramatic reduction in separation efficiency
(corresponding to an increase in cut diameter) for the longest cyclone length
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reported in Sect. 5.3.2. Here, the vortex ends on a conical wall in the hopper
under the cyclone.

There are, as the discussion in the two previous sections indicate, reasons,
other than efficiency considerations, for designing cyclones to avoid the vor-
tex ending in the separation space. The ‘collected’ dust that would normally
experience an orderly downward transport along the wall will encounter a
gross disturbance at the point (actually a plane) where the vortex ends. This
usually occurs near the lower cone wall.

It has furthermore been claimed that the position of the vortex end is
related to the sharpness of the cyclone cut (Abrahamsen and Allen, 1986). In
support of this, the writers have observed considerable mixing of the solids
originating in the plane where the precessing vortex ‘tail’ attaches to the
lower walls of model cyclones. This has been observed in both dedusting and
demisting cyclones.

But aside from the harmful effects upon separation performance, cyclones
in which the vortex ends in the separation space are also prone to fouling
and clogging, since the transport of dust (or liquid) along the wall toward the
dust (or liquid) exit is less efficient below the vortex end. The position of the
end of the vortex can often be determined upon inspection of the cyclone.
If the vortex has been ending on the wall one can, as mentioned, usually
observe a sharply defined ring-like zone of wall deposits or, depending on the
abrasiveness of the solids, a burnished or eroded ring-like pattern along the
lower cone or cylindrical wall. Sometimes the wear is so severe that the walls
in the lower section of the cyclone completely fail. The erosion problem is
discussed in some detail in the section on cyclone erosion in Chap. 12.

The position of the end of the vortex is likely to complicate the problem
of ‘crossflow’ or ‘cross-talk’ between cyclones working in parallel that are fed
from and discharge into common plenums.

Figure 9.2.5 shows the wall pressure profile along the entire length of a
tangential-inlet cyclone. The remarkable thing about this data is the very
sharp decrease in static pressure that occurs in the vicinity of the plane where
the end of the vortex attaches to, and precesses around, the walls of the
hopper. This sharp dip in static pressure is, of course, a direct result of the
low-pressure vortex core contacting the hopper wall.

As one might expect, the frequency of rotation of the vortex core around
the inner walls of the cyclone (or swirl tube) has been observed to be directly
proportional to the gas flow rate. Interestingly, for any given gas flow rate,
this precession frequency is also found to be approximately equal to the core’s
maximum spin velocity divided by the circumference of the inner wall at the
plane of attachment. We will illustrate this below.

We begin by using the empirically determined “n-law” (see Appendix 2.A)
to compute, for any given flow rate, the maximum core spin velocity from the
measurements (Peng, Hoffmann, Dries, Regelink and Stein, 2005) shown in
Fig. 9.2.6:
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V9 mazx = ( Le ) Vin (921)

T0 max
where,
V9 max = aximum core spin velocity, m/s
Te = average radius of entry gas = (D — b)/2, m
79 maz = radius where vy mqq occurs =~ (0.8d,)/2, m
n = empirical coefficient ~ 0.8
Vin = inlet velocity Q/A;n, m/s
Q = volumetric flow rate, m?3/s
Ain = inlet area, m?

In this study r. = (0.200—0.050)/2 = 0.075 m, 79 mas ~ (0.8 x0.074)/2 =
0.030 m, n ~ 0.8, and A;, = 0.050 x 0.114 = 0.0057 m?.

After computing vy ma. for each value of @), we then compute the velocity
at which the precessing core travels around the inside walls:

vp = T fdhop (9.2.2)

where f is the measured frequency (reported in Fig. 9.2.6) and dp.p is the
inside diameter of the cyclone where the vortex end attaches and precesses
which, in this case, is the inside diameter of the hopper, having diameter
0.140 m.

In Fig. 9.2.7 we plot the velocity at which the “vortex end” or core trans-
verses around the inside wall of the hopper (from Eq. 9.2.1) versus the esti-
mated maximum tangential velocity of the vortex core (from Eq. 9.2.2). This
plot strongly suggests that the precessional velocity is directly related to the
maximum spin velocity. Thus, as stated earlier, precession frequency can be
estimated by simply dividing the core’s maximum spin velocity by the cir-
cumference of the inner wall to which it is attached. If this is true, then the
end of the vortex acts much like a rubber wheel that rotates around the inner
walls at a velocity equal to the maximum spin velocity of the vortex core.

Understandably, the “calculated velocities” reported in Fig. 9.2.7 depend
upon the choice of values for both n and the radius where the maximum spin
velocity occurs. For this work, we selected what we believe are reasonable val-
ues based on data reported in the literature (n = 0.8 and 79 mae = 0.8d:/2).
No attempt was made to “curve-fit” the data by varying the value of n or
the “0.8” coefficient in the equation for 7y ;,q.- Ideally, one should measure
the maximum spin velocities (as a function of @) and plot these versus the
velocities obtained basis frequency measurements.

Where the vortex ends can have a significant bearing on cyclone perfor-
mance. We'll try to illustrate this by examining two scenarios for vortex at-
tachment, as shown in Fig. 9.2.8. The frame on the left has the vortex ending,
and precessing around, the lower cone walls. Here, the pressure at the bottom
of the cyclone (or top of the dipleg) can be expected to equal the inlet pressure
minus the pressure loss due, primarily, to wall friction. (The latter typically
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Fig. 9.2.7. Calculated vs. measured core velocity at wall

represents only 25% to 50% of the total pressure loss across the cyclone.) The
frame on the right, however, has the vortex ending at the top of the dipleg.
When this occurs, the pressure at the bottom of the cyclone (top of the dipleg)
can be expected to be equal to the inlet pressure minus the total pressure loss
across the cyclone. In this case, the bottom of the cyclone behaves much like
an aspirator and the resulting low static pressure may cause solids to backup
and “flood” both the dipleg and bottom