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Preface to the First Edition

When the four of us decided to collaborate to write this book on pneumatic
conveying, there were two aspects which were of some concern. Firstly, how could
four people, who live on four different continents, write a book on a fairly complex
subject with such wide lines of communications? Secondly, there was the problem
that two of the authors are chemical engineers. It has been noted that the major-
ity of chemical engineers who work in the field of pneumatic conveying research
have spent most of their time considering flow in vertical pipes. As such, there was
some concern that the book might be biased towards vertical pneumatic convey-
ing and that the horizontal aspects (which are clearly the most difficult!) would be
somewhat neglected.

We hope that you, as the reader, are going to be satisfied with the fact that you
have a truly international dissertation on pneumatic conveying and, also, that there is
an even spread between the theoretical and practical aspects of pneumatic conveying
technology.

We have attempted to produce a book for which we perceived a need in the mar-
ket place. The book has been written taking into consideration our experiences in the
pneumatic conveying industries, and also taking cognizance of the days when we
started off as a junior research workers in this field. In those early days, it was clear
that a large amount of information pertaining to pneumatic conveying system design
was not documented in the literature. Also, there was a certain amount of scepticism
amongst the industry as to the effectiveness of research work carried out at univer-
sities. The fact that academics working in the field have been branded as ‘one-inch’
pipe technologists is indicative of the lack of confidence shown by journalists.

As such, we have attempted to address both problems and to cater for a wide cross
section of readers, including practising engineers, researchers, graduate students,
plant operating personnel and the like. The text has been so arranged to accommo-
date those researchers who wish to gain more insight into the fundamentals, or to
provide a short circuit for those readers who wish to address only the design issues
relating to pneumatic conveying.

For the systems designer, it is recommended that Chapter 1 be consulted and,
thereafter, the reader should study Chapters 6, 7, 9–11. In Chapter 8 issues
pertaining to the design of air-activated gravity conveyors are discussed, whilst
a number of practical system design problems are solved in Chapter 14.
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vi Preface to the First Edition

The researcher wishing to gain more insight into the technology is advised to
consult Chapters 3, 4, 5, 12 and 13. In these chapters an attempt has been made to
review the relevant literature.

Those issues which are deemed important, but peripheral to this text, are
discussed in Chapter 11, where an attempt has been made to alert the reader on
such issues as silo and hopper design, wear and attrition, and ancillary equipment.
All these topics are subjects in their own right, and the reader wishing to gain more
insight into these aspects is advised to consult more definitive texts.

We hope you find this text both useful and stimulating, and that you will reap the
rewards of entering into an exciting yet complex field of fluid mechanics.

R.D. Marcus
L.S. Leung�

G.E. Klinzing
F. Rizk



Preface to the Second Edition

Since writing the first edition of this handbook on pneumatic conveying, a number
of developments have taken place. First, and very sadly, we bid farewell to our
esteemed colleague Ming Leung who after a protracted illness passed away. Ming
will be remembered for some of the fundamental work which he did on vertical flow
and of course on the tremendous contribution he made to the flow in standpipes. His
unique skills endeared him to all those who were fortunate to be able to be associated
with him, be it as a student, a colleague or a recipient of his consulting services. Here
was an academic who disproved the perception of many industrialists that university
doyens, working in the field of pneumatic conveying, have little to contribute to the
real world of long-distance and high volumetric throughputs. His greatest claim to
fame was his involvement in the design of the world’s largest standpipe in operation
at the SASOL plant in South Africa. In memory of this very special person, we have
dedicated this second edition.

Second, the ever increasing demands for environmentally friendly manufactur-
ing facilities have placed a premium on the use of pneumatic conveying as a viable
form of materials handling. There has been a world-wide move towards the use of
this technology, allowing users to benefit from all the unique features of being able
to contain fine powdered and granular products in a pipe. Alongside this growth in
utilization, there has been a corresponding increase in the use of low-velocity sys-
tems facilitating the ability to transport friable products with minimal degradation.
It is evident that the technology is now well established and is here to stay.

Third, as authors, we are concerned at the diminishing number of academics
entering into the field of pneumatic conveying research. We are of the opinion that
whilst from an industrial standpoint there are positive signs that fewer people view
the technology as a black art, there are still significant challenges which need to
be overcome. We are still dealing with highly complex interactions between a gas
and a solid which is on average some 1000 times more dense. In the field of mea-
surement alone there is enough scope for more research, whilst the development
of the ultimate robust equation for dense phase is still a long way off. We wish
to urge the vendors of pneumatic conveying systems and equipment to do all in
their power to encourage universities to establish research facilities geared towards
finding solutions to the many vexing questions.

vii



viii Preface to the Second Edition

We have been overwhelmed with the positive response we have had from
many readers. We have also been fortunate in having received some constructive
suggestions for inclusion in this second edition. On the basis of feedback we have
attempted to improve on the linkages between the various chapters. We have also
spent time ensuring an improved relationship between the theory and the practice,
and have included some additional worked examples. We hope that you will enjoy
this second edition as much as we have enjoyed putting it all together.

February 1996 Roy Marcus
George Klinzing

Farid Rizk



Preface to the Third Edition

As with all good things, the advances made in pneumatic conveying field since the
second edition have increased our understanding and application of the technology
and science. We have strived to keep pace with these contributions and share them
with the community. The field of simulation and modeling in particulate systems
has exploded with many fine additions to the pneumatic conveying field. As with all
large works, making improvements on the book with nomenclature clarification and
designations are essential. We are particularly grateful to the readers and users of
the book to help us address these issues. We would also like thank Professor Serap
Kara of Anadoulo University in Turkey for here diligent and careful analysis of the
book including text and equations. In addition Dr. Jae Bum Pahk of the University
of Pittsburgh has been very helpful in checking the examples to make sure that the
numerical values are correct. We hope that you will find this Third Edition of use to
in your analysis and design of pneumatic conveying systems.

July 2009 George E. Klinzing
Farid Rizk
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Foreword

Pneumatic conveying is a most important practical operation whose application is a
vital and integral part in the good design of many processes. Such a book can only
be written from the basis of wide experience, in this case particularly achieved by
the contribution and cooperation of four authors. The book combines a complete
description of all the aspects of pneumatic conveying systems as well as the tech-
nology of feeding the systems and of separating the transported particles and the
gas. A basically technological subject such as this can only be systematically ex-
plained from a basis of a good understanding of fluid mechanics and fluid particle
interactions. This book also includes a description of all the necessary basic laws. It
is a welcome addition to the Chapman & Hall Powder Technology Series.

B. Scarlett
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Nomenclature

Symbol Description Unit
A0 Cross-sectional area of opening m2

A D  D2=4 Cross-sectional area of pipe m2

Constant or index for acceleration
A� Cross-sectional area of a particle normal to flow m2

a Speed of sound in a pure gas m/s
as Speed of sound in a gas–solid mixture m/s

Ar D d3
¡.¡p � ¡/g

˜2
Archimedes number

C1;2 Constant with index 1, 2
c Average particle velocity, bubble velocity, slug

velocity
m/s

cc Particle velocity at choking conditions m/s
c0 Superficial solid velocity ŒDc.1 � "/� m/s
c00 Interparticle cohesion Pa
c� Empirical constant – Kalman

CD D 2F

¡w2A� Drag coefficient

CD1 Drag coefficient for undisturbed and unbounded
fluid

CN Discharge coefficient for a nozzle
Cp Specific heat at constant pressure J/kg K
Ct Volumetric concentration
Cv Specific heat at constant volume J/kg K
Cvalve Valve coefficient
Cw Particle-wall cohesion
D Pipe inner diameter mm
Do Diameter of orifice or valve opening mm
Db Bend curvature diameter mm
d Spherical particle diameter mm
dv Volume equivalent particle diameter mm

xiii



xiv Nomenclature

Ndv Volume surface mean diameter mm
dvs Specific surface area diameter D 4 d mm
Ex Electric field N/C
E Volume eroded/unit time m3=s
F Force (shear Fs, Normal FN) N
f Frequency l/s
Fr D v=.Dg/1=2 Froude number related to air velocity
Fr� D c=.Dg/1=2 Froude number related to particle velocity
Frf D wf=.Dg/1=2 Froude number related to particle fall

velocity
Frp

� D c=.dg/1=2 Froude number related to particle velocity
and particle size

ff Flow function (Jenike)
fc Unconfined yield stress Pa
fL Air friction factor
ms, �ms Bulk solid mass, element of bulk solid mass kg
Pms Solid mass flow rate kg/s

kg/h
t/h

Ga D ¡�¡g.4dv/
3=˜2 Galileo number

Ga0 D ¡�¡gdv
3=˜2 Galileo number

PGf D Pmf=A D ¡v Gas flux kg=.m2s/
PGs D Pms=A Solids flux kg=.m2s/
g D 9:81 Acceleration due to gravity (gravitational

constant)
m=s2

g Index for gravitational
H Enthalpy kcal/kg
H.™/ Function in hopper design
H� Parameter in Kalman Analysis
hp Particle hardness
IR Relative turbulence intensity
K, K1, K2 Constants
k Effective pipe wall roughness mm
L, �L Length, length of element m
m� Empirical constant – Kalman
mf Mass of gas (fluid) kg
Pmf Mass flow rate of gas kg/s, kg/h
Pms Mass flow rate of solids kg/s, kg/h
M Momentum kg m/s
Mw Molecular weight kg/kmol
ms Particle mass kg



Nomenclature xv

n Number of particles in an element,
Number of events or as exponent

P Power of blower W, kW
p Absolute pressure Pa, kPa, bar
pdyn D ¡v2=2 Dynamic pressure Pa, kPa, bar
po Atmospheric pressure Pa, kPa, bar
pstat Static pressure Pa, kPa, bar
�pg Gauge pressure or static pressure Pa, kPa, bar
�p Pressure difference Pa, kPa, bar
�pz D �pZ

� C�pg Additional pressure drop due to
presence of solids

Pa, kPa, bar

�pz D �p�
Z C�pG

�PZ
� D œZ

�¡�=2c2�L=D Pressure drop due to impact and
friction of solids

Pa, kPa, bar

�pg D ¡�g�Z Pressure drop due to gravity Pa, kPa, bar
q Heat Joule
ro Radius of pipe m
R Gas constant Nm/(kgK)
R� Gas constant J/(kmolK)
Rb Radius of curvature of bend m
Re D vD=� D vD¡=˜ Reynolds number related to pipe

diameter
Rep D vd=� Reynolds number related to particle

diameter
Repf D wf0d=� Reynolds number related to

terminal velocity of particle
Remf D vmfdv=� Reynolds number related to

minimum fluidization velocity
S Entropy kcal/K
S Surface area of particle m2

t Ambient temperature ıC
�V D A�L Volume of pipe element m3

T Absolute temperature K
Vp D  d3=6 Volume of particle m3

PVf D Pmf=¡f Gas volume flow rate m3=s;m3=h
PVp D Pmp=¡

� Solids volume flow rate m3=s;m3=h
PV� Gas volume rate/filter area m3=.min:m2/

D m=min
v D PVf=A Average air velocity (superficial

velocity)
m/s

vc Air velocity at choking conditions m/s
v0 Fluidization velocity m/s



xvi Nomenclature

v© D v=© Actual gas velocity in the voids or velocity of
porosity wave

m/s

v�
m Friction velocity of mixture m/s

vmb Minimum fluidization velocity at which bubbling
occurs

m/s

vmf Minimum fluidization velocity m/s
vR Radial velocity m/s
vy Fluctuating fluid velocity in the direction of mean

motion
m/s

vs
� Friction velocity at saltation point m/s

vs0 Friction velocity at saltation point of a single particle m/s
vs Saltation velocity m/s
vt Tangential velocity m/s
vth Gas velocity in the venturi throat m/s
W Work J
w D v � c Relative velocity, slip velocity m/s
wb Rate of rise of single bubble or plug in a fluidized bed m/s
ws D v© � c Slip velocity in a plug m/s
wf0 Single particle settling (or terminal) velocity in an

undisturbed fluid
m/s

wf Particle settling velocity in a cloud m/s
w�

f Separation velocity m/s
wsl Slip velocity of a slug m/s
xif Volume fraction of solid in feed with terminal

velocity wf0i

xit Volume fraction of solid in tube with terminal
velocity wf0i

Z, �Z Height, height difference m

Greek (Alphabet) Symbols

’ and ¨ Indices standing for initial and terminal states
respectively

“0 D wf0=v Velocity ratio related to single particle fall velocity
“ D wf=v Velocity ratio related to particle fall velocity in a cloud
“w D tan ®w Particle/wall friction factor
” Angle of impact
”� Gas/cloth ratio
� Density ratio
• Exponent



Nomenclature xvii

© D 1 � ¡�=¡p Voidage
©mf Voidage at minimum fluidization
©s Voidage at saltation velocity
©0 Voidage of fluidized bed
©p Voidage of compact bed
N© Voidage of gas outside clusters
˜ D ¡=� Dynamic viscosity Pas
˜B Blower, compressor efficiency
˜C Collector efficiency
˜F Fractional efficiency
˜S Separator efficiency
™ Angle degree
œ D œL C �œZ Resistance factor of air and solids in a

mixture stream
œL Resistance factor for air alone in pipe
œZ Additional pressure drop factor in a pipe due

to solids in a flowing stream
œsp Additional pressure drop factor due to air

flowing through a plug in a pipe
œw Ratio of axial to radial stress
�Z

� Pressure drop due to impact and fraction
œz;S Pressure drop factor for slug flow
œt Spatial macroscale between particles mm
� D Pms= Pmf Mass flow ratio

Mass load ratio
�� D �mp=�mf Mass concentration in pipe element
�w Coefficient for sliding friction
	 D ˜=¡ Kinematic viscosity m2=s
¡ Air (gas) density kg=m3

¡� D ¡p.1 � ©/ Apparent bulk density, conveying density kg=m3

�¡ D ¡p � ¡ Density difference between particle and fluid kg=m3

¡�
c Dust concentration mg=m3

¡b Bulk density kg=m3

¡m Mean density of mixture kg=m3

¡p Particle density kg=m3

¢ Stress Pa
¢l Major principal or consolidating stress Pa
.¢rr/r Principal radial stress Pa
¢yy Principal stress in y-direction Pa
£ Relaxation time s
£s Shear stress N=m2

¥ Angle of internal friction



xviii Nomenclature

¥i Kinematic angle of internal friction
® Relative humidity
®w Angle of wall friction – tan�1.£s=¢/ degree
®i Angle of internal friction degree
®e Effective angle of friction degree
¦ Exponent
§ D  d2

v=s Sphericity

Subscripts

atm Atmospheric conditions
B Bubble
p Particle
C Cluster
D Drag
dyn Dynamic
g Gravity
h Horizontal
if Impact and friction
mf Choking
o Conditions at atmospheric pressure
stat Static
v Vertical
© Voidage
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Chapter 1
An Overview of Pneumatic Conveying
Systems and Performance

Abstract This chapter sets the scene for understanding and design of pneumatic
conveying systems. Pneumatic conveying is broken down into its component parts
indicating the further details will be given in the following chapters. The basic state
diagram is presented and the various flow conditions are related to this diagram.
Some of the recent comprehensive discussions on pneumatic conveying are cited.

Keywords Pneumatic conveying � Dilute Phase � Dense Phase � Advantages � Disad-
vantages � Positive Pressure Systems � Negative Pressure Systems � State Diagrams
� Flow Patterns � Bend Flow � Stepped Piping Systems

1.1 Introduction

Pneumatic conveying involves the transportation of a wide variety of dry powdered
and granular solids in a gas stream. In most cases the gas is normally air. However,
where special conditions prevail (e.g. risk of explosion, health, fire hazards, etc.),
different gases are used.

This introductory chapter has been written to provide the reader with an overview
and a practical insight into pneumatic conveying technology. More specific aspects
pertaining to the complex phenomenon which takes place during the pneumatic
transport of solids are discussed in subsequent chapters.

1.2 Why Pneumatic Conveying?

The concept of pipeline transportation of fluids is by no means modern. The history
of its use dates back to antiquity. The Romans, for instance, used lead pipes for wa-
ter supply and sewerage disposal, whilst the Chinese conveyed natural gas through
bamboo tubes. The record of pipeline transportation of solids in air is more recent
with the inception of fans to activate the first pneumatic conveying in 1866.

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 1,
c� Springer Science+Business Media B.V. 2010
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The first large-scale application of pneumatic conveying was the vacuum convey-
ing of grain in the late nineteenth century. By the mid-1920s, negative and positive
pressure conveying of grain was common. Since that time the practice of pneu-
matic conveying has grown enormously and has extended to cover a wide variety
of particulate solids. A survey carried out by the British Hydrodynamics Research
Association [1] showed that between 1971 and 1977 the pneumatic conveying mar-
ket in Britain grew by an order of magnitude and that during the one year period
1977–1978 a further 50% increase in the sales of equipment for pneumatic convey-
ing systems was recorded.

1.2.1 Advantages of a Pneumatic Conveying System

Pneumatic conveying offers the user the following advantages:

1. Dust-free transportation of a variety of products.
2. Flexibility in routing – can be transported vertically and horizontally by the ad-

dition of a bend in the pipeline.
3. Distribution to many different areas in a plant and pick-up from several areas.
4. Low maintenance and low manpower costs.
5. Multiple use – one pipeline can be used for a variety of products.
6. Security – pipelines can be used to convey high-valued products.
7. Ease of automation and control.

1.2.2 Disadvantages of a Pneumatic Conveying System

Offset against the advantages, there are certain disadvantages which include:

1. High power consumption.
2. Wear and abrasion of equipment.
3. Incorrect design can result in particle degradation.
4. Limited distance.
5. By virtue of the complex flow phenomena which take place, there is a require-

ment for high levels of skill to design, operate and maintain systems.

Because of the high power consumption, pneumatic transportation systems are gen-
erally more suited to the conveyance of fine particles over shorter distances (up to
a few hundred metres). The majority of existing systems have capacities within the
range of 1 to 400 tonnes per hour over distances less than 1,000 m with average
particle size less than 10 mm.

The limitations are usually economic rather than technical. However, the eco-
nomic factor is changing and recent developments have ensured the transportation
of materials at lower energies. Recent applications include the conveyance of up
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to 40 mm coal [2] in a single lift over 300 m vertical and a small number of long-
distance pneumatic conveyors [3] transporting various materials over distances up
to 3,000 m.

With the growing increase in sophistication of pneumatic conveying systems,
potential applications are increasing all the time. Thus for the transportation of solid
materials, pneumatic conveying should be considered as a prime option and should
be evaluated against other modes of solid transportation.

1.3 What Can Be Conveyed?

The range of materials suitable for pneumatic conveying is extensive. Virtually
all powders and granular materials can be conveyed. Table 1.1 is a partial list
of materials which have been successfully conveyed pneumatically. The list is

Table 1.1 Materials suitable for pneumatic transport

ABS powder Carbon, powdered
Acetylsalicylic acid Carbon black
Activated earth Cardboard, edge trim and waste
Adipic acid Casein
Alkali cellulose Cast iron turnings
Altulite, powdered Cattle feed, granulated
Alumina Cattle feed, pulverized
Aluminium fluoride Cellophane, edge trim and waste
Aluminium foil, trim or waste Cellulose
Aluminium hydrate Cellulose acetate, dry
Aluminium shavings Cellulose acetate, wet
Aluminium silicate Cement
Aluminium sulphate Chalk
Ammonium nitrate Charcoal, calibrated, dry
Ammonium sulphate Charcoal, fine
Anthracite Charcoal granules, activated
Antimony oxide Charcoal, wood, fine
Apatite Chicory roots, dry
Arsenious acid China clay
Arsenicous anhydride Chromium sulphate flakes
Asbestos fibres or flakes Chromium sulphate, ground
Asbestos, ground Clay, powdered

Cobalt ore
Bagasse (2–6 in) Cocoa bean shells
Bagasse fines Cocoa beans
Bakelite powder Cocoa, ground
Baryta Coffee beans in silver skin
Bauxite Coffee cherries
Beetroot pulp, dry Coffee, ground

(continued)
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Table 1.1 (continued)

Bentonite Coffee, roasted
Bicarbonate of soda Coffee, unroasted
Blast furnace dust Coke dust
Blast furnace sinter, fine Coke, granular
Bleach powder Coke, granular, fine
Blende, roasted Coke, petroleum
Bones Colmanite
Borax, anhydrous Copper shavings
Boric acid Copra
Bran Copra cakes
Brass shavings Cork, crushed
Brick, crushed Cork discs
Butadiene rubber crumb Cork powder
Calamine Corn: oats and barley also waste
Calcium chloride Cornflour, coarse
Calcium cyanamide Cotton seeds
Decolourizing earth Lampblack
Dextrine, powdered Lead oxide
Diatomacious earth Lichen, dried
Dicalcium phosphate Lignite
Dolomite Lime, carbonate of

Lime, hydrated
Edible paste products (small) Limestone
Enamel powder

Magnesia (magnesium oxide)
Feathers Magnesite
Feldspar, ground Magnesium carbonate
Flax stalk waste Magnesium fluoride
Flint grains Maize, broken
Flock, dry Maize, draff
Flour, alimentary Manganese dioxide
Flour, middlings Marble, powdered
Flour, rye Matches
Flour, wheat Metaethylacetic
Fluorspar, ground Mica
Fluorine Milk, powdered, high fat
Fly ash Milk, powdered, whole
Fumaric acid Milk, skimmed, low fat
Gelatine, ground Nickel oxide
Gelatine, strips Nickel sulphide
Glass fibres Nitrocellulose
Glass, granulated or ground Nylon polymer, chips and fibres
Glue beads
Grapes Oilcake flour
Grape pips Olive cake
Graphite flakes Ossein

(continued)
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Table 1.1 (continued)

Graphite powder
Groundnut cakes, granulated Palm-nut cake
Groundnut cakes, powdered Paper edge trim and waste
Ground rice, coarse Papermill wood waste, wet
Gypsum, fine (anhydrous calcium sulphate) Peanut shells

Peat
Hemp stalk waste Peat, ground

Peas, frozen
Ilmenite Phenol resins, crushed
Iron formiate Phosphate, ground
Iron ore Phosphate, natural

Phosphorous pentasulphide
Kaolin Phthalic anydride
Kisselguhr Pips ground

Pitch, granulated
Pitch, ground Sodium chlorate
Plaster Sodium chloride (table salt)
Plastic granules and powders various Sodium citrate crystals
Polyethylene, compacted Sodium formiate
Polyethylene, expanded Sodium hydrosulphite
Polyethylene granules Sodium nitrate
Polyethylene powder Sodium perborate
Polyester, fibres and granules Sodium sulphate
Polypropylene powder and granules Sodium sulphate, ground
Polystyrene beads Sodium sulphite
Polystyrene, ground Sodium tripolyphosphate
PVC granules Soot
PVC powder Soya bean cakes
Pomace Starch
Potash Steel turnings
Potassium chloride Straw, chopped
Potassium nitrate Sugar, granulated
Potato chips, frozen Sugar, icing
Potato pulp, dry Sulphur
Potato starch Sunflower seed husks
Pyrites, crude, ground
Pyrites, roasted Talc

Terephthalic acid
Quartz powder Titanium dioxide, grains
Quartz rock (80 mm) Titanium dioxide, powder
Quicklime Tobacco

Trichlorocyanic acid
Rubber crumb
Rubber powder Undecanoic amino

Uranium tetrafluoride
Salt Urea beads
Salt cake Urea formaldehyde granules

(continued)
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Table 1.1 (continued)

Sand
Sand, coated Vermiculite
Sawdust Vinyl acetate
Semolina
Silica, anhydrous ground Wood, shredded
Silica, hydrated Wood shavings
Silica gel
Slag, ground
Slag dust Yeast, dried
Soap powder
Soap flakes Zeolite
Sodium carbonate, dense Zinc oxide
Sodium carbonate, light Zinc, powdered

by no means exhaustive. Rocks of up to 70 mm size, live chickens and finished
manufactured parts of unusual geometry have been conveyed. Generally, the larger
and denser the material, the higher the gas velocity required for operation and
the higher the power consumption. It is often stated that particles greater than
15 mm in size may not be suitable. There are, of course, exceptions to such a rule.
Another rule of thumb is that the inside diameter of the conveying pipe should
be at least three times larger than the largest size of material to be conveyed to
prevent blockage inside the pipe.

The ideal candidates for pneumatic conveying are free-flowing, non-abrasive
and non-fibre materials. However, with the development of new types of convey-
ors operating at low gas velocities, cohesive, abrasive and friable materials can be
handled.

1.4 What Constitutes a Pneumatic Conveying System?

In essence, a pneumatic conveying system consists of four distinct zones, each re-
quiring its own specialized hardware to effect the required operation (Fig. 1.1). The
four zones are considered as follows.

1.4.1 The Prime Mover

The prime mover is an essential element in a pneumatic conveying system. A wide
range of compressors, blowers, fans and vacuum pumps are used to provide the
necessary energy to the conveying gas. Pertinent to the design of a pneumatic
conveying system is the need to identify both the gas flow and the pressure (pos-
itive or negative) required to effect reliable transportation.
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Fig. 1.1 The pneumatic conveying system

By virtue of the fact that a wide range of pressures is used for the transportation of
solids, an understanding of the flow of gases through pipelines, the need for drying,
cooling and filtering the gas, etc. is required.

Full details pertaining to the flow of gases in pipes are described in Chapter 2.

1.4.2 Feeding, Mixing and Acceleration Zone

This zone is considered one of the most crucial areas in any pneumatic conveying
system. In this particular zone the solids are introduced into the flowing gas stream.
By virtue of the fact that the solids are essentially at rest, a large change in momen-
tum occurs when the solids are mixed with the flowing gas.

Associated with this momentum change is the need to provide an acceleration
zone. If the physical space permits, the zone normally consists of a horizontal piece
of pipe of a certain length designed such that the solids are accelerated to some
‘steady’ flow state.

Essential to the effective operation of such a pneumatic conveying system is the
selection of a feeder which meets both the requirements of the solids as well as the
requirements of the system. Full details pertaining to feeder design are described in
Chapter 7.
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1.4.3 The Conveying Zone

Once the solids have passed through the acceleration zone, they enter into the con-
veying zone. The conveying zone consists of piping. The selection of piping is based
on a number of factors including the abrasiveness of the product, pressure require-
ments, etc.

The conveying zone can have a number of bends and diverter valves in or-
der to change flow direction. The selection of an appropriate bend is discussed in
Chapter 11. By virtue of the fact that a bend constitutes a change of direction, the
solids are decelerated as they move through a bend. At the exit of each bend an
acceleration zone is normally required to re-entrain the solids.

1.4.4 Gas–Solids Separation Zone

In this zone the solids are separated from the gas stream in which they have been
conveyed. With pressure conveying systems it is only necessary to maintain a
pressure drop across the collector which will be sufficient to separate the solids
from the gas.

The selection of an adequate gas–solid separation system is dependent upon
a number of factors, the primary factor being size of the solids requiring to be
separated from the gas stream. A number of different configurations of gas–solid
separation systems are used in pneumatic conveying systems. Details pertaining to
the design and selection of these devices are described in Chapter 10.

1.5 Modes of Pneumatic Conveying

For ease of classification, pneumatic conveying systems can be categorized into
various modes. Perhaps the most suitable classification is based on the average par-
ticle concentration in the pipeline. In terms of this definition, pneumatic conveying
systems can be classified into two distinct categories:

� Dilute phase systems
� Dense phase systems

– Unstable flow regime
– Unstable/stable flow regime
– Stable flow regime

For simplicity, each phase is categorized in terms of the mass flow ratio .
/, which
is defined as the ratio of the mass of solids . Pmp/ to the mass of conveying air . Pmf/.
Thus in terms of the above we have:
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Fig. 1.2 Flow patterns
in a horizontal conveying pipe
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A schematic of the typical horizontal flow patterns that can take place in these vari-
ous modes is shown in Fig. 1.2.

1.5.1 Dilute Phase

Dilute phase (sometimes referred to as lean phase) systems in general employ
large volumes of gas at high velocities. The gas stream carries the materials as dis-
crete particles by means of lift and drag forces acting on the individual particles.
Dilute phase systems constitute the most widely used of all pneumatic conveying
systems.
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1.5.2 Dense Phase

A reduction in the gas velocity to a value lower than the saltation velocity (in hor-
izontal flow) (Section 1.8) results in a non-uniform distribution of solids over the
cross-section of the conveying pipe.

The conveying process takes place with a certain proportion of the solids flowing
through the upper portion of the cross-section of the pipe together with a highly con-
centrated product stream, corresponding to an expanded moving layer. This moving
layer progresses at a lower velocity in the lower part of the cross-section.

Depending upon the characteristics of the solids, the gas velocity, solids flow
rate and such factors as pipe roughness, pipe size, etc., the flow patterns in the dense
phase mode can vary from being unstable to stable or an intermediate unstable/stable
regime.

Flow patterns in the dense phase mode can vary from conditions in which the
solids completely pack the pipe and move as a continuous dense plug to situations
where the solids on the bottom of the pipe move as a series of dunes with a di-
lute phase layer of solids moving above the dunes. The stable flow situations result
in a ‘smooth’ conveying process whilst the unstable situation is characterized by
sometimes violent pressure surges as the moving layer breaks up.

Some researchers have attempted to define an intermediate ‘medium’ phase
mode. Since this definition was confined to a limited group of solids with good
‘fluidization’ characteristics (Chapter 3), it is believed that the above definitions of
dilute and dense phase adequately cover all flow situations.

1.6 Basic Pneumatic Conveying Systems

In addition to classifying pneumatic conveying in terms of modes, a further classi-
fication is used to identify the type of system required to meet the specific situation
requirements. The particular systems described below can be designed to operate in
the various modes (dilute phase, dense phase, etc.).

1.6.1 Positive Pressure System

The positive pressure system is the most extensively used configuration in pneu-
matic conveying (Fig. 1.3). These systems are well suited to multiple discharge
applications in which material is picked up from a single point and delivered to
several receiving bins. The change from one bin to another is usually effected by
means of multiport diverter valves.

By virtue of their operation, positive pressure systems require feeding devices
which can introduce the material which is normally stored at atmospheric pressure
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Fig. 1.3 Positive pressure system

into a pressurized line. Depending upon the mode, and the distance to be transported,
pressures up to 1,000 kPa can be required for such positive pressure systems. The
need for an effective solids feeding device capable of withstanding these high pres-
sures is critical to the effective operation of such positive pressure systems.

If properly designed, positive pressure systems can be arranged to have multiple
pick-up points as well.

1.6.2 Negative Pressure Systems

In general, negative pressure systems are used for the transport of material from
several feeding points to a common collection point (Fig. 1.4). Since the operation
involves the employment of exhauster systems of various kinds, such systems are
limited in distance and capacity.

Negative pressure systems are extensively used in the conveyance of toxic and
hazardous materials. These systems permit dust-free feeding and also provide an ad-
ditional safety feature in as much as any leaks in the pipe will not result in polluting
the environment due to an escape of material. With a growing awareness of the need
for pollution-free operations, negative pressure systems are gaining widespread ac-
ceptance in a large number of industries.

Negative pressure systems vary in size from small industrial type cleaning op-
erations to those used for ship unloading operations in which a capacity of several
thousands of tonnes per hour is common [4].
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Fig. 1.4 Negative pressure systems
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Fig. 1.5 Conveying negative–positive pressure systems

1.6.3 Combined Negative–Positive Pressure Systems

When the advantages of the two systems described above are combined, a versatile
pneumatic conveying system results (Fig. 1.5). Such combination systems are often
referred to as ‘suck–blow’ systems and are extensively used in many industries. By
keeping the suction line as short as possible a relatively efficient handling system
results. Such a system provides for the multiple intake and multiple discharge of a
number of products.
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1.6.4 Closed Loop System

In the closed loop system, the conveying gas is recycled as shown in Fig. 1.6. This
type of conveyor is particularly suitable for handling toxic and radioactive materials.
The system also provides for the recirculation of the conveying gas and as such is
well suited to such systems where gases other than air are employed.

1.7 Further Classification Techniques

There are two additional methods for classifying pneumatic conveying systems. The
classifications listed above are being rapidly accepted as the most general method
of classifying pneumatic conveying systems. However, other classifications are also
used by some researchers and industries alike.

1.7.1 Classification by Pressure of Operation

(a) Fan system – with maximum operating pressures of less than 20 kPa
(b) Positive displacement blower system – with operating pressure in the range

38 mm Hg vacuum (about 50 kPa absolute) to 1 atmosphere gauge (100 kPa)
(c) Single stage compressor system – with operating pressures of up to 2.5 atmo-

sphere gauge (250 kPa)
(d) High pressure system – generally with operating pressure up to 7 atmosphere

gauge (700 kPa)
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1.7.2 Classification by Solid Feeder Type

(a) Controlled feed systems – the rate of solids fed into the conveying line can be
controlled directly.

(b) Non-controlled feed system – in which the solids flow cannot be closely con-
trolled (a vacuum pick-up and blow tank feed belong to this category).

1.8 Description and Operation of a Pneumatic
Conveying System

In an attempt to provide a general description of the transportation process which
takes place in a pneumatic conveying system, the following subsections have been
provided to give the reader an intuitive grasp of the process. A more detailed expla-
nation of the various parameters is provided in the ensuing chapters.

1.8.1 State Diagram

Perhaps the best way to introduce the gas–solid conveying process is by way of in-
troduction to the so-called ‘state diagram’ (Fig. 1.7). The state diagram [5] has been
drawn for a horizontal flow system and is a plot of the pressure gradient .�p=L/ at
any point in the pipeline versus the superficial gas velocity (v).

It will be noted that there are various cross-sectional diagrams showing the state
of the conveying pipeline at a particular point in the state diagram. In particular,
the whole spectrum from dilute phase to dense phase is illustrated by means of this
diagram. In Fig. 1.7 the following observations can be made.

Line AB represents the friction loss for a horizontal pipeline transporting
gas only.

At an air velocity .v1/, homogeneously sized solid particles are introduced into
the pipeline at a constant feedrate Pmp. As a result of drag on the solid particles
and also due to particle–wall interaction (solids friction) the pressure drop increases
from B to C.

Decreasing the air velocity along the path CD, the particle velocity is reduced
and the mass load ratio .�/ is increased, resulting in a smaller solids frictional loss.

Point D represents the condition at which all solids can just be transported as a
suspension in the dilute phase with the prevailing air velocity and the imposed solids
feedrate P.G/. At this juncture the system would just operate in a steady flow state.
The critical air velocity corresponding to point D is called the saltation velocity.

At point D, the saltation point, a slight decrease in gas velocity will result in a
substantial deposition of solids (bed formation). This results in an increase in the
frictional resistance to point E.
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Fig. 1.7 State diagram for horizontal conveying

It will be noted that the bed provides a reduction in the cross-sectional area of the
pipe and hence promotes an area of higher velocity to effect the solids transportation.

Of importance, however, is the nature of the bed. Depending upon both the
pressure available and the nature of the products, two types of beds are found in
pneumatic conveying systems. The so-called stable stationary bed results in a per-
manent deposition on the bottom of the pipe. This bed remains intact whilst the
prevailing conditions of air velocity and solids feedrate are in existence. Effectively,
this bed provides the reduction in cross-sectional area of the pipe and facilitates
dilute phase flow above the bed.

With some solids it is possible to produce a moving bed typical of that found
in the stable dense phase mode. In this situation two types of flow prevail in the
pipeline. The moving bed has a high solids concentration and above the moving
bed it is common to find dilute phase transportation taking place. Depending on the
characteristics of the material and the availability of a pressure head from the prime
mover, often a transitory stage occurs in which a stationary bed is transformed into a
moving bed. This particular situation results in a violent pressure surge in the system
and if inadequate pressure is available, blockage of the system will occur.

It can be seen that for effective dilute phase operation it is safe to operate the
system at a velocity slightly greater than the saltation velocity. Further, it can be seen
that there is a need for the system to operate at higher pressures resulting in the need
for feeding systems which can seal to these high pressures.
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With a further decrease in gas velocity (line EF), the solids flow will be partly
carried out in the suspension above the solid layer and also by way of slug flow
in the stationary bed itself. Once again, by virtue of the higher solids loading an
increase in pressure is noted.

Superimposed upon the state diagram are curves showing the situation for higher
solids mass flow rate. It will be noted that the characteristic curve for each solid
mass flow rate passes through a pressure minimum at the saltation velocity.

Of importance is the curve obtained by connecting the pressure minimum for
each solids flow rate condition. In particular, it can be seen that the curve moves
upwards to the right thereby indicating that at higher solids loading, the saltation
velocity increases. This particular aspect is of vital importance to system designers.
It shows that should a system be designed to transport solids at a particular solids
feedrate, and it is desired to increase the solids feedrate, it is necessary to increase
the conveying velocity and hence gas flow rate to ensure stable operation. Further
explanation of the state diagram is provided in Chapter 6.

1.8.2 Vertical and Horizontal Flow

An important factor which is not often appreciated is the difference between the
flow which takes place in a vertical pipe as distinct from that which takes place in a
horizontal pipe. Full details pertaining to vertical and horizontal flow are discussed
in ensuing chapters. However, an intuitive feeling for the flow situation will assist
with an appreciation of the transportation process.

In terms of the definition of saltation velocity described in Section 1.8.1, a similar
point, the choking point, is used to define the minimum transport velocity for a
vertical pipe. There is a distinct difference between the saltation velocity (horizontal
pipe) and the choking velocity (vertical pipe). In Table 1.2 [6], it will be noted that
the minimum safe gas velocity for a horizontal pipe is far in excess of that required
to effect safe transportation in a vertical pipe.

In the case of finer particles, the horizontal conveying velocity is of the order of
3 to 5 times larger than that required for vertical conveying. It should be noted that
for coarse particles the difference between horizontal and vertical safe velocities is
much smaller.

1.8.3 Vacuum and Positive Pressure Systems

Although many researchers would prefer to describe the flow mechanism which
takes place in a vacuum system as being similar to that which takes place in a
positive pressure system, practice has indicated that this is not the case. It would
appear that a different flow mechanism will take place albeit both flow situations
can, in terms of the definition, be described as dilute phase.
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Table 1.2 Minimum safe air velocity in vertical and horizontal lines for materials with
different bulk densities and sizes

Material
Average bulk
density .kg=m3/

Approximate
size grading
(mm)

Minimum safe
air velocity
vertical (m/s)

Minimum safe
air velocity
horizontal (m/s)

Coal 720 13 12.00 15.00
Coal 720 6 9.00 12.00
Wheat 753 5 9.00 12.00
Polythene cubes 480 3 9.00 12.00
Cement 1,400 90 1.5 7.6
Flour 560 150 1.5 4.6
Pulverized coal 720 75 1.5 4.6
Pulverized ash 720 150 1.5 4.6
Fullers earth 640 106 1.5 6.1
Bentonite 900 75 1.5 7.6
Barite 1,750 63 4.6 7.6
Silica flour 880 106 1.5 6.1
Fluorspar 1,760 75 3.0 9.1
Phosphate rock 1,280 150 3.0 9.1
Tripolyphosphate 1,040 180 1.5 7.6
Common salt 1,360 150 3.0 9.1
Soda ash 560 106 3.0 9.1
Soda ash 1,040 180 3.0 12.2
Sodium sulphate 1,360 106 3.0 12.2
Sodium perborate 865 180 3.0 9.1
Ground bauxite 1,440 106 1.5 7.6
Alumina 930 106 1.5 7.6
Kieselguhr 240 75 1.5 7.6
Magnesite 1,600 75 3.0 3.0
Uranium dioxide 3,520 75 6.1 18.3

Some authors [7] have described the flow in a vacuum system as being core flow
in which the solids are drawn into a central core resulting in an envelope between
the particles and the pipe wall. The same authors [7] have noted that in such systems
the particle degradation is lower in a vacuum system than in an equivalent positive
pressure system thereby sustaining their argument of a reduction in particle–wall
interaction.

By virtue of a difference in gas density between a negative pressure and positive
pressure system, a difference in the ‘safe’ gas velocity required to effect transporta-
tion is noted. In Table 1.3 [8] the difference in velocities can be clearly noted.

It should be noted from Table 1.3 that the transport velocity required for the safe
operation of a vacuum system is greater than that required for the equivalent dilute
phase positive pressure system.
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Table 1.3 Comparison of velocities in pressure and vacuum systems
for materials with different bulk densities

Material
Bulk density
(kg/m3)

Velocity pressure
system (m/s)

Velocity vacuum
system (m/s)

Alum 800 19.8 33.5
Calcium carbonate 440 19.8 33.5
Coffee beans 672 13.7 22.9
Hydrated lime 480 12.2 27.4
Malt 449 16.8 30.5
Oats 400 16.8 30.5
Salt 1,440 25.3 36.6
Starch 640 16.8 27.4
Sugar 800 18.3 33.5
Wheat 769 16.8 32.0

1.9 Putting It All Together

In an attempt to correlate the various factors described in this chapter, the flow
of a gas–solids suspension through a typical pneumatic conveying system will be
described.

In Fig. 1.8, a typical system layout including all the necessary components to en-
sure the transportation of solids from the feeding point to the gas–solids separation
zone is shown.

1.9.1 Feeding and Acceleration of Solids

The solids are stored in a bunker located immediately above some form of feeding
device. Downstream of the feeding device is a prime mover capable of providing
gas at varying flow rates and pressures.

The solids which are stored in the bunker at atmospheric pressure are essentially
at rest and are introduced into the flowing gas. A rapid change in momentum takes
place with associated high pressure losses. A length of horizontal pipe is provided
long enough to ensure that the particles can be accelerated from rest to some aver-
age conveying velocity. There is an acceleration pressure loss associated with the
acceleration zone.

1.9.2 Factors Contributing to Pressure Losses (Chapters 4–6)

Once the particles have been introduced into the flowing gas stream, a number of
factors come into effect. Firstly, there is a pressure loss associated with the flowing
gas stream, whilst at the same time the solids themselves contribute in a number
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Fig. 1.8 Typical system layout

of ways to an additional pressure loss. In particular, there is a certain amount of
particle–wall interaction in which the solids randomly collide with the conveying
pipe wall, whilst at the same time such phenomena as particle–particle interactions
take place due to the collisions between particles themselves.

In addition, it is not uncommon to find that other factors would influence the flow
of the particles. Depending on the nature and the size of the particles and prevailing
conditions, such aspects as static electrical forces, cohesive forces, etc. will have
some influence on the overall pressure loss in the system.

1.9.3 Coarse and Fine Particle Suspensions

The whole issue of coarse and fine particles is also of significance. There is no
single definition which describes the difference between a so-called coarse particle
suspension or a fine particle suspension. It has been shown that empirical and the-
oretical solutions to pneumatic conveying problems involving coarse particle flow
cannot readily be applied to fine particle flow. Further, the vast majority of empiri-
cal and theoretical assessments have been determined for coarse particle systems. In
fine particle systems a number of additional factors come into effect. Depending on
the particle size, it is not uncommon for the finer particles to influence the structure
of the boundary layer in the gas–solids suspension. There are examples cited in the
literature where interactions between fine particle suspensions in the boundary layer
have resulted in drag reduction [9,10]. In such a situation pressure loss observations
have shown that it is possible to transport dilute gas–solids suspensions at a lower
pressure loss than that required to transport the gas component alone.
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An average particle size of 350
m [11] is used as the cut-off point in determining
the distinction between fine particle and coarse particle suspension. However, the
matter is further complicated by the diameter of the conveying pipe. It has been
shown [11] that if particles, which under normal circumstances are considered fine,
are transported in a small diameter pipe they behave as a coarse particle suspension.
As such the so-called d=D relationship is also of importance in categorizing coarse
and fine particle suspensions.

1.9.4 Horizontal Movement Through Pipe: Bed Formation

Depending upon the gas velocity, the product will flow through the pipe either as
a fully suspended flow (dilute phase) or flow with the presence of some form of
stationary or sliding bed (dense phase).

Visual observation [12] obtained from gas–solids suspensions flowing in a hori-
zontal pipe facilitated the categorization of a number of flow profiles. In Fig. 1.9, a
series of observed flow profiles is represented. The tests were conducted in a sys-
tem in which the mass flow of solids was kept constant, whilst gas flow rate was
reduced. The descriptive names for each flow pattern have not been linked with any
predictive analysis. Further, the advent of such flow patterns is primarily a function
of the characteristics of the solids being transported.

Fig. 1.9 Flow patterns
in a horizontal pipe [12]
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Stationary beds are of particular significance in pneumatic conveying systems
and it has been shown that stationary beds are formed under a number of conditions.

Observations [13] of stationary bed flow indicate that solids which have been
deposited at a higher velocity are more difficult to remove. Pietsch [14] reports the
formation of a hard crust on the walls of a pneumatic conveyor. Several factors may
account for the influence of velocity [15].

1. A faster moving particle may have a larger area of contact when it comes to
rest on the bed of deposited solids because it can deform minute asperities at its
contact points plastically on impact. Thus the van der Waals forces holding the
particle will be much increased.

2. Because of its longer length of rolling movement over the particle bed, a fast
moving particle is likely to come to rest where the bonding forces are particularly
strong; it is then suddenly locked into position.

1.9.5 Bend Flow (Chapter 4)

As the suspension approaches the first bend in the pipeline, a number of factors
come into play. Firstly, it is common knowledge [16] that with single phase gas flow
a form of double vortex flow occurs through a bend. By virtue of the presence of
the high density solids, this double vortex phenomenon is further accentuated. As
such the flow through a bend could consist of a double vortex type flow coupled
with a series of impacts as the particle suspension moves its way through the bend.
Measurements on a bend [17] have shown that some particles move through the
bend in a zig-zag fashion. On each impact, the velocity of the suspension is reduced.
Other particles move through the bend as a sliding bed.

On exit from the bend the suspension velocity can be so significantly reduced
that it is quite usual to find a large bed deposit occurring immediately downstream
of the bend. The formation of this bed requires the provision of an acceleration zone
to facilitate the re-introduction of the solids into the flowing gas stream.

In some situations the shape of the stationary bed within a bend and immediately
downstream of a bend is influenced by the double vortex flow phenomenon. A hump
profile as shown in Fig. 1.10 is characteristic of a number of stationary beds [18].

By virtue of the double vortex flow at exit from a bend, gas–solids suspensions in
dilute phase systems experience the so-called roping phenomenon. In this case the
dilute suspension exits from the bend as a waving rope with the majority of particles
concentrated in a thin rope-like suspension as shown in Fig. 1.11.

Roping causes a number of major problems in many gas–solids feeding systems.
In particular, in coal-burning power stations where it is required to split the gas–
solids suspension into multiple streams of equal mass flow rate, the roping phe-
nomenon will cause a non-uniform distribution in the multiple ducts. Careful design
of the ducting is required to break up the rope to ensure uniform distribution of the
gas–solids suspension. Bend flow is complex and is critically dependent upon bend
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Fig. 1.10 Hump profile

Fig. 1.11 Rope-like
suspension

shape, size, etc. Huber and Sommerfeld [19] have explored pneumatic transport
and the characterization of solids concentration. Particular attention was paid to the
change in solids concentration as they are subjected to bends.

Levy and Mason [36] have added to this literature finding numerically that the
particle segregations significant.

It has been noted both in the laboratory and in practice that the placement of
multiple bends in a system is crucial to have an operative system. It is often noted
that three bends placed in close proximity after each other can create a bottleneck
such that the system will tend to plug the line. This piping arrangement should be
avoided in the system design.
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1.9.6 Stepped Piping Systems

By virtue of the fact that solids are transported in a gas, it must be appreciated that
there is a continual expansion of the gas taking place as the system moves from high
pressure to low pressure. The expansion of the gas results in a continuous increase
of velocity of solids in the system. In certain situations (long distance systems) it
is customary to design the pipeline with an increasing pipe diameter so as to have
some control on the final velocity.

1.9.7 Wear in Pneumatic Conveying Systems

Depending upon the nature of the solids and the conveying velocity, a certain amount
of wear can take place during the gas–solids transportation process. In particular,
the first area which normally wears out is that of a bend. High impact forces at
the so-called primary wear point result in the bend wearing out. The whole issue of
adequate bend design to ensure minimal downtime as a result of erosion is described
elsewhere in this monograph.

1.9.8 Gas–Solids Separation

The transportation process is terminated at the gas–solids separation zone. Typically
the particles are decelerated and are separated from the gas stream by means of
either a cyclone or some form of fabric filter. The separated solids are collected in a
bunker located at the bottom of the gas–solids separations zone.

1.9.9 Safety

In solids processing plants which invariably include pneumatic conveying the issue
of process safety is imperative. Dhodapkar et al. [34] have given guidelines on this
issue which include material properties, process design and operational issues. One
of the most important parameters is particle size. The area of nanoparticle technol-
ogy is one that is on the radar screen presently and has not be fully addressed.

1.10 An Overview

The selection and design of pneumatic conveying systems are often haphazard,
sometimes arbitrary and never scientific. Difficulties arise from the diversity of sys-
tems available, the large choice of individual components in a system, the many



24 1 An Overview of Pneumatic Conveying Systems and Performance

competing claims of system vendors and a lack of understanding of the physics
of the gas–solids flow. The scope of this monograph covers the fundamentals of
gas–solids flow, description of hardware, and systems selection, design and oper-
ation. The monograph is dedicated to designers, users and vendors of pneumatic
conveyors, to researchers in this field and to academics and students in universities
and technical colleges. In spite of its growing importance, the teaching of pneu-
matic conveying is still sadly missing in many undergraduate engineering courses.
We hope that this monograph will provide a stimulus to encourage its inclusion in
undergraduate curricula.

It should be noted that over the past several years a number of books have ap-
peared that address a wide spectrum of research activities in the solids processing
area. Many times these books have chapters specifically identified with pneumatic
conveying. The general topics have been located in handbooks on conveying and
handling of particulate solids, fluidization and fluid-particle systems, handbooks on
powder technology and on multiphase flow. Some of these references can be re-
viewed for further details: Klinzing [20], Klinzing [21], Klinzing [22], Klinzing
[23], Klinzing [24], Someya [25], Takei [26], Tsuji [27], Tsuji [28], Tsuji [29] and
Vlasak [30].

The journal published by Hosokawa, KONA, has been a rich source of infor-
mation and one of note is a prospective on pneumatic conveying challenges which
address several phenomena and difficult to transport materials, Klinzing [31]. In
2003 Yang [32] edited a large handbook on fluidization and fluid-particle systems
in which Klinzing discussed dilute phase transport and electrostatic effects in pneu-
matic conveying. A large collection of pneumatic conveying results were edited by
Kalman, Levy and Hubert [33].

Spiral flow in pneumatic conveying systems have been explored by a number of
investigators which the general asset of being able to convey solids particles in small
diameter tubes over long distances. Kimura et al. [35] have improve the use of spiral
flow using a system that controls the particle feed capacity by bleeding some of the
air from the outlet of the nozzle employed.

Solt [37] over the past several years has developed a regular column in Powder
and Bulk Engineering entitled “Pneumatic Points to Ponder.” These short articles
are extremely useful to the practicing engineer giving guidance of design principles
that work. The topics range from troubleshooting to designing specific systems such
a vacuum conveying systems.

Another set of guidelines for design have been developed in a serial fashion by
Dhodapkar et al. [38]. Attention is called to one that provides guidelines for solids
storage, feeding and conveying that provides good design strategies based on an
understanding of the fundamentals.
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1.11 Some Useful Conversion Factors

In order to assist the reader in transferring data based in one system of measure-
ment to another system of units, useful conversion factors have been provided in
Tables 1.4–1.21.

Table 1.4 Angle

(rad) g (grade) ı (degree) 0 (minute) 00 (second)

1 63.6620 57.2958 3,437.75 206,265
15:7080 � 10�3 1 0.9 54 3,240
17:4533 � 10�3 1.11111 1 60 3,600
0:290888 � 10�3 18:5185 � 10�3 16:6667 � 10�3 1 60
4:84814 � 10�6 0:308642 � 10�3 0:277778 � 10�3 16:6667 � 10�3 1

Table 1.5 Metric system units

Length Area Volume Mass

1 m 1 m2 1 m3 1 t (tonne)
D1� 101 dm D1� 102 dm2 D1� 103 dm3.l/� D1� 103 kg
D1� 102 cm D1� 104 cm2 D1� 106 cm3 D1� 106 g
D1� 103 mm D1� 106 mm2 D1� 109 mm3 D1� 109 mg
D1� 106 
m D1� 1012 
m2

�.l/ D litre (liter, Am.) is not used in MSU. 1;000 l D 1m3.

Table 1.6 British and American units

Mass

Length Area Volume UK US

1 yd 1 acre 1 yd3 1 ton 1 sh ton
D3 ft D4,840 yd2 D27 ft3 D20 cwt D20 sh cwt
D36 in D43,560 ft2 D46,656 in3 D2,240 lbs D2,000 lbs

D35,840 oz D32,000 oz

Table 1.7 Length .�L/

m in (inch) ft (foot) yd (yard) mile nautical mile

1 39.3701 3.28084 1.09361 0:621371 � 10�3

0.0254 1 83:3333 � 10�3 27:7778 � 10�3 15:7828 � 10�6

0.3048 12 1 0.333333 0:189394 � 10�3

0.9144 36 3 1 0:568182 � 10�3

1,609.344 63,360 5,280 1,760 1 0.868975
1,852 72,913.4 6,076.12 2,025.37 1.15078 1
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Table 1.8 Area .A/

m2 in2 ft2 yd2 acre square mile

1 1,550 10.7639 1.19599
0:64516 � 10�3 1 6:94444 � 10�3 0:771605 � 10�3

0.092903 144 1 0.111111
0.836127 1,296 9 1
4,046.86 6,272,640 43,560 4,840 1 1:5625 � 10�3

2,589,990 4; 014:49 � 106 27; 878:4 � 103 3; 097:6 � 103 640 1

Table 1.9 Volume .V /

gallon gallon
m3 in3 ft3 yd3 (UK Imperial) (US)

1 61,023.7 35.3147 1.30795 219.969 264.172
16:3871 � 10�6 1 0:578704 � 10�3 21:4335 � 10�6 3:60465 � 10�3 4:329 � 10�3

28:3168 � 10�3 1,728 1 37:037 � 10�3 6.22884 7.48052
0.764555 46,656 27 1 168.178 201.974
4:54609 � 10�3 277.420 0.160544 5:94606 � 10�3 1 1.20095
3:78541 � 10�3 231 0.133681 4:95113 � 10�3 0.832675 1

Table 1.10 Density (¡)

kg=m3 g=cm3 lb=in3 lb=ft3

1 0.001 36:1273 � 10�6 0.062428
1,000 1 0.0361273 62.428
27,679.9 27.6799 1 1,728
16.0185 0.0160185 0:578704 � 10�3 1

Table 1.11 Velocity (v)

m/s km/h ft/s mile/h kn (knot)

1 3.6 3.28084 2.23694 1.94384
0.277778 1 0.911344 0.621371 0.539957
0.3048 1.09728 1 0.681818 0.592484
0.44704 1.609344 1.46667 1 0.868976
0.514444 1.852 1.68781 1.15078 1
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Table 1.13 Temperature .T/

Kelvin
scale (K)

Celsius
scale .ıC/

Rankine
scale .ıR/

Fahrenheit
scale .ıF/ Physical state

Related
temperature
values

0 �273:15 0 �459:67 Absolute zero
255.372 �17:7778 459.67 0
273.15 0 491.67 32 Melting point of ice
273.16 0.01 491.688 32.018 Triple point of water
373.15 100 671.67 212 Boiling point of water

Related
temperature
differences

1 1 1.8 1.8
0.555556 0.555556 1 1

ıF D 9=5ıC C 32
ıC D 5=9 .ıF � 32)

Table 1.14 Force .F/

N (Newton) dyn (dyne) kp (kilopond) lbf (pound-force)

1 100,000 0.101972 0.224809
0.00001 1 1:01972 � 10�6 2:24809 � 10�6

9.80665 980,665 1 2.20462
4.44822 444,822 0.453592 1

Table 1.15 Moment of force (F ��L)

Nm kpm lbf in lbf ft

1 0.101972 8.85075 0.737562
9.80665 1 86.7962 7.23301
0.112985 11:5212 � 10�3 1 83:3333 � 10�3

1.35582 0.138255 12 1

Table 1.16 Pressure .p/

Pa; N/m2 bar kp/cm2; atm kp/mm2 Torr lbf/m2; psi

1 0.00001 10:1972� 10�6 0:101972� 10�6 7:50062� 10�3 0:445038� 10�3

100,000 1 1.01972 10:1972� 10�3 750.062 14.5038
98,066.5 0.980665 1 0.01 735.559 14.2233
9,806,650 98.0665 100 1 73,555.9 1,422.33
133.322 1:33322� 10�3 1:35951� 10�3 13:5951� 10�6 1 19:3368� 10�3

101,325 1.01325 1.03323 10:3323� 10�3 760 14.6959
6,894.76 68:9476� 10�3 70:307� 10�3 0:703070� 10�3 51.7149 1
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Table 1.19 Energy density or specific energy consumption .W=V/

KJ/m3 hp min/ft3

J/m3 J/dm3(J/1) hp min/m3 kW/h m3 (hp/cfm) kW h/ft3

1 0.001 22:6604� 10�6 0:277778� 10�6 0:632891� 10�6 7:86578� 10�9

1,000 1 22:6604� 10�3 0:277778� 10�3 0:632891� 10�3 7:86578� 10�6

44,129.9 44.1299 1 12:2583� 10�3 27:9294� 10�3 0:347116� 10�3

3,600,000 3,600 81.5773 1 2.27841 28:3168� 10�3

1:58005� 106 1,580.05 35.8045 0.438903 1 12:4283� 10�3

127:133� 106 127,133 2,880.88 35.3147 80.4613 1

Table 1.20 Viscosity

Kinematic .	 D ˜=¡/ Dynamic .˜/

m2/s St (stokes) mm/s cSt Pa s MPa s P (Poise) cP

1 10,000 106 1 10�6 10 1,000
10�6 0.01 1 106 1 108 109

10�4 1 100 0.1 0:1� 10�6 1 100
0.001 10�9 0.01 1

Table 1.21 Screen sizes – mesh

Tyler screen size 
m

250 63
200 74
170 88
150 104
115 124
100 147
80 175
65 208
60 246
48 295
42 351
35 417
32 495
28 589
24 701
20 833
16 991
14 1,168
12 1,397
10 1,651
9 1,981
5 2,362
7 2,794
6 3,327
5 3,962
4 4,699
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Chapter 2
Single Phase Flow in Pneumatic
Conveying Systems

Abstract This Chapter on single phase flow provides the basis for pneumatic con-
veying of solids in laying out the fundamental premises of single phase gas flow with
both thermodynamic and fluid dynamic expressions. Often times in dilute pneumatic
conveying the energy loss can be dominated by the gas phase flow with a small con-
tribution due to the presence of solids.

Keywords Gas phase � Thermodynamics � Isothermal � Adiabatic � Viscosity �
Frictional loss

2.1 Introduction

The design of any pneumatic conveying system requires a basic understanding of
air flow in pipes and ducts as well as an appreciation of the various prime movers
used to supply air.

2.2 Definitions

The following definitions will be used in this text.

2.2.1 Free Air

Free air is defined as air at the prevailing atmospheric conditions at the particular site
in question. The density of air will vary according to site conditions and locality. As
such, free air is not a standard condition. In Table 2.1 the variation of atmospheric
pressure with altitude is provided.

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 2,
c� Springer Science+Business Media B.V. 2010
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Table 2.1 Variation of standard atmospheric pressure according
to NASA [1]. Values below sea level have been extrapolated

Altitude (m) Pressure (bar) Temperature (ıC) Density (kg/m3)

�1;000 1.138 21:5 1.345
�800 1.109 20:2 1.317
�600 1.080 18:9 1.288
�400 1.062 17:6 1.272
�200 1.038 16:3 1.249
0 1.013 15:0 1.225
100 1.001 14:4 1.213
200 0.989 13:7 1.202
300 0.978 13:1 1.190
400 0.966 12:4 1.179
500 0.955 11:8 1.167
600 0.943 11:1 1.156
800 0.921 9:8 1.134
1,000 0.899 8:5 1.112
1,200 0.877 7:2 1.090
1,400 0.856 5:9 1.069
1,600 0.835 4:6 1.048
1,800 0.815 3:3 1.027
2,000 0.795 2:0 1.007
2,200 0.775 0:7 0.986
2,400 0.756 �0:6 0.966
2,600 0.737 �1:9 0.947
2,800 0.719 �3:2 0.928
3,000 0.701 �4:5 0.909
3,200 0.683 �5:8 0.891
3,400 0.666 �7:1 0.872
3,600 0.649 �8:4 0.854
3,800 0.633 �9:7 0.837
4,000 0.616 �11:0 0.819
5,000 0.540 �17:5 0.736
6,000 0.472 �24:0 0.660
7,000 0.411 �30:5 0.590
8,000 0.356 �37:0 0.525

2.2.2 Standard Temperature and Pressure (STP)

This is defined as air at a pressure of 101.325 kPa (abs) and a temperature of 0ıC.
It is customary to assume that 1 bar D 100 kPa (error D 1.3%).

2.2.3 Standard Reference Conditions (SRC)

This is defined as dry air at a pressure of 101.325 kPa (abs) and a temperature
of 15ıC.



2.4 Drying of Compressed Air 37

2.2.4 Free Air Delivered (FAD)

This is the volume, rated at the site conditions, which the blower or compressor takes
in, compresses and delivers at the specified discharge pressure. The compressor will
deliver compressed air having a smaller volume than that at intake.

2.3 Perfect Gas Laws

An ideal or perfect gas is one which obeys the laws of Boyle, Charles and Gay-
Lussac. In practice no gases behave in such a manner and the laws are corrected by
taking into consideration compressibility factors.

Boyle’s law Charles’s law Gay-Lussac’s law

Condition Constant temperature Constant pressure Constant volume

Law
V2

V1

D p1
p2

.2:1/
V2

V1

D T2
T1

.2:2/
p2
p1

D T2
T1

.2:3/

From the above we obtain the following equation:

p1V1
T1

D p2V2
T2

(2.4)

For an ideal gas we have

pV D MRT (2.5a)

where R (the gas constant) D poVo=ToM and

¡ D p

RT
(2.5b)

and the subscripto stands for STP. Note the following:

(a) 1 kg air at STP has a volume Vo D 1:292m3.
(b) For air R D 0:287 kJ=.kgK/.

2.4 Drying of Compressed Air

All air contains an amount of moisture which is dependent upon the ‘site’ pressure
and temperature conditions. Many pneumatic conveying systems require ‘dry’ air
and as such the designer must ensure that appropriate steps are taken to remove
excess moisture.

There are two stages of air drying in a compressed air system: 1. after-cooling;
2. drying. After-cooling the air results in the air temperature being dropped below
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Table 2.2 Cooling systems

Liquid cooled Air cooled

Air flows through the tubes or Forced draught
Cooling water flows through the tubes Induced draught
Each of the above systems has specific

advantages and disadvantages
Selection is made on an economic basis taking

into account both capital and running costs

Table 2.3 Drying systems
Chemical drying Absorption drying Refrigeration drying

Deliquescent-chemical
dissolves as vapour, is
absorbed and must be
replaced

Activated alumina or silica
gel is used – normally a
dual system is used in
which alternative drying
and re-activation
processes take place

Direct expansion or
non-cyclic type – uses
cold refrigerant gas to
produce a low
temperature

Salt matrix – on exposure to
hot air the crystal can be
returned to its original
form

Indirect refrigeration or
cyclic type – uses a
secondary medium such
as chilled water to cool
the air

Ethylene glycol liquid – can
be regenerated using
fuel gas or steam

the dew point (the saturation vapour temperature at which any further decrease in
temperature will cause condensation) and collecting the condensate in a trap.

After-coolers can be categorized into two main types: 1. direct contact 2. surface.
Surface after-coolers form the bulk of the systems available and include the types
shown in Table 2.2.

Drying of compressed air involves the next stage of processing following the
after-cooler. The use of a dryer is to further reduce the moisture content and selection
is based solely on the final quality of the air required for the process. There are three
basic methods of drying compressed air as detailed in Table 2.3.

After-coolers are least effective with air at low pressure. For large volumetric
flow rates at low pressure, driers may have to be used if water is likely to be a hazard.

The interplay between compressing a gas, cooling and expansion is illustrated
by means of an example in Section 14.2. The example also demonstrates the use of
temperature/mass concentration of water in air curves (Figs. 14.1, 14.2).

2.5 The Compression Process

In most modern pneumatic conveying systems it is generally accepted that either
reciprocating or screw compressors, or a positive displacement Roots type blower
is used as the prime mover. (There are still many low-pressure fan systems being
installed, but pressures are so low that isothermal criteria can be applied.)
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Prime mover Gas process

Reciprocating compressor (ideal) with water cooling Isothermal
Positive displacement blower Adiabatic

Essentially the water-cooled reciprocating compressor compresses air at constant
temperature – isothermal. The positive displacement blower compresses the air ‘ex-
plosively’ without time for cooling and compresses the air ‘adiabatically’, i.e. with-
out the transfer of heat, the energy input from the shaft work is retained in the air.

2.5.1 Isothermal Compression

In isothermal compression the product of the pressure and volume remains a
constant:

pV D constant D MRT (2.6)

from which

V D MRT=p (2.7)

Wt D �
Z 2

1

MR.T=p/dp (2.8)

D �MRT ln .p2=p1/ (2.9)

where Wt is the compression work done in joules (j). The amount of heat to be
removed from the process is equal to the compression work.

For fans and low-pressure blowers, the term for a pressure range

ln .p2=p1/ D
Z p2

p1

dp

p
(2.10)

In this case p2 – p1 will be small, and the logarithm term can be replaced by the
term .p2 – p1/=p1 as long as this ratio does not exceed 1%. Thus for fans and
low-pressure blowers

Work D p1V1

�
p2 � p1

p1

�
D .p2 � p1/V1 (2.11)

In these low-pressure devices the kinetic energy required to accelerate the air cannot
be omitted. In this case the total work per kilogram of gas WT can be written as

WT D v22 � v21
2

C .p2 � p1/V1

D velocity head C static head (2.12)

where v1 is the initial velocity, v2 the terminal velocity and V the specific volume.
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2.5.2 Adiabatic Compression [2]

In considering the gas law pV D RT, if the pressure remains constant whilst the
volume changes by dV, the temperature will change by pdV=R. The quantity of
heat absorbed for the constant pressure process is the specific heat Cp multiplied by
the change in temperature .CppdV=R/.

Similarly if the pressure changes whilst the volume remains constant, the heat
absorbed will be (CVVdp=R) where CV is the specific heat at constant volume.

For both a pressure and a volume change the quantity of heat received by the
gas is

dQ D 1

R
.CppdV C CVVdp/ (2.13)

For an adiabatic process dQ D 0 and so

CppdV C CVVdp D 0 (2.14)

Therefore
dp

p
C Cp

CV

dV

V
D 0 (2.15)

Integrating this equation gives

lnp D Cp

CV
lnV D constant (2.16)

Now

Cp=CV D › .ratio of specific heats/

D 1:4 for air (2.17)

from which

pV› D constant D p1V›1 (2.18)

if

p1V›1 D p2V
›
2 (2.19)

or

p1
p2

D
�

V2
V1

�›
(2.20)

or

V2
V1

D
�

p1
p2

�1=›
(2.21)
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2.5.3 Temperature Rise During Adiabatic Compression

Since
p1V1=p2V2 D T1=T2 (2.22)

eliminating V2=V1 gives the temperature rise during adiabatic compression:

T2
T1

D
�

p2
p1

�.›�1/=›
(2.23)

Now the work done in expanding from V1 to V2 is

Z V2

V1

pdV D p1V1›
Z V2

V1

dV

V›
D p1V1 � p2V2

› � 1
(2.24)

from which the work done

W D p1V1
› � 1

"
1 �

�
p2
p1

�.›�1/=›#
(2.25)

when V2 is unknown.
Note the following:

1. The above expressions are for the total work done in changing the volume in a
non-flow process within a cylinder.

2. For steady flow process in reciprocating compressors or positive displacement
blowers, the work involved in receiving and delivering the gas and the work
required to compress the gas must be taken into account.

3. If PV is the volume dealt with per minute at p1 and T1 then

work done per minute (actual) D .p2 – p1/ PV (2.26)

4. The ideal compression process from p1 to p2 is a reversible adiabatic
(isentropic) process [3]:

work done per minute (ideal) D ›

› � 1p1 PV
"�

p2
p1

�.›�1/=›
� 1

#
(2.27)

5.

Roots efficiency D work done isentropically

actual work done
(2.28)

D Œk=.k � 1/�p1 PV.r.k�1/=k � 1/

p1 PV.r � 1/
(2.29)
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where

r D p2=p1 D pressure ratio (2.30)

also

›=.›� 1/ D Cp=R (2.31)

therefore

Roots efficiency D Cp

R

 
r.k�1/=k � 1

r � 1

!
(2.32)

6. For a Roots type air blower values of pressure ratio, r, or 1.2, 1.6 and 2 give
Roots efficiencies of 0.945, 0.84 and 0.765, respectively. These values show that
the efficiency decreases as the pressure ratio increases.

7. In a Roots type blower the volumetric efficiency is a function of the internal
leakage, known as ‘slip’. Slip arises due to the reverse flow through the inter-
nal clearances. It depends upon the leakage area, the intake air density and the
pressure difference across the leakage path.

Slip is expressed as:

S D k.�p=¡/1=2 (2.33)

where k is a constant for a particular machine,�p is the pressure difference, ¡ is the
intake air density, and S is the slip expressed in terms of volumetric flow rate. Slip
is independent of the speed of the machine.

8. The polytropic process describes those situations where there is a flow of heat
.dQ ¤ 0/. In such circumstances, the adiabatic equations are used but the expo-
nent › is replaced by the exponent n. For air, n D 1:3.

2.5.4 Power Requirements

(a) Isothermal compression
The power required for an isothermal compression is

P D p1 PV1 ln

�
p2
p1

�
(2.34)

where PV1 is the volume of gas entering the compressor at suction. For fans, the
isothermal power is determined by

P D Pmf

�
1

Pmf
.p2 � p1/ PV1 C .v22 � v22/=2

�
(2.35)
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Or simply
Powerair D PVptot (2.36)

where PV is the volumetric discharge of the fan per minute and ptot is the total
pressure (static C dynamic).

(b) Adiabatic compression

P D k

k � 1
p1 PV1

"�
p2
p1

�.k�1/=k

� 1
#

(2.37)

Since for air › D 1:4

P D 3:5p1 PV1
"�

p2
p1

�0:286
� 1

#
(2.38)

For multistage air compressors with the same inlet temperature at each stage

P D 3:5p1 PV1
"�

p2
p1

�0:286=n
#

(2.39)

where n is the number of stages.

In Table 2.4, the power required to compress air is shown as a function of the
gauge pressure for single stage, two stage and three stage compressors.

Compressor volumetric efficiency is dependent upon altitude. The exact location
of a compressor must be taken into account when selecting a suitable machine. In
Table 2.5 the effect of altitude on compressor volumetric efficiency is shown for
400 kPa and 700 kPa applications.

Table 2.4 Power required to compress air [4]

Gauge
pressure (bar)

Theoretical
adiabatic power kW/100 dm3/s Free air
Single stage Two stage Three stage

0.5 4:0 – –
1.0 7:5 – –
2.5 15:0 14 –
5.0 23:0 20 19
7.0 28:0 24 22
10.0 34:0 28 27
14.0 40:0 32 32

Note: 1 bar D 100 kPa
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Table 2.5 Effect of altitude on compressor volumetric
efficiency [5]

Altitude
above sea
level (m)

Barometric
pressure
(mbar)

Percentage relative
volumetric efficiency
compared with sea level
400 kPa 700 kPa

1,013 100.0 100.0
500 945 98.7 97.7
1,000 894 97.0 95.2
1,500 840 95.5 92.7
2,000 789 93.9 90.0
2,500 737 92.1 87.0

2.6 Gas Flow Through Pipes

The flow of gas through pipes forms an essential element of any pneumatic con-
veying system. In most systems, plant layouts dictate that the compressor is located
some distance from the feeder. A piping system is required to connect the com-
pressor to the feeder. Further, in order to design the actual pneumatic conveyor, an
understanding of the behaviour of the gas flow through the total system is essential.

2.6.1 Types of Flow

There are two basic types of flow in a pipe: (a) laminar; (b) turbulent.

(a) Laminar flow
This is characterized by streamlined concentric cylindrical layers of fluid flow-
ing past one another in an orderly fashion. The velocity is greatest at the centre
of the pipe and decreases sharply at the wall or boundary layer.

(b) Turbulent flow
This is characterized by an irregular random movement of fluid particles across
the main stream without an observable frequency or pattern.

The exact limit of laminar and turbulent flow is defined by the Reynolds
number (Re);

Re D ¡vD

˜
(2.40)

where ¡ is the density of fluid, v the fluid velocity, D the pipe diameter, and
˜ the dynamic viscosity of the fluid .N s=m2/. (Viscosity in gases rises with
temperature within moderate ranges of pressure (3,500 kPA) viscosity is not
influenced by more than 10%.).

In Fig. 2.1, the variation of dynamic viscosity of air with temperature is shown for
various pressures. Useful data for air at various temperatures are given in Table 2.6.
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Fig. 2.1 Dynamic viscosity of air versus temperature [6]

Table 2.6 Data for air as a function of temperature [7]

t .ıC/ �20 0 20 40 60 80 100 200

¡ .kg=m3/ 1:4 1:29 1:2 1:12 1:06 1 0:95 0:746

˜ .10�6 Ns=m2/ 16:24 17:16 18:12 18:93 20 20:9 21:95 26:11

� D ˜=¡ .10�6m2=s/ 11:6 13:3 15:1 16:9 18:9 20:9 23:1 35:0

e:g: at 20ıC;
� D 15:1 � 10�6m2=s
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Note that a useful method of calculating the dynamic viscosity of air is by using
Rayleigh’s criterion

˜1=˜o D .To=T1/0:77

where at sea level

˜o D 1:783 � 10�5 N s=m2 .Pa s/

To D 288:16K

2.6.2 Pipe Roughness

The absolute roughness (k) of many types of pipe materials has been approximated.
A factor known as relative roughness is used to relate the internal surface conditions
of a pipe to its diameter, using the ratio (k/D). Charts relating the relative roughness
to the pipe diameter are available. For turbulent flow Re > 2;300; for laminar flow
Re < 2;300. In most cases, for pressure piping the flow is turbulent.

2.6.3 General Pressure Drop Formula

The following general formula for pressure in piping was developed by Darcy:

�p D œL¡Lv2=2D (2.41)

where œL is the friction factor and L the pipe length (metres).

(a) Friction factor laminar flow
In the range 0 < Re < 2,300 the friction factor:

œL D 64=Re (2.42)

(b) Friction factor turbulent flow
For turbulent flow, the friction factor can be found from Fig. 2.2 relating the
friction factor to the Reynolds number.

For compressed air pipework, the following equation for the pressure drop (�p)
in a straight pipe can be used with good approximation [8]:

�p D 1:6 � 103 PV1:85L=.D5p1/ (2.43)

where �p is the pressure drop (Pa), PV is volumetric flow rate (m3=s), L is pipe
length (m), D is pipe diameter (m), p1 is initial pressure (Pa). In Eq. 2.43 the
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Fig. 2.2 Friction factor versus Reynolds number

temperature in the pipe is assumed to be the same as the ambient temperature. For
practical situations, it can be assumed that œL Š 0:02within a wide range, provided
that Re > 10,000.

There are several methods of obtaining the gas friction factor. The reader should
be cautious in noting that there is a difference in definition resulting in a factor of 4
when using the Fanning friction (fL) as distinct from the friction factor (�L) used
in the text.

For simplicity, it is recommended that the Blasius equation [7] or the Koo
equation [9] be used. For Re < 105 the Blasius equation [7] states:

œL D 0:316=.Re/0:25 (2.44)

The Koo equation [9] for f is given by

fL D 0:0014C 0:125=.Re/0:32 (2.45)

Note that œL D 4fL.
A set of curves (Fig. 2.3) produced using the Blasius equation (2.44) provides

a quick method of obtaining the pressure loss for various air flow rates. For easy
reference, Table 2.7 provides information pertaining to the volume of air which can
be carried by various sizes of pipes at given velocities. (It is common practice to
size compressed air mains in a velocity range v D 6 – 9 m/s.)
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Fig. 2.3 A set of curves produced using the Blasius equation

2.6.4 Resistance Due To Pipe Fittings

In a system layout where a complex pipe layout is required, it is essential that
the pressure losses generated by pipe fittings are taken into account. This prac-
tice is especially pertinent to low-pressure air supply lines. Allowances for losses
due to fittings can be accounted for by finding an equivalent length in metres for
typical fittings. Table 2.8 gives the equivalent length for fittings in relation to pipe
diameter.



2.7 Illustrative Examples 49

Table 2.7 Volume of compressed air carried by medium grade steel pipes, of minimum bore, to
BS 1387, at given velocities [9]

Volume of air (10�3 m/s) through medium grade steel pipe, to BS, minimum bore,
D (mm)Velocity,

v (m s�1) 15 20 25 32 40 50 65 80 100 125 150 200

3.0 0.6 1.1 1.7 3.0 4.1 6.5 10.9 15.1 25.7 39.2 56.2 98.5
3.5 0.7 1.3 2.0 3.5 41.7 7.6 12.7 17.6 30.0 45.7 65.5 115.0
4.0 0.8 1.4 2.3 4.0 5.4 8.7 14.6 20.1 34.2 52.2 74.9 131.0
4.5 0.9 1.6 2.6 4.5 6.1 9.8 16.4 22.6 38.5 58.8 84.2 147.0
5.0 1.0 1.8 2.8 5.0 6.8 10.8 18.2 25.1 42.8 65.4 93.6 164.0
5.5 1.1 2.0 3.1 5.5 7.4 11.9 20.0 27.6 47.1 71.9 103.0 181.0
6.0 1.2 2.1 3.4 6.0 8.1 13.0 21.8 30.1 51.3 78.5 112.0 197.0
6.5 1.3 2.3 3.7 6.5 8.8 14.1 23.7 32.6 55.6 85.0 122.0 213.0
7.0 1.4 2.5 4.0 7.0 9.5 15.1 25.5 35.1 59.9 91.5 131.0 230.0
7.5 1.5 2.7 4.3 7.5 10.1 16.2 27.3 37.6 64.2 98.0 140.0 246.0
8.0 1.6 2.8 4.5 8.0 10.8 17.3 29.1 40.1 68.5 105.0 150.0 263.0
8.5 1.7 3.0 4.8 8.5 11.5 18.4 31.0 42.6 72.8 111.0 159.0 278.0
9.0 1.8 3.2 5.1 9.0 12.2 19.5 32.8 45.1 77.1 118.0 169.0 296.0

e.g. for v D 3m/s and D D 100mm, PV D 25:7� 10�3 m3/s

Table 2.8 Resistance of pipe fittings (equivalent length in m) [10]

Nominal pipe size (mm)
Type of fitting 15 20 25 32 40 50 65 80 100 125

Elbow 0.26 0.37 0.49 0.67 0.76 1.07 1.37 1.83 2.44 3.2
90ı bend (long) 0.15 0.18 0.24 0.38 0.46 0.61 0.76 0.91 1.2 1.52
Return bend 0.46 0.61 0.76 1.07 1.2 1.68 1.98 2.6 3.66 4.88
Globe valve 0.76 1.07 1.37 1.98 2.44 3.36 3.96 5.18 7.32 9.45
Gate valve 0.107 0.14 0.18 0.27 0.32 0.40 0.49 0.64 0.91 1.20
Run of standard tee 0.12 0.18 0.24 0.38 0.40 0.52 0.67 0.85 1.2 1.52
Through side

outlet of tee
0.52 0.70 0.91 1.37 1.58 2.14 2.74 3.66 4.88 6.40

2.7 Illustrative Examples

Example 2.1. Standard reference conditions (SRC)

A flow rate of 100m3/min is rated at SRC. Determine the equivalent free air
flow rate at a site with atmospheric pressure patm D 84 kPa(abs) and temperature
t D 25ıC.

From equation (2.4):

p1 PV1
T1

D p2 PV2
T2

In this example:
101:325 .100/

273C 15
D 84. PV2/
273C 25
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Therefore
PV2 D 124:8m3=min .FAD/

The above conversion could also have been made using the density ratio. From
Eq. 2.5:

pV D MRT

(for air R D 0:287 kJ/(kg/K). By definition density, ¡ D p=RT

¡ D
(
1:293 kg=m3 at STP

1:225 kg=m3 at SRC

The ‘site’ density in this example:

¡ D 84

0:287 � 298 D 0:98 kg=m3

PV2 D 100 � 1:225
0:98

D 125m3=min .FAD/

Example 2.2. Effect of altitude on blower performance

A Roots type blower is selected at sea level conditions with an intake volume of
50m3=min and a pressure rise 90 kPa. Temperature at site is 25ıC. Determine the
blower’s power requirements at both sea level and at an altitude of 1,500 m.

(a) At sea level
The intake density ¡ D 1:18 kg=m3. The slip for such a blower size
PV D 11:7m3=min. The displacement required would be

PV D 50C 11:7 D 61:7m3=min

A typical machine would have a speed n D 1;270 rev/min.
Power required (from Eq. 2.38) is

P D 3:5 � 100 � 61:7

60

"�
190

100

�0:286
� 1

#

D 72:5 kW

Temperature rise (from Eq. 2.23) is

T2 D T1

�
p2
p1

�.›�1/=›

D 298

�
190

100

�0:286
D 358K

Therefore t2 D 85ıC.
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(b) At 1,500 m above sea level
patm D 84:5 kPa (abs), t D 25ıC, intake density ¡ D 0:99 kg=m3. For
this machine slip PV D 12:8m3=min: The displacement required to maintain
PVf D 50m3=min

PVf D 50C 12:8 D 62:8m3=min

This blower would be speeded up to 1,280 rev/min. The power (from
Eq. 2.38) is

P D 3:5 � 84:5 � 62:8

60

"�
174:5

84:5

�0:286
� 1

#

D 71:3 kW:

Example 2.3. At processes, Roots type blower

1. Determine the work input for a Roots type blower having an induced volume of
0:03m3/rev. The inlet pressure is 1.013 bar and the pressure ratio 1.5:1.

p1 D 1:013 bar

p2 D 1:013 � 1:5 D 1:52 bar

From Eq. 2.26
Actual work done per revolution

W D .p2 � p1/ PV1
D .1:52 � 1:013/� 0:03 � 105 D 1;521 J

D 1:52 kJ .where 1 bar D 105N=m2/

2. In (1), determine the Roots efficiency.
From Eq. 2.27

Work done isentropically per revolution

D ›

› � 1
p1 PV1

"�
p2
p1

�.›�1/=›
� 1

#

D 1:4

0:4
� 1:013 � 105 � 0:03 � Œ.1:5/0:4=1:4 � 1�

D 1:3063 � 103 J

From Eq. 2.28

Roots efficiency D 1:31

1:52
� 100 D 86:2%

3. If the inlet temperature to the blower is 15ıC, determine the final temperature
after compression in degrees Celsius.
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From Eq. 2.23

T2 D T1

�
p2
p1

�.›�1/=›

D 288.1:5/0:4=1:4 D 323K

Therefore
t2 D 50ıC

Example 2.4. Power required for compression

1. If a compressor is rated at 14m3/min and compresses air from 100 kPa to
800 kPa, determine the power required.

For isothermal compression, from Eq. 2.34

P D 100 � 103 � 14

60
ln

�
800

100

�

D 48:5 kW

2. If a positive displacement blower is rated to compress 14m3/min of free air to
100 kPa, determine the power required.

For adiabatic compression, from Eq. 2.38

P D 3:5 � 100 � 103 � 14

60

"�
800

100

�0:286
� 1

#

D 66:4 kW

Example 2.5. Pressure loss in a pipe system

Determine the pressure loss in a piping system consisting of a length L D 200m
and a diameter D D 70mm. The air flow rate PV D 170 dm3/s (free air), and
initial pressure p1 D 800 kPa at an ambient temperature t D 20ıC.

Take atmospheric pressure patm D 100 kPa. From continuity PVf D Av, where
A is the cross-sectional area of pipe (m2), v is velocity (m/s) and PVf is volumetric
flow rate (m3/s). The velocity at inlet to the pipe (given PV D 170 dm3/s) (free
air), is

v D .100=800/� 0:17 � 4=.  � 0:072/
D 5:525m=s

From tables the dynamic viscosity of the air is ˜ D 18:08 � 10�6 Ns=m2 at
293 K. The density of the air at inlet to the pipe:

¡1 D p1=RT1
D 800 � 103=.287 � 293/
D 9:51 kg=m3
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from which the Reynolds number (Eq. 2.40) is

Re D 9:51 � 5:53 � 0:07 � 106=18:08
D 203; 600

Using Eq. 2.43 the pressure loss is

�p D 1:6 � 103 � 0:171:85 � 200=.0:075 � .800 � 103//
D 8;972 Pa

Assuming œL D 0:02 and using Eq. 2.41 (since Re > 10,000)

�p D 0:02 � 9:5135 � 200 � 5:5252=.2 � 0:07/
D 8;285 Pa

from which it can be seen that in spite of some simplifying assumptions, Eq. 2.43
can be used with confidence. The pressure loss calculated using Eq. 2.43 is higher
than that calculated using Eq. 2.41.

Example 2.6. Calculations of Reynolds number Re and gas friction factor œL

Given pipes of D D 50 and 100 mm and gas velocities v D 1, 10, 20 and 40 m/s,
calculate the Reynolds number and the corresponding gas friction factors œL and
fL, i.e. using the Blasius and Koo equations.

Reynolds number Re D vD¡=˜. At t D 20ıC, ˜=¡ D 15:1 � 10�6 m2/s. At
v D 1m=s and D D 50mm

Re D 1 � 0:05
15:1

� 106

D 3:31 � 103

Friction factors:

(a) Blasius

�L D 0:316=Re0:25

D 0:04166

(b) Koo

fL D 0:0014C 0:125Re�0:32

D 0:0107

œL D 4fL D 4 � 0:0107 D 0:0429

Note that �L D 4fL. Table 2.9 gives results calculated using the Blasius and
Koo equations.
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Table 2.9 Calculation of friction factors �L and fL using the Blasius and Koo equations

D (mm) 50 50 50 50 100 100 100 100

v (m/s) 1 10 20 40 1 10 20 40

Re � 10�3 3:31 33:1 66:2 132:45 6:62 66:2 132:45 264:90

œL (Blasius) 0:0417 0:0234 0:0197 0:0166 0:035 0:0197 0:0166 0:0139

fL (Koo) 0:0107 0:0059 0:0049 0:0043 0:0089 0:0049 0:0043 0:0037

4fL 0:0429 0:0235 0:0199 0:0171 0:0355 0:0199 0:0171 0:0148
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Chapter 3
Fluid and Particle Dynamics

3.1 Introduction

In pneumatic conveying, particles are generally in suspension in a turbulent gas
stream. The question of drag on a single particle, and the effects of Reynolds
number, particle shape and roughness, voidage, turbulence intensity and scale of
turbulence, acceleration, etc. on drag are relevant to pneumatic conveying. These
factors will be discussed in this chapter. Equations for calculating important proper-
ties such as drag coefficient, terminal velocity, minimum fluidization velocity, and
the equation for flow through a packed bed are presented. The characteristics of a
powder in terms of its fluidization behaviour are relevant to pneumatic conveying,
and will also be discussed.

3.2 Law of Continuity

In most cases air is used as the conveying medium. For safety conditions nitrogen
or any other gas can be used. In these special cases closed loops (Section 1.6.4) are
used in order to circulate these gases and only the losses will be supplemented. One
of the major problems in pneumatic conveying is that of gas expansion. This means
that gas density and gas velocity change downstream from the product intake until
the end of the duct.

For the air alone situation, the air mass flow rate is constant for the total length
provided that there is no leakage. The air mass flow rate is given by

Pmf D PVf¡ D Av¡ D constant (3.1)

where
¡ D p=.RT/ (3.2)

and p stands for the local static pressure. R is the gas constant and T the absolute
temperature (Section 2.3). The pressure is given by

p D po ˙�pg (3.3)

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 3,
c� Springer Science+Business Media B.V. 2010
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po is barometric pressure and �pg D gauge pressure. Values of the gas constant for
air and nitrogen (this format contains the molecular weight of the gas) are

R D
(
287:3 J=kg K air

296:8 J=kg K N2

t is the ambient temperature in ıC, i.e.

T D .273C t/ K (3.4)

3.3 Drag on a Particle

3.3.1 The Standard Drag Coefficient Curve

Studies of the magnitude of drag force on spheres in steady motion in a fluid date
back to Newton’s experiments in 1710. In general the drag force F is expressed by

F D CD
¡

2
w2A�

D CD
¡

2
.v© � c/2A� (3.5)

where w is the relative velocity between the gas and the solid, A� the projected area
normal to flow and CD the drag coefficient.

For a spherical particle the cross-sectional area normal to flow, A�, can be
expressed in terms of its diameter d giving

F D CD
¡

2
w2
 d2

4
(3.6)

A simple dimensional analysis would show that CD is a function of the particle
Reynolds number .Rep D wd¡=˜/. For a spherical particle moving in an unbounded
stationary fluid, the form of the relationship between CD and Rep is known as ‘the
standard drag coefficient curve’ [1]. This is curve A in Fig. 3.1. The drag coefficient
for a single particle in an unbounded fluid is denoted here as CD1.

Referring to Fig. 3.1, the standard drag curve can be conveniently divided into
four regions:

1. Stokes’ law regime (creeping flow regime) with Rep < 2:0

CD1 Š 24Re�1
p (3.7)
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Fig. 3.1 Drag coefficient curves for particles with different sphericity (after [5])

2. Intermediate region, with 0:5 < Rep < 500, first studied by Allen [2],

CD1 D 18:5Re�0:6
p (3.8)

3. Fully developed turbulence regime (Newton’s law region), with 500 < Rep <

2 � 105
CD1 Š 0:44 (3.9)

4. Turbulent boundary layer region (or supercritical regime) with

Rep � 2 � 105
CD1 Š 0:1 increasing slowly with Rep (3.10)

The onset of the supercritical regime is characterized by a sharp drop of drag co-
efficient from about 0.4–1.0. The Reynolds number at CD1 D 0:3 is conveniently
defined as the critical Reynolds number. Few systematic studies have been reported
on drag in the supercritical regime [3] although it is known that the magnitude of the
critical Reynolds number is sensitive to the presence of free stream turbulence in the
flowing fluid and is sensitive to the rate of acceleration of a particle in non-steady
state flow.

A large number of theoretical and empirical equations other than Eqs. 3.7–3.9 are
available in the literature to represent the standard drag curve up to and including
the Newton’s law region. These have been reviewed and discussed by Boothroyd
[4], Soo [5], LeClair, Hamielec and Pruppacher [6], and Clift and Gauvin [7]. The
following equation proposed by Clift and Gauvin [8] is based on a modification of
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the earlier equation of Schiller and Naumann [9] and is applicable over the entire
range of Rep up to 105:

CD1 D .24=Rep/
�
1C 0:15Re0:687p

�
C 0:42

.�
1C 4:25 � 104Re�1:16

p

�
(3.11)

Another equation which is applicable over the whole range of Reynolds number is
the often used equation due to Kaskas [10]:

CD1 D 24=Re0:5p C 0:4 (3.12)

Equation 3.11 fits the standard drag curve of Lapple and Shepherd with a maximum
deviation of 4%. Equation 3.12 is simpler to use but deviates more from the standard
drag curve at high Rep. The use of either equation is recommended here.

In Section 3.4.2, Eq. 3.11 will be used to derive equations for calculating terminal
falling velocity of a single particle.

3.3.2 Effect of Shape on Drag

For non-spherical particles the standard drag curve is no longer applicable. For
creeping flow theoretical equations describing drag coefficient for various arbitrary
shapes are available [11]. The shape of irregular particles is best defined by a ‘shape
factor’. A number of shape factors are in common use and these have been reviewed
by Allen [12] and Zenz and Othmer [13]. For drag of a particle in a fluid, the most
often used shape factor is the sphericity, §, defined by:

§ D surface area of sphere with same volume as particle

surface area of particle

If dv denotes the equivalent volume diameter of a particle (i.e. V D  d3v=6) and s is
its surface area, then

§ D  d2v=s (3.13)

§ has the value of 1 for a spherical particle and 0 < § < 1 for non-spherical
particles.

The specific surface diameter dvs is the diameter of a sphere having the same
ratio of surface area to volume as the particle. It can be readily shown that the ratio
dvs=dv is equal to the sphericity §.

Values of § for some materials are given in Table 3.1 [14]. Drag coefficient as a
function of Rep for various values of § is presented in Fig. 3.1 [15]. Note that vol-
ume equivalent diameter is used here in the definition of Rep. It should be stressed
that the relation of CD1 as a function of § is an approximate one. A single shape
factor does not completely define the shape of a particle. Thus particles with the
same sphericity may have different shapes and their CD1 versus Rep relationship
will be different.
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Table 3.1 Data on sphericity
§ [14]

Material §

Sand 0.534–0.861
Iron catalyst 0.578
Bituminous coal 0.625
Pulverized coal 0.696
Celite cylinders 0.861
Broken solids 0.63
Silica 0.554–0.628
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Fig. 3.2 Effect of particle shape on terminal settling velocity. Repf D ¡dwf=˜ (after Govier and
Aziz [15])

While the choice of sphericity is recommended here as an appropriate shape
factor for use in the present applications, it should be pointed out that there are
other possibilities [16].

Another method for estimating the effect of sphericity is through its effect on
free fall velocity. Figure 3.2 from Govier and Aziz [15] may be used to calculate the
free fall velocity of a particle with a given sphericity from a knowledge of the free
fall velocity of a spherical particle of the same volume equivalent diameter. Calcula-
tion of free fall velocity (or terminal velocity) is described in Section 3.4.2. Further
discussion, pertaining to more recent investigations into particle shape analysis, is
covered in Section 4.1.

3.3.3 Effect of Fluid Turbulence

The standard drag curve shown in Fig. 3.1 refers to the motion of a smooth
sphere at constant velocity through an otherwise undisturbed and unbounded fluid.
In pneumatic conveying, particles are entrained generally in a turbulent fluid. In this
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case the drag coefficient is dependent not only on the particle Reynolds number, but
also the characteristics of the turbulence in the gas stream, and we can write

CDU D f.Rep; IR; œt=d/ (3.14)

Where IR is the relative turbulence intensity defined by .v2y=w/0:5 and œt is the
spatial macroscale, vy is the fluctuating fluid velocity component in the direction
of mean motion. Although there is ample experimental evidence that turbulence can
change drag coefficient markedly, the results reported in the literature are confusing.
The literature falls into two categories:

1. Early wind tunnel measurements in fixed spheres with low IR.0 � IR � 0:05/

and high Rep.10
5 � Rep � 106/ [17–20].

2. More recent measurements with freely moving spheres at lower Rep and IR up to
0.4 [3, 21–23].

The work of Zarin [24] is intermediate between the above two groups in that the
spheres are magnetically suspended in air stream with 200 � Rep � 5;000 and
0 � IR � 0:13.

There is no quantitative agreement among any of these authors, but qualitatively
the critical Reynolds number decreases with increase in turbulence intensity, and
drag is increased by the presence of turbulence at subcritical Reynolds number. The
decrease in critical Reynolds number .Rep/crit can be very marked. Torobin and
Gauvin [21] reported .Rep/crit down to 400 at IR D 0:4 compared with 2 � 105

at IR D 0 and they suggested the following empirical equation for correlating their
results:

.Rep/critI2R D 45 (3.15)

The effect of spatial macroscale on drag appears to be insignificant, particularly in
the range of .œt=d/ > 1 [23, 24].

An illustration of the conflicting results reported in the literature is illustrated in
Fig. 3.3 which compares the measured CD1 from different workers. It can be seen
that considerable uncertainty exists in the estimation of CD1 in a turbulent fluid.
This will lead to uncertainty in predicting relative velocity between a particle and
a gas in dilute phase pneumatic conveying.

3.3.4 Effect of Voidage/Solid Concentration

Voidage is an important parameter in multiphase flow. Essentially voidage describes
the volume between the particles in a given volume element or the volume of the
pipe section occupied by the carrier gas alone. As such, a suspension with a voidage
at almost one, will be extremely dilute. Voidage is thus defined by:

© D ¡p � ¡b

¡b
D 1 � ¡b

¡p
(3.16)
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Fig. 3.3 Comparison of typical results from different workers (after Uhlherr and Sinclair [22].)
1, IR D 0:4 [22]; 2, IR D 0:1 [22]; 3, IR D 0:1 [21]; 4, IR D 0:4 [21]

The full discussion on voidage is provided in Section 4.11.
The standard drag coefficient curve shown in Fig. 3.1 refers to a single particle in

an unbounded fluid with a voidage of 1. It is generally recognized that drag increase
with increase in particle concentration (i.e. decrease in voidage [Section 4.11]).
A number of experimental and theoretical studies in drag for flow through an as-
semblage of fixed spheres of different geometry and different voidage have been
reported in the literature [25–27]. Further, drag coefficient can also be inferred from
liquid–solid fluidization and sedimentation measurements in which particles are mo-
bile [33–37] and from measurements of pressure drop for flow through a packed bed
[38, 39].

The reported experimental results show that drag coefficient of a particle in
a fixed assemblage is generally larger than that in a mobile particle at the same
voidage such as a fluidized or sedimenting bed [29, 32, 33].

For flow through a packed bed of spheres pressure drop is related to velocity by
the Ergun equation [38]:

�p

�Z
D 150

.1� ©/2

©3
˜v

.§dv/2
C 1:75

.1� ©/

©3
¡v2

§dv
(3.17)

Equation 3.17 can be expressed in terms of the drag coefficient of a particle in a
packed bed, CD©, defined in terms of superficial gas velocity v, i.e.

Drag force D F© D CD©
¡

2
v2A� (3.18)
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Fig. 3.4 Predictions from Eq. 3.19

where v is the superficial gas velocity. From Eqs. 3.17 and 3.18 the following equa-
tion for drag coefficient of a particle in a packed bed can readily be derived:

CD© D 200.1� ©/
Re0

p©
3

C 7

3©3
(3.19)

where Re0
p D vd¡=˜ based on superficial velocity.

Equation 3.19 may be used for quantitative determination of the effect of voidage
on drag coefficient within a range of voidage up to about 0.6 [5]. Predictions from
Eq. 3.19 are presented in Fig. 3.4. It should be cautioned that Eq. 3.19 should not be
used at voidage higher than about 0.6.

Another source of guidance on the effect of voidage on drag is the theoretical
solution of LeClair and Hamielec [32] for a fixed assemblage of equally spaced
spheres in space. Experimental results for different forms of assemblage are given
by Gunn and Malik [29].

For mobile particles, Wen and Yu [36] assumed that .CD©=CD1/ is dependent
only on voidage. By correlating the results in fluidization and sedimentation empir-
ically they proposed the following relationship for estimating the effect of voidage
on drag coefficient for mobile particles:

CD© D ©�4:7CD1 (3.20)
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where CD©
is the drag coefficient on a single particle at voidage " defined in Eq. 3.18

and CD1 is the drag coefficient at infinite dilution (i.e. © D 1). Using the Schiller–
Naumann [9] equation for describing CD1, Wen and Yu suggested that Eq. 3.20 is
applicable to a particle Reynolds number up to 103, the limit of applicability of
the Schiller–Naumann equation. It can readily be shown that if Clift and Gauvin [8]
Eq. 3.11 is used to describe CD1, the range of applicability of Eq. 3.20 is extended to
a much higher particle Reynolds number. In pneumatic conveying, drag on a mobile
particle is more relevant than drag on a fixed particle. Equation 3.20 is useful in
estimating particle velocities in pneumatic conveying [40, 41].

It should be pointed out that in deriving Eq. 3.20 the effect of fluid turbulence has
not been considered. The interactive effects of turbulence and voidage on drag of a
flowing particle are complex [4, 5, 42–48] and will not be treated here.

3.3.5 Effect of Acceleration

When a particle is accelerating (or decelerating) in a fluid, it experiences drag forces
which may be considerably different to those experienced in steady motion. The
acceleration effect was originally explained in terms of the ‘added mass’ concept,
derived from potential flow theory, in which the effect of particle acceleration on
the fluid is assumed to be equivalent to a fixed mass of fluid accelerated with the
particle [49]. Although this concept has some value for describing low Reynolds
number motion, its use above the intermediate Reynolds number regime can be both
inaccurate and misleading [7]. It is generally preferable to treat the acceleration
effect in terms of an instantaneous total drag coefficient, CDA, from experimental
measurements or from theoretical treatments.

Our understanding of the effect of acceleration, except at very low Reynolds
number [11] is, however, far from complete. No clear pattern emerges from pub-
lished results. For accelerating motion, we can write

CDA D F.Rep;MA;MD; IR; ¡p=¡/ (3.21)

where

MA D acceleration modulus, .dc=dt/d=w2

MD D displacement modules, x=d where x is distance moved by particle from
rest

IR D relative turbulence intensity

In addition to the factors on the right-hand side of Eq. 3.21, CDA is also dependent
on whether a particle is accelerating or decelerating.

The apparently conflicting results reported in the literature can be explained by
the fact that not all the relevant factors have been considered. The confusion is com-
pounded by the effect of acceleration in merely modifying the flow field around a
particle and the effect in changing the flow regime by altering the critical Reynolds
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number. Thus Lunnon [49] reported increase of CDA with acceleration of falling
particles while Ingebo [50] found greatly reduced CDA values for accelerating par-
ticles entrained in a gas stream. Painter [51] correlated his results for accelerating
spheres by:

CDA D 7:5Re�0:233
p M0:836

A I�0:150
R (3.22)

By contrast, Wang [52] correlated his results for decelerating spheres by

CDA D 0:34C 5:426M0:313
R I0:642R (3.23)

While there is evidence that the drag coefficient of an accelerating particle, CDA, is
in general higher than that predicted by the standard drag curve at the same Reynolds
number, the overall picture is confusing. In the light of such confusion, calculations
in pneumatic conveying are generally carried out with the assumption that accel-
eration has no effect on the drag coefficient [4, 41]. Comprehensive reviews of the
effect of acceleration on drag are available elsewhere [7, 21].

3.3.6 Miscellaneous Other Effects

The drag on a particle is also affected by a number of other factors including rough-
ness of surface, wall effect, rotation and orientation of the particle, and electrostatic
effects. These will be considered briefly here.

(a) Roughness
The main effect of surface roughness is that it decreases the critical Reynolds
number. However, in the presence of fluid turbulence, the effect of surface
roughness is not clear [7].

(b) Particle rotation
Torobin and Gauvin [21] reviewed the effect of particle rotation on drag and
concluded that at large Reynolds number, the effect is small. This is not consis-
tent with the suggestion that for large ¡p=¡, rotational effects are insignificant
[53].

(c) Wall effect
A considerable amount of literature is available in wall effect on particle drag
[11]. In the Stokes’ law region, the following equations of Ladenburg [54] and
Francis [55] can be used to estimate CDW, the drag coefficient of a single particle
in a tube diameter D where wall effects are significant:

CDW=CD1 D .1C 2:4d=D/2 (Ladenburg’s equation) (3.24)

or

CDW=CD1 D .1� d=D/�4:5 (Francis’s equation) (3.25)
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In the intermediate Reynolds number regimeCDW=CD1 is also a function of the
particle Reynolds number [56–58]. In the turbulent regime Munroe’s equation
[59] obtained for 900 � Rep � 11;000 can be used:

CDW=CD1 D Œ1 � .d=D/1:5��2 (3.26)

In pneumatic conveying, wall interference effects are often not important com-
pared with interference effects between neighbouring particles except for flow
near a wall. Equations 3.24–3.26 refer to flow of particles in the axis of a tube
and will be of little relevance when a particle flows near the wall of the tube.

(d) Electrostatic effect
The force on particles due to the electrostatic charge they carry is often im-
portant in pneumatic conveying, particularly when the particles are small and
the conveying air is dry. The subject of electrodynamics of particles has been
reviewed at great length by Soo [5]. There is some evidence that electrostatic
charge may significantly increase pressure drop in pneumatic conveying [60,61]
although the mechanism through which the increase occurs is not entirely clear.

Electrostatic effects in pneumatic conveying are indeed troublesome and even
dangerous. There have been some advances to reduce the charging effect in
such systems. Generally speaking increasing the relative humidity of the carrier
gas will reduce the charge generated. A quartenary ammonium salt has become
available commercially and has been shown to be quite effective in reducing
charging even with about 0.5 wt% of the material added. One must certainly
weigh the positive effect of this additive against contamination of the product.
Recently, coating the inside of a non-conductive pipe has been tried, with a
conductive floor wax that is commonly used in clean room technology. This
waxing of the pipe has proved very effective in reducing charging, although
with time the coating can wear off.

Electrostatic can alter the type of flow patterns observed in pneumatic convey-
ing systems. Since the charging is a surface phenomenon, the flow patterns with
charging are more surface related. The minimum pressure drop range can be sig-
nificantly altered with electrostatics generating large pressure rises in this region
of flow [62]. A unique kind of charging has been observed recently in having
bipolar charging [63] with the fine particles charging negatively and coarse par-
ticles charging positively. This effect can influence the particle distribution in
the pipe and affect the type of separation desired at the end of the line.

Jones and King [64] have prepared a very useful and practical book on elec-
trostatic effect. Practical solutions are addressed and dangers documented. They
state that pneumatic conveying is the largest single method of producing charg-
ing of particles. The term minimum ignition energy (MIE) is defined as

MIE D 1

2
CapobjectVoltagemax

2

It is recommended to have MIE < 5mJ when hydrocarbon vapours are present
with the solids. The maximum safe voltage is cited as 100 Volts.
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3.4 Equations for Calculation of Relevant Properties

In Section 3.3 the question of drag of a single particle is discussed. This is used here
to consider the calculation of properties relevant to pneumatic conveying.

3.4.1 Air Velocity

Due to the compressibility of the flowing gas, it is preferable to calculate the local
air velocity from the air mass flow rate equation (3.1), i.e.

v D Pmf=.A¡/

where
¡ D p=.RT/ (3.27)

and
T D .273C t/ t in ıC (3.28)

3.4.2 Terminal Velocity for a Particle

(a) Spherical particles
The terminal velocity wfo (or free fall velocity) of a single sphere can be esti-
mated by equating drag and buoyancy forces with gravitational force giving,

CD1
�

2
w2fo

�d2

4
D .�p � �/g�d3

6
(3.29)

Or

CD1 D 4¡d3.¡p � ¡/g

3˜2Re2pf

D 4d.¡p � ¡/

3w2fo¡
g (3.30)

wfo D
�
4

3

d

CD1
¡p � ¡
¡

g

�0:5
(3.31)

Combining Eqs. 3.30 with 3.11 yields the following general equation for esti-
mating terminal velocity of a single sphere:

Ga D 18Repf

�
1C 0:15Re0:687pf

�
C 0:315Re2pf

.�
1C 4:25 � 104Re�1:16

pf

�
(3.32)
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where Repf D ¡wfod=˜ and Ga, the Galileo number, is given by

Ga D �.�p � �/gd3=
2 D ���gd3=
2

where 
 represents the dynamic viscosity. A graphical solution for Eq. 3.32 is
given in Fig. 3.5 from which the terminal velocity of different size spheres in
atmospheric air is calculated and given in Table 3.2.

Fig. 3.5 Graphical solution for Eq. 3.32

Table 3.2 Terminal velocity
of spheres with a density of
1,000 kg/m3 in air at 20ıC
and 1 atm

d .�m/ wf (m/s)

0:2 1.25 �10�6

0:3 4.2 �10�6

0:5 10 �10�6

1:0 35 �10�6

2:0 128 �10�6

3:0 275 �10�6

5:0 780 �10�6

10 3.0 �10�3

20 12 �10�3

30 27 �10�3

50 72 �10�3

100 250 �10�3

200 750 �10�3

300 1.15
500 2.00

1;000 3.85
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In order to calculate wfo at extremely low Reynolds numbers one uses the
Stokes equation. The balance of the Stokes equation and the gravitational force
yields

wfo D d2.¡p � ¡/g

18˜

Repf < 2:0 (3.33)

For the intermediate regime

wfo D 0:153g0:71d1:14.¡p � ¡/0:71

¡0:29˜0:43

0:5 < Repf < 500 (3.34)

In Newton’s regime

wfo D 1:74

�
d.¡p � ¡/g

¡

�0:5

500 < Repf < 2 � 105 (3.35)

For the supercritical regime

wfo D 3:65

�
d.¡p � ¡/g

¡

�0:5

Repf > 2 � 105 (3.36)

The calculation procedure involves using one of the above equations to obtain
wfo and to calculate Repf to check that the correct equation has been used as
demonstrated in Section 3.4.2.1.

(b) Non-spherical particles

To estimate the free fall velocity of a non-spherical particle, we need to calculate
the free fall velocity of a spherical particle with the same volume. Correction for
shape effect can then be carried out in one of two ways:

(i) Using Fig. 3.2 to yield the ratio .wfo/§=.wfo/1, where

.wfo/§ D free fall velocity of particle with sphericity of §

.wfo/1 D free fall velocity of spherical particle of same volume.

(ii) Using the following empirical equation (3.37):

.wfo/§=.wfo/1 D 0:843 log.§=0:065/ (3.37)

The use of both methods will be demonstrated in Section 3.4.2.1 to illustrate the
uncertainties of estimating wf;§. It should be noted that Eq. 3.37 is also valid for
solid–liquid systems.
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3.4.2.1 Worked Examples on Free Fall Velocity

Calculate the terminal velocity in air (atmospheric pressure and 20ıC) of a particle
with density 1;300 kg=m3 with a volume equivalent diameter of 150�m: (i) for a
spherical shape particle; and (ii) for a particle with a shape factor of 0.8. At atmo-
spheric pressure and 20ıC the density of air, ¡ D 1:2 kg=m3 and the viscosity of air,
˜ D 1:78 � 10�5 Pa�s.

Spherical particle

Ga D ¡.¡p � ¡/gd3=˜2

D 1:2.1;300� 1:2/ � 9:8 � .150 � 10�6/3=.1:78 � 10�5/2

D 163

From Fig. 3.5 or Eq. 3.32

Repf D 6:0 D ¡wfod=˜

wf D 6:0 � 1:78 � 10�5=.1:2 � 150 � 10�6/
D 0:59m=s

Alternative method Assume Eq. 3.33 is applicable (Stokes’ regime); therefore

wfo D .¡p � ¡/gd2

18˜

D .1300� 1:2/ � 9:8 � .150 � 10�6/2

18 � 1:78 � 10�5
D 0:89m=s

Check Repf:

Repf D 1:2 � 0:89 � 150 � 10�6

1:78 � 10�5
D 9:0

This is outside the range for Eq. 3.33 to be applicable.
Assume Eq. 3.34 is applicable (intermediate regime):

wfo D 0:153 � 9:80:71 � .150 � 10�6/1:14 � .1300� 1:2/0:71

1:20:29 � .1:78 � 10�5/0:43
D 0:57m=s

Check Repf:

Repf D 1:2 � 0:57 � 150 � 10�6

1:78 � 10�5
D 5:8

and is within the range of applicability of Eq. 3.34. Hence 0.57 m/s is acceptable.
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Summary of wfo calculations for spherical shape:

From Eq. 3.32 0.59 m/s
From Eq. 3.34 0.57 m/s

The difference is caused by the use of different empirical equations to fit the standard
drag curve given in Fig. 3.1.

Non-spherical particle Using a value of wfo D 0:59m=s for the spherical particle,
we shall illustrate below two methods for calculating wfo for a particle with the same
volume equivalent diameter .150�m/ and a shape factor of  D 0:8.

From Fig. 3.2 for  D 0:8 and Repf D 0:6:

.wfo/ =.wfo/1 D 0:62

.wfo/ D 0:62 � 0:59
D 0:37m s�1

From Eq. 3.37

.wfo/ D Œ0:843 log. =0:065/�.wfo/1

D Œ0:843 log.0:8=0:065/�� 0:59
D 0:54m s�1

The above examples illustrate some of the uncertainties in estimating wfo.

3.4.3 Pressure Drop Through a Packed Bed

A large number of equations are available for predicting pressure gradient for flow
of a fluid through a bed of granular materials. Perhaps the most often used is the
Ergun equation [38]:

�p

�Z
D 150

.1� ©/2

©3
˜v

.§dv/2
C 1:75

.1� ©/

©3
¡v2

§dv
(3.17)

In streamline flow the first term on the right-hand side of Eq. 3.17 predominates,
giving

�p

�Z
D 150

.1� ©/2

©3
˜v

.§dv/2

for
¡v.§dv/

˜
< 20 (3.38)

In turbulent flow at high Reynolds number the second term on the right-hand side
of Eq. 3.17 predominates, giving

�p=�Z D 1:75.1� ©/¡v2=©3.§dv/

for ¡v.§dv/=˜ > 1;000 (3.39)
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Equation 3.17 is claimed to predict pressure drop to within ˙25% for a randomly
packed bed at a voidage of below about 0.6. At higher voidages the actual pressure
drop can be significantly greater than that predicted by the Ergun equation.

For a bed of mixed-size and mixed-shape particles, a volume-surface mean di-
ameter should be used in the Ergun equation as defined by,

N‰ Ndv D
 

all iX
Œxi=.‰idvi /�

!�1
(3.40)

where xi D volume or weight fraction of particles with dvi and sphericity ‰i .
If the particles of the different size fraction are similar in shape, ‰i D N‰. In

general

N‰ Ndv D N‰
 

all iX
.xi=dvi /

!�1
(3.41)

Equation 3.17 is written in the integrated form assuming constant fluid density along
the entire packed bed. For low pressure drop, the equation can be applied using the
density of the gas at the arithmetic average of the end pressure. When the pressure
drop is large or the absolute pressure is low, the variation in gas density can be
accounted for by writing the Ergun equation in differential form as

dp

dZ
D K1

Pmf

�
CK2

Pm2f
�

(3.42)

where Pmf D �� and is a constant along the entire length of the column

K1 D 150.1� "/2
="3.‰dv/
2 (3.43)

K2 D 1:75.1� "/="3‰dv (3.44)

Equation 3.42 can readily be integrated by expressing � in terms of pressure and
assuming either isothermal or adiabatic conditions. For isothermal flow, for instance,

p22 � p21
2�Z

D K1 Pmf CK2 Pm2f
RT=Mw

Mw (3.45)

For adiabatic flow, we have

p
.k�1/=k
2 � p.k�1/=k

1 D k C 1

k

�Z

p
.k�1/=k
1

.K1 Pmf CK2 Pm2f /
RT1

Mw
(3.46)

where

k D Cp=Cv: (3.47)
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(a) A worked example for flow through a packed bed

Calculate the pressure gradient across a packed bed of particles with the following
size distribution at a superficial air velocity of 0.002 m/s.

With diameter smaller than dv .�m/ Cumulative weight (%)

0
20 10
40 40
60 75
105 92
150 100

Sphericity of particles D 0:8. Calculate mean particle size from Eq. 3.40:

Diameter range .�m/ dvi Fraction xi xi=dvi .1=�m/

20–40 30 0.1 0.00333
40–60 50 0.30 0.00600
60–80 70 0.35 0.00500
80–105 93 0.17 0.00183
105–150 128 0.08 0.00063

†.xi=dvi/ D 0.01679
Nd� D .†.xi=dvi//

�1 D 1=0:01679 D 60�m

Assume
voidage of packed bed © D 0:35

¡ D 1:2 kg=m3

˜ D 1:78 � 10�5 kg=.m s/

From Eq. 3.17

�p=�Z D 150.1� 0:35/2 � 1:78 � 10�5 � 0:002=Œ0:353.0:8 � 60 � 10�6/2�
C1:75.1 � 0:35/ � 1:2 � 0:0022=.0:353 � 0:8 � 60 � 10�6/

D 22:84 kPa=m

3.4.4 Minimum Fluidization Velocity

When a gas is passed upwards through a stationary bed or granular material at in-
creasing gas velocity, the pressure drop across the bed increases until it is sufficient
to support the particles and the particles are said to be fluidized. The gas velocity at
the onset of fluidization is defined here as the minimum fluidization velocity, vmf.
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If the bed voidage at the onset of fluidization, ©mf, and the shape factor of the
particles are known, the minimum fluidization velocity can be calculated by equat-
ing the right-hand side of the Ergun equation (3.17) with the apparent weight of the
particles, giving,

150
.1� ©mf/

2

©3mf

˜vmf

. N§ Ndv/2
C 1:75

.1� ©mf/

©3mf

¡v2mf

N‰ Ndv
D .1 � ©mf/.¡p � ¡/g (3.48)

Equation 3.48 permits the calculation of the minimum fluidization velocity vmf and
can be further simplified as in Eqs. 3.38 and 3.39 to give, for

¡vmf N§ Ndv˜ < 20

vmf D ©3mf

150.1� ©mf/

.¡p � ¡/g

˜
. N§ Ndv/

2 (3.49)

and for

¡vmf N§ Ndv=˜ > 1;000

v2mf D ©3mf

1:75

.¡p � ¡/

¡
g N§ Ndv (3.50)

Often data for § and ©mf are not readily available. Wen and Yu [36] showed that for
a large variety of systems,

14§©3mf D 1

and
.1� ©mf/ D 11§2©3mf

Equation 3.48 can then be simplified as

vmfdv¡=˜ D �
33:72 C 0:0408 d3v¡.¡p � ¡/g=˜2	0:5 � 33:7 (3.51)

Re0
mf D Œ33:72 C 0:0408Ga0�0:5 � 33:7 (3.52)

where Ga0 and Re0
mf are defined in terms of the volume equivalent diameter (not

specific surface equivalent diameter).
While a large number of equations are available in the literature for predicting

�mf, Eq. 3.52 is one of the most reliable and is claimed to predict vmf with a standard
deviation of ˙34% [36]. Its use is recommended here. Equation 3.52 is applicable
to multi-size particles, provided the correct mean particle diameter described by
Eq. 3.40 is used [65]. It is worth pointing out that Eq. 3.49 correctly predicts that the
addition of a small amount of fines to a coarse material can significantly reduce the
minimum fluidization velocity. Detailed discussion on the effect of size distribution
on minimum fluidization velocity is available in the literature [66].

Often in design, a very reliable estimate of the minimum fluidization velocity is
required. This can be obtained by experimental determination at a given condition
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and the result can be extrapolated to another operating condition (such as different
temperature and pressure) using Eq. 3.49 or 3.50. The test rig required for the mini-
mum velocity measurement has been described by Weber [67].

(a) A worked example on minimum fluidization velocity
Calculate the minimum fluidization velocity, vmf, for the silica alumina catalyst
with volume-surface mean diameter of 75�m and § of 0.8. Particle density
is 1;300 kg=m3, ©mf D 0:35, density and viscosity of air are 1:2 kg=m3 and
1:78 � 10�5 kg=m=s respectively.

Solution 3.1. Assume that Remf < 20, so that Eq. 3.49 applies:

vmf D .0:35/3

150.1� 0:35/

.1300� 1:2/� 9:81
1:78 � 10�5 .0:8 � 75 � 10�6/2

D 1:13 � 10�3m=s

Check

Remf D 1:2 � 1:1 � 10�3 � 75 � 10�6

1:78 � 10�5

D 5:56 � 10�3 < 20

Solution 3.2. vmf can be calculated directly from Eq. 3.48. Thus,

150.1� 0:35/2

.0:35/3
1:78 � 10�5vmf

.0:8 � 75 � 10�6/2
C 1:75.1� 0:35/

.0:35/3
1:2v2mf

0:8 � 75 � 10�6

D .1 � 0:35/.1300� 1:2/9:81

This is simplified to a quadratic equation which can be solved to give

vmf D 1:1 � 10�3 m=s

3.4.5 Relationship Between vmf and wfo

A number of workers have attempted to correlate vmf with wfo [68–70] and this was
reviewed by Richardson [71]. From Eq. 3.32 we have Repf as a function of Ga, while
in Eq. 3.48 Remf can be expressed as a function of Ga and ©mf. The two equations
can be combined to yield

wfo=vmf D f.Ga; ©mf/ (3.53)

Figure 3.6 shows the relationship represented by Eq. 3.53 for various values of "mf.
Measured ratio of wfo=vmf varies from 9 to 90 and is in reasonable agreement with
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Fig. 3.6 Ratio of terminal velocity to minimum fluidization velocity wfo=vmf versus Galileo
number Œ¡.¡p � ¡/gd3=˜2� for various "mf (after Richardson [71])

the prediction from Eq. 3.53. Figure 3.6 may be useful to give approximate esti-
mation of wfo or vmf if experimental data for vmf or wfo are available respectively.
Alternatively, the following equations due to Bourgeois and Grenier [70] may be
used for air–solid systems:

(a) For 102 < Ga < 4 � 104

wfo=vmf D 135:7� 45:0 log Ga C 4:1.log Ga/2 (3.54)

(b) For 4 � 104 < Ga < 8 � 106

wfo=vmf D 26:6 � 2:3 log Ga (3.55)

(c) For 8 � 106 < Ga
wfo=vmf D 10:8 (3.56)

3.5 Fluidization Characteristics of Powders

In dense phase pneumatic conveying and in the feeding device of a pneumatic con-
veyor, the ease with which the material can be handled depends on the ‘fluidization
characteristics’ of the powder. Materials are described loosely as ‘fluidizable’
or ‘difficult to fluidize’. These properties are qualitatively assessed by: (i) the
occurrence of severe channelling in a fluidized bed; (ii) whether bubbles are
formed at a velocity immediately above the minimum fluidization velocity; and
(iii) whether bubbles grow indefinitely with bed height and fluidization velocity
(see Section 3.4.5).
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Fig. 3.7 Fluidizing characteristics of powders (after Geldart [72])

Geldart [72,73] attempted to quantify the fluidization properties of a powder and
proposed four classes of solids, depending mainly on particle diameter and density
and to a minor degree on gas density and viscosity. Geldart’s classification is given
in Fig. 3.7 and discussed below:

1. Group A powders are those where the bed expands considerably when the flu-
idization velocity is increased above the minimum fluidization velocity before
gas bubbling commences. If vmb is defined as the minimum fluid velocity at
which bubbling occurs, group A powder is characterized by vmb=vmf > 1.

Group A powder has been described as ‘aeratable’. If the fluidizing gas is shut off
suddenly in a fluidized bed of this type of powder, the bed collapses slowly (at
rates of 3–6 mm/s). When the fluidization velocity is high enough to cause slugging,
the slugs are axisymmetric. For discharge from a hopper, group A solids have the
tendency to ‘flood’ unless suitable precaution is taken.

2. Group B powders are those where bed expansion is small when the fluidization
velocity is increased above the minimum fluidization velocity. Bubbles start to
form in the bed at or at slightly above vmf i.e.

vmb=vmf Š 1

The bed of group B powders collapses very rapidly when the fluidization gas is
turned off suddenly. With these powders, bubbles increase in size rapidly with bed
height and fluidizing gas velocity. Group B powder has been termed ‘sandy’ as many
sands are in this group.

3. Group C powders are the fine cohesive powders in which interparticle forces are
comparable to or greater than the drag force exerted by the fluidizing gas. The
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interparticle forces could be caused by electrostatic charges or the presence of
moisture or sticky material. Such powders are hard to fluidize and if fluidized in
a small diameter column, the whole bed tends to rise en bloc with a void rising
below it. This type of void is known as the square nose bubbles [74] as against the
round nose bubbles and slugs. Stirring or vibration of the bed will be necessary
to promote proper fluidization.

4. Group D particles are of large size and/or large density. The demarcation between
group B and group D is diffuse. With group D powders, stable spouting can be
maintained if the fluidizing gas is introduced through a centrally positioned hole.
This group D particles have been referred to as ‘spoutable powders’ [72].

The fluidization properties of a powder can be quantitatively predicted from Fig. 3.7
due to Geldart. Alternatively the following criteria can also be employed to deter-
mine solid classification [75]. These criteria are purely in terms of particle fluid
density difference and particle diameter.

Group C powders are those for which, when

.¡p � ¡/ > 1;000 kg=m3

d < 20�m

and when

.¡p � ¡/ < 1;000 kg=m3

d < 20;000=.¡p � ¡/ �m

Group A powders are those which are not within group C but for which

d < 225;000=.¡p � ¡/ �m

Group B powders are those which are neither Group A nor C powders but for which

d2 < 109=.¡p � ¡/ �m2

Group D powders are those for which

d2 < 109=.¡p � ¡/ �m2

The behaviour of the four classes of powder in pneumatic conveying, particularly
dense phase conveying, has been discussed at length by Doig [75]. Thus group A
powders can be conveyed as a long homogeneous dense phase plug with little prob-
lem of blockage as in cement for instance. Group B powders are usually free flowing
and can be transported at solids to gas mass flow ratios of up to 100 [76]. Group D
powders are generally conveyed at higher gas velocities and lower solid to gas mass
ratios. Rapid change in voidage occurs at pipe bends and reacceleration is slow as
a result of the higher particle inertia and the smaller rate of change of drag force
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with decrease in porosity. Because of their cohesive nature, group C powders tend
to build up in a conventional pneumatic conveying pipe. The continual build-up
or scale formation can result in pipe blockages. It is thus recommended that with
such cohesive materials, flexible conveying tubes should be used. The flexibility
promotes the destruction of any build-up in the conveying pipe.

Yang [79] modified and re-interpreted the classic Geldart diagram for powder
classifications especially for high pressures and temperatures. Generally one notes
that by increasing the fluid density and viscosity tends to make the powders have a
transition to the Group A type. He suggests that more data at these elevated condi-
tions are necessary to define the A/B boundary line more precisely.

A number of other researchers attempted to make the Geldart diagram more
refined including Molerus [80] cohesive force, Grace [81] expanded data sets and
Goossens [82] Archimedes number.

The relative merits of group A and group C powders in pulse phase pneumatic
conveying versus bypass pneumatic conveying have also been discussed [77,78] and
are also discussed in Chapter 6. Although it is not yet possible to design pneumatic
conveying systems from the mere knowledge of the class of a particular powder,
Geldart’s classification of powders has a significant application in the evolution of
the quantitative design of pneumatic conveying systems.
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Chapter 4
Fundamentals

4.1 Introduction

Pneumatic transport involves the movement of millions of particles in a confined
space. To begin to understand this form of transport a detailed analysis of the be-
haviour of a single particle is necessary. From this basic understanding we can
develop the more complex systems involving many particles with their interactions
with each other and the confinement surface.

Most peoples’ experience with single particle movement has to do with the set-
tling phenomenon where particles move through a fluid at rest under the influence
of gravity. While this process appears superficially to be well understood, there are
many subtleties to be carefully considered. Kaye [1] in a recent book discusses
many of these points, one being the clustering tendency of the particles in the set-
tling process.

In pneumatic transport particles are moved by a conveying gas stream. Both the
fluid and the particles are in motion. As the two velocities approach each other, the
system becomes more and more like a single phase flow situation. In practice this
situation rarely happens.

While several ways of classifying bulk materials have been mentioned, consider-
ing size, distribution, shape and densities, the Conveyors Equipment Manufacturing
Associations (CEMA) have developed a book using a variety of ways of classifying
common industrial materials [2]. This book is useful when one has little information
concerning a material to be transported.

4.2 Forces Acting on a Single Particle in an Air Stream

The basic particle dynamic equations (Chapter 3) have a number of different terms:
drag force, pressure gradient interaction, acceleration of the apparent mass of the
particle relative to the fluid, the Basset force accounting for the deviation of the
flow pattern from steady flow, and external forces such as gravity and electrostatics.
A number of researchers have addressed this dynamic equation [3–6].

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 4,
c� Springer Science+Business Media B.V. 2010
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For pneumatic transport a more practical approach to the dynamic equation is to
employ an all-encompassing frictional term. For a single particle analysis consider
the drag and external forces as the dominant forces counterbalancing the accelerat-
ing force. One can write this

mp
dc

dt
D drag � external forces (4.1)

The drag force (FD) for the single particle can be written as

FD D 3

4
mp

CD

d

¡

.¡s � ¡/
.v© � c/2 (4.2)

and the external forces for gravity (Fg ) and electrostatics (Fe) as

Fg D .mp � mf/g (4.3)

Fe D Ex

�
q

mp

�
mp (4.4)

In the above expressions a number of terms must be defined:

CD D drag coefficient
mp D mass of the solid particle diameter d
mf D mass of displaced fluid of a diameter d
Ex D electric field
.q=mp/ D charge per unit mass

Examining these initial expressions for the forces on a single particle one finds
the mass or diameter of the particle occurring more than once. The question then
arises as to what is the particle diameter. Consider Fig. 4.1 for glass spheres and
coal particles. For the spherical particles here represented as a monodispersed sys-
tem, little doubt is left as to what particle diameter to employ. In the case of the
coal sample one sees a variety of shapes and sizes. For an accurate description of
the dynamic equations, the variables of size and shape must be addressed. An aver-
aging method for size and shape and a measurement of the deviation to classify a
distribution of size and shape are essential.

4.3 Particle Size

Practically all material to be transported by pneumatic means has a distribution of
both size and shape. Particles that are formed by an attrition or breaking process
can mostly be represented by a logarithmic normal size distribution. For particles
or droplets created by condensation a Gaussian distribution is valid. The log normal
distribution can be written as
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Fig. 4.1 (a) Spherical particle micrograph; (b) coal particle micrograph

fn.d/ D 1

log ¢g.2 /1=2
exp

 
� .log d � log dg/

2

2 log2 ¢g

!
(4.5)

Figure 4.2 shows a typical graphic representation of a coal sample following this
distribution. The log geometric standard deviation, ¢g, gives a measure of the width
of the distribution over the particle sizes d; the smaller the value of ¢g, the closer the
size distribution approaches a monodispersed system.

For particles shown in Fig. 4.1a the question of diameter is easily documented
as the diameter of the sphere. The particles shown in Fig. 4.1b represent problems
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Fig. 4.2 Particle size distribution of dispersed-32 mesh Pittsburgh seam coal

in establishing what the diameter should be. Depending on the sizing method, this
diameter can vary. In using a sieving technique for sizing, the particles will align
themselves to pass through the opening of the sieve. In settling, the particles are ori-
ented to produce the minimum drag. Light scattering measurement techniques yield
a volume average. Microscope technique can be handled manually or automatically
and show the particles in an equilibrium state. Viewing the particles in Fig. 4.1b
once again, the diameter can be classified by the longest chord through the particle.
This latter designation is termed the Feret diameter. Automatic microscopic sizing
is becoming more prevalent with high speed counting techniques where numerous
particles can be sized in a short time, i.e. 100,000 particles in 20 min. The auto-
matic sizer often takes the longest horizontal chord through the particle to represent
the particle size. By sizing thousands of particles and assuming a random orienta-
tion of a dispersed non-agglomerated state of particles, a true average size in static
equilibrium can be easily found.
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One last point on agglomeration of particles is one that should also be addressed.
The grouping of particles is a phenomenon that is well known. This agglomerate
state is dependent upon the surface states of the various particles, be they of one or
many species. In reference to pneumatic transport we have a very perplexing situa-
tion as to the size of the particles in the actual transport line. The in situ state may but
probably does not represent the state under which the actual sizing has taken place,
be it by sieving or by the microscope. Be this as it may, we must size the particles
with the techniques on hand. Thus a certain limitation presents itself to us. Some
investigators have used the dynamic equation to work out the effective particle di-
ameter. While this approach may seem logical, this is no proof that the results are the
true effective particle sizes. Experiments conducted in situ are essential to resolve
the problem. In the field of settling, agglomerates or clusters have been observed.
The concept of clusters or streamers in pneumatic transport has been postulated by
a number of researchers [7, 8].

One of the most common bases for size analysis is the sieving method. Here
a mass average size is obtained since the basic concept of separation is based on
gravity. Light measuring and scattering techniques yield a volume average size since
the principle of measurement is based on volume element. For a microscope a length
average size is obtained. The length averages can be converted to any number of
mean sizes. The most popular ones are

Length mean diameter D †nd=†n
Surface mean diameter D .†d2=†n/1=2

Volume mean diameter D .†nd3=†n/1=3

Volume–surface mean diameter D †nd3=†nd2

Weight mean diameter D †nd4=†nd3

where n is the number of particles of a certain size. One of the most popular sizes
in this designation is the volume–surface mean diameter which is related to the
mass transferred over the surface area of the particle. This diameter is of importance
in combustion. For a log normal distribution this volume–surface diameter can be
written as

dvsg D exp.lnd � 2:5 ln2 ¢g/ (4.6)

Table 4.1 has a listing of a few of these diameters determined for some common
materials.

In operating a pneumatic transport facility, knowledge of the sizes of transported
particles is thus essential in order to operate the system efficiently. Narrow cuts on
the distribution tend to yield results that have greater predictability.

4.4 Shape

The property of shape is as important as the property of size. Even though this is so,
the problem of quantifying shape is very much more complex than quantifying size.
Recent breakthroughs in the topic of shape indicate that we may have this parameter
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Table 4.1 Averaged diameters

Type General formula

Length mean diameter dl D †nd=†n
Surface mean diameter ds D .†nd2=†n/1=2

Volume mean diameter dv D .†nd3=†n/1=3

Volume–surface mean diameter dvs D †nd3=†nd2

Weight mean diameter dw D †nd4=†nd3

Log mean diameter
Length dlg D exp .lndg C 0:5 ln2 ¢g/

Surface dsg D exp .lndg C 1:0 ln2 ¢g/

Volume dvg D exp .lndg C 1:5 ln2 ¢g/

Volume–surface dvsg D exp .lndg C 2:5 ln2 ¢g/

Weight dwg D exp .lndg C 5:0 ln2 ¢g/

Note: lndg is the natural log geometric mean diameter and ln ¢g is
the natural log geometric standard deviation.

in a quantitative manner within our reach in the near future. The simplest concept of
shape is a comparison of the particle shape with a sphere. The sphericity is termed
as the ratio of the surface area of a sphere having the same volume as the particle in
question divided by the surface area of the particle. The closer this ratio approaches
1.0 the more sphere-like the particle becomes. Heywood [9] did pioneering work in
the field of shape analysis. He addressed particle shape by considering the overall
dimensions (length, width, and height) of a particle in its most stable position. Some
empirical parameters were also classified for use in formulae to obtain surface area
and volume of a particle.

More recent analysis of shape has been spearheaded by Beddow and his
coworkers [10–12]. Their approach has been to use a Fourier series analysis of
the particle shape. They quantify the particle protrusions and indentations by a
Fourier series, obtaining a unique signature for each particle presented by the
Fourier coefficients obtained. Examples of a few common materials as to shape are
shown in Fig. 4.3. The coefficients for the analysis are also given.

Another way of representing particle shape has its roots in ancient Greece but has
only been incorporated in recent times into modern technology by Mandelbrot [13].
The easiest way to explain the concept is to pose the question: What is the length of
the coastline of Britain? If one has a map of Britain and a pair of dividers, one can
step off finite increments around the map and obtain an estimate of the perimeter
or coastline of Britain. Decreasing the divider step produces a more accurate value.
Plotting the perimeter against the size of step on a logarithmic scale for a particle
shape produces Fig. 4.4. The slope of the line obtained is called the fractal dimension
of the shape, a term coined by Mandelbrot. This fractal dimension is related to the
number of steps and the sizes of the steps. It is a measure of the ruggedness of
the coastline or, as applied to a particle, the ruggedness of the particle or its shape.
This technique of classification by fractal dimension has been applied by Kaye [14]
and Flook [15] for the analysis of some common materials. Table 4.2 gives fractal
dimensions for some materials. These fractal dimensions can be obtained manually
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or by use of modern image analysers. Such instruments can employ erode and dilate
modes to obtain the fractal dimensions of multi-particle systems in a relatively short
period of time. Since the fractal dimension can be obtained in a somewhat automatic
fashion and represents one or two parameters only, this procedure for shape analysis
appears to be more attuned to industrial applications.

4.5 Dynamic Equations

The basic dynamic equation for a particle in pneumatic transport has been given
in Eq. 4.1. The crucial terms of particle size and shape have been discussed in
Sections 4.3 and 4.4. The item of importance which will now receive further analysis
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is the drag term in which the drag coefficient appears. The drag coefficient and the
relative velocity (v© � c) are intimately associated, such that various flow regimes
need to be explored. The Reynolds number can be used to compare the inertial to
viscous forces of the particle; Fig. 3.1 shows how this coefficient varies for a sphere
over the flow regimes. Table 4.3 has a tabulation of these coefficients discussed in
Section 3.3.1. If one does not have knowledge of the particle Reynolds number,
McCabe and Smith [16] have suggested a convenient criterion to determine the drag
coefficient dependent on the physical properties of g, ¡, ¡p, mf and d. The factor is
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Table 4.2 Some fractal dimensions

Shape Fractal dimension measured

Flook [15]
Circle 1.01
Koch Triadic Island 1.26
Koch Quadric Island 1.50
Carbon black aggregate 1.37
Simulated floc 1.47

Kaye [14]
Atomized aluminum 1.09
20
m rubber crumb 1.09
Barite crystal 1.08
Sponge iron 1.20
Meteorite 1.48
Purkinje cell 1.42

Table 4.3 Drag coefficients CD

Flow regions Re CD

Stokes Rep < 2:0 24=Rep

Intermediate 0:5 < Rep < 500 18:5Re�0:6
p

Newton’s range 500 < Rep < 2� 105 0.44
Turbulent boundary layer Rep > 2� 105 0.1

General CD to Rep D 105
24

Re p
.1C 0:15Re0:687p /

C 0:42

.1C 4:25� 104Re�1:16
p /

General CD to Rep D 105
24

Re p
C 4

Re0:5p

C 0:4

K D d

�
g¡
¡p � ¡
˜2

�1=3
(4.7)

One finds the following ranges to apply:

K < 3:3 Stokes
3:3 < K < 43:6 intermediate
43:6 < K < 2;360N

With the basic information on size and drag coefficient one can begin to investigate
the particle behaviour.

4.6 Terminal Velocity

The simplest dynamics of a particle are when only a gravitational field is acting
on the particle and a steady state is established. In Section 3.4.2 an analysis of the
forces acting on the particle to give the terminal velocity is presented.
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For the three regimes of flow the terminal velocity can be written in convenient
forms as follows:

wfo D

8̂
ˆ̂̂̂
ˆ̂̂<
ˆ̂̂̂
ˆ̂̂̂
:

d2.¡p � ¡/

18˜
g D d2�¡

18˜
g Stokes .4:8/

0:153g0:71d1:14.¡p � ¡/0:71

¡0:29˜0:43
intermediate .4:9/

�
4

3

d.¡p � ¡/
CD˜

g

�1=2
D
�
4

3

d�¡

CD˜
g

�1=2
Newton .4:10/

It is worth noting that the additional external force of electrostatics may be consid-
ered in the analysis and as such a change in the terminal velocity will be experienced.

4.7 Single Particle Acceleration

The next level of complication is a system that is not in a steady state and is ac-
celerating. For a system without gravitational and electric forces and when the fluid
velocity is zero Eq. 4.1 is reduced to:

mp
dc

dt
D 3

4
mpCD

¡c2

¡pd
(4.11)

dc

dt
D 3

4
CD
¡c2

¡pd
(4.12)

Establishing the flow regime sets the value of CD and permits Eq. 4.12 to be solved
for the particle velocity at different times. For the Stokes regime the time for the par-
ticle to reach 62.3% of its final velocity is called the relaxation time. The relaxation
time for this case is given as

£ D d2¡p

18˜
(4.13)

For the case when the fluid velocity is not zero one obtains

.v© � c/’

.v© � c/¨
D exp

�
�18˜t

d2¡p

�
(4.14)

where t is the acceleration time of a particle to attain a certain velocity. It should be
noted that the relaxation time is in common use in dust handling literature.
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4.8 Centrifugal Flow

Not all flows encountered are those through pipelines. Once having transported the
solids over a section of pipe most likely the solids must be collected. One of the
most common collection devices is the cyclone separator. In this device the particles
are imparted a centrifugal force with the aim of collection. Full details pertaining
to the design and selection of such collection devices are discussed in Chapter 10.
Consider Fig. 4.5 for analysis of the centrifugal flow. The particle is located at a
position R within a separator having an outer radius R2 and an inner radius R1. The
radial particle velocity is termed cR and the tangential particle velocity cT. Thus

cR D dR=dt (4.15)

and
cT D Rd™=dt (4.16)

where ™ is the angular position.
In order to apply Newton’s second law to this motion the accelerations must be

determined. For radial acceleration and tangential acceleration one has respectively

AR D dcR

dt
D d2R

dt2
� k

�
d™

dt

�2
(4.17)

AT D dcT

dt
D Rd2™

dt2
C 2d™

dt

dR

dt
(4.18)

Multiplying the acceleration of the particle by the mass of the particle gives the
force which acts on the particle. A drag resistance acts counter to this as

mp

�
d2R

dt2
� Rd™

dt

�2
� FDR D 0 (4.19)

mp

�
Rd2™

dt2
C 2dR

dt

d™

dt

�
� FDT D 0 (4.20)

The drag term can be given by equations in Table 4.3 for the general representation.
The particle and gas are assumed to have little slip in the tangential direction

Fig. 4.5 Velocities acting on
a particle in a centrifugal field

C T
CR
R

R1

R2
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(FDT � 0) and the Stokes regime is assumed to be valid in the radial direction
so FDR D 3 ˜dcR. Under this assumption and combining Eqs. 4.19 and 4.20 one
obtains

d2r

d£2
C 1

T

dr

d£
� 1

r3
D 0 (4.21)

using the dimensionless terms, r D R=R2, £ D tcT2=R2, and T D mpcT2=3 ˜dR2.
This equation is non-linear and can be integrated numerically for an exact solution.
Under the premise that the second-order term can be eliminated one obtains the
radial drift time between R1 and R2 as

t D 9

2

˜

¡p � ¡

�
R2

vT2d

�2 �
1 � R1

R2

�4
(4.22)

Cyclone efficiencies calculated using the above assumption tends to overestimate
the efficiencies of the unit. (More details pertaining to the design and selection of
cyclones are covered in Chapter 10).

4.9 Slip Velocity in a Gravitational Field

For a single particle in a flowing fluid under the influence of gravity, the slip velocity
defined as the difference between the fluid velocity and the particle velocity can be
formulated from Eq. 4.1 without the acceleration term to yield

3

4
mp

CD¡

d ¡p
.v© � c/2 D .mp � mf/g (4.23)

For the case of Stokes’ law for the drag coefficients (CD D 24=Rep) one has the slip
velocity as

v© � c D d2.¡p � ¡/

18˜
g D d2�¡

18˜
g (4.24)

If one also incorporates the electric force into this analysis the slip velocity will
increase due to the additional force on the particle.

4.10 Multiple Particle Systems

The topic of systems with multiple particles can be very complex. One could treat
each particle–particle interaction along with all particle–wall interactions and arrive
at a model that could predict the behaviour of pneumatic transport under a variety
of conditions. The approach of taking these multiple interactions on an individual
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basis will not be treated here in detail. Later the format of these interactions will
be considered briefly. A more pragmatic approach will be utilized to develop the
multi-particle system along the lines of a single particle system. The equation for
the particle and that for the transporting fluid will be considered separately and
together. For the particle one can write on a differential section

�mp
dc

dt
D dŒdrag� � dŒgravity�solid � dŒfriction�solid

C dŒpressure�solid � dŒelectrostatic� (4.25)

Of note in comparing Eq. 4.1 with the single particle equation is a term for friction.
This frictional term represents the total effects of interparticle and particle–boundary
bombardments. A similar type of equation can be written for the gas or fluid phase:

�mf
dv

dt
D dŒdrag�� dŒgravity�fluid � dŒfriction�fluid C dŒpressure�fluid (4.26)

The expressions for each of the differential forces must be supplied in order to
complete the picture:

dŒdrag� D �3
4

CD
¡

�¡

�mp

d
.v© � c/2 (4.27)

Wen and Yu [17] have shown that for a multi-particle system the drag coefficient
for a single particle should be related to voidage (©) of the flow system. The method
to account for this is to multiply the single particle drag by (©�4:7) (see Eq. 3.21).
Another representation for the effect of drag coefficients for single and multiple
particle systems is given in Section 6.4.2. It should be noted that this drag force acts
in the opposite direction on the fluid phase. Therefore there is always equilibrium
between these two main forces.

The differential force terms are given by:

dŒgravity�solid D g�mp (4.28)

Equation 4.28 is valid for vertical flow; for horizontal flow, other practitioners have
used a lift term for the particles which can be expressed as ¡p.1�©/gwf=v according
to Barth [18].

dŒfriction�solid D ��
ZC2�mp

2D
(4.29)

dŒpressure�solid D
�

�@p

@x

�
�mp

¡p
(4.30)

The format for the solid frictional term follows the general frictional force in fluid
mechanics. Special consideration is given to the slip velocity representation shown
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in this frictional term. Other representations involving only c can be written. The
electrostatic force term can be expressed as:

dŒelectrostatic�solid D Ex
q

mp
.�mp/ (4.31)

For the fluid phase the differential terms are as follows:

dŒgravity�fluid D g�mf (4.32)

and

dŒfriction�fluid D 2fL
v2©
D
�mf (4.33)

dŒpressure�fluid D
��@p

@x

�
�mf

¡
(4.34)

Note that �L D 4fL where fL is the Fanning friction factor (Eq. 2.45).
Combining these terms results in the basic dynamic equations for the multi-

particle analysis. Similar analysis can be performed on this set of equations as was
done on the single particle. Flow conditions will determine whether the electrostatic
and gravity terms must be included or not. For horizontal flow the gravity term
is eliminated. In the steady state case both acceleration terms are zero, and sum-
ming the two equations should yield the very useful pressure drop equation for the
gas–solid flow system. One is cautioned here that the flow has been assumed to be
incompressible at this point. This assumption has been relaxed in the following dis-
cussion. The differential amounts of particles and fluid can be written in terms of
the voidage (©) of the system: for the particles

�mp D .1 � ©/¡p�V (4.35)

for the fluid
�mf D ©¡�V (4.36)

The voidage term is a very important factor in all pneumatic transport. The measure-
ment of this value is essential for understanding the flow behaviour of a pneumatic
system. Inserting these expressions in the steady state analysis yields

� �p

�L
D ¡©g C ¡s.1 � ©/g C ��

Z¡s.1 � ©/
c2

2D
C 2fL

¡"v2©
D

(4.37)

For horizontal flow, the gravity term has been modified into a lift term by some
researchers. The present format incorporates this effect in the overall solids fric-
tional term.

The first two terms of this equation are termed static contributions while the
latter are the frictional ones. Generally the fluid static contribution can be ignored in
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Table 4.4 Individual contributions to the total pressure drop �p due to gas friction fL, solids
friction �Z

� and static head using Yang’s solids frictional term for particle size 5 
m

Related pressure drop to pipe length, �p=�L .N=m3/Conveying line
solids mass
flow rate, Pmp

Gas mass flow
Horizontal Vertical rate, Pmf

Test (kg/h) Solid Static Total Gas Solid Static Total (kg/min)

1 125.8 16.9 27.0 6.44 50.4 17.3 18.8 36.1 2.88
2 76.6 17.3 23.9 5.66 47.3 17.6 16.96 34.5 2.88
3 126.6 18.9 30.1 7.69 53.7 15.7 21.0 37.2 2.88
4 156.4 15.5 26.2 6.9 48.7 15.9 18.9 34.9 2.88

preference to the solid static term. Table 4.4 has a listing of the two frictional terms
for a specific flow test system. The relative percentages of each term can be noted.
Equation 4.37 has been analysed by Yang [19] in reference to various particle size
fractions of solids that are transported. Each size fraction contribution has a unique
effect on the dilute phase system and summing over all size fractions would yield
the final format. When electrostatic forces are present an additional term must be
added to Eq. 4.37:

Ex
q

mp
.1 � "/�p D Ex

q

mp
�� (4.38)

It should be mentioned that a few other formulations exist to describe the overall
energy loss sum in terms of the pressure drop [20]. Govier and Aziz [21] have used
the mechanical energy balance to arrive at a somewhat similar representation. The
hydrostatic term is the same. However, an additional factor due to the kinetic en-
ergy term is separated from the frictional term. Weber [22] has also presented his
formulation in a similar manner.

4.11 Voidage and Slip Velocity

The parameters of voidage and slip velocity are closely linked. Their measurements
in pneumatic transport are essential to the modelling and understanding of gas–solid
flow. In spite of their relative importance, there are very few cases in the literature
where these two quantities have been recorded. The reason for the absence of these
data is due to the difficulty of obtaining accurate measurements of the voidage and
slip velocity. The basic definition of voidage as derived by Wen [23] considered the
number of particles in a given volume element.

Consider the element dL with a number of solid particles n as shown in Fig. 4.6.
The volume of the pipe element is V and the volume of the enclosed solids is Vs.
The voidage is then

© D V � Vs

V
D 1 � Vs

V
(4.39)
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Fig. 4.6 Volume element
with a number of solid
particles D

dL

The sum of the volumes of the enclosed particles is

Vs D nVp D Pms

¡pc
�L (4.40)

Thus,

© D 1 � �
¡

¡p

v©
c

D 1 � ¡�

¡p
(4.41)

with ¡� as the apparent bulk density.
One sees from Eq. 4.41 that a knowledge of the mass flow ratio and velocities v©

and c as well as the densities ¡ and ¡p will yield the voidage. Similarly knowing the
voidage and mass flow ratio and density, the particle velocity can be found.

The gas transporting the solids must flow through the system of suspended par-
ticles and solids, thus causing an increase in the gas velocity over that for an empty
tube. If v is the superficial gas velocity based on the tube diameter, then the actual
fluid velocity between the particles, i.e. voidage, can be written as

v© D v=© (4.42)

It should be noted that all the former equations were cast in the v© format.
The slip velocity has been mentioned previously as

ws D v© � c D v

©
� c (4.43)

The slip velocity is the resultant velocity between the fluid and solid caused by
the particle–particle and particle–wall interactions. Determination of this quantity
brings us very close to exact modelling of pneumatic transport systems.

Faced with the dilemma of determining the voidage and particle velocity there
are a few avenues one may pursue. For fine particles (<40�m) one can assume that
the particles and the gas velocities are approaching one another in dilute flow and
their difference is given by the particle terminal velocity:

v � c � wfo (4.44)

In 1954 Hinkle [24] wrote a classic thesis on pneumatic transport. His analysis has
served as a basis for many later works in the field. From his basic data on particle ve-
locity he developed an empirical correlation which has been widely used. Recently
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IGT [25] has modified his basic analysis to include a wider database and suggests
the following equation for the particle velocity

c D v
�
1 � 0:68d0:92¡0:5

p ¡�0:2D�0:54� (4.45)

The significance of this equation lies in the fact that the particle velocity is only a
function of the system parameters. Yang [26] has determined the various parts of
the steady state dynamic equation of the particle, and so has obtained the particle
velocity as

c D v

©
� wfo

�
1C ��

Zc2

2gD
©4:7

�1=2
D v© � wfo

�
1C ��

Z

2
F�2

r ©
4:7

�1=2
(4.46)

It should be noted that he has chosen the particle velocity term c2 instead of the slip
velocity (v©�c/2 in the frictional representation. The implicit nature of this equation
necessitates numerical iteration for a solution. The frictional factor in this equation
can be found from Table 4.5. Rizk has presented experimental data determined by
the double solenoid method for particle/fluid velocities (Chapter 6).

The determination of the system voidage in the past had to rely on the incon-
venient double solenoid valve set-up of measuring the weight of material trapped
in a line. Recently dielectric and conductance meters operating in situ have been
designed to monitor system voidage. Another improvement in measurement tech-
nology has been the ability to apply cross-correlation devices to flow arrangements.
(Full details pertaining to these techniques are described in Chapter 13.)

Preliminary data taken by Mathur and Klinzing [35] indicate some rather unique
behaviours of the slip velocity as the various flow regimes change in pneumatic
transport. For a particular coal transport line the slip velocity was found to vary with
mass loading ratio, 
 D Pmp= Pmf. A maximum value is seen as the loading increases,
indicating a change in the flow regime and particle–particle–wall interactions. The
behaviour can be fitted to the phase diagram approach suggested by Matsen [36]. In
fact, using Matsen’s theoretical diagram cross plots of the slip velocity can be found
to be remarkably similar to experimental findings (Fig. 4.7).

Table 4.5 Solids friction factor for various models

Investigator Solids friction factor, ��

Z=4

Stemerding [27] 0.003
Reddy and Pei [28] 0:046c�1

Van Swaaij, Buurman and van Breugel [29] 0:080c�1

Capes and Nakamura [30] 0:048c�1:22

Konno and Saito [31] 0:0285.gD/1=2c�1

Yang [32], vertical 0:00315
1 � ©

©3

�
.1� ©/wfo

v© � c

�
�0:979

Yang [33], horizontal 0:0293
1 � ©

©3

�
.1� ©/v©
.gD/1=2

�
�1:15

Stegmaier [34] 0:52��0:3Fr�1Fr�0:25.d=D/�0:1
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Fig. 4.7 Phase diagram for vertical gas–solid flows (Reproduced by permission of John Matsen
[36], Exxon Research and Engineering)

From a physical viewpoint at dilute loading conditions the particles are free to
move relatively unaffected by the other particles and the wall. By increasing the
loading more particle collisions are seen and as such impede the movement and
cause larger slip velocities. At high loadings the particles are more restricted by
their neighbouring particles, and the solids and gas act more fluid-like to reduce the
slip velocity.

The Matsen [36] model is discussed further in Section 5.2.2.4 with reference to
the choking phenomenon.

4.12 Frictional Representations

The expression for the pressure drop given by Eq. 4.37 has two frictional repre-
sentations which come from the energy loss due to the conveying gas and due to
the solid particles interacting with the wall and with other particles. The analysis
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assumes that these effects are summed linearly. In the majority of pneumatic trans-
port systems the gas is found in the turbulent regime; thus the basic friction factor
found in single phase flow in pipes (Chapter 2) is employed to represent the energy
loss for the transport gas. A number of different expressions could be used for this
gas flow. However, the Koo equation is recommended [37]:

fL D 0:0014C 0:125 Re�0:32 (4.47a)

while the Blasius equation is another form

�L D 0:0316Re�0:25 (4.47b)

where fL D �L=4. The Reynolds number is calculated by use of the gas properties
in the transport line.

The solid effect friction factor is given by �Z
�. The insertion of the appropriate

value for this quantity is not a simple matter. A knowledge of the flow regime is
essential to establish the correct value for �Z

�. The velocity factor associated with
�Z

� has been stated as the slip velocity .v© – c/2. Previously it was noted that Yang
among other investigators has used the particle velocity factor c2 instead of the slip
velocity. A number of investigators have explored the solid friction factor term under
a variety of conditions. Undoubtedly, the degree of variations in expressions is quite
large. The flow condition dictates what format should be used for �Z

�. It is felt that
the slip velocity usage is probably the most correct. However, this format has such
a limited database that it would be foolhardy to ignore other forms. Table 4.5 has
a listing of the various �Z

� expressions in the literature using the particle velocity
format of c2. These expressions are probably most valid for dilute phase transport;
however, some of these formats agree with dense phase studies. Using the slip ve-
locity format Mathur and Klinzing [35] have collected limited data for the value for
�Z

�. Figure 4.8 shows the results of this study. It should be noted that this study
covered a wide range of flow conditions. Klinzing [38] and Mathur and Klinzing
[35] have analysed numerous data sets covering the minimum pressure drop range
and higher solid loading ranges to establish the �Z

� term.
For dilute phase transport Weber [22] has recommended an expression for the

solid friction factor that depends on the Froude number. One uses, for the solid
contribution to the pressure drop, the form

�pZ

�L
D ��Z

¡

2
v2
1

D
(4.48)

�Z D ��
Z

c

v
C 2“

cv�1Fr2
(4.49)

with Fr D v=.Dg/1=2 and

“ D wf=v (4.50)

“ D 1 for vertical flow (4.51)
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Fig. 4.8 Solid friction factor versus slip velocity

The term ��
Z is obtained from Fig. 4.9 with Frf D wf=.Dg/1=2. Note that � is the

mass loading ratio. Rizk has shown the coefficients ��
Z and “ as a function of mass

loading ratio and Froude number (Chapter 6).

4.13 Acceleration and Development Regions

For any pneumatic transport system the particles must be injected into the gas stream
and there exists a period over which the particles and gas are not at a steady state.
Similar situations occur in single phase flow for entrances and exits to piping sys-
tems. Entrances and exits to bends also have deceleration and acceleration regions.
To analyse unsteady operations with gases and solids the basic equations given by
Eqs. 4.25 and 4.26 must be considered. Equation 4.25 will be developed in more
detail for analysis. Consider:
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Fig. 4.9 Frictional term for Weber’s analysis [22] (Reproduced by permission of Krausskopf
Verlag)
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� @p
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(4.52)

The electrostatic term is eliminated here; however, it can be included in the accel-
eration analysis. The obvious treatment of Eq. 4.52 is to integrate the equation to
establish the velocity of the particle with time. Before this is attempted it is wise to
consider a few other points relevant to the process. Since the particle velocity with
time is probably not useful, the acceleration term can be rewritten as cdc=dL. The
next point to address is the correct representation of ��

Z. The question is whether
the steady state expression can be utilized in this unsteady development. Little in-
formation is available on this point. Also of concern in the analysis is the voidage
term which will obviously vary until the steady state is achieved. The expression
relating the voidage to the solid flow and particle velocity should be employed here.
It should also be noted that since the voidage varies so does v© since v=© is equal
to v©. This expression needs to be included in the final format. The pressure drop
term has a multiplier of 1=¡p which decreases the significance of this factor such
that it can generally be dropped with little consequence. Manipulating Eq. 4.52 into
an integral form yields

Z L2

L1

dL D
Z c2

c1

cdc

�
3

4

CD

©4:7
¡

¡p � ¡
.v© � c/2

d
� g � ��

Z

c2

2D

��1
(4.53)
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Investigations of the denominator of the integral should be performed to establish
the character of the equation. For a horizontal condition the gravity term is often
dropped. Weber’s analysis does have a transport term for horizontal flow that cannot
be eliminated.

The acceleration length in pneumatic conveying is important in systems that are
short in length. Long transport systems can attribute a small fraction of the total
pressure drop to the acceleration region. One can take the basic equation of trans-
port and proceed to analyse this for unsteady conditions when the velocity has not
reached a steady state and determine the acceleration length and its associated pres-
sure loss. The problem with this analysis is that a correct value for the solids friction
factor in the range is not known and using the steady state values will probably pro-
duce an upper-prediction of the pressure loss. Several practitioners in the field have
used a simplified analysis given by the following expression

�pacceleration D �¡cv (4.54)

where all the values are determined at the steady state condition.
Little experimental data have been taken on the acceleration and the associated

development lengths in pneumatic transfer. Shimizu, Echigo and Hasigawa [39],
Kerker [40] and Yousfi and Alia [41] have explored such experimental arrange-
ments. In a more recent work Enick and Klinzing [42] have compiled their findings
to encounter a particle size to tube size effect on the development length. The de-
velopment is given by the expression:

L

D
D 0:527

�
D

d

��1:26
.1C �/Re (4.55)

Exploring both experimental and theoretical analyses Dhodapkar et al. [43] have
developed an empirical expression for the acceleration length as

Lacceleration=D D Œexp.3:32/�

�
d

D

�0:953
.�/�0:0912

�
¡

¡p

��0:924
(4.56)

4.14 Particle Distribution in Pneumatic Conveying

In most of the modelling procedures little if anything is stated as to the condition of
particle distribution within the conveying pipe. Generally it is assumed in vertical
flow that one has a system with a homogeneously distributed number of particles
across the tube. There are some data on specific systems which tend to contradict
this. However, a closer examination of a few variables is essential before any gen-
eralizations can be made on the subject. The ratio of diameter of the particles to the
diameter of the tube must be viewed carefully. The larger this ratio, the better the ex-
pected homogeneity. As the choking regime is approached, however, slug formation
takes place, with a corresponding decrease in homogeneity.
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Table 4.6 High wall region particle concentrations

Investigators

Particle
diameter,
d (m)

Pipe
diameter,
D .m/

Diameter
ratio, d=D

Soo et al. [44] 50� 10�6 0.13 3:85� 10�4

Arundel et al. [45] 15� 10�6 0.076 1:7� 10�4

Zenker [46] 42� 10�6 0.041 10:2� 10�4

One must also examine the direction of the flow system, whether vertical or hori-
zontal. Some unique behaviour is seen for both conditions. Considering the vertical
transfer system, observations that place a dominance of particles in the wall region
can be subject to error, since it is generally difficult to view through a wall laden
particle system to establish the core condition unless spatial sampling or X-rays
are employed. Additionally electrostatic forces tend to play a large role in particle
adhesion to the tube wall.

Several investigators have observed the wall regions to be more concentrated
with particles. Table 4.6 shows the systems studied by these investigators.

Zenker [47] also found for 238�m particles the concentration of particles shifted
to the centre of the tube. This would represent d=D D 58�10�4. Some investigators
used X-rays on a vertical ‘fast fluidization’ column to explore the particle concentra-
tions [48]. As the particle concentration increased, the wall region was found to be
dominant in particles and actually a certain downflow resulted with increased load-
ing. At low gas velocities, Capes and Nakamura [49] observed the wall region to
have a dominance of particles and even have proposed an annular flow arrangement
for these conditions. The ration of d=D for their study ranged from 67 to 250�10�4.
From the observation of the various investigators, a possible pictorial sequence as
shown in Fig. 4.10 can be proposed for a build-up of solids concentration. As the di-
ameter of the particle to the diameter of the wall increases, less annularity ispossible.

For the horizontal case a well-documented sequence of flow developments with
particles present has been shown by Wen and Simon [50]. See Fig. 4.11 for the
details. As seen, the lower pipe region suffers a build-up due to saltation of particles.
This then degenerates into dune flow and eventually to slug flow.

4.15 Compressibility Effect Not Negligible

In most of the analyses of gas–solid transport systems the assumption is generally
made that since the transfer takes place over relatively short distances then the gas
density is constant. Because of the interest in longer distance and higher pressure
systems this non-compressibility assumption must be relaxed. Associated with the
gas density changes is the equally important effect of gas velocity variability with
transfer distance. The variation of the gas velocity produces with it a change in the
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Fig. 4.10 Distribution
of particles with increased
loading for vertical flow

1 2 3

4 5 6

Fig. 4.11 Horizontal
flow–gas solid flow patterns
(Wen and Simon [50])
(Reproduced by permission
of AIChE)
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solids velocity. The pressure drop over a section of pipe in general terms can be
written as:

dp D ¡p.1 � ©/gdl C ¡©gdl C 2fL
¡©v©

D
dl

C ��
Z¡p

1 � ©

2D
c2dl C ©¡v©dv© C .1 � ©/¡pcdc (4.57)

The last two terms represent a modification in the incompressible case with both
fluid and particle velocities changing with distance. The gas density ¡ likewise varies
with distance along with the voidage (©) term.

In order to perform the integration of Eq. 4.57 to obtain the exit pressure of the
system, the case of dilute phase transport will be considered. For the dilute phase
where the law of continuity is applicable

Pmf D A ¡v© D constant

Pmf

A
D ¡v© D C1

and
d¡f

¡f
C dv©

v©
D 0 (4.58)

In addition for the solid phase one can write

Pmp D A ¡pc.1 � ©/ D constant (4.58a)

¡pc.1 � ©/ D C2 (4.59)

where C1 and C2 are constants.
The analysis can be carried out under isothermal, isentropic or polytropic condi-

tions. For the isothermal case one can use the ideal gas law for air as

¡ D pMw

R�T
(4.60)

.R� D 8;310 J=kg mol K/.
Exploring each term of Eq. 4.57 and noting for dilute phase transport

© Š 1:0 (4.61)

and using an expression relating the particle and fluid velocity such as

c D ’v© (4.62)
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from Eqs. 4.57 and 4.58 one obtains for dilute gas–solid flow

Z p2

p1

dp D g.Mw/C2
R�TC1’

Z L2

L1

pdl C g.Mw/

R�T

Z L2

L1

pdl C 2fLC21R
�T

D.Mw/

Z L2

L1

dl

p

C��

Z C2C1
’R�T

2D.Mw/

Z L2

L1

dl

p
� C21R

�T

.Mw/

Z p2

p1

dp

p2
� C1C2’R�T

.Mw/

Z p2

p1

dp

p2
(4.63)

where Mw stands for the molecular weight of the gas. In order to carry out the
integrations of the pressure terms with distance an arithmetic average in pressure is
assumed. Thus

p2 � p1 D g.Mw/C2
R�TC1’

�
p1 C p2
2

�
L C g.Mw/

R�T

�
p1 C p2
2

�
L

C 2fLC21R
�T

D.Mw/

2L

.p1 C p2/
C ��

ZC1C2’
R�T

2D.Mw/

2L

.p1 C p2/

C C21R�T

.Mw/

�
1

p2
� 1

p1

�
C C1C2

’R�T

.Mw/

�
1

p2
� 1

p1

�
(4.64)

Equation 4.64 can be solved numerically most easily for the value of p2, the pressure
at a distance L.

For the isentropic and polytropic cases the form of the pressure–density expres-
sion is

p¡�› D constant (4.65)

where › D Cp=CV for the isentropic case. In analysing the dense phase system the
expressions given in Eqs. 4.58–4.60 must be relaxed to include a voidage factor that
can vary from the value of 1.0.

4.16 Speed of Sound in Gas–Solid Transport

The presence of solids in gases can profoundly affect the speed of sound in a gas.
This speed controls the rate at which pressure pulses are transmitted along a pipe.
For heavy solids loading conditions the transmission of the pressure pulses can be
significantly altered from the normal speed of sound in a pure gas. Weber [22] and
Rudinger [51] addressed this speed change due to the presence of solids by apply-
ing basic principles of thermodynamics and continuity. Weber starts his analysis by
considering the energy equation of a mixture of gas and solids as

dH C dZ C ©¡v© dv© C .1 � ©/¡p cdc D dq � dW (4.66)
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For the condition of no heat and work done, the horizontal case can be written as:

TdS C 1

¡
dp � ©¡v©dv© C ¡pcdc D 0 (4.67)

where the enthalpy term has been expanded for the gas.
Employing the continuity equation

©¡v© C .1 � ©/¡pc D constant (4.68)

the base equation can be differentiated noting that the gas density is a function of
the pressure and entropy. Thus

d.©¡v© C .1 � ©/¡pc/ D
�
@¡

@p

�
s
©v©dp C

�
@¡

@S

�
p
©v©dS

C ©¡dv© C ¡v©d©� .1 � ©/¡pdc � ¡p cd© (4.69)

The definition of the speed of sound (Laplace equation) for a pure gas can be
given as �

@p

@¡

�
s

D a2 (4.70)

Employing the polytropic condition for changes in a gas due to friction

dp

p
D n

d¡

¡
(4.71)

and another differential form for the continuity equation

Pmf

A
D ©v©¡ D constant

d©

©
C dv©

v©
C d¡

¡
D 0 (4.72)

The above expressions can be combined into a format given as

�
�
1C� dc

dv©

�
©¡f

v2©dv©
a2

C ¡dv©

�
1C1 � ©

©

v©
c

dc

dv©

�
� v©

"
¡T

a2
�
�
@¡

@S

�
p

#
dS D 0

(4.73)

For the case of constant entropy dS D 0, terms 1 and 2 of Eq. 4.73 must be equal
producing:

v©
a

D as

a
D
�
1C 1 � ©

©

v

c

dc

dv©

�1=2 ��
1C �

dc

dv©

�
©

��1=2
(4.74)



108 4 Fundamentals

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0 0.1

dc /dve

dc /dve = 0.5

dc /dve = 0.1

c /ve = 1.0

c /ve = 0.5

c /ve = 0.1

0.2 0.3

a
s
/a

0.4 0.5 0.6 0.7 0.8 0.9 1
e

Fig. 4.12 Sound velocity of gas–solid mixtures as a function of void fraction, velocity ratio and
acceleration ratio of the phases [22] (Reproduced by permission of Krausskopf Verlag)

where � is the solids loading and as is the speed of sound in the gas–solid system.
Figure 4.12 shows the behaviour of the speed of sound ratio with voidage at fixed
dc=dv© values. A rapid dip in the value of the ratio is seen with a slight deviation of
the voidage from 1.0.

One can show for an ideal gas under isentropic conditions that the speed of sound
in a gas is

a D p
nRT

Thus for n D 1:4, R D 287Nm=.kg K/, t D 25C.
a D 346m=s (speed of sound in air)

4.17 Gas–Solid Flow with Varying Cross-Sectional Area

In gas–solid flow as in any gas flow, whenever the cross-sectional area of the pipe
increases, the velocity decreases and the pressure decreases. A series of pipe ex-
pansions in long distance pipelines is known as telescoping. This technique is used
in order to deliver more solids over longer distances. The one danger in the sys-
tem is for the velocity to become too low causing saltation to occur in horizontal
flow and choking conditions in vertical transport. The energy losses experienced by
the system for vertical flow have been studied by Jung [52, 53] while Yamamoto
et al. [54] have explored the horizontal arrangement. Yamamoto et al. studied the
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flow of 1.1 mm diameter spherical polyethylene beads with a variety of expansions
and contractions for solids loadings to 5.0. They suggest for both contractions and
expansion that the pressure loss across the pipe diameter change can be given as

—

�
D �p additional due to solids

¡v2©�=2
� �p solids (steady state)

¡v2©�=2
(4.75)

where —=� is found from Fig. 4.13. Figure 4.13 indicates how this former value
varies with the initial velocity ratio of c=v D k0. The initial velocity ratio is the
ratio of particle to gas velocity just before the contraction or expansion. The same
plot can be used for an expansion by using the modified initial velocity ratio as

� c

v

�
initial

D
� c

v

�
upstream

�
D2
D1

�2
(4.76)

where D2 is the downstream diameter and D1 is the upstream diameter.
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Fig. 4.13 Additional pressure loss due to area change versus initial velocity ratio (Morimoto et al.
[55]) (Reproduced by permission of T. Morimoto)
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4.18 Branching Arrangements

As in any transport system, branching of lines is a must in the design of a delivery
system which has versatility. Splitter valves are often used in conjunction with these
arrangements. The appropriate selection of a splitter valve that minimizes erosion
in gas–solid flows is essential for design. Branching can take a variety of forms.
The angle at the branching point can vary from a small value to 90ı abrupt changes.
Line sizes can be equal or unequal for the branches. Morikawa and his co-workers
[55, 56] have explored the various arrangements for branching. The system studied
by Morikawa et al. utilized a 50 mm diameter line with rather large polyethylene
particles .d D 3:4mm/. Considering a Y-branch arrangement as shown in Fig. 4.14,
pressure loss was measured as a function of loading to 8.0 and 2™ to 120ı. The
pressure loss is given as:

�ptotal

¡v21=2
D
 PV2

PV1

!2
� 1:59

 PV2
PV1

!
C 0:97 � �2

2
40:48

 PV2
PV1

!2
C 0:09

3
5 (4.77)

for 2™D 45ı, where PV is volumetric air flow rate. For 2™D 90ı the loss equation is:

�ptotal

¡v21=2
D
 PV2

PV1

!
� 1:21

 PV2
PV1

!
C 0:93 � �2

2
40:74

 PV2
PV1

!2
C 0:06

3
5 (4.78)

When the loading is zero, the equation is valid for air transport alone through the
branch.

Another branching arrangement explored by Morikawa and co-workers [55] is
the single and double T-branch. Again a 50 mm diameter line was employed with
1.43 mm polyethylene pellets with varying solid/gas loadings of 5.0. The loss coef-
ficients were found to vary linearly with solids loading. The geometric arrangement
of the T-branch is shown as in Fig. 4.15. The results show that a branching loss
decreases as the solids conveyed in a pipeline increases.

p0 � pb

¡v20=2
D 1:038� 0:643n C 0:842n2 C ’b� (4.79)

Fig. 4.14 Configuration
of a Y-branch
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Fig. 4.15 Configuration of a T-branch

Table 4.7 Coefficient ’ D ®.n/ and air distribution ratio in branched
pipe, i.e. ratio of average flow in branch pipe to main pipe

n 0 0.173 0.388 0.605 1
’b � �0.015 �0.0189 �0.107 �0.0186
’c 0.264 0.086 �0.010 � �

and
p0 � pc

¡v20=2
D �0:085� 0:079n C 0:56n2 C ’c� (4.80)

with the coefficient ’ given as functions of n, the air distribution ratio of branched
pipe (Table 4.7).

4.19 Bend Analysis

Undoubtedly, the most common pipe or tubing fitting is the bend, be it a sharp 90ı
turn or a gradual sweep bend. It is clear that straight horizontal and vertical runs are
luxuries few can afford in a plant situation where one wants to minimize transport
distances.

In the past few years there has been a flurry of activity in trying to quantify the
effect of two-phase, gas–solid flows in bends. All the system parameters come into
play when gas–solid flows experience the centrifugal and secondary flows incited
by bends. The bend geometry is an effective phase separator.

In order to assess the two-phase pressure losses in bends it is essential to have a
clear understanding of the single-phase situation. Most notable among the studies on
single-phase flow in bends is the work of Ito [57, 58]. These comprehensive studies
give design suggestions in order to predict pressure losses around bends. The most
notable feature of the work is the careful experimentation taken to ensure that the
precise effect of the bend was quantified. The pressure drop for fully developed
turbulent flow is given as:
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�p D
�
0:029C 0:304ŒRe.r0=Rb/

2��0:25

.Rb=r0/1=2

�
Lb¡Nv2
2D

(4.81)

where Lb represents the length of the bend. The dimensionless Dean number
Re.r0=Rb/

1=2 is seen to play an important role in the analysis. Equation 4.81 is valid
for a range of the parameter Re.r0=Rb/

2 as:

300 > Re.r0=Rb/
2 > 0:034 (4.82)

When the parameter falls below 0.034, the bend is truly sweeping and the straight
pipe section loss can be used for the bend.

When beginning to analyse gas–solid flows in pipe bends the easiest and most
obvious approach is to assume that the equivalent length guidelines used for single-
phase flows also apply to the two-phase conditions. For example for a 90ı elbow
of standard radius the equivalent length in pipe diameter terms is 32D. This sort of
application can be made for all sorts of pipe concentrations.

One of the first investigators to address the bend problem for gas–solid flow was
Schuchart [59]. Schuchart investigated a number of different bends, however, treat-
ing rather large particles, from 1 to 2 mm in diameter for volumetric concentrations
to 5%. For the solid contribution to pressure loss he suggests:

�pbend

�pZ
D 210

�
2Rb

D

��1:15
(4.83)

The contribution due to the solids calculated in Eq. 4.83 must have a reference point
for the pressure loss due to the solids only. This can be obtained from any previously
mentioned pressure loss contribution due to the solids alone. One must remember
that the total loss in the bend must be the sum of the loss due to the solids added to
loss due to the gas. The latter loss can be found from Ito’s expression, for example.
For the case of a sharp 90ı bend another format is given:

�pbend D 12

�
¡p

¡

�0:7 �
¡Nv2
2

��
�Lb

D

�
Ct (4.84)

where

�Lb D  D=4 for a 90ı bend

Ct D solid volumetric flow rate

total volumetric flow rate

Of late a number of investigators have explored pressure losses in bends for gas–
solid systems. Table 4.8 has a tabulation of the parameters studied. Analysis of the
data obtained was compared by a number of existing models. However, no concrete
simplified approach could be obtained by making such an analysis. It was found that
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Table 4.8 Flow, particle and tube properties studied in investigations on bends

Investigators
Particle
type

Particle
size,
d .
m/

Particle
density,
�p .kg=m/3 Loading 


Tube,
diameter
D .m/

Diameter
ratio,
Db=D

Schuchart [59] Glass 1,500–3,000 2,610 0–20 0.034 –
Plastic 2,180 1,140

Spronson, Gray
and Haynes
[60]

Coal 12,800 1,143 2.8–6.7 0.126 6.24

Mason and Smith
[61]

Alumina 15 3,990 0.4–4.8 0.051 20

Morikawa et al.
[62]

Polyethylene 1,100 923 0–8 0.04

the design suggestion of equivalent lengths given by the single-phase flow underpre-
dicted the data of Spronson et al. [60] and Mason and Smith [61]. The Schuchart
model both under- and overpredicted the experimental work of Spronson depending
on the ratio of DB=D going from 6 to 24. The Mason and Smith data were overpre-
dicted by the Schuchart model having DB=D D 20. Morikawa et al. [62] suggest the
model for bend flow as

�pb solids

�pst solids
D 1:5 � 104D

Fr.Db=D/0:2�L
(4.85)

In comparing this model with Spronson’s data the model mostly underpredicts the
data. The same underprediction is also seen for the Mason and Smith data.

In an effort to analyse the effect of bends from a different perspective the accel-
eration length as previously discussed can be considered. This seems like a rational
approach since the particles in a bend must first be decelerated then accelerated as
the change in direction is experienced. Duckworth and Rose [63] recognized this
principle first and the idea has been followed by a number of researchers. Thus
Eq. 4.53 can possibly be used to calculate the pressure loss over a bend through the
acceleration pressure loss.

Likewise the development length correlation as suggested by Enick and Klinzing
[42, 64] could also be used in the case of bends.

Using a 0.0254 m diameter line for the transport of fine coal 30% and 70% mi-
nus 20ı mesh was studied by Mathur and Klinzing [65] in a large sweep bend
.DB=D D 65/. The pressure loss was compared on the same format as used by
Enick and Klinzing and Schimizu et al. [66]. Figure 4.16 shows the results which are
also compared with Schuchart analysis. The use of the modified Reynolds number
was successful in linearizing the results. Schuchart’s equation was also successful
in predicting the overpressure loss.

The concept of having a transport system employ long sweep bends has been
questioned by several investigators. Using the data obtained on a Fuller Company
rig, Marcus, Hilbert and Klinzing [67] analysed the data obtained on a system
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Fig. 4.16 Pressure drop in a bend versus a modified Reynolds number for various models (Repro-
duced by permission of M.P. Mathur; US, DOE PETC)

comparing long sweep bends and sharp 90ı elbows. It was found that, for fine
materials, the sharp elbow gave an overall pressure loss less than the long sweep
bend. (Recent tests have shown that this is not the case for large particles.) This
finding has important industrial significance. Apparently the sharp bend takes the
abrupt losses quickly and then returns to a steady state while the long sweep carries
any unsteady condition over a long distance. The question of wear always arises
in situations of this sort and good documentation on this topic is lacking. In high
wear situations the employment of a T with one unit blocked off as a sharp bend is
recommended. The particulate matter can then erode against itself in producing a
packed portion of powder in the blinded leg of the T.

Bodner [68] has carried out an extensive study on the effect of bend config-
uration in dilute phase pneumatic transport. Overall the blinded T had the longest
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Fig. 4.17 Bend configuration tested in dilute phase solid transport loops [68] (Reproduced by
permission of the Powder Advisory Centre)

service outlasting the radius bend 15 times. Sand (C210 to �410�m/ and simulated
zirconium and zirconium-sodium blends .<150�m/ were employed in aluminium
pipes. The bend radius to tube diameter ranged from 8 to 24. Besides the bends
of varying radius of curvature Fig. 4.17 shows the other varieties of bend that were
tested. Their failure points are indicated in the figure. The pressure drops were found
not to be significantly different for blinded tees as compared to radius bends.

Studies on the effect of bends in pneumatic conveying systems continue. The
Hammertek bend which contains an expanded chamber in the bend region has seen
considerable application in industry [118]. Tashiro et al. [119] studies the effect of
a small radius bend in the transport of coal showing that local heating due to impact
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probably causes a build up of a hard deposit in the bend eventually causing blockage
of the flow. They also showed that the T-bend performed with smaller deposits over
the small radius bend.

4.20 Downward Sloping Particle Flow

Most of the flows considered in design and the literature involve horizontal and
vertical upflow situations. Invariably in the downward flow of solids, the gravity
head is working for the designer. A number of researchers have attempted to analyse
this downflow condition and in general have found existing theories and frictional
representations are inadequate (Smeltzer et al. [69], Saroff et al. [70] and Tsuji and
Morikawa [71]). In all of these works conclusions have been made that the system is
in a state of acceleration and thus must be handled differently from the steady flow
cases. In their study Tsuji and Morikawa [71] measured the particle velocity for the
downward flow and discovered some unique relationships. Figure 4.18 shows how
the particle velocity behaves along the flow path. One sees that at high transport gas
velocity, the particle velocity is below the transport gas velocity while the reverse
occurs at larger distances with a smaller transport gas velocity. This indicates that
the solid velocity overtakes the gas velocity due to the gravitation action. Figure 4.19
gives a comparison between the upward and downward sloping flows for the particle
velocity as a function of the gas velocity. A material property effect is more evident
in downward sloping flows.

0
0 2 4

gL/Wfo

c
/v

6 8

0.5

1

1.5

v = 5.3 m/s

v = 38.6 m/s

Fig. 4.18 Ratio of particle to gas velocity as a function of the dimensionless group .gL=wfo/ [71]
(Reproduced by permission of Chemie Ing. Techn.)
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Fig. 4.19 Ratio of particle to gas velocities versus the gas velocity for downward and upward
sloping flows [71] (Reproduced by permission of Chemie Ing. Techn.)

4.21 Dense Phase Transport

The use of the word dense is far from being precise. Canning and Thompson [72]
have utilized the word in pneumatic conveying to mean solid particles flowing at
a velocity less than their saltation velocity. Others have used the phase diagram to
designate the region to the left of the minimum pressure drop curve as the dense
phase region of flow. Since dense phase conveying involves low velocities, erosion
and attrition of the particles is indeed low. Figure 4.20 shows the possibilities that
can occur in dense phase conveying from a homogeneous condition to a packed and
bypass condition. The characteristics of the solids to be conveyed are even more
important for dense phase than for dilute phase movement. Canning and Thompson
have emphasized the point and Lohrmann [73] has proved this point further.

The condition of fast fluidization which has been intensively studied by
Yerushalmi and Cankert [74] and Weinstein [75] is often termed a vertical dense
phase system of transport. By and large the dominant tests on dense phase pneu-
matic transport have been for horizontal movement. When considering vertical
transport, the whole subject of choking and slug formation becomes evident. The
particle size and tube size is critical in the analysis of the choking phenomenon
(Chapter 5). For these conditions Dixon [76] has combined Yang’s criteria and
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Fig. 4.20 Phase diagram of pneumatic conveying of solids with particle size 200�m [72]
(Reproduced by permission of ASME)

Geldart’s powder classification to define slugging regimes and types. (Fig. 4.21).
The equations for the division lines are given as

Frf D wfo

.gD/1=2
< 0:5 (4.86)

for asymmetric slugs, and

Frf D wfo

.gD/1=2
< 0:35 (4.87)

for axisymmetric slugs.
It should be noted that the boundary for axisymmetric slugs is dependent on the

tube diameter and can be made to shift one way or the other with changing tube
diameters.

Thompson and Canning have assessed powder types with Geldart’s classifica-
tion as to the utility of transporting powders in dense phase flow. They suggest it
is unwise to convey type C powder in the dense mode; however, pulsed systems
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Fig. 4.21 Geldart diagram with superimposing slugging behaviour as a function of pressure,
0.102 m .400/ diameter pipe [72] (Reproduced by permission of ASME)

can be employed. Group A powders are the best candidates for dense phase trans-
port. The Warren Spring pulsed phase system has transported type A powders for
200 m. The Bühler–Miag Fluidstat or Waeschle Pneumosplit seem more appropri-
ate for longer distances (Chapters 7 and 9). The powders of Group B are not good
for potential dense phase applications. For the Group D powders only narrow size
distribution materials have dense phase potential.

The question of the maximum loading possible in a dense phase system has been
addressed by Dixon [76] who considered the condition to be where the relative ve-
locity between the gas and the solids just equals the minimum fluidization velocity.
He obtained the expression

�max D Pmp=A

�
¡vmf C ©mf

.1 � ©mf/

¡

¡p

Pmp

A

��1
(4.88)

The gas pressure is an intimate part of this as shown by the gas density factors.
The maximum loading decreases with increasing pressure. If conveying lines are of
substantial length, then the density of the gas will decrease with length. The limiting

max thus occurs near the solids entrance point.

Prediction the maximum solids mass flow rate for dense phase conveying also has
been addressed Wypych et al. [124] developing a semi-empirical equation to predict
the maximum solids mass flow rate for a given air mass flow rate and conveying
pipeline.



120 4 Fundamentals

One should note that the recent work of Yang [117] has expanded the pressure
effect and temperature effect on the Geldart classification as was initially noted by
Dixon [76].

A crucial factor in analysing any state of a pneumatic system is the pressure
drop requirements. For a homogeneous dense system the approach taken previously
with the appropriate solid friction factor can be applied. When one goes into the
pulse dense region, the analysis of the pressure drop across the plugs is essential.
A number of investigators have addressed this issue (Muschelknautz and Krambrock
[77], Konrad et al. [78] and Tsuji et al. [79]). These analyses are associated more
closely with powder mechanics issues such as shear stresses and permeabilities.

For dense phase flow Stegmaier [34] has developed an expression for the solid
friction for dense phase flow shown in Table 4.5.

4.22 Estimation of Pressure Drop in Slugging Dense
Phase Conveying

4.22.1 Analogy Between Slugging Conveying
and Slugging Fluidization

In a slugging dense phase conveying particles are transported upwards with the help
of bubbles equal to the size of the tube known as slugs (Fig. 4.22). This mode of
conveying is characterized by violent pressure fluctuation caused by the passage of
the slugs through a tube.

Literature on slugging conveying is meagre but we can borrow from the exten-
sive literature on slugging fluidization. The literature on a slugging fluidized bed
has been reviewed by Hovmand and Davidson [80] and Thiel and Potter [81]. The
information on slugging fluidization relevant to slugging conveying is summarized
below:

(i) The rate of a single slug (Fig. 4.22b) in a fluidized bed is given [82] by

vB D 0:35.gD/1=2 (4.89)

(ii) For continuously generated slugs at a fluidization velocity of v0, the absolute
velocity of rise of a slug is given by Refs. [82, 83] and v0 the minimum slug
velocity:

vBa D v � v0 C 0:35.gD/1=2 (4.90)

(iii) For some systems at high fluidization velocity (particularly for coarse particles)
asymmetrical half nose slugs (Fig. 4.22c) are formed [84]. These behave as if
they are moving in a tube of twice the actual diameter. Equation 4.88 becomes,
for half nose slugs

vBa D v � v0 (4.91)
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Fig. 4.22 Slugging
conveying: (a) full nose slugs;
(b) single slug in a fluidized
bed vB D 0:35 .gD/1=2:
(c) half nose slugs,
vB D 0:35 .2gD/1=2

GAS

a b c

GAS GASSOLID SOLID

(iv) Bed expansion in a slugging fluidized bed can be described by [85]

Zmax � Z0
1 � Zmax

D .v � v0/=Œ0:35.gD/1=2� (4.92)

where

Zmax D maximum bed height of slugging bed
Z0 D bed height at minimum fluidization

Equation 4.92 can be written in terms of voidage to give

.© � ©0/=.1� ©/ D .v � v0/=0:35.gD/1=2 (4.93)

where © refers to the average voidage at Zmax.
Some of the above information on slugging fluidization is applicable to pneu-

matic conveying. Equation 4.92 for instance can be extended to pneumatic convey-
ing [86] by assuming that the voidage in pneumatic conveying is the same as that in
slugging conveying at the same slip velocity. In a fluidized bed, the slip velocity is
(v="), thus Eq. 4.93 can be rearranged and written as

wsl D v0=©C .© � ©0/0:35.gD/1=2=Œ©.1 � ©/� (4.94)
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In pneumatic conveying
wsl D v

©
� c

1 � © (4.95)

Comparing Eqs. 4.94 and 4.95 gives, for the conveying case

v

©
� c

1� ©
D v0

©
C .© � ©0/0:35.gD/1=2

©.1 � ©/
(4.96)

Equation 4.96 can be written in the more convenient form of

.1 � ©/=.1� ©0/ D Œc=.1 � ©0/C vB�.v C c � v0 C vB/ (4.97)

where vB is given by Eq. 4.89 for a full nose slug and for a half nose slug, it is
given by

vB D 0:35.2gD/1=2 (4.98)

4.22.2 Pressure Drop Estimation in Slugging Conveying

In slugging conveying the major component in making up the total pressure drop is
due to gravity, i.e. ¡p.1 � ©/gZ. Ormiston [87] found good agreement (within 10%)
between the measured pressure drop and that calculated from the weight of solids
for vertical pneumatic conveying of sand for superficial fluid velocity up to 3.1 m/s
and superficial solid velocity up to 0.12 m/s.

Little information is available to predict frictional loss in slugging conveying.
It is possible for low gas operating velocities (v slightly higher than wf) that the
wall frictional loss is negative as a result of solid downflow near the wall instead
of upflow [88, 89]. For a voidage less than 0.85, it is suggested that the frictional
pressure drop may be neglected and

�p D ¡p.1 � ©/g�Z C ¡g�Z C 1

A
Œ Pmpc C Pmfv�

Z1

Z0
(4.99)

and © is to be estimated from Eq. 4.97. This may be compared with the suggestion of
Zenz and Othmer [90] that ‘the pressure drop per unit length in slug flow be taken
as 40–60% of the normal bulk density of solids’. For voidage greater than 0.85,
equations which include the wall frictional loss for dilute phase flow, such as the
Konno and Saito correlation, is recommended.

It should be stressed that the above recommendations are tentative as available
information is limited. For Geldart type A [91] material, the axisymmetrical bubble
equation may be used in Eq. 4.97. For Geldart type B and type D solids, the use of
Eq. 4.98 for half nose slug rather than Eq. 4.89 may be more appropriate.
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4.23 Estimation of Pressure Drop in Non-slugging Dense
Phase Conveying

Non-slugging dense phase flow, also known as fast fluidization [92], or a circulat-
ing fluidized bed [93], is characterized by: extreme turbulence; particles travelling
in clusters and strands, which break up and reform continuously; extensive back-
mixing of solids; and a slip velocity an order of magnitude greater than the free fall
velocity of the largest particles. The major application of this mode of flow is that
of a gas–solid reactor. The advantages of using a recirculating fluidized bed (or fast
fluidization) has been reviewed by Reh [94].

The definition of non-slugging dense phase conveying is not precise. As will
be discussed in Section 5.4, the demarcations between dilute phase flow and non-
slugging phase flow, and non-slugging and slugging dense phase flow, are diffuse.
Volumetric solids concentration in non-slugging dense phase flow can be as high
as 25% before slugging dense phase flow sets in. A discontinuity in the magnitude
of pressure fluctuations from high fluctuations in a slugging flow to much lower
fluctuations in non-slugging flow has been reported [93] and is shown in Fig. 4.23.
This may be developed as the criterion for transition from non-slugging flow to
slugging flow.

12.5

SOLIDS : ALUMINA CATALYST
TUBE DIAMETER : 150 mm

SLUGGING FLOW

NON-SLUGGING FLOW
(FAST FLUIDIZATION)

PRESSURE
FLUCTUATIONS:
(± CM OF WATER)

GAS VELOCITY ms−1

10.0

7.5

5.0

2.5

0
0.4 0.8 1.2

Fig. 4.23 Pressure fluctuation versus gas velocity showing the transition from non-slugging
to slugging flow
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Little information is available in the literature for predicting pressure drop in
the non-slugging dense phase mode. The only plausible models available are those
due to Nakamura and Capes [95, 96] and Yerushalmi and Cankurt [93]. Although
neither of these models has been developed to a stage useful for a priori prediction
of pressure drop, we shall discuss these briefly as they show two different analytical
approaches.

4.23.1 Model of Yerushalmi and Cankurt

Yerushalmi and Cankurt [93] analysed their experimental pressure drop results in
a 150 mm riser by assuming that all the particles are segregated in densely packed
spherical clusters (Fig. 4.24). The system is taken to be that of low gas flow through
uniformly dispersed clusters of diameter dc and density ¡p.1 � ©0/ and voidage of
gas outside clusters N©. N© is related to the actual voidage by

1 � © D .1 � N©/.1 � ©0/ (4.100)

Fig. 4.24 Schematic diagram
showing clustering
of particles
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Let there be n clusters per unit volume in the tube. A balance in the clusters assuming
negligible solids wall frictional loss yields

CD
¡

2

�v

©
� c
�2

AC D ¡p.1 � ©0/gVC (4.101)

AC D  d2C=4 and VC D  d3C=6 (4.102)

dC D 0:75¡.v=N©� c/2CD=¡p.1 � ©0/g (4.103)

CD, the drag coefficient acting on a single cluster at a voidage ©, is a function of the
cluster Reynolds number and N©. Yerushalmi and Cankurt [93] chose the Richardson–
Zaki equation [97] to give

CD D CDU N©�2n (4.104)

where CD1 is the standard drag coefficient for a single particle in an infinite medium
and is related to the cluster Reynolds number by the standard drag coefficient curve.
n is the exponent in the Richardson–Zaki equation [97] given by

n D

8̂
ˆ̂̂<
ˆ̂̂̂
:

4:6 for 0 < Ref < 0:2

4:4Re�0:03
f for 0:2 < Ref < 1

4:4Re�0:1
f for 1 < Ref < 500

2:4 for Ref > 500

Yerushalmi and Cankurt calculated © from this pressure drop measurement in fully
developed flow by neglecting friction loss

�p

�Z
D ¡p.1 � N©/g

N© is obtained from Eq. 4.100. dC is then calculated from Eqs. 4.103 and 4.104. They
correlated their results for alumina catalyst and Dicalite in a 150 mm riser by plot-
ting dC versus 1� ©. The result of their correlations is given in Fig. 4.25. Yerushalmi
and Cankurt suggested that it is significant that all the calculated points lie on the
curve, which ‘lends credibility to the premise upon which it (the model) is based,
especially to the assumption that gas–solid interactions are governed by the aggre-
gation of the particles into densely packed clusters’.

Although the correlation in Fig. 4.25 can be used for the calculation of �p in
the non-slugging dense phase flow, its use at this stage is not recommended as the
general validity of such a correlation needs to be further verified. However, the
correlation represents the only published method for estimating pressure drop in
non-slugging dense phase flow. The procedure for using Fig. 4.25 for estimating�p
is as follows:

1. For the given c and v, assume a value of ©.
2. Calculate N" from Eq. 4.100.
3. Estimate dC from Eqs. 4.103 and 4.104 and the standard drag curve.
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Fig. 4.25 Cluster diameter versus voidage: �, calculated results from model [93]

4. Compare calculated dC with correlated dC from Fig. 4.25.
5. If the two dC coincide, then the assumed value of © is correct. Otherwise, repeat

procedures (2), (3) and (4) with a new assumed value of ©.
6. Calculate fully developed flow pressure drop by �p=�Z D ¡p=.1� N"/g.

4.23.2 Annular Flow Model of Nakamura and Capes

Nakamura and Capes [95] proposed two separate models for vertical pneumatic
conveying: the uniform flow model and the annular flow model. The uniform flow
model is applicable to high gas velocity (	wf) at which lean phase flow occurs.
The model is similar to that of Hinkle and others [98–100]. This will not be further
discussed here.

In the annular flow model, particle flow is considered to occur in two regions, the
core and the annulus as shown in Fig. 4.26. Particles flow upwards in the core and
downwards in the annulus with an overall net upflow. The gas velocity, solid veloc-
ity and voidage in the two regions are different. As solid flow is downwards near
the wall the annular flow model predicts negative wall friction, as has been reported
by van Swaaij et al. [89]. The model describes approximately the physical situa-
tion in non-slugging dense phase flow in which particle recirculation is observed.



4.24 Plug Flows 127

Fig. 4.26 Annular flow
model

The annular flow is a more realistic model for describing non-slugging dense phase
conveying than the model of Yerushalmi and Cankurt [93].

Nakamura and Capes [95] presented two sets of momentum equations, one for
flow in the annulus and the other for the core. The equations contained many un-
knowns, e.g. voidage in the two regions, mass flow of solid and gas in the two
regions, size of the core, shear stress across the core–annulus interface, as well as the
wall shear stress. By neglecting the shear stress across the core-annulus interface and
by assuming that flow in the riser is such that the pressure drop is minimized, equa-
tions were derived which were shown to give qualitative agreement with observa-
tions. Further support for the model is available from the recent experimental results
of Bandrowski et al. [101]. Further refinement of the model and more experimental
work will be necessary, however, before equations based on the model can be used
directly for the prediction of pressure drop in non-slugging dense phase flow.

4.24 Plug Flows

Low velocity conveying is becoming more and more popular in pneumatic transport
systems in order to reduce pipe wear and breakage of the conveyed materials.

In many situations in horizontal flow, plugs of solids build up and flow as inte-
gral parts separated by air gaps. This situation can also take place in vertical flow.
Specific designs have used this concept and have introduced a secondary air flow to
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ensure equal spacings of the plugs. This procedure is rather effective in transporting
cohesive materials as well as providing convenient flow of other less cohesive solids.
The overall velocities associated with such flow are generally low when compared
to high velocity dilute phase transport systems. The overall pressure losses for a
plug flow system separated by an air gap is determined by finding the loss due to
one plug and one air gap and multiplying this number by the number of units present
in the pipelines. Weber [22] and Konrad et al. [78] have given a detailed analysis
of the plugs from a force balance on a plug. The analyses and design equations of
both investigators will be presented. The treatment of Weber will first be considered.
Starting with a force balance one has:

�Adp D Œg.1 � ©/¡pAdL� sin ™C �wŒg.1 � ©/¡pAdL� cos ™

C�w.œ pwp DdL/C Ad¢yy (4.105)

where ™ is the angle of inclination of the pipe, A the cross-sectional area, �w the
coefficient of sliding friction, pws the pressure of the solids perpendicular to the wall
(Dprad), and ¢yy is the principal stress in the y-direction.

The stresses in the solid can be related as

œ D .¢yy/w

¢yy
D prad

pax
(4.106)

The pressure loss of the gas through the plug can be given as

dp.x/

dL
D �Zp

1 � ©
©

¡.x/

2
.v � c/2

1

d
(4.107)

Weber [22] suggests Fig. 4.27 for the value of œZp. Note that the slip velocity of the
solid has been employed in Eq. 4.107. Considering (1) as the beginning of the plug
and the isothermal condition

¡ D p

p1
¡1

Equation 4.107 can be reduced and integrated to the form

p.x/ D .p21 � 2K1x/1=2

where

K1 D �Zp

�
1 � ©

©

�
¡1

2
.v � c/2

1

d
p1 (4.108)

In order to obtain the pressure drop from this expression the slip velocity must be
known. Equation 4.105 can be simplified in terms of constants to read:

d¢yy

dx
C K2¢yy C K3 � K4

1 � K5x
D 0 (4.109)
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Fig. 4.27 Weber’s treatment of plug flow. Loss coefficient versus Reynolds number

with

K2 D ��w dp=A

K3 D g¡p.1 � ©/.sin ™ C �w cos ™/

K4 D �Zp
1 � ©

©
¡.v � c/2

1

2d
K5 D 2K4=p1

Where � represents the stress ratio (4.106) and �w the friction term between the
particles and the wall.

Solving Eq. 4.109 yields

¢yy.x/ D K3
K2

fexpŒK2.L � x/�� 1g C ¢yy2 expŒK2.L � x/�

� K4
K2

�
expŒK2.L � x/�

Œ1 � .K5=p1L/�1=2
� 1

Œ1 � .K5=p1/x�1=2

�
(4.110)

where ¢yy is the conveying pressure of the plug and ¢yy2 is the pressure at the end of
the plug (or system).

Weber has also treated the case of plug flow where a secondary air source is used
to move the plugs. His suggested analysis of this case by a force balance is:

–dpA D �mpg“

where

�mp D mass of solids in plug
“ D sin ™C �w cos ™
™ D angle of inclination
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Using the expression
�mp g D g Pmp dL=c (4.111)

and

 D Pmp= Pmf (4.112)

then
–dp D “�¡g

1

c=v
dL (4.113)

Employing the ideal gas equation reduces the expression to

� dp

p
D “g�

RT

dL

c=v
(4.114)

Assuming a constant “g�=RT.c=v/ one obtains

p1 D p2 exp

�
“�gL

RTc=v

�
(4.115)

For horizontal flow “ D �w and Weber assumes “ D 0:6. This value depends upon
the solid concentration and velocity. This latter expression can also be used to find
the pressure loss across a single plug as well as Eq. 4.108.

Following the Weber analysis Konrad et al. [78] approached the subject of plugs
in a similar, yet different manner. Konrad et al. have constructed a packed bed model
to analyse the flow of plugs. This is based on the Ergun equation for flow through a
stationary packed bed. The Ergun equation states that

�p

�L
D 150

.1� ©/2

©3
˜w

d2
C 1:75

1� ©
©3

¡
w2

d
(4.116)

Note the use of the slip velocity w. Consider a plug flow situation as shown in
Fig. 4.28. The total pressure drop would be equal to the pressure drop from one plug
multiplied by the number of plugs in the pipe plus the contribution due to one plug
of air flowing through the pipe multiplied by the number of air plugs in the pipe.
Konrad et al. did not always observe the distinct plug flow situation. Their observa-
tion showed the situation in Fig. 4.29. Here lex represents the length of extra material
associated with the plug while lg is the length of the stationary bed in the pipe.

From a material balance analysis considering n plugs of mass in the line of length
�L one has the total plug length as Lp D nlp and the extra length as Lex D nlex.
Combining this information with Eq. 4.114 one produces:

Fig. 4.28 Plug flow situation
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Lp Lg

Ls = Lp + Lex

Fig. 4.29 Observation of Konrad et al. [78] for plug situation

�p D
�
150˜

.1� ©/2w

©2d2
C 1:75

¡.1� ©/w2
©3d

� Pmp�LT

A¡bc
(4.117)

In addition, the specific pressure losses required to move a plug were developed
employing the field of solid mechanics. One can write a force balance as

dp

dy
C d¢yy

dy
C 4£w

D
C ¡bg sin™ D 0 (4.118)

where the last term is zero for horizontal flow; the shear stress at the wall £w assumes
a Coulombic behaviour thus

£w D �w.¢rr/w C Cw (4.119)

where

�w D tan ¥w

¥w D angle of wall friction
.¢rr/w D principal radial stress
Cw D particle–wall cohesion

For a passive failure

.¢rr/w D Kw.¢yy/w C .Kw C 1/c00 cos� cos.¨C �w/C ¡bgD=2�: (4.120)

where

Kw D coefficient of internal friction at the wall D 1˙ sin � cos.¨˙ �w/

1˙ sin � cos.¨˙ �w/

.¢yy/w D principal stress in the y-direction at the wall
c00 D interparticle cohesion
� D angle of internal friction

§ D F0 ˙ C cot�

1˙ sin�

sin¨ D sin�Œ§C cw cot�w�

1 � sin �Œ§C c cot��
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Thus

£w D �wKw.¢yy/w C �w.Kw C 1/c00 cos� cos.¨C �w/C Cw (4.121)

Assuming .¢yy/w D ¢yy Eq. 4.118 can be integrated with the boundary conditions

¢yy D B0 (stress on back-end of plug at y D 0)
¢yy D F0 (stress on front-end of plug at y D h)

where h is the height of a single plug. Setting F0 D B0 one obtains the pressure
gradient

�p

Lp
D ¡Bg sin ™C4�wKwF0

D
C4�w.Kw C 1/c00 cos� cos.¨ � �w/

D
C4Cw

D
(4.122)

For the horizontal case one can write

�p

Lp
D 4�wKwF0

D
C 4�w.Kw C 1/c00 cos� cos.¨ � �w/

D
C 2¡Bg tan�w C 4Cw

D
(4.123)

The terms for the stresses F0 and B0 must be further developed. From a momentum
analysis

F0 D ¡B
dc2

1 � d
(4.124)

and

d D 1

1C c=0:542.gD/1=2

Often F D B. Also one should note that the factor c00 is zero for cohesionless pow-
ders. Such a simplification for a cohesionless powder can reduce the complexity
of Eqs. 4.117 and 4.118. For a non-cohesive powder in horizontal flow the overall
pressure drop in a pipe of length�L can be written as:

�p

Lp C Lex
D ¡b�w

"
2g C 2:168Kw.gc/1=2

D1=2

�
1 � 2 Pmp=¡bAc

1 � Pmp=¡bcA

�#
(4.125)

One can combine Eqs. 4.117 and 4.118 for the packed bed model and the above
Eq. 4.125 to eliminate �p to solve a cubic equation for the particle velocity.

A procedure is recommended for calculating the pressure drop across a plug
using the above equations. Given the mass flow of solids, the length of the tube and
its area, the mean air density is assumed. Considering the roots of the cubic equation
in the particle velocity the mass flow rate of the air is found that satisfies

�
v C c � 2 Pmp

¡bA

�
C a

b¡

�
v � v© � c � 2 Pmp

¡bA

�
>
2¡bg�w

b¡
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where

a D 150
.1� ©/2

©2
˜

d

b D 1:75
.1� ©/

©3
1

d

The cubic equation in c is solved and the root lying in the range of .v C w/ > c >
Pmp=.¡BA/ is taken. The particle velocity is inserted in the pressure drop Eq. 4.125 to
determine this value. The mean gas density is then checked and revised and iterated
if necessary.

Studies on stationary plugs and conveying of coarse particles with secondary
injection were carried out by Tsuji, Morikawa and Honda [79, 102, 103]. In a hori-
zontal pipe 27 and 50.8 mm diameter with particle diameters between 1 and 3 mm
and densities of 1,000–7,800kg/m3 they studied the pressure drop needed to blow
off a stationary plug in horizontal flow. From a force balance they developed an
expression for the pressure gradient causing the particles to move as

�p

�L
D g¡pp

3

1

1C .3=2/.CD=n/©=.1� ©/
(4.126)

where
CD

n
D 24

300

�
1 � ©
©

�

Figure 4.30 shows that the data agree with the equation for the 27 mm diameter pipe
except for large particle densities.

With secondary air injection they attempted to apply the equation of Ergun for the
pressure drop analysis without success for a 50 mm diameter pipe and 8 and 10 mm
inner pipe studying 0.4, 1.1 and 3.0 mm diameter particles. The Ergun equation
predicted larger pressure drops over the plug than experienced in the experiments.
Figure 4.31 depicts their findings. Konrad et al. were successful in predicting their
findings on plug flow without a secondary assist using a solid shear stress balance
for 4 mm diameter in a 47.3 mm diameter pipe for particle density of 920 kg=m3

(Fig. 4.32).
Fundamental to all pneumatic conveying systems the friction generated in the

interaction of the particles with themselves and the surrounding pipe is crucial for
a full understanding of pneumatic conveying. Vasquez et al. [120] delved into this
fundamental concept for dense phase plug flow conveying using a friction tester
they designed. They obtained information on the wall pressure and the angle of
wall friction to relate these to the shear stress of the plug against the wall of
the pipe.
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Fig. 4.30 Relationship between the critical pressure gradient and particle density.
�d D 3mm ı d D 1mm � d D 3mm � d D 1mm
D D 27mm D D 27mm D D 50:8mm D D 50:8mm
(Tsuji et al. [79]) (Reproduced by permission of the International Powder Institute)

0
0

10000

20000

V   m/s

30000
ERGUN EQ.

d = 3.0mm

d = 1.1mm

d = 0.4mm

10 20 30

DP
/L

, P
a/

m

Fig. 4.31 Pressure drop across a plug versus gas velocity [102] (Reproduced by permission
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Fig. 4.32 Comparison
of experiment and theory
of plug flow [78]
(Reproduced by permission
of BHRA Fluid Eng.)
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A test chamber has been developed by Krull et al. [121] in order to measure
the stress transmission coefficient directly for slugs of material to be conveyed in
vertical flow. They found for plastic pellets that the stress transmission coefficient
appears to be constant when the axial stress is above a limiting value. Below a
limiting value no lateral stress within the slug is created and the stress transmission
coefficient is zero. Krull and Jones [122] using the same apparatus obtained the
wall friction coefficient by back calculating this value from the stress transmission
coefficient.

Lecreps and Sommer [110] studied the horizontal flow of dense phase pneumatic
conveying experimentally and showed that the three-layer model of Wypych and Yi
[111] predicted their findings. With their piezoelectric measuring devices, they were
able to determine the wall shear stress, the normal stress and the pressure inside
the plug. They built their analysis around the correlations developed by Mi and
Wypych [112] for the stress transmission coefficient, the particle-particle friction
factor and the fraction of the cross-sectional area not occupied by the strand and
stationary bed.
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4.25 Inclined Conveying

Inclined geometries often occur in pneumatic conveying systems more out of the
restrictions placed on the overall design than by plan. If one is conveying in di-
lute phase transport with fully suspended flow, the use of inclined geometries is of
little consequence. However, if one has a condition where two phase flow can be
distinguished in the pipe, inclined geometries over 15ı should be avoided. The rea-
son for this caution is that recycling of the solids can occur in inclined pipes and
is most pronounced at angles of 70–85ı. This recycling causes increased pressure
losses over the 90ı vertical flow and causes pipe erosion and attrition of the particle
to occur. Figure 4.33 shows the type of behaviour seen in these systems.

Some experimental investigations have been carried out on inclined geometries.
Klinzing et al. [104] divided the exit flow from an inclined system to address the
flow segregation that occurs. Figure 4.34 shows this separation between the upper
and lower halves of the pipe.

Fig. 4.33 Pressure drop
as a function of angle of
inclination of the pipe
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Fig. 4.34 Solids flow rate distribution in pipe for inclined flow for 450
 glass beads in a
0.0266 m diameter pipe at a solids flow rate of 0.0332 kg/s

Exploring inclined geometries further Klinzing et al. [105] found a frictional rep-
resentation for flows that included not only inclined geometries but also horizontal
and vertical flows. The expression developed is given as

œz D D

2c2

�
3CDs ©

�4:7¡.v � c/2

4.¡s � ¡/d
� g sin ™

�
(4.127)

It should be noted that this frictional representation will produce the Zenz type
diagram when the force balance analysis is performed.

4.26 Simulations

More and more simulation work has taken place in the last few years in gas–solid
flows. The agreement between the experimental evidence and the numerical simula-
tion is becoming more exact. Realistic phenomena for both the solid and gas phase
behaviours have been incorporated into the models. Both continuous and discrete
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representations have had success in their approaches. Tsuji et al. [106], Sommer-
feld and Zivkovic [107], Sommerfeld [108] and Bolio et al. [109] have carried out
realistic modeling of pneumatic conveying.

Tsuji [115] has given an excellent summary of computational activities related to
solids processing including pneumatic conveying. He noted that these computations
can be separated into four groups; gas-particle multiphase flows, classification ac-
cording to numerical analysis, collision-dominated flow and the Direct Simulation
Monte Carlo method (DSMC), and the contact-dominated flow and the Discrete
Element Method (DEM).

In particle-gas multiphase flow there is an interchange of mass, momentum
and energy between the gas and the particles. Dilute flows have only particle-
gas interactions while dense phase flows also have particle-particle interactions.
In the particle–gas multiphase flows there is an interchange of mass, momentum
and energy between the gas and the particles.

For the Discrete Element Method (DEM) collisions dominate the flow and can
have elastic and inelastic collisions relevant to dense phase flow. Using the micro
scale for individual particles, the meso scale for the local region and the macro
scale for the system, Tsuji considered particle motion from the trajectory level, the
continuum model and the one and multidimensional viewpoints. The fluid motion
in the same sequence of scales considers the flow around a single particle, local
averages and one and two dimensional flows.

For dense phase pneumatic conveying collision dominated flows are considered
for intermediate solid concentrations. Contact dominated flows consider the forces
of drag and gravity acting on the particle and interacting with the fluid velocity to
produce a respondent particle velocity. Both the hard and soft sphere models can
be applied with the damping vibration analysis. These procedures can be applied to
dense phase conveying.

Theuerkauf et al. [116] have given a good summary of modeling granular flows
using the discrete element method (DEM). While they concentrate on bins, hop-
pers, feeders and mixers, the basic techniques have been employed in other fields
including pneumatic conveying. They project that DEM will be an integral part of
the modeling toolkit for designing solids processing systems in the next ten years.
They break down the approaches into the soft-sphere and hard-sphere models as
suggested above by Tsuji. There are several important concepts in using the soft-
sphere model which begins with Newton’s law of motion including translational
and rotational forces. The hard-sphere approach is event-drive. In this approach the
particle collisions are assumed to be binary and instantaneous. The calculations are
based on impulse and momentum transfer having the energy dissipation accounted
for by the coefficient of restitution.

There are been a number of attempts to simulate dense phase conveying using
modern computational techniques. McGlinchey et al. [113] simulated dense phase
flow using the combined computational fluid dynamics and discrete element method
in an effort to predict the contact forces. They showed that the particles forming the
shell of a plug experience the highest stress intensities in terms of contact pressure
and relative velocity. The dominant stress mode was found to be the sliding friction
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which they attributed to the amount of attrition in dense phase conveying. Tan et al.
[114] modeled the discontinuous behavior of slug flow in looking at two different
pressure loss models. One based on the conversation and Newton’s second law. The
transient pressure and slug velocity were numerically simulated and compared to
experimental data. The permeability of the slug was determined by three methods;
Ergun’s equation, bench scale tests and single slug tests. They found by combining
the two models, they were able to predict the experimental results to within 10%.
Tomita and Tateishi [126] have numerically explored horizontal plug flow behavior
for short pipelines and been able to predict the pressure distribution in the plug. Levy
[127] has proposed a two-fluid theory to numerically simulate dense phase plug flow
in three dimensions. Formations and deformations of the plugs were observed.

Tashiro and Tomita [123] numerically studied the effect of compressibility of
air of horizontal pneumatic conveying finding that there was an additional pressure
drop due to compressible flow. For solids loading above 1.5 the increase pressure
drop was noticeable.

Using three dimensional numerical simulations Tanaka et al. [125] have been
able to explore gas-solids flows with particle clusters present as well as measure
such flows experimentally using a layer-sheet visualization technique. The predicted
cluster structure agrees qualitatively with the experimental findings. Furthering the
previous work Tsuji et al. [128] numerical explored the multi-scale structure of
clustering particles showing that the clusters consists of dominantly large-scale
structures.

� D 1000=3600

. =4/.0:05/2 � 10 � 1:2 D 11:79

4.27 Worked Examples

Example 4.1. Consider the horizontal transport of solids having density
1;340 kg=m3 and average particle size 250�m. The transport gas is air at
atmospheric conditions. It is decided to use a 5 cm diameter copper pipe for trans-
port. The solids flow rate is 1,000 kg/h. Determine the energy loss to transport this
solid at gas velocities of 10, 20 and 30 m/s.

As an example in this case the Konno and Saito solid friction equation (Table 4.5)
will be employed. For horizontal flow

for v D 10m=s

Re D 0:05 � 1:2 � 10
1:8 � 10�5 D 33;300

�p

L
D 2

0:0014C 0:125Re�0:32

0:05
.1:2/.10/2©

C4 � 0:0285 .9:8 � :05/1=2 c�1 � 1340 � .1 � ©/

2 � 0:05 c2
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For the particle velocity the Hinkle (IGT) correlation (Eq. 4.45) will be employed

c D v.1� 0:68d0:92¡0:5p ¡�0:2D�0:54/
D 10.1� 0:68.250� 10�6/0:92.1340/0:5.1:2/�0:2.0:05/�0:54

D 9:4m=s

and the voidage (Eq. 4.41) is

© D 1 � 1000=3600

. =4/.0:05/2 � 9:4 � 1340 D 0:989

The loading for the condition is

� D 5:89

c D 18:8m=s�
�p

L

�
30m=s

D 308N=m3

© D 0:996

For� D 3:93

c D 28:2m=s

Substituting these values into the pressure drop equation gives

�
�p

L

�
10m=s

D 140:7N=m3

for the other cases
�
�p

L

�
20m=s

D 208N=m3

© D 0:994

Loading, �, is calculated as

Pmp= Pmf

Example 4.2. For a heavy loaded gas–solid mixture the friction factor found by
Mathur and Klinzing has been suggested. Consider the vertical flow of coal of
100�m diameter at a rate of 10,000 kg/h in a 0.05 m diameter pipe using nitro-
gen at atmosphere conditions. The solid density is 1;280 kg=m3. The gas velocity is
20 m/s. Determine each pressure drop contribution.
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The pressure drop equation is given as

�p

L
D ¡p.1 � ©/g C ¡.©/g C 2fL¡©v2

D
C œ�

Z

¡p.1 � ©/

2D
.v© � c/2

for 20 m/s

Re D 0:05 � 1:2 � 20
1:8 � 10�5 D 66;600

using 15.15 m/s as the particle velocity from measurements:

© D 1 � 10;000=3600

. =4/.0:05/2 � 15:15 � 1280 D 0:927

Loading, � D 58:9

œ�
Z

4
D 0:395.v© � c/�1:65 D 1:84 � 10�2 (Mathur and Klinzing)

�ptotal

L
D 4180:3N=m3

Individual contributions

¡p.1 � ©/g D 915:1N=m3

¡.©/g D 10:9N=m3

2fL
¡©.v=©/2

D
D 103:8N=m3

œ�
Z
¡p.1 � ©/.v© � c/2

2D
D 2829:8N=m3

†�p D 3858

Note the large contribution due to the vertical lift.

Example 4.3. Consider the transfer of 0.0252 kg/s of 200�m diameter coal particles
by carbon dioxide at an average velocity of 6.1 m/s in a 0.0508 m ID pipe. Determine
the pressure loss around a 90ı bend having a 0.61 m radius of curvature. The gas is at
3;441 kN=m2 abs. and 38ıC. Use the design suggestion and the Schuchart analysis
to determine the pressure loss.

¡ D 38 kg=m3I ¡p D 1;340 kg=m3

length of bend D .�=2/.0:61/ D 0:958m

Design suggestion

�p D 2fL
¡v©2L

D
C ��

Z¡p
.1 � ©/c2L

2D
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assuming v© Š c D 6:1m=s and the Konno and Saito friction is

œ�
Z

4
D 0:0285.gD/1=2=c D 0:0033

© D 1 � Pmp=A.¡p/c D 0:998

fL D 0:0031

Re D 6:54 � 105
�p D 167C 9:43 D 176:4N=m2

for a 90ı bend

�pbend D 20�pstraight D 3;528N=m2

Schuchart analysis

�
�pbend

�straight

�
.solids/

D 210

�
2Rb

D

��1:15

�pbend .solids/ D 5:43�pstraight .solids/

D 5:43 .9:43/ D 51:2N=m2

One must add the�p for the gas alone as it passes through the bend. A variety of ex-
pressions could be used for this such as Ito’s analysis. Taking the design suggestion
for single phase flow one would have

�pbend .gas/ D 20�.167/ D 3;340N=m2

adding the solids effect one finds

�pbend D 3;340C 51 D 3;391N=m2

�
�p

Z

�
vert

D 303:8N=m3

c D 28:3m=s

© D 0:9964

Example 4.4. Often the question arises as to which frictional representation should
be used for a particular analysis. A comparison will be made between the Konno and
Saito and the Yang expressions for vertical flow of a gas–solid system. Consider the
case where the following conditions are specified:

¡p D 1;340 kg=m3

d D 250�m
Pmp D 1;000 kg=h
v D 30m=s
¡ D 1:2 kg=m3
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Using Example 4.1 as a base the vertical contribution must be added to the expres-
sion for�p=Z. Using the Hinkle (IGT) particle velocity representation one can write

�p

L
D 315N=m3 C ¡pg.1� ©/C ¡©g

D 315C 52:5C 11:7 D 380N=m3

For the Yang expression (Table 4.5) an iterative technique must be employed since
the particle velocity is implicitly related.

c D v© � wf0

�
1C ��

Zc2©4:7

2gD

�0:5

œ�
Z D 0:0126

1� ©
©3

�
.1 � ©/

Repf

Rep

��0:979

where

Repf D wf0¡d

˜
Rep D .v© � c/¡d

˜
wf0 Š 1m=s .see Fig: 14:7/

A Newton–Raphson iterative technique was devised yielding the following results:

� D 3000=3600

30. =4/.0:075/2.1:2/
D 5:24

Comparing the two one sees

�
�p

Z

�
.K�S/

D 380N=m3

�
�p

Z

�
.Y/

D 363:0N=m3

Example 4.5. Estimation of the acceleration length in a gas–solid system is to be
made. In order to approach this the Enick and Klinzing model (Eq. 4.55) is suggested

L

D
D 0:527

�
D

d

��1:26
.1C �/Re

For a 7.5 cm diameter tube conveying 300�m particles at a Reynolds number of
105 estimate the acceleration length as a function of loading. Employing the above
expression one has
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L D 0:527.0:075/

�
0:075

300 � 10�6

��1:26
.1C �/105

D .0:0395/.9:5� 10�4/.1C �/105

Thus

L(m) Loading

4.13 0.1
7.5 1.0
22.5 5

Example 4.6. Solids are being transported for 300 m in a horizontal 2.5 cm diameter
pipe. The exit pressure is atmospheric. The solids flow is 500 kg/h with a solids to
gas ratio of 2.0. Determine the upstream pressure 300 m from the exit. The solids
have a density of 1,300 kg/m3 and a diameter of 150�m. Do not ignore compress-
ibility effects. From Eq. 4.64 one can write for the isothermal compressible flow

p2 � p1 D g.Mw/C2
R�TC1’

�
p1 C p2
2

�
L C g.Mw/

R�T

�
p1 C p2
2

�
L

C 2fL
C21R

�T

D.Mw/

2L

.p1 C p2/
C œ�

ZC1
C2’

2D

R�T

Mw

2L

.p1 C p2/

C C21
R�T

Mw

�
1

p2
� 1

p1

�
C C1C2

’R�T

Mw

�
1

p2
� 1

p1

�

This equation must be solved numerically. Assume the constant ’ is 0.90 for the
equation

c D ’v

The other parameters for the system are

Mw D 29 kg=kg mol for air
T D .273C 20/K
g D 9:8m=s2

L D 300m
p1 D 1:013 � 105N=m2

R� D 83:12 � 102 J=kg mol K
fL D 0:0014C 0:125.Re/�0:32
œ �

Z 4 D 0:0285.gD/1=2=c/ (Konno–Saito model)
C1 D 1:2 v©

© D 1 � Pmp

¡pAc
D 1 � 500=3600

1300. =4/.0:025/2c

� D loading D 1 � Pmp=3600

v¡. =4/.0:025/2
D 500=3600

v.1:2/. =4/.0:025/2

Loading � D 2 (given)
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v D 118m=s
c D 106m=s
© D 0:9979

C1 D 142

C2 D ¡p c.1 � ©/ D .1;300/.106/.0:002/D 275:6

Inserting these values and iterating on the equation gives p2 as 2:795�105N=m2

or 279:5 kN=m2.

Example 4.7. The particle velocity in pneumatic transport is the result of dynamic
forces acting between the particles, fluid and pipe walls. Assess the particle velocity
of two flow situations assuming that the particles behave as individual entities.

(a) d D 500�m
v D 20m=s
¡p D 2;500 kg=m3

¡ D 1:2 kg=m3

D D 5 cm
Pmp D 2;000 kg=h

Short of carrying out a detailed experimental evaluation of this system to
find c, one must rely on some empirical model. For this case the Hinkle for-
mat (Eq. 4.45) as modified by IGT is appropriate:

c D v.1� 0:68d0:92¡0:5p ¡�0:2D�0:54/;

D 20Œ1� 0:68.500� 10�6/0:92.2500/0:5.1:2/�0:2.0:05/�0:54�

D 16:97m=s

The loading for this situation is

� D loading D Pmp

vA¡
D 2000=3600

20. =4/.0:05/2.1:2/
D 11:8

This is bordering on the medium dense phase regime.
(b) d D 25�m

v D 30m=s
¡p D 1;000 kg=m3

¡ D 1:2 kg=m3

D D 7:5 cm
Pmp D 3;000 kg=h

Since the particle size is less than 40�m, it is most appropriate to employ

c D v � wf0
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To determine the terminal velocity the characterization parameterK must be
first determined

K D d

�
g¡.¡p � ¡/

˜

�1=3

D 25 � 10�6
�
9:8 � 1:2.1000� 1:2/

.1:8 � 10�5/2

�1=3

D 0:827

The Stokes regime is thus applicable so

wf0 D d2g�¡

18˜
D .25 � 10�6/2.9:8/.1000� 1:2/

18 � 1:8 � 10�5
D 0:0189

Thus
c D 30 � 0:0189 D 29:98m=s

The loading in this case is

� D loading D 2 � Pmp

. =4/.0:0254/2.1:2/.30:5/
Pmf D 0:037 kg=s

© D 1 � Pmp

Ac¡p
D 1 � 0:037

.0:000517/.27:1/.3590/
D 0:9993

v � c

fL D 0:0014C 0:125.Re/�0:32 D 0:00528

Re D .0:0254/.30:5/.1:2/

1:8 � 10�5 D 51:6 � 103
��

Z

4
D 0:0285.gD/1=2=c D 0:0285.9:8� 0:0254/1=2=27:1 D 0:00052

�p

L
D 2 � 0:00528.1:2/.0:9994/.30:5/2

0:0254

C .0:0021/.3590/.0:0005/.27:1/2

2 � 0:0254
This loading remains in the relatively dilute phase.

Example 4.8. Consider the horizontal gas–solid flow of silica particles with an av-
erage diameter of 200�m being transported by air at 30.5 m/s and STP. The relative
humidity of the air is 80%. The solids loading is 2.0 in a 0.025 m ID plastic pipe. The
air relative humidity is lowered to 40% and the pressure drop is found to increase
by 25%. Determine the magnitude of the electrostatic contributions.

Since the loading is relatively low the Konno and Saito frictional representation
will be employed:



4.27 Worked Examples 147

�p

L
D 2fL¡©v2"

D
C ��

Z
¡p.1 � ©/c2

2D

Using Hinkle (IGT) correlation for c: (Eq. 4.45) ¡p D 3;590 kg=m3, ¡ D 1:2 kg=m3

c D v.1� 0:68d0:92¡0:5p ¡�0:2D�0:54/
D 30:5Œ1� 0:68.200� 10�6/0:92

� .3590/0:5.1:2/�0:2.0:0254/�0:54�
D 30:5Œ1� 0:68.0:000395/.59:9/.0:964/.7:27/�

D 0:887.30:5/ D 27:1m=s

�ptotal

¡v2=2
D
 PV2

PV1

!2
� 1:59

 PV2
PV1

!
C 0:97.�/2

2
40:48

 PV2
PV1

!2
C 0:09

3
5

with D1 D D2 D D3
�p=L D 472C 76:3

�p=L D 540N=m3

For a 25% increase in �p=L due to electrostatics

�p=L D 1:25.540/ D 675N=m3

thus �
�p

L

�
electro

D 675� 540 D 135N=m3

�
�p

L

�
electro

D Exq

mp
.1 � ©/¡p D 135N=m3

The electrostatic force can be given by Eq. 4.38:

Exq D 135
 

6

.200 � 10�6/3.3590/
.3590/.1� 0:9994/

D 8:08 � 10�7 N

Now considering q D 10�14 Coulomb

Ex D 8:08 � 107 N=Coulomb

This increased pressure drop caused by the electrostatic forces also affects the
particle velocity.

One can develop this effect of electrostatics on the particle velocity at equilib-
rium as

c D ve � wf0

 
��

Zc2

2gD
C Exq

gmp

!1=2
©2:35
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For these 200�m diameter particles the characterization factorK (Eq. 4.7) is

K D 200 � 10�6
�
9:8 � 3590 � 1:2
.1:8 � 10�5/2

�1=3
D 10:1

This gives the intermediate range for wf0 (Eq. 4.9):

wf0 D 0:154g0:71d1:14¡0:71p

¡0:29˜0:43

D 0:154.5:06/.6:06� 10�5/.334/
.1:05/.0:0091/

D 1:65m=s

c D 30:5� 1:65

�
2 � 0:0021c2

.9:8/.0:0254/
C 6:80

�1=2
.0:9994/2:35 .see Eq. 4:46/

This must be solved by trial and error or numerically to give

c D 23:8m=s

Example 4.9. Using Weber’s analysis for the velocity of sound in a gas–solid
system, determine this velocity for the following conditions.

(a) c=v© D 0:5; © D 0:8

Rep D vmfd¡

˜

§ D sphericity

K D d

�
g¡.¡p � ¡/

˜2

�1=3

(b) c=v© D 0:5; © D 0:9

(c) c=v© D 1; © D 0:94

Using Fig. 4.12

for case (a): as=a D 0:1

a D 335m=s at STP for air
therefore

as D 33:5m=s
for case (b): as=a D 0:11

as D 0:11 � 335 D 36:9m=s
for case (c): as=a D 0:1

as D 33:5m=s

Thus one sees a sizeable reduction in the velocity of sound in a two phase system
over that of a single phase.
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Example 4.10. Consider a Y expansion unit where the angle between the Y is 45ı.
All pipe diameters are the same and there is an equal split of volumetric flows. The
upstream gas velocity is 20 m/s with a density of 1:2 kg=m3. The solid loading is
5.0. Find the pressure loss across the Y.

Therefore

�ptotal D .1:2/
.20/2

2
Œ.0:5/2 � 1:59.0:5/C 0:97C 5.0:48.0:5/2 C 0:09/�

D 354N=m2

Example 4.11. Using Yang’s format for frictional representation (Table 4.5) deter-
mine the particle velocity of the vertical system.

��
Z

4
D 0:00315

1� ©

©3

�
.1 � ©/wf0

v© � c

��0:979

and for the particle velocity (Eq. 4.46)

c D v© � wf0

�
1C 4

��
Zc2

2gD
©4:7

�1=2

In order to solve this implicit system assume a value for c first and then calculate ¡�
from Eq. 4.58a and then calculate " (Eq. 4.41) and v"

© D 1 � Pmp

cA¡p
D 1 � ¡�

¡p

v© D v=©

With this information � �
Z can be found. Insert c, � �

Z and " into the particle
equation to see if agreement is achieved. For the iterative process let

F1 D c � v© C wf0

��
1C ��

Zc2

2gD

�
©4:7

�0:5

and
dF1
dc

D 1C 1

2

�
1C 4

��
Zc2

2gD

��1=2
2��

Zc

2gD
©2:35

For the new estimate of c one uses the Newton–Raphson procedure, thus

cnew D cold � F1
dF1=dc

The calculations return to the beginning and iterate until cnew � cold < 0:001.
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Example 4.12. Dixon has developed an expression to predict the maximum loading
for gas–solid flow. This expression is given as

�max D Pmp=A

�
¡vmf C ©mf Pmp=A

.1C ©mf/

¡

¡p

��1

For particles 250�m in diameter and a density of 1;500 kg=m3 with gas density
of 1:2 kg=m3 and the solid flow flux of 100 kg=sm2, the value of �max can be
determined.

For small particles the minimum fluidization velocity is

vmf D d2g.¡p � ¡/

1650˜

D .250 � 10�6/2.9:8/.1500� 1:2/

.1650/.1:8� 10�5/
D 0:0309m=s

The voidage at this condition can be found from Ergun’s equation in the form

1:75

¥s©
3
mf

Re2p C 150.1� ©mf/

¥s©
3
mf

Re2p � K3 D 0

where Pmp1

with § D 1

Rep D 0:515

K D 9:37

Thus

0:464

©3mf

C 39:81.1� ©/

©3mf

� 823 D 0

©mf D 0:322

Therefore

�max D 100

�
.1:2/.0:0309/C .0:322/.100/

.1:322/

.1:2/

1500

��1

D 1768

For a 0.05 m diameter pipe

Pmp D 100.�=4/.0:05/2 D 0:196 kg=s
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Chapter 5
Flow Regimes in Vertical and Horizontal
Conveying

Abstract This chapter sets the scene for further design considerations in addressing
the critical velocities that are important in pneumatic conveying. A comprehensive
analysis is given of the pick-up and saltation velocities in horizontal flow situations
while the vertical velocities of choking and minimum fluidization are considered.
Diagrams depicting these conditions are presented.

Keywords Choking Velocity � Minimum Fluidization Velocity � Saltation Velocity �
Pick-Up Velocity

5.1 Introduction

The characteristics of vertical upflow pneumatic conveying can best be described
qualitatively in terms of Zenz’s [1] often quoted plot of pressure gradient versus gas
velocity for different solid flow rates (Fig. 5.1).

Line AB in Fig. 5.1 refers to zero solid flow in the pipe and a family of curves of
increasing solid flow rates is also presented in the figure. Referring to a fixed solid
flow rate of Pms1, at a high gas velocity (point C say), the solid volumetric concen-
tration is low (well below 1%) and the particles are apparently uniformly dispersed.
This is known as lean phase or dilute phase flow. When the gas velocity is reduced
at the same solid flow rate Pms1, solid concentration in the pipe increases and wall
frictional loss decreases. Pressure gradient in fully developed vertical conveying is
made up of two components, namely a wall frictional loss component and a gravita-
tional component. As the gas velocity is reduced, frictional loss decreases while the
gravitational component increases as a result of an increase in solid concentration.
Along CD the decrease in frictional loss is significantly higher than the increase in
the gravitational component. Thus the overall pressure gradient decreases with the
decrease in gas velocity along CD. As the gas velocity is further reduced, the gravita-
tional component becomes more significant and the curve goes through a minimum
at E. A further decrease in gas flow rate will lead to an increase in pressure gradient
along EF as the gravitational component becomes predominant. Along EF the solid
concentration is high and the flow mode here is loosely defined as dense phase flow.

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 5,
c� Springer Science+Business Media B.V. 2010
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Fig. 5.1 Flow characteristics in vertical pneumatic conveying (after Zenz [1])

The solid particles are no longer uniformly dispersed. Two types of dense phase
are possible depending on the characteristics of the gas–solid tube system. In one,
particles are conveyed upwards by ‘slugs’ or ‘bubbles’ and this is defined here as
slugging dense phase conveying (Fig. 5.2).

In the other dense phase mode, clusters of particles appear and solids are con-
veyed upwards with considerable internal solid circulation. This is defined as dense
phase conveying without slugging (Fig. 5.3) and is analogous to a recirculating flu-
idized bed, or a ‘fast fluidized bed’ [2]. Whether a system behaves as in slugging
dense phase conveying or non-slugging dense phase conveying depends on the prop-
erties of the gas-solid tube system and will be considered in Section 5.2.

For the slugging conveying system, the transition from dilute phase flow to
slugging conveying is a sharp one and this transition is known as ‘choking’. For
non-slugging dense phase conveying, the transition between dilute phase and dense
phase conveying can be either sharp or diffuse. The flow chart in Fig. 5.4 shows the
two possible classes of behaviour as the gas velocity is reduced from a high value at
the same solid flow rate.

In general, fine particles in large tubes tend towards non-slugging dense phase
flow, while choking is observed with coarse particles in small tubes. As shown in
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Fig. 5.2 Slugging/bubbling
dense phase conveying

Fig. 5.3 Non-slugging dense
phase conveying

Fig. 5.4, when the gas velocity is further reduced in the non-slugging dense phase
mode, slugging or bubbling dense phase conveying occurs although this transition
from the non-slugging to the slugging/bubbling mode is also diffuse.

Returning to Fig. 5.1, as the gas velocity is further reduced beyond the point F, the
relative velocity between gas and solid decreases until at F it is just sufficient to keep
the particles in suspension. Further reduction of gas flow rate below F (along FG)
results in packed bed flow or moving-bed flow in which solids move en bloc with
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Fig. 5.4 Possible flow patterns in vertical conveying, showing two types of system: choking
system (right-hand branch) and non-choking type system (left-hand branch)

little relative motion between particles and the solids are not entirely propelled by
the gas. Point F in Fig. 5.1 represents the transition point from fluidized solid flow
(where the solids are in suspension) to packed bed flow. This is a sharp transition
and is indicated in Fig. 5.4. We shall define here a system that follows the left-hand
branch of the chart in Fig. 5.4 as a ‘non-choking system’ while one that follows the
right-hand branch is a ‘choking system’ Pms1.

In practice vertical pneumatic conveying is generally carried out in the dilute
phase regime and much of the published work on vertical pneumatic conveying
has been restricted to this regime. For operation in the dilute phase regime it is
desirable to operate at as low an air flow rate as possible from energy requirements,
pipe erosion and particle attrition considerations. Dense phase flow is less often
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used because of the erratic nature of the flow, the pressure fluctuations, high pres-
sure losses and pipe line vibration. In a solid riser reactor, however (in which the
vertical pneumatic conveying tube acts as a gas–solid reactor), dense phase flow is
sometimes preferred to give a high solid concentration in the tube. Moving-bed flow
is generally to be avoided because of very high pressure losses and the problem of
blockage.

In the design of a pneumatic conveying system, it is important to be able to
predict the flow behaviour of a particular gas–solid system to predict the transition
velocities for various flow patterns and to predict particle segregation that may
occur. These questions will be taken up in this chapter.

5.2 Choking Versus Non-choking System in Vertical Flow

5.2.1 The Choking Phenomenon

The phenomenon of choking in vertical pneumatic conveying has been described
in detail by Zenz and Othmer [3]. At a high gas velocity, particles are carried up
the riser tube as an apparently evenly dispersed suspension in the so-called dilute
phase mode. If the air velocity is reduced gradually at the same mass flow rate of
solid, the in situ solid concentration increases. A point will be reached when the
uniformly dispersed suspension becomes unstable. The entire suspension collapses
and particles are then transported up to the riser in slugging flow (Fig. 5.2) or non-
slugging dense phase flow (Fig. 5.3) at a higher average solid concentration. The
point of choking is the sharp transition point from upflow of solids as a thin suspen-
sion (i.e. dilute phase flow) to slugging or non-slugging dense phase flow. The gas
velocity at the choking point is the choking velocity at the particular solid flow rate.
Similarly the choking transition can also be approached from the dense phase mode
behaviour by gradually increasing the air velocity until a sharp transition to dilute
phase conveying occurs.

It should be stressed that the choking transition is not the same as the transition
or instability resulting from interaction between the characteristics of the blower
and the pneumatic conveying system [4]. With blowers characterized by reducing
volumetric delivery at increasing delivery pressure, the transition from dilute phase
flow to dense phase flow regime may be triggered off by a sudden increase in solid
flow rate (or a sudden reduction of gas flow rate). This causes an increase of pres-
sure drop in the conveying line and hence the blower delivery pressure. The blower
volumetric delivery falls, causing a further increase of pressure drop and so on. This
instability may well lead eventually to choking depending on the characteristics of
the blower and the operating conditions prior to the initial perturbation. Thus the
onset of instability in this case occurs at a velocity somewhat higher than the chok-
ing gas velocity [5,6]. Bandrowski et al. [7] defined choking for a gas–solid blower
system where the blower characteristics curve and the system characteristics curve
intercept tangentially to each other. Point M in Fig. 5.5 is defined as the choking
point for the system at the solid flow rate, Pms1. In this definition of choking flow
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Fig. 5.5 Blower characteristics versus gas-solid system characteristics showing tangential inter-
ception (after Bandrowski et al. [7])

rate is dependent on the characteristics of the blower. This definition will not be
used here although the concept of defining a critical point at M in Fig. 5.5 has some
merit in the design of pneumatic conveying systems [7].

The mechanism causing the ‘choking phenomenon’ is not entirely understood.
Not all systems exhibit this phenomenon. In general fine powders in large diameter
tubes are less likely to ‘choke’ than coarse particles in smaller diameter tubes. The
quantitative prediction of whether a system exhibits the choking phenomenon will
now be taken up.

5.2.2 Choking Versus Non-choking

A number of conflicting analyses on predicting whether a system could choke or
otherwise is available in the literature [8,9] and will be described and compared here.

5.2.2.1 Analysis of Yousfi and Gau [8]

In an analysis similar to that proposed by Molerus [10] for fluidization, Yousfi
and Gau considered the stability of a uniform suspension of particles subject to
a sinusoidal perturbation of gas velocity. The criterion for instability of the uni-
form suspension is when solid concentration increases with time and distance along
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the riser as a result of the imposed perturbation. Their analysis shows that for the
uniform suspension to be stable, S (a constant) is given by

S D ©.1 � ©/Fr2fd (5.1)

where
Fr2fd D w2f0=gd

The constant S is related to solid concentration at the onset of choking by

.1� ©c/ D
"
1 �

�
1 � 4S

Fr2fd

�1=2#2
(5.2)

Yousfi and Gau measured the choking voidage for a polystyrene system to give an
experimental value of S D 35. Equation 5.2 has no solution for Froude number less
than 2S1=2. Yousfi and Gau suggested that for Fr2fd<4S the uniform solid suspension
is stable, i.e. the system will not choke. For choking to occur

w2f0=gd D Fr2fd > 4S > 140 (5.3)

Yousfi and Gau claimed that the prediction is supported by their own experimental
results on 20�m and 55�m catalysts which do not choke in practice in accordance
with predictions from Eq. 5.3.

For choking systems, Eq. 5.2 can be used for predicting voidage at choking using
S D 35. Good agreement between observed and predicted voidage was reported by
Yousfi and Gau.

The analysis of Yousfi and Gau has two deficiencies, namely the assumption that
drag force is not affected by change in voidage and that wall effects are not ac-
counted for. As the analysis is for an unbounded fluid with no wall effects, it cannot
predict the effect of pipe diameter on whether a system will choke. In practice, tube
diameter is an important parameter – a gas–solid system may exhibit choking in a
small tube but not in a large tube.

5.2.2.2 Analysis of Yang [11]

Yang [11] considered the stability of slugging conveying (as against the stability of a
uniform suspension). Following an argument put forward by Harrison et al. [12] and
de Koch [13] that a bubble in a fluidized bed becomes unstable when its velocity is
the same as the terminal velocity of a single particle, Yang postulated that slugging
conveying becomes unstable when the slug velocity wb, relative to the dense phase
solids, is greater than wf0, i.e.

wb > wf0 for no slugging (5.4)

The velocity of a slug wb is given by [14]

wb D 0:35.gD/1=2 (5.5)
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Fig. 5.6 Comparison of experimental observations with prediction on demarcation between chok-
ing and non-choking systems: ı, observed non-choking systems: 
, observed choking systems
(after Leung and Wiles [15])

where D is the tube diameter. Thus Yang’s criterion becomes, from Eqs. 5.4 and 5.5

0:35 .gD/1=2 > wf0 for no slugging (i.e. no checking)

or
w2f0=gD D Fr2fD > 0:12 for choking to occur (5.6)

In Yang’s analysis the key parameter is the Froude number based on tube diameter,
compared with the Froude number based on particle diameter in the analysis of
Yousfi and Gau. Comparison of the two criteria is given in Fig. 5.6. It can be seen
that both the criteria appear to represent the limited published data well.

A lot more experimental work is needed in the second and fourth quadrants of
Fig. 5.6 to critically compare the two criteria.

5.2.2.3 Analysis of Smith [9]

A third analysis dealing with choking versus non-choking systems is given by Smith
[9, 16]. Using an earlier analysis of Slis et al. [17] on the velocity of propagation of
a porosity wave, he showed that the wave velocity in vertical pneumatic conveying
relative to the solid velocity is the same as that for a fluidized bed and is given by

v© D wf0 ©
nn.1� ©/=© (5.7)
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where v" is the velocity of the porosity wave and n is the exponent in the
Richardson–Zaki equation [18]. Equation 5.7 is derived using the Richardson–Zaki
[18] equation relating voidage and relative velocity:

v=© � c D wf0©
.n�1/ (5.8)

The exponential n in Eqs. 5.7 and 5.8 is a function of particle Reynolds number and
(d/D) as given by Richardson and Zaki [18] (Chapter 4). Smith [9] postulated that
bubbles cannot rise at a velocity higher than the wave propagation velocity v". The
bubble velocity is given by Davidson and Harrison [14] as,

wb D 0:71.gdE/
0:5 (5.9)

where wb is the slug velocity and dE the volume equivalent bubble diameter.
In vertical pneumatic conveying Smith suggested arbitrarily an effective bubble

diameter in a riser tube so that Eq. 5.9 becomes

wb D 0:41.gD/0:5 (5.10)

where D is the tube diameter. For choking to occur (i.e. stable bubbles) according to
Smith’s postulate,

v© > wb (5.11)

Equations 5.7, 5.10 and 5.11 can be combined to yield

wf0©
n�1n.1 � ©/=.gD/0:5 > 0:41 (5.12)

for choking to occur. Equation 5.12 cannot, however, be used directly for the pre-
diction of demarcation between choking and non-choking systems as © is unknown.
Taking the limiting case for a maximum value of Œ©.n�1/.1� ©/� in Eq. 5.12 we have,

wf0nŒ.n � 1/=n/n�1 � .1=n/�=.gD/0:5 > 0 (5.13)

The range of n is from about 2.4 to 4.6 [17]. For n D 2:4 we have

Fr2fD D w2f0=gD > 0:59 for choking to occur (5.14)

For n D 4:6 we have

Fr2fD D w2f0=gD > 0:95 for choking to occur (5.15)

Equations 5.14 and 5.15 are similar in form to Yang’s criterion given by Eq. 5.6
although the bases of the analyses of Smith and of Yang are entirely different.
Examination of the data in Fig. 5.6 suggests that Yang’s equation is more consis-
tent with observed results.
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5.2.2.4 Analysis of Matsen [19]

The key point of Matsen’s analysis is his observation of the implication of the slip
velocity and voidage relationship in dense phase and in lean phase conveying. The
slip velocity w is defined by

w D v

©
� c0

1 � © (5.16)

In slugging dense phase conveying the slip velocity voidage equation can be ob-
tained by extending a similar equation for a slugging fluidized bed to give

c0 D
�

v � vmin � © � ©mf

1 � ©

� 1 � ©
©

(5.17)

Equation 5.17 has been shown to be applicable in the voidage range from about 0.5
to about 0.91 for slugging conveying.

In dilute phase conveying there is some evidence to suggest that voidage de-
creases with increase in slip velocity. One such empirical relationship is

w=wf0 D 10:8.1� ©/0:293 for 0:9997 > © > 0:91 (5.18)

A plot of gas superficial and solid superficial velocity with voidage as a parameter
using Eqs. 5.16 and 5.18 is shown in Fig. 5.7a. When more than one voidage can
occur at a given set of velocities, it can be shown that lines of steeper slope represent
a condition in which solids flux (at constant gas flux) increases as voidage increases,

c�
/w

f

v/wf

a

ε1

ε2

ε3

ε4

ε5

Fig. 5.7 (a) Solution of Eq. 5.18 for various constant voidage
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Fig. 5.7 (continued) (b) stable solution of Eq. 5.18 for different constant voidage; (c) solutions for
Eq. 5.18 for dilute phase and Eq. 5.17 for dense phase (after Matsen [19])

a situation which is not stable to perturbations. In Fig. 5.7b only the stable operating
lines are included in the flow regime diagram.

From Fig. 5.7a, Matsen concluded that in the dilute phase regime for a system fol-
lowing Eq. 5.18, a limiting envelope formed by lines of constant voidage exists, i.e.
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curve ABC in Fig. 5.7c. Thus dilute phase flow cannot exist to the left of curve ABC.
In this region (i.e. left of ABC), slugging dense phase is applicable. Lines of constant
voidage for slugging flow from Eq. 5.17 are included in the phase regime diagram
in Fig. 5.7c. It can readily be shown that curve ABC corresponds to .@v=@©/c

0 D 0.
Consider reducing gas velocity at a constant solids flux along line YBX in

Fig. 5.7c. In the region YB, dilute phase conveying occurs with a gradual decrease
in voidage with decrease in velocity. At point B, transition to slugging conveying
occurs with a stepwise change in voidage. Thus point B corresponds to the choking
transition point. Further decrease in velocity along BX results in a gradual decrease
in voidage in the slugging dense phase flow regime.

When the solids flux is high, Matsen showed that no stepwise change in voidage
would occur, i.e. no choking. This is illustrated by considering gradual reduction in
gas velocity along NAM in Fig. 5.7c. Gradual decrease in voidage occurs through-
out including at the transition point A from dilute phase to dense phase flow. Thus
choking will not be observed for operation at this higher solids flux. Thus accord-
ing to Matsen, all gas–solid systems may exhibit choking or non-choking behaviour
depending on the solids flow rate.

5.2.2.5 Choking Versus Non-choking – A Summary

In summary three criteria are available in the literature for predicting whether chok-
ing would occur in a system. The theoretical bases of the three criteria are different.
Of the three predictions, Yang’s analysis appears to be fairly consistent with exper-
imental results, and Eq. 5.6 may be used for estimating if choking would occur in a
particular system. The experimental evidence, however, is not conclusive and much
further work is required.

For a choking system, the equation of Yousfi and Gau (Eq. 5.2) and that of Smith
(Eq. 5.12) can be used for predicting the voidage at the onset of choking.

The analysis of Matsen [19] is the only one that recognizes the importance of
solids flux. Recent work on ‘fast fluidization’ (loosely defined as vertical pneumatic
conveying with very high solids flux) suggests that the behaviour of the system
depends a great deal on solids flux. This is in support of Matsen’s analysis. Matsen’s
approach is based on the empirically observed slip velocity voidage relationship for
dilute phase flow. It has no mechanistic background. His approach also suffers from
the uncertainty of the general validity of Eq. 5.18. Further work will be necessary to
establish Matsen’s approach on a firm basis.

It can be seen that there is still considerable uncertainty in the prediction of
whether a given system will exhibit the choking transition. In the absence of fur-
ther information, the use of Matsen’s approach is tentatively recommended here for
explaining the phenomenon as it appears to take into account most important pa-
rameters that may be relevant to choking. The equation of Yang (Eq. 5.6) may be
used for quantitative determination.

Myler, Zaltash, Dhodapkar and Klinzing [20] have explored pneumatic convey-
ing in horizontal flow using a thermodynamic model with experimental verification.
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Fig. 5.8 Phase diagram comparing thermodynamic analogue and pneumatic conveying

They were able to liken the gas–solid flow to a gas-like condition flowing over
a liquid-like condition which can be interrelated with a thermodynamic analogy.
Figure 5.8 depicts these results which are similar to pressure–volume–temperature
of a gas–liquid equilibrium system. The parameters in the pneumatic conveying
systems are solids flow rate, voidage and gas flow rate.

5.3 Choking System in Vertical Flow

5.3.1 Prediction of Choking Velocity

The choking transition is the stepwise change from dilute phase conveying to dense
phase conveying. The choking velocity, vc, is the superficial gas velocity for a
certain solids flow rate at which choking occurs; and the voidage at choking, "c,
refers to the voidage of the dilute phase at the onset of choking. For systems that
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exhibit the choking phenomenon, prediction of the choking velocity is important
as it sets the minimum gas velocity for operation in the dilute phase mode. In
pneumatic conveying it is usually desirable to operate at as low an air flow rate
as possible from energy requirements, pipe erosion and particle attrition consid-
erations. In dilute phase conveying, the minimum conveying velocity may be set
by the choking velocity in vertical conveying, by the analogous ‘saltation’ velocity
in horizontal conveying, or by conditions to ensure self-cleaning after shutdown.
This section is confined to the prediction of choking velocity in vertical pneumatic
conveying.

Although the mechanism of choking is not properly understood, a large number
of empirical equations are available in the literature for estimating choking velocity.
Table 5.1 summarizes the correlations for predicting choking velocity. These have
been reviewed by Doig and Roper [21] and more recently Punwani et al. [22], and
Chong and Leung [23]. In particular Punwani et al. compare the various correlations
by means of the root mean square relative deviation defined as

 
Œ1=.n � 1/�

nX
iD1

fŒ.vc/calculated � .vc/measured�=.vc/measuredg2
!1=2

(5.19)

where n is the number of experimental observations compared. Their evaluations
of the various correlations are presented in Table 5.2. Detailed discussions of the
published correlations will now follow.

Table 5.1 Correlations for predicting choking velocity
1. Barth [24]

v2c=gD D K2
1�

1=2; where v2c=gD D Fr�2
c (5.20)

2. Gunther [25]

K2
2=.D=d/5=7 < Fr�2

c < K2
2=
�
.D=d/5=7.1C �1=2/

	C K2
2�

1=2 (5.21)

3. Zenz and Othmer [3]

v2c=gD¡2p D
8̂
<
:̂
0:04. Pms=A¡vc/

0:624I Pms=A¡vc � 5 .5:22a/

0:029. Pms=A¡vc/
0:806I 5 < Pms=A¡vc < 20 .5:22b/

0:015 Pms=A¡vcI 20 < Pms=A¡vc < 60 .5:22c/

where ¡p is in lb=ft3

(continued)
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Table 5.1 (continued)

4. Doig and Roper [21]

logŒvc=gD/0:5� D .wf0 � 2/=28 C 0:25 log�
for 40 > wf0 > 10

(5.23a)

logŒvc=gD/0:5� D 0:33wf0 C 0:25 log�
for 10 > wf > 0:4

(5.23b)

where wf0 is in ft/s
5. Rose and Duckworth [26]

vc=wf0 D 3:2. Pms=Avc¡/
0:2.D=d/0:6.¡p=¡/

�0:7.v2c=gD/0:25 (5.24)

6. Leung et al. [4]
vc D 32:3cc C 0:97wf0 (5.25a)

or

c0xif D 0:03xitŒvc=.0:97 � wf0i/� (5.25b)X
xif D X

xit D 1 (5.25c)

for mixed size particles where xif and xit are the volume fractions of particle i in the
feed and in the tube respectively with terminal velocity wf0i.

7. Yousfi and Gau [8]

vc=.gD/0:5=Re0:06pf D 32Œ Pmp=.A¡vc/�
0:28 (5.26)

8. Knowlton and Bachovchin [27]

vc=.gD/0:5 D 9:07.¡p=¡f/
0:347. Pmpd=A˜/0:214.d=D/0:25 (5.27)

9. Yang [28]

2gD.©�4:7
c � 1/=.vc � wf0/

2 D 0:01 (5.28a)

c0 D .vc � wf0/.1� ©c/ (5.28b)

10. Punwani et al. [22]

2gD.©�4:7
c � 1/=.vc � wf0/

2 D 0:074¡0:77 (5.29)

For mixed size particles Eq. 5.28b is to be replaced by

c0xif D .1� ©c/xit.vc � wf0/ (5.30)
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Table 5.2 Deviations between measured choking velocities and those calculated by various
correlations (after Punwani et al. [22])

Investigators
Low-pressure dataa High-pressure data

Zenz Lewis Ormiston
Capes and
Nakamura

Knowlton and
Bachovchin All data

Correlation source Relative deviation (%)

Zenz and Othmer [3] 21 39 55 47 41b 41

Rose and Duckworth
[26]

59 69 43 69 219b 140

Leung et al. [4] 20 39 27 18 67c 39

Yousfi and Gau [8] 27 14 12 68 31b 40

Knowlton and
Bachovchin [27]

522 143 200 215 6d 257

Yang [28] 36 34 31 15 76c 44

Punwani et al. [22] 36 34 31 15 8c 25

aYousfi and Gau [8] detailed data not available for the present analysis
bBased on the weighted average diameter of the feed size distribution †xifdi
cBased on the weighted average diameter of the size distribution in the riser †xitdi
dBased on surface-to-volume mean diameter 1/(†xif=di)

5.3.1.1 Equations of Barth and Gunther

One of the earliest equations is that due to Barth [24] written in terms of the Froude
number at choking versus solid–gas loading ratio, �, and K1 is a constant:

Fr�2
c D v2c =gD D K21�

1=2 (5.20)

The equation is derived to predict the velocity required to prevent saltation in hor-
izontal conveying (Section 5.6) and was claimed to be useful also for predicting
choking in vertical conveying. The constant K1 in the equation depends on the char-
acteristics of the solid particles and its value for wheat is available. Equation 5.20 is
of limited use since a general method of evaluating K1 is not available.

Gunther [25] extended Barth’s equation by an additional term to account for the
behaviour of the system when � is low. He suggested that the choking velocity
should lie within the range of

K22=.D=d/5=7 < Fr�2
c < K22=.D=d/5=7.1C �1=2/C K22�

1=2 (5.21)

However, as a general method for evaluating K2 in Eq. 5.21 is not available,
Gunther’s equation cannot be used to predict choking flow rate. For that reason
perhaps, neither Eq. 5.20 nor Eq. 5.21 was evaluated by Punwani et al. [22] in their
comparative study.
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5.3.1.2 Equation of Zenz and Othmer

Zenz and Othmer [3] presented a graphical correlation of experimental results for
choking and saltation of particles of uniform size. The correlation can be repre-
sented by Eq. 5.22 given in Table 5.1. The general applicability of Eq. 5.22 has been
questioned [4,29] as the parameters cannot be grouped dimensionlessly and the im-
portant relevant parameter of wf0, the free fall velocity of a single particle, has not
been included. For these reasons the use of Eq. 5.22 is not recommended here al-
though there is fair agreement between its prediction and published measurements
(Table 5.2).

5.3.1.3 Equation of Doig and Roper

Doig and Roper [21] recognized the importance of including wf0 and correlated
the published results for choking and saltation up to 1960 by an extension of
Barth’s equation. Like the equation of Zenz and Othmer, their equation (Eq. 5.23 in
Table 5.1) contains a parameter wf0 which was not grouped with other parameters to
form a dimensionless group. Equation 5.23 was shown [4] to give poor agreement
with observed results and was not evaluated by Punwani et al. [22].

The use of the Doig–Roper equation for predicting choking velocity is not
recommended here.

5.3.1.4 Equation of Rose and Duckworth

Rose and Duckworth [26] carried out a comprehensive dimensional analysis
and correlated their own data in terms of a dimensionless equation (Eq. 5.24 in
Table 5.1). Agreement between predictions from Eq. 5.24 with observed results
is poor (Table 5.2) and the use of Eq. 5.24 is not recommended. More recently
Duckworth [30] presented the following equation for predicting minimum transport
velocity, vmin, for vertical pneumatic conveying:

vmin=wf0 D �0:3¥.d=D/ (5.31)

The function ¥.d=D/ is given in Fig. 5.9. Agreement between observed choking
velocities with the predicted minimum transport velocity from Eq. 5.31 is poor. Thus
the use of Eq. 5.24 or 5.31 for predicting choking flow rates is not recommended.

5.3.1.5 Equation of Leung et al.

Leung et al. [4] derived the following equation for calculating choking velocity by:

(a) assuming that the relative velocity between solid and gas is equal to wf0 at chok-
ing; and
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Fig. 5.9 Function for
Eq. 5.31 (after Duckworth
[30]) 2
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(b) using an average value of 0.97 as the choking voidage:

vc D 32:3.cc/C 0:97wf0 (5.25a)

For mixed particle systems they suggested that Eq. 5.25a can be written in the form

c0xif D 0:03xit.vc=0:97� wf0/i (5.25b)

and X
xif D

X
xit D 1 (5.25c)

where

xif D volume fraction of particles in feed with free fall velocity wf0i

xit D volume fraction of particles in tube with free fall velocity wf0i

Equations 5.25b and 5.25c permit estimation of choking velocity for mixed size
particles.

Table 5.2 shows that predictions from Eq. 5.25 are in good agreement with pub-
lished results for tube size ranging from 25 to 75 mm. As the results on mixed sized
particles are meagre, more work is required to ascertain the applicability of these
equations for mixed size particles.

One major drawback of the equation of Leung et al. is that it does not account
for the effect of tube size in choking.

5.3.1.6 Equation of Yousfi and Gau

Yousfi and Gau [8] correlated their own experimental results to yield a dimension-
less equation for predicting choking velocity (Eq. 5.26 in Table 5.1). As the equa-
tion’s predictions are inconsistent with the careful experimental results of Capes and
Nakamura [5] in an 80 mm tube (Table 5.2), its use is not recommended here.
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5.3.1.7 Equation of Knowlton and Bachovchin

Knowlton and Bachovchin [27] studied choking in a 75 mm diameter tube at gas
pressure up to 4,700 kPa and presented an empirical equation (Eq. 5.27 in Table 5.1)
for correlating their results. Their equation contains a dubious particle Reynolds
number based on the solid mass velocity relative to a stationary point. Equation 5.27,
while predicting their own results well, gives poor prediction under different operat-
ing conditions (Table 5.2). For these reasons the use of Eq. 5.27 is not recommended.
It should be pointed out that the experimental results of Knowlton and Bachovchin
represent the only known high pressure choking data in the literature.

5.3.1.8 Equations of Yang

Yang [28] assumed that at choking the solid–wall friction factor œz is constant at
0.01 and that the relative velocity between gas and solid is equal to wf0, the free fall
velocity. From a force balance on the solids assuming CD© D CD1 ©�4:7 (Chapter 3)
he derived the following set of two equations which can be solved simultaneously
to obtain the choking velocity and the choking voidage:

2gD.©�4:7c � 1/=.vc � wf0/
2 D 0:01 (5.28a)

c0 D .vc � wf0/.1 � ©c/ (5.28b)

Table 5.2 suggests that predictions from Yang’s equations are in good agreement
with published data in the literature. For particles of mixed size, wf0 in Eq. 5.28
may be replaced by a mean terminal velocity as follows:

Nwf0 D
X

xifwf0i (5.32)

It is not possible to assess the applicability of the extended equation for mixed size
particles as insufficient experimental data are available. Note vc, rather than vc=©c,
is used in Eq. 5.28 for convenience as an approximation, as voidage at choking is
close to 1.

5.3.1.9 Equations of Punwani et al.

Punwani et al. [23] questioned the constant solid friction factor assumption of Yang
and obtained an empirical relation for variation of the friction factor at choking
with gas density based on the high pressure results of Knowlton and Bachovchin
[28]. They then modified the Yang equation to allow for this variation to yield
Eq. 5.29. Equation 5.29 can be combined with Eq. 5.28b to predict choking voidage
and choking velocity:

2gD.©�4:7c � 1/=.vc � wf0/
2 D 0:074¡0:77 (5.29)
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where � is in lb=ft3. For mixed size particles Punwani et al. suggested that Eq. 5.28b
can be replaced by:

c0
cxif D .1 � ©c/xit.vc � wf0i/ (5.30)X

xit D
X

xif D 1 (5.25c)

Table 5.2, taken from Punwani et al., shows that their own correlation (5.29) gives
the least deviation between measured and predicted choking velocities. The super-
ficial velocity, vc, instead of vc=©c is used in Eqs. 5.29 and 5.30 for convenience as
for Eq. 5.28 since voidage is close to 1.

5.3.1.10 Selection of Choking Velocity Correlations

In summary a large number of correlations are available in the literature. These are
all empirical in nature. The more reliable ones appear to be those due to Punwani
et al., Leung et al. and Yang [4,23,29] and the use of these three equations is recom-
mended. All three correlations can be used for uniform size as well as mixed size
particles. Comparison between predictions and experimental observation suggests
that the choking velocity can be predicted to within about ˙50%. Thus a safety
factor of 1.5 should be applied to the calculated choking velocity in setting the min-
imum transport velocity in vertical pneumatic conveying in the dilute phase flow
mode. It should be cautioned, however, that all the experimental results have been
obtained in tubes smaller than 80 mm diameter with a significant number of results
obtained in tubes smaller than 40 mm diameter. The applicability of these empiri-
cal equations to large tubes is uncertain. Further, the results on mixed size particles
are meager. The reliability of these three correlations for mixed size particles is
therefore unknown. The effect of proximity of pipe bends on choking velocity in a
vertical tube has yet to be studied systematically. Recently Chong and Leung [24]
suggested the use of different equations for different systems. There is a need for
more theoretical work aimed at understanding the phenomenon of choking and more
experimental work aimed at extending the range of applicability of the empirical
equations.

5.3.1.11 Bi, Grace and Zhu Analysis

Choking has been reviewed for pneumatic conveying in vertical systems by Bi et al.
[31]. They have divided the choking that occurs into three regimes. Three different
classifications are noted as types A, B and C. Type A is choking where solids start
to accumulate at the bottom of the conveyor; type B is due to blower/conveyor in-
stabilities and type C is the classic choking associated with slugging. They also note
the interrelationship between fast fluidization and pneumatic conveying.
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5.3.2 Transition from Dense Phase Conveying to Packed
Bed Conveying

In dense phase conveying, particles are in suspension (i.e. fluidized). The relative
velocity (or slip velocity) between gas and solid is necessarily higher than that cor-
responding to minimum fluidization, for the particles to be in suspension. If the
gas velocity is reduced at a fixed solid flow rate, a stage will eventually be reached
when the slip velocity is insufficient to support the particles in suspension. Transi-
tion from dense phase fluidized solids flow (or bubbly dense phase flow) to packed
bed flow (or moving-bed flow) occurs when the slip velocity reaches a critical value
equal to that at minimum fluidization. The equation for predicting the transition
from dense phase flow (fluidized solids flow) to packed-bed flow may be derived by
equating the slip velocity at vertical pneumatic conveying with the slip velocity at
minimum fluidization [32]. At this transition the voidage in the riser tube is equal to
the voidage at minimum fluidization, ©mf, giving

v

©mf
� Pms

¡p.1 � ©mf/A
D vmin

©mf
(5.33)

Equation 5.33 relates the gas and solid velocities at the transition from fluidized
solid flow to packed bed flow. Taking an average voidage of 0.45 for ©mf, Eq. 5.33
can be simplified to the following dimensionless form for predicting this transition:

0:55.v=vmin/� 0:45.c0=vmin/ D 0:55 (5.34)

Equation 5.34 will be used for the development of a quantitative flow regime
diagram in Section 5.3.3.

5.3.3 A Quantitative Flow Regime Diagram in Vertical Flow

For gas–solid systems in which the choking transition occurs, the equations pre-
sented in Sections 5.3.1 and 5.3.2 can be used to develop a quantitative flow regime
diagram [15, 33]. Such a flow regime diagram is presented in Fig. 5.10 for a
sand–air system showing regions of packed bed, dense phase and dilute phase flow.
Figure 5.10 permits the quantitative estimation of flow regime for the system consid-
ered. In the figure, Yang’s Eq. 5.28 was used to demarcate between dilute phase flow
and slugging flow. Either of the other two recommended choking velocity Eqs. 5.25
or 5.29 may also be used.

In pneumatic conveying it is often useful to express the solids to gas loading
ratio 
 as a parameter. Equation 5.34 for transition from fluidized bed flow to non-
fluidized packed-bed flow can be written as:

� D 1:22

�
¡p

¡

� �
1 � vmin

v

�
(5.35)
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Fig. 5.10 A quantitative flow
regime diagram for vertical
conveying for air–solid
system (after Leung et al.
[15, 33]) in 0.1 m diameter
tube: �p D 2;500 kg=m3,
� D 1:38 kg=m3,
vmin D 0:24m=s,
wfo D 3:35m=s

Expressing vmin=v as .vmin=wf0/.wf0=v/ and writing wf0=vmin D f.Ga/, as given in
Eqs. 5.33–5.34, we have

� D 1:22.¡p=¡/Œ1 � .wf0=v/=f.Ga/� (5.36)

For the dilute phase to dense phase flow (i.e. choking) transition, Yang’s Eqs. 5.28a
and 5.28b can also be expressed in the form

� D fŒ.¡p=¡/; .wf0=v/; .w2f0=gd/� (5.37)

For a given system, the Galileo number is known. Equations 5.36 and 5.37 define
the demarcation between non-fluidized flow and fluidized (dense phase) flow and
between dense phase flow and dilute phase flow respectively. A quantitative flow
regime diagram is presented in a plot of mass flow ratio � versus dimensionless gas
velocity v=wf0 in Fig. 5.11 for a sand–air system with different tube diameters.

The diagram is useful in defining the range of loading ratios for a given flow
pattern. The maximum loading ratio possible for dilute phase flow and dense phase
slugging can also be obtained from the diagram. Constant solid flux lines have been
included in Fig. 5.11: for a given solid flux the diagram can be used in specifying
the operating gas flow rate. For a tube diameter of 50 mm and a solid flux Pmp=A D
500 kg=m2 s shown in Fig. 5.11, the minimum gas velocity required to attain dilute
gas phase flow is represented by point M in the figure. An appropriate safety factor
of 1.5, say, may be applied to the gas flow rate to give a recommended gas flow rate
corresponding to point N in the figure.

The existence of a maximum loading ratio limit for slugging dense phase flow
for a given system as shown in Fig. 5.11, was first pointed out by Dixon [34]
who showed how the maximum ratio varies quantitatively with powder properties,
conveying air pressure and solid mass flux.
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Fig. 5.11 Quantitative flow regime diagram for vertical pneumatic conveying. Data used in
calculation: vmin D 0:24m=s, wfo D 3:4m=s, �p D 2;500 kg=m3, � D 1:38 kg=m3 with the
tube diameters of 50, 100 and 200 mm (after Leung and Wiles [15])

5.4 Non-choking System in Vertical Flow

In Section 5.2.2 equations for predicting whether a system will exhibit the ‘choking
transition’ are presented. In general fine particles in large diameter tubes tend not
to choke. This section pertains to non-choking systems. In a non-choking system,
the four possible patterns as the gas velocity is reduced at a fixed solid flow rate are
given in Fig. 5.4 as:

(a) Dilute (lean) phase flow
(b) Non-slugging dense phase flow
(c) Slugging dense phase flow and bubbly dense phase flow
(d) Non-fluidized packed bed flow

The transition from dilute phase flow to non-slugging dense flow is diffuse. When
gas velocity is reduced at a given solids flow rate in dilute phase mode, the solid
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concentration increases in the tube. The gas–solid system becomes less and less
homogeneous, indicated by the presence of clusters and strands of particles. The
system has the appearance of turbulence with intense solid mixing, with continu-
ous break-up and formation of clusters. This is defined here as non-slugging dense
phase flow. The onset of non-slugging dense phase flow is difficult to define exactly
and no published equation is available to predict the fuzzy transition point. From
the knowledge that the slip velocity in this flow mode may be substantially higher
than the free fall velocity of a single particle, we can deduce that this transition gas
velocity will be significantly higher than that calculated using the choking velocity
equations discussed in Section 5.3.1.

The phenomenon of non-slugging dense phase conveying is analogous to the ‘tur-
bulent regime’ of fluidization reported by Kehoe and Davidson [35]. They observed,
as the velocity of gas flow through a fluidized bed of fine powder was raised, the
breakdown of the slugging regime into ‘a state of continuous coalescence – virtually
a channeling state with tongues of fluid darting in zig-zag fashion through the bed’.
The bed has the appearance of turbulence and is known as the turbulent regime.
The turbulent regime of fluidization refers to zero transport of solids. If solids are
introduced into the bottom of the fluidized bed and withdrawn from the top, as in
pneumatic conveying, we have the re-circulating fluidized bed operating in the tur-
bulent regime. This re-circulating fluidized bed has been termed ‘fast fluidization’
[2] and has commercial applications as a chemical reactor [36].

The ‘non-slugging dense phase mode’ defined here is similar to the so-called
fast fluidization. Thus the knowledge on non-slugging dense phase mode can be ob-
tained from the recent studies on fast fluidization [2,36,37]. While little generalized
quantitative information is available, the following characteristics of non-slugging
dense phase flow can be established:

(a) Pressure gradient in the tube decreases with increase in gas velocity at a constant
solid flow rate.

(b) Pressure gradient increases with solid feed rate at a given gas velocity.
(c) Slip velocities are high and can be an order of magnitude above the free fall

velocity. There is some evidence that the higher the gas velocity, the higher the
slip velocity.

(d) Solid volumetric concentrations as high as 25% have been observed before slug-
ging flow sets in.

(e) The transition from dilute phase flow to non-slugging dense phase conveying is
diffuse.

(f) The transition from non-slugging dense phase conveying to bubbling (or
slugging) dense phase conveying is also diffuse.

(g) At a low gas velocity within this regime, it is possible to have solid downflow
near the wall of the pipe although the net solid flow is upwards. This gives rise
to the possibility of ‘negative wall friction’, i.e. the frictional pressure drop is
negative.

Thus to summarize for non-choking systems, quantitative prediction of the two
transition velocities from dilute phase flow to non-slugging dense phase flow and
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from non-slugging dense phase flow to slugging (bubbling) dense phase flow is not
possible. Finally the transition from bubbly dense phase flow to packed bed flow in
this non-choking system is identical to that for the choking system. Equation 3.54
can therefore be used to predict this transition.

5.5 Particle Segregation in Vertical Pneumatic Transport

When mixed-size or mixed-property particles are transported pneumatically, the
in situ composition of the mixture in the pipe can often be considerably different
from that of the feed or delivered mixture. This difference arises as a result of dif-
ferences in velocity of particles of different size and properties. An estimate of the
in situ composition (or the degree of segregation) is often important in relation to
pressure drop estimation and more importantly in relation to riser reactor design
(where a riser tube serves as a chemical reactor).

Segregation in vertical pneumatic conveying has been studied by a number of
workers [4,38–41] and reviewed by Yang [41]. At very high gas velocity, the degree
of segregation is negligible. Segregation becomes progressively more pronounced as
the gas velocity is reduced. While little information is available to predict segrega-
tion in dense phase pneumatic conveying some equations are available for predicting
segregation in dilute phase flow. The equations of Leung et al. [4] and of Yang [41]
will be reported here as they can deal with multi-component systems and appear to
give good agreement with observation. The analyses of Muschelknautz [39] and of
Nakamura and Capes [38] are more fundamental and complex but are restricted to
binary systems.

5.5.1 Equations for Predicting Segregation

Segregation in a pneumatic conveying tube is caused by the non-uniformity in par-
ticle velocities for particles of different size and properties. A simple model is to
assume slip velocity of each class of particle is equal to its free fall velocity, i.e. [4]

v � ci D wf0i (5.38)

The continuity equation for component i is given by

Pmsxif D xitci.1 � ©/¡pi (5.39)

where xif is the mass fraction of component i in the feed mixture and xit the in situ
volume fraction of i in the pipe. From Eqs. 5.38 and 5.39 the in situ composition in
the tube and the degree of segregation can be calculated [4].

The segregation tendency calculated from the above simple model is greater
than that observed in practice, especially at low gas velocity. Equation 5.39 does
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not take into consideration the interaction between particles and the effect of wall
friction. Both these factors are taken into consideration in Yang’s model. Allowing
for voidage and wall effects, solid velocity is given by [41].

ci D v � wfi
�
.1C œ�

z c2i =2gD/©4:7
	1=2

(5.40)

œ�
Z in Eq. 5.40 is a weighted average solid friction factor. wfi in the equation is a

modified terminal velocity of particle i to include the effects of ‘interactions be-
tween different components’. Methods for calculating œ�

Z and wfi were given by
Yang. They can be used in conjunction with Eqs. 5.39 and 5.40 to calculate the
in situ concentration in the tube and hence the degree of segregation. Good agree-
ment between predictions and observed segregation of binary mixture was reported
by Yang. No multi-component mixture segregation measurement has been reported
in the literature and the validity of Yang’s equations for multi-component systems
is therefore not known.

5.6 Saltation and Pick-Up in Horizontal Conveying

5.6.1 Theoretical Considerations

The mechanism of saltation is complex and theoretical predictions of saltation ve-
locity from first principles have yet to be developed. The complexity is compounded
by: (i) the different definitions of saltation; (ii) different possible mechanisms de-
pending on the size of a particle relative to the thickness of the laminar sublayer and
buffer layer at the wall of a pipe; and (iii) the uncertain effects of solid concentra-
tion in the gas stream. In this section, we shall discuss a number of mechanisms of
saltation.

For transport of a single particle in a gas stream in a horizontal pipe, four major
threshold velocities have been defined by Zenz [42]:

(a) The minimum velocity required to transport a single particle by rolling, sliding
or bouncing along the bottom of the pipe.

(b) The minimum velocity required to transport an injected particle without salta-
tion and without obviously rolling and bouncing.

(c) The minimum velocity required to pick up a particle from rest in the bottom of
a pipe and transport it in suspension.

(d) The minimum velocity required to pick up a particle from rest in a layer of
particles and transport it in suspension. In addition most pneumatic conveying
designers utilize the term pick-up to refer to the velocity needed to keep the
particles in suspension at the feed point.

The magnitude of these threshold velocities increases in that order, and Zenz’s
measurements show that the critical velocity (d) above, may be up to 2 to 2.5
times critical velocity (a) above. Note that the above definitions refer to a flowing
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gas stream with zero solid concentration, i.e. the case of infinite dilution. Similar
definitions can be obtained for finite solid loadings in the gas. Most theoretical
treatments consider the situations depicted in cases (c) and (d) – the velocity re-
quired to pick up a particle from rest.

Bagnold [43] considered the lifting of a particle as a result of flow of a gas over
a flat surface. He suggested that a particle may be dislodged as a result of shear
stress in the horizontal direction. Thomas [44] suggested that the forces relevant to
saltation are gravity and lift force. The lift force is caused by ‘the mean velocity gra-
dient across the particles and by instantaneous velocity differences accompanying
turbulent fluctuations’. He defined two types of situation depending on whether the
particle is inside the laminar sublayer or not. Matsumoto et al. [45] suggested that
particles are kept in suspension by bouncing motion.

All the theoretical analyses require a detailed description of the fluid velocity
profile near the wall. For zero solid concentration in the gas phase, the universal
velocity profile for turbulent flow may be used as an approximation. However, the
real fluid velocity profile with finite and uneven solid concentration at a velocity
slightly above the saltation velocity can be very different from the universal profile.
To predict saltation velocity theoretically, a description of the velocity profile in the
vicinity of the saltation point with particle flow is necessary. Progress in theoretical
prediction will have to await further information on such a velocity profile. Recent
measurements by Tsuji and Morikawa [46] using a laser Doppler velocimeter (see
Chapter 13) of the gas velocity profile in a 30 mm diameter pipe with 200�m parti-
cles indicate that the gas velocity profile is flattened by the presence of the particles.
They observed that the levels of turbulence were affected by the size of particles be-
ing transported. The larger particles increased the intensity of turbulence while the
smaller ones decreased the intensity markedly. Further, the slip velocity was found
to decrease with increase in loading. Further experimental work in this direction
may lead to a better understanding of the mechanism of saltation.

Although the mechanism of saltation is not well understood, a number of
empirical equations are available in the literature to predict the saltation gas ve-
locity. These will be reviewed in the following section.

5.6.2 Saltation Velocity Correlations

Prediction of saltation velocity is important as it sets the minimum gas velocity
for horizontal conveying. Scott [47] considered that ‘the greatest difficulty facing
the designer is the choice of an acceptable gas velocity. If the minimum transport
saltation velocity for a given material in a particular system is known, a reasonable
prediction can be made for that material in other systems. However, the choice of
an acceptable minimum velocity for a new material must at present be based on
experiments or on the designer’s experience.’

A large number of correlations are available for estimating saltation velocity and
have been reviewed by Leung and Jones [48]. They short-listed three equations for
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possible applications. They are those due to Rizk [49], Matsumoto et al. [45] and
Thomas [44, 50]. These equations will be described in detail below:

5.6.2.1 Equation of Rizk [49]

The Rizk equation states

� D 1

10•

�
vsp
gD

�x

(5.41)

where

• D 1:44d C 1:96

¦ D 1:1d C 2:5

and d (mm) is particle diameter (Chapter 6). The velocity vs is the gas velocity at
the saltation point.

5.6.2.2 Equations of Matsumoto et al. [45, 51]

The equation of Matsumoto et al. is empirical and given by:

� D ’.¡p=¡/
aŒwf0=10.gD/1=2�bŒvs=10.gD/1=2�c (5.42)

where

˛ D 1:11

a D 0:55

b D �2:3
c D 3:0

Matsumoto et al. [51] developed a two-equation technique to improve on their for-
mer correlation for the saltation velocity. They established a demarcation diameter
to distinguish between small and large particles looking at particle sizes from 20 to
1;640�m. The expression

d�

D
D 1:39

�
¡p

¡

��0:74
(5.43)

defines the demarcation diameter where d < d� is for fine particles and d > d� is
for coarse particles. For fine particles the expression for the loading at saltation is

� D 5:56 � 103
�

d

D

�1:43 �Frs

10

�4
(5.44)
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and for coarse particles is

� D 0:373

�
¡p

¡

�1:06 �Frp

10

��3:7 �Frs

10

�3:61
(5.45)

where

Frp D Froude number using the terminal velocity of the particle and particle
diameter.
Frs D Froude number at saltation velocity with the pipe diameter.

Plasynski et al. [52] reviewed these equations for a wide number of saltation data
and recommended this analysis as preferred.

5.6.2.3 Equation of Thomas [44, 50]

Thomas correlated minimum transport velocity through the friction velocity v�
s

defined by
v�

s D .�pD=4L¡m/
0:5 (5.46)

where

�p=L D frictional pressure gradient for gas–solid mixture
¡m D density of gas–solid mixture

Thomas proposed two separate correlations depending on whether a particle is
larger or smaller than the laminar sublayer. The method for estimating saltation
velocity requires a prior knowledge of ¡m and .�p=L/. Leung and Jones [48] sug-
gested that as a first approximation, the gas density, � and friction pressure drop due
to gas alone may be used. The steps in calculating saltation velocity are as follows:

(a) Calculate friction velocity v�
s0 at infinite dilution by

wf0

v�
s0

D 4:9

�
dv�

s0¡

˜

��
Dv�

s0¡

˜

��0:6 �
¡p � ¡

¡

�0:23
(5.47)

(b) Equation 5.47 is applicable to particles larger than the laminar sublayer, i.e. for

d > 5˜=.v�
s0¡/ (5.48)

Check that the condition given in (5.48) is satisfied from v�
s0 calculated from

(5.47).
(c) If Eq. 5.48 is not satisfied, use Eq. 5.49 below to calculate v�

s0:

wf0=v�
s0 D 0:01.dv�

s0¡=˜/
2:71 (5.49)
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(d) Calculate the friction velocity at saltation v�
s and the saltation velocity vs from

Eqs. 5.50 and 5.51 via an iteration procedure:

v�
s =v�

s0 D 1C 2:8 .wf0=v�
s0/.1 � ©s/

0:5 (5.50)

where
©s D voidage at saltation

vs=v�
s D 5 log.¡vsD=˜/� 3:90 (5.51)

The iteration procedure is

1. Assume v�
s0 D v�

s .
2. Calculate vs from (5.51).
3. From vs and solid flow, calculate "s by assuming a solid to gas velocity ratio of

0.5, i.e.

©s D 1 � �
¡

¡p

vs

c
(5.52)

where 
 is the solid to gas loading ratio.
4. Recalculate v�

s and vs from Eqs. 5.50 and 5.51.

A solid to gas velocity ratio of 0.5 is taken here for Eq. 5.52 as the calculated salta-
tion velocity is not sensitive to the value of this ratio. Equation 5.51 relating gas
velocity and friction velocity is taken from turbulent single phase flow in a pipe.
In using the equation, it is implied that the presence of solid does not change the gas
velocity profile.

5.6.2.4 Cabrejos and Klinzing

Later Cabrejos and Klinzing [53] explored saltation velocity behaviours for a wide
range of parameters using a modified rig employed for pick-up velocity determina-
tions. The correlation that resulted is given as

vsp
gd

D vs0p
gd

C 0:00224

�
¡p

¡

�1:25
�0:5 (5.53)

The saltation velocity of a single particle, vs0, have been obtained from experimental
data and are compared to values predicted by Zenz [42] in Table 5.3.

Table 5.3 Saltation velocity of single particles, m/s [53]
Material vs0 measured vv0 from Zenz

3 mm polyester polymer 3.20 6.66
450
m glass beads 2.80 4.25
450
m alumina 2.50 3.55
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5.6.2.5 A Summary

Leung and Jones [48] showed that the above saltation velocity equations give rea-
sonable agreement with published saltation measurements with a root mean square
relative deviation (RMSRD) of less than 60%. The equation of Thomas (RMSRD D
44%) was recommended as it appears to have a sound theoretical base.

The equations of Rizk (RMSRD D 60%) and of Matsumoto et al. (RMSRD D
53%) are simpler to use and are particularly useful for extrapolation. Their use was
also recommended.

5.6.3 A Quantitative Flow Regime Diagram for Horizontal Flow

Using the saltation velocity equation in Section 5.6.2 of Matsumoto et al. a quanti-
tative flow regime diagram can be constructed for horizontal pneumatic conveying.
We shall define operation at a gas velocity greater than the saltation velocity as dilute
phase. Below the saltation velocity, operation will be in either dense phase flow or in
extrusion flow. A flow regime diagram based on Eq. 5.42 is presented in Fig. 5.12 for
the conveying of sand with a particle Froude number of 40 ..wf0=gd/0:5 D 40/ and
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Fig. 5.12 A flow regime diagram for horizontal conveying
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a density ratio of 2,000 .¡p=¡ D 2000/. Such a diagram may be used in conjunction
with the flow regime diagram for vertical conveying (Fig. 5.12) to determine flow
patterns in different parts of a pneumatic conveying system and to set minimum
operating gas velocity.

5.6.4 Pick-Up Velocities

As mentioned previously, the pick-up velocity can have two definitions. One is the
velocity at the feed point needed in order to transport the solids in suspension flow
and the other is the velocity needed to pick up the particles from the bottom of the
pipe. The literature reveals a few investigators into the pick-up velocity phenomenon
trying to formulate some basic behaviour [54, 55].

Cabrejos and Klinzing [56] and Cabrejos, Klinzing and Dibble [57] have utilized
a simple experimental rig to visually observe when the pick-up from the bottom of
the pipe occurs. Using a wide variety of particles they suggest for particles greater
than 100�m the following expression

vgpup
gd

D
�
0:0428Re0:175p

��D

d

�0:25 �¡p

¡

�0:75
(5.54)

where Rep D dv¡=˜.
This expression was obtained for the following range of parameters

25 < Rep < 5000

8 < D=d < 1340

7700 < ¡p=¡ < 4240

For particles less than 100�m in diameter the surface forces dominate and the
correlation has less reliability. It is noteworthy that Villareal and Klinzing [58] ex-
plored pick-up velocities at high gas pressures using carbon dioxide as the gas. As
seen in the correlation, as the gas density is increased the pick-up velocity decreases.
This was experimentally achieved. One thus can reduce the conveying velocity by
increasing the gas density thus decreasing the particle attrition and pipe erosion. Ex-
ploring the pick-up velocity behaviour for various materials shows that for the larger
and more dense materials, the pick-up velocity is dominated by the inertia of the ma-
terial while for smaller and lighter particles surface forces control the phenomenon.

The pick-up velocity at the feed point has been suggested by a wide variety
of sources. Generally speaking these suggested values are about 40% greater than
needed to convey the solids. In addition values for conveying in vacuum are larger
than those to convey by pressure which results from the sluggish behaviour seen for
vacuum systems.
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5.6.5 Interrelationship Between Saltation and Pick-Up Velocities

While exploring the saltation and pick-up velocity relationships, Cabrejos and
Klinzing [53] encountered a unique non-linear relationship between the two ve-
locities as depicted in Fig. 5.13. One notes as the conveying velocity is decreased
various flow regimes are traversed until the particles salt out. For some particles,
namely alumina, a crawling flow of particles is noted over a settled layer, most
likely due to the shape of the particles. Counter to this saltation is the pick-up ve-
locity which does not follow the same path as the saltation but must reach a critical
velocity before pick-up will be achieved.

5.6.6 Superficial Velocities in Particle-Fluid Systems Leading
to a Generalized Presentation

Kalman and his students embarked from 2005 to 2008 in a number of studied and
correlations of critical velocities that are important in pneumatic conveying and
associated solids processing operations. Kalman et al. [64] first explored the pickup
velocity of particles blending their findings with those of former researchers. They
are able to define three zones related by simple relationships between the Reynolds
number and Archimedes number. The three zones represent a zone where the pickup
velocity increases as the particles diameter increased due to an increase of the

F
r p

 =
 

c

O B

A

saltation

flow over a
settled layer

moving dunes

pulsating flow

stratified flow
homogeneous
gas–solids flow

pick-up

C

D Rep crit
Rep =

r dv

h

gd

Fig. 5.13 Model of flow regimes observed for horizontal pneumatic conveying including pick-up
and saltation
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gravity force. In the second zone they noted that the pickup velocity increases as
the particle diameter decreases due to the increase in cohesive forces and the zone
three is a zone where one finds powders that are cohesive that are so high that the
particles move as agglomerates rather than single particles. The pickup velocity can
be written as

Re�
p D 5Ar�3=7

for

Ar� > 16:5
where

Ar� D Ar.0:03e�3:5§/

Re�
p D Rep

1:4 � 0:8e� D=D50
1:5

Rep D dvpu¡=˜ (5.55)

and the pipe diameter is compared to the 50 mm pipe diameters

D=D50

Rabinovich and Kalman [65] expanded their initial study of pickup velocities in
conduits to the critical and wind threshold velocities in both gases and liquids and
found that Eq. 5.55 still applies and a master curve had emerged. Following on this
work in 2008 Rabinovich and Kalman [66] developed the generalized master curve
for threshold superficial velocities in particle-fluid systems give as

Re� D c�.Ar�/m�

or

Re=H� D c�.Ar � K/m
�

(5.56)

Table 5.4 give the values of the parameter of Eq. 5.56 for the various threshold
velocities. These correlations agree well with the experimental data of various
researchers.

Exploring the saltation velocity in the same details as the pickup velocity
Rabinovich and Kalman [67] found an equation for large particle and one for
small particles.

For large particles with the Archimedes number .Ar�/ greater than 2,450 they
obtained

Re�
s D 1:1Ar�3=7 (5.57)

and for smaller particle with the Archimedes number less that 2,450.

Re�
s D 3Ar�0:3 (5.58)
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5.7 Circulating Fluid Beds

Circulating fluid beds are common units nowadays which have found much use in
industry for combustion to other reactive systems processing. This unit has vari-
ous flow regimes present as the particles move up the bed. Often the unit has been
likened to dense phase flow conditions. Yang [59] has modelled the circulating fluid
bed, finding good agreement with the data of Kwauk et al. [60], Weinstein et al. [61],
Arena et al. [62] and others. He considers three regimes: the dilute phase section, the
dense phase section and the transition section. Coupling the pressure contribution
of these three sections along with the solid flow control device a realistic model has
been obtained.

Along the same lines of circulating fluid beds Rhodes et al. [63] have developed
a radial solids concentration profile for dilute phase vertical flow which can be ex-
pressed as

1 � ©
1 � N© D 2

� r

R

�2
(5.59)

where the barred voidage is the mean radial value in the fluid bed.
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Chapter 6
Principles of Pneumatic Conveying

Abstract Chapter 6 gets down to the basic principles, analysis and design on
pneumatic conveying systems. The system is broken down into its major compo-
nents and energy requirements and relates the physics of gas–solid transport to the
practical pressure loss for design purposes. The various components of the system
are considered in details with diagrams showing the behavior of the system as well
as provided basic design equations for the student and practitioner.

Keywords State diagrams � Modes of transport � Dimensional Analysis � Force �
Drag � Friction � Pressure Drop � Energy

6.1 Introduction: Putting It All Together

In the preceding chapters the more fundamental facets of gas–solid suspensions
have been discussed in terms of the findings of a large number of researchers.
In Chapter 2, the issues pertaining to the flow of the gas alone were discussed whilst
in Chapters 3, 4 and 5 issues relating to single and multiple particle dynamics, flow
in vertical and horizontal pipes, particle characterization and the like were discussed.

In this chapter, the various principles enunciated thus far will be correlated in
an attempt to obtain some simple equations to assist with the design of pneumatic
conveying systems operating in the dilute phase.

Whereas adequate cross-references will be made to the relevant sections in the
preceding five chapters, those readers seeking a quick understanding of the design
procedures need only consult Chapter 1. Those readers who wish to gain a deeper
insight into the more microscopic aspects of gas–solid suspension flow, are advised
to consult all the previous chapters.

6.2 The State Diagram Revisited

In Section 1.8.1 the basic characteristics of the state diagram [1] were described.
A closer look at the state diagram [2] reveals that it is a most useful method for
obtaining important information relating to pneumatic conveying system design.

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 6,
c� Springer Science+Business Media B.V. 2010
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Fig. 6.1 Flow phases for
fine particle suspensions:
(a) fully suspended, stable;
(b) surging, unstable;
(c) saltation point–stationary
bed, stable; (d) moving bed,
very unstable; (e) stationary
bed, stable

6.2.1 Modes of Pneumatic Conveying

In Chapter 1 the definitions of dilute and dense phase conveying were proposed.
In addition, the concept of dilute and dense phase flow situations occurring under
conditions of stable and unstable flow was also alluded to.

For fine particle suspensions (Section 1.9.3) five identifiable flow patterns have
been observed. These observations have been made by either keeping the conveying
gas velocity constant whilst increasing the solids feed rate, or keeping the solids
feed rate constant whilst decreasing the conveying velocity.

In Fig. 6.1 a model of the flow phases is depicted as the concentration of solids
is increased. From the description alongside each flow pattern it can be seen that
each flow description is preceded by a comment on whether the flow is stable or
unstable. The stability or otherwise of the flow is believed to be a more effective
means of describing the flow in a gas–solid suspension.

In fine particle suspensions, flow stability oscillates from being very stable to
being extremely unstable. Of particular importance is the formation of so-called
moving or stationary beds. It will be noted that conditions (c) and (e) in Fig. 6.1
are described as being stable in the presence of a stationary bed. Condition (d),
however, depicts that situation in which ‘explosions’ are observed due to erratic
duning. Condition (d) is synonymous with the observation of severe pressure surges
in the conveying system.

6.2.2 The General State Diagram and the Normalized
State Diagram

The flow patterns described in Fig. 6.1 are easily located on a general state dia-
gram. In Fig. 6.2a the pressure drop per unit length of conveying pipe is shown
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Fig. 6.2 (a) The general state diagram; (b) state diagram showing pressure minimum

as a function of the conveying gas velocity. The conditions (a)–(e) as described in
Fig. 6.1 are depicted in Fig. 6.2. Further the state Pms0 refers to the air alone situa-
tions, whilst states Pms1 to Pms5 are conditions in which the solids mass flow rate is
increased. The similarity of the shape of the gas–solids flow curves to the air alone
curve to the right of condition (c) should be noted.

Condition (c) on each trace is referred to as the pressure minimum point, and in
coarse particle suspensions corresponds to the saltation point at which particles start
dropping out of suspension.

Data for the so-called pressure minimum curve are obtained by constructing a
tangent at each minimum point on the curve of constant solids feed rate. In Fig. 6.2b
the pressure minimum curve is shown as that line passing through these minima.
It should be noted that the pressure minimum line always has a positive slope, a
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fact often neglected when trying to uprate a system. As such, should a user wish
to increase the discharge capacity of an existing installation, the consequences of
merely increasing the solids feed rate without adjusting the conveying gas flow rate
could be disastrous.

Whilst convention has dictated that the state diagram is constructed by plotting
the log of the pressure gradient against the log of the conveying gas velocity, this
technique does lead to certain problems. In particular, the fact that the abscissa only
reflects a velocity condition presents problems in terms of how representative this
condition is in terms of the actual conveying conditions in a system. The state di-
agram as depicted in Fig. 6.2a is thus very much dependent upon the location in
a system where the observations were made. As such, by only considering the ve-
locity, it is possible that a slightly distorted version of the state diagram might be
obtained.

One way to rectify this situation is to normalize the state diagram by modifying
the abscissa to represent a dynamic pressure term .�v2=2/. By including a density
term, it is possible to obtain a state diagram which is truly representative of all flow
conditions in a system. The significance of the normalizing procedures is illustrated
in Fig. 6.3a and b. In Fig. 6.3a, observations obtained from two locations on a test
facility [3], specially designed to investigate the pneumatic transport of large rocks,
are depicted. Two test sections were selected to obtain information required to plot
the state diagram. It can be seen that by plotting the results in the conventional for-
mat, two sets of curves (one for each test section) are obtained for the state diagram.
As such, it is difficult to decide which set of conditions can be used to obtain the
fundamental conveying parameters for large rocks.

The same observations used to obtain Fig. 6.3a are now plotted in Fig. 6.3b
with the dynamic pressure term as the abscissa. All points fall on one set of
curves, thereby eliminating any doubt as to which condition should be used for the
determination of such parameters as the saltation velocity, minimum pressure, etc.
Thus, the inclusion of the density term with the velocity term helps define the exact
conditions which prevail in the conveying system. Clearly, the density term and the
velocity term are representative of those conditions occurring in the region of the
system where the pressure gradient is being monitored.

6.2.3 The Dimensionless State Diagram

A useful method of confirming the reliability of experimental data points, is to con-
struct a so-called dimensionless state diagram. The diagram (Fig. 6.4) is constructed
by plotting the mass flow ratio (�) against the Froude number (Fr) in a log–log plot.

In Fig. 6.4 it can be seen that a series of parallel straight lines is obtained. The
spacing between these lines is proportional to the change in solids feed rate. Any
experimental points which fall too far off the straight line should be thoroughly
investigated to ascertain their reliability.
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Fig. 6.3 (a) State diagram for large particles; (b) the normalized state diagram for large particles

6.2.4 General Phase Diagram for Fine Particles

To reinforce the notion of fine particle and coarse particle suspensions [4], Fig. 6.5
has been constructed depicting general trends obtained from visual observations
recorded for fine particle suspensions flowing in a horizontal pipe. In particular,
referring to Fig. 6.1, all points corresponding to the flow pattern (a) are joined by
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Fig. 6.5 The general phase diagram for fine particles

line I, those corresponding to (b) are joined by line II, etc. Line III corresponds to
the pressure minimum trace. It should be noted that these lines all slope towards the
pressure minimum.

Of particular significance however, is the fact that the saltation velocity for fine
particles (line II, Fig. 6.5) takes place before the pressure minimum is attained. This
observation is at variance with that noted for coarse particle suspensions in which
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the pressure minimum coincides with the saltation velocity. The onset of saltation
in fine particle suspensions is believed to be very significant and must be taken into
account when designing dilute phase pneumatic conveying systems.

6.2.5 Diagram of State

When plotting the parameters used to construct Figs. 6.1 and 6.5 on a log–log ba-
sis, the so-called diagram of state (Fig. 6.6) is obtained. Figure 6.6a indicates the

Fig. 6.6 State diagrams: (a) horizontal flow; (b) vertical flow
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conditions which prevail in a horizontal pipe. The dilute and dense phase flow
situations are shown to be right and left of the pressure minimum curve respectively.
For conditions prevailing in a vertical pipe, Fig. 6.6b demonstrates the transition be-
tween dilute and dense phase.

The corresponding diagrams obtained from actual measurements performed on
Styropor 3 (supplied by BASF AG) are shown in Fig. 6.7a and b. The Styropor has
a particle size d D 2:385mm, density ¡p D 1;050 kg=m3. Tests were conducted in
a conveying line with a diameter D D 52:6mm.

Results obtained from tests conducted on malt and fly ash in a horizontal
DD 100mm pipe [2] are shown in Figs. 6.8 and 6.9 respectively. In Fig. 6.9, the
various regions of stable and unstable flow as per Fig. 6.5 are also shown. These re-
gions were identified from visual observations recorded using a transparent section
of conveying pipe.

It should be noted that other state diagrams have been proposed by Matsen, an
example of which can be found in Fig. 4.6.
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6.2.6 The Dimensionless Pressure Minimum Curve

In light of the above, the determination of the pressure minimum curve is seen to
be most important. If the conditions of mass flow ratio (
) and Froude number (Fr)
prevailing at the pressure minimum conditions for each flow rate are plotted in a
log–log format, Fig. 6.10 is obtained. In Fig. 6.10a, the horizontal flow condition is
depicted, whilst the vertical flow situation is shown in Fig. 6.10b. From Fig. 6.10b,



202 6 Principles of Pneumatic Conveying

m
as

s 
flo

w
 r

at
io

 μ
a b

m
as

s 
flo

w
 r

at
io

 μ

Froude-Number Fr Froude-Number Fr

14

10

μ

9

1= ·
10δV

Fr5,33
8

7

6

5

4

3

2

1
10 20 30 40 50

S

V

A

S V A

13

12

11

10

9

8

7

6

5

4

3

2
10 12 14

Product : Styropor 3

Product : Styropor 3

Particle size 2.381mm

Vertical conveying line

Pipe material :

Particle size 2.381mm

Horizontal conveying line

Pipe material :

A

V

S

Aluminium (Al Mg3)

Stainless steel

Carbon steel

=

<

=

<

=

<

A
V

S

Aluminium (Al Mg3)
Stainless steel
Carbon steel

=

<

=

<

=

<

16 18 20 22

Fig. 6.10 Mass flow ratio 
 versus Froude number Fr: (a) horizontal flow; (b) vertical flow

an equation relating the conditions prevailing at the pressure minimum, can be ap-
proximated by

� D .1=10•/Fr¦ (6.1)

The exponents •, ¦ depend on the equivalent particle size and the pipe material,
where:

• D 1:44d C 1:96 (6.2)

¦ D 1:1d C 2:5 (6.3)

and d is in mm.
The relationship is shown graphically in Fig. 6.11a and b, in which the exponents

¦ and • have been plotted against the particle size d.
These curves allow the saltation velocity to be estimated for plastic materials

with a density of about 1;000 kg=m3. Various relationships have been published
for estimating the saltation velocity in horizontal pneumatic conveying systems and
have been compared by Leung et al. [5], and covered in Section 5.6.

6.2.7 Verification of � ! Fr Relationship

The mass load ratio has been plotted against Froude number in Fig. 6.12 with solid
mass flow rate and pipe diameter (D D 50–400mm) as parameters. The values plot-
ted represent results obtained by Siegel [6] and Rizk [7].
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The average pressure-minimum curve for Polystyrol (BASF AG) with a particle
size d D 1–2.5 mm in carbon steel pipes can be approximately defined by the equa-
tion � D KFr4. The deviation is ˙15%, expressed in terms of the Froude number.
This confirms that the dimensionless numbers � and Fr are the same in large plants
as they are in small.

6.2.8 The Relationship Between the Performance Characteristics
of the Prime Mover and Product Flow Characteristics

The incorrect selection of the prime mover can have serious repercussions on the
performance of a pneumatic conveying system. An awareness of the characteristics
of the prime mover is essential in order to facilitate trouble-free operation. The re-
lationship between the performance characteristics of the prime mover and the flow
characteristics of the product have a direct bearing on whether the system will block
or not. As such this relationship has a direct bearing on the pressure minimum curve.

The choice of a prime mover suitable for pneumatic conveying applications is
wide, and many are designed for specific applications. Manufacturers facilitate the
choice by publishing tables listing pressure heads, gas flow rates, speeds and power
consumptions under normal temperature conditions.
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Fig. 6.12 Mass ratio 
 versus Froude number Fr for polystyrol particles

Characteristics for three types of prime movers are shown in Fig. 6.13 (I radial-
flow fan, II rotary blower, and III positive-displacement rotary compressor). The
ordinate in this diagram represents the total pressure drop .�p/ in the system; and
the abscissa the volumetric air flow rate . PV/ at the blower intake.

Attention is drawn to two important operating points on these characteristics:

(a) The pressure drop when there are no solids in the pipe.
(b) The pressure drop when the solids are being conveyed.

The point A on the blower characteristic (I, II and III in Fig. 6.13) represents the
pressure drop in the empty conveyor line. Since the slope is negative, the flow rate
becomes less as the pressure drop increases. Thus the flow rate at the level B is
less than that at A and greater than that at C; and the reduction in flow rate � PV1
brought about by raising the pressure drop from A to C is greater than that effected
by raising the pressure drop B to C, i.e. � PV2. It can also be seen from the curve
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Fig. 6.13 Prime mover
characteristics

that an increase in slope entails less reduction in the rate of air flow. In other words,
pneumatic systems of high stability have characteristics with a steep slope.

Blower and product flow characteristics in the form of pressure drop/air flow
curves are shown in Fig. 6.14. The point A at which the two blower characteristics
(I and II) coincide should be the operating point in a conveying system. Since an
increase in the solids mass flow rate is bound to raise the system’s resistance, it will
cause point A to shift either to B on curve I or to point C on curve II. Hence an
increase in pressure drop is accompanied by a reduction in the air flow rate by an
amount� PV. In the particular case shown in Fig. 6.14, the reduction in air flow� PVI

(on curve I) is decidedly greater than � PVII (on curve II).
The new operating point B on curve I is to the left of the pressure-minimum

curve. In other words, it is located in the unstable zone of high pressure fluctuations
and, in addition, lies on the apex of the blower characteristic. Point B represents
the maximum possible mass flow rate Pms2 that can be achieved with blower char-
acteristics I, and the risk of sedimentation and plugging at this point is very high.
The slightest disturbance in conveying would suffice to cause blockage of the
entire system.

Operation of the blower characteristic II is quite different. At point C, there is
sufficient pressure in reverse to cope with any fluctuations in the feeder. Blower
characteristic II allows the mass flow rate to be raised to the level of the Pmp3 curve,
i.e. to point D, which is the vicinity of the pressure-minimum curve.
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6.3 Methods for Scaling Up

By virtue of their inherent advantages, pneumatic conveying systems are attracting
attention from more and more branches of industry. In view of the high costs in-
curred in practical trials, more reliance has to be placed on models for an accurate
prediction of performance.

The results of model studies can be scaled up by applying the principle of sim-
ilarity, which in this particular case can be regarded from three aspects: geometric,
dynamic and flow similarity.

A simple technique for scale up of pneumatic conveying systems was proposed
by Data and Ratnayaka [13]. The classic Darcy equation was employed in this
method using a macro parameter they call (K). They determined the variation of
(K) with the local air velocity squared showing a decaying behavior in (K) with
increasing local air velocity squared.



6.3 Methods for Scaling Up 207

6.3.1 Geometric Similarity

The principle of similarity can be applied in this case if the following conditions are
valid:

1. The ratio of the pipe diameter to the particle diameter is constant, i.e.

D=d D constant: (6.4)

2. The pipes are of similar quality and have inner walls of similar roughness.
3. The pipes are of similar geometry and the particles of similar shape.

6.3.2 Dynamic Similarity

The theory of similarity can be applied in this case if the forces and their ratios
(dimensionless numbers) that act on an element of volume in the gas–solids mixture
in the gas stream are identical in both systems.

(a) Reynolds number
Reynolds number D inertial force/viscous force
Formula:

Re D vD¡=˜ D constant (6.5)

Dimensional analysis:

Re D m

s
m



m2

s
D 1

where v is the velocity of air and D is the pipe diameter.
(b) Froude number

Froude number D inertia force/gravitational force
Formula:

Fr D v=.Dg/1=2 (6.6)

Dimensional analysis:

Fr D .m=s/=.m:m=s2/
1=2 D 1

Important factors in model studies are the air velocity v, the particle velocity c,
the terminal settling velocity wf, and the following dimensionless Froude num-
bers propounded by Barth [8]:

Fr D v=.Dg/1=2 D constant (6.7)

Fr� D c=.Dg/1=2 D constant with particle velocity (6.8)

Frf D wf=.Dg/1=2 D constant with settling velocity (6.9)

where D is the characteristic dimension for the pipe and g is the acceleration
due to gravity. The following Froude number ratios are also of importance:
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Fr�=Fr D c=v D constant (6.10)

Frf=Fr D wf=v D constant (6.11)

Frf=Fr� D wf=c D constant (6.12)

6.3.3 Flow Similarity

Mass load ratio � D solids mass flow rate

gas mass flow rate
D constant

Formula:
� D Pmp= Pmf D constant (6.13)

Dimensional analysis:

� D .kg=s/=.kg=s/ D 1

Solid mass concentration D conveying bulk density

gas density in the pipe
D constant

Formula:
�� D ¡�=¡ D constant (6.14)

Dimensional analysis:

�� D .kg=m3/=.kg=m3/ D 1

These conditions for similarity cannot be fulfilled all at once. The condition D=d D
constant, hardly ever applies, because the diameter of the particles in the model is
usually the same as that in the scaled-up plant, whereas the pipe diameters necessar-
ily differ. Even if D=d were a constant, the aerodynamic forces in the two systems
would comply with different aerodynamic laws to an extent depending on the mag-
nitude of the scaled-up factor. Thus the following applies for particles of a given
size:

Rep < 1 W FD � .v � c/d Stokes’ law

Rep > 10
3 W FD � .v � c/2d2 Newton’s law

where FD is the aerodynamic force, .v � c/ is the slip velocity between gas and
solids, and d is the particle size.

The pipe material and the quality of the inner wall surface must be the same in
both cases, because the action of the particles on the pipe wall greatly influences
the performance. Since the Reynolds number in pneumatic conveying is quite high,
.Re > 103/, the effect of viscosity is small compared to that of the inertia force and
can be neglected.
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6.4 Use of Theoretical Models and Definitions

6.4.1 Compilation of Power Balance

A theoretical approach involving the investigation of each individual mechanism
that takes place during the conveyance of solid particles is almost impossible, be-
cause the interactions between particles cannot be eliminated. Since two-phase flow
processes are very complicated, macrocharacteristic studies have been resorted to
for the case of gas–solids suspensions in ducts.

Figure 6.15 shows an element of pipe of length�S and diameter D through which
a mixture of gas and bulk solids is flowing. If there are no losses, the total power at
point 1 will be equal to that at point 2 for the case of steady-state flow. Thus,

P1gas C P1 solids D P2 gas C P2 solids C Plosses (6.15)

If there are no losses,
.P1 � P2/gas D .P2 � P1/solids (6.16)

The difference .P1 � P2/gas represents the power required for conveying the
solids, i.e.

Pgas D �pZ
PV D �pZAv D FDv (6.17)

where�pZ is the pressure drop caused by transportation of the solids. Equation 6.17
relates the blower output PV to the aerodynamic force FD acting on the solid particles
and the gas velocity v in the empty pipe.

The expression .P2 � P1/solids in Eq. 6.16 represents the sum of the power
consumed in acceleration, friction and impact and the power required to keep the
solids suspended in a horizontal duct (a term that embraces the effect of gravity).
Thus for steady-state flow,

Psolids D .Fimpact C Ffriction/c C .Fimpact C Ffriction/.v � c/C FGwf (6.18)

Fig. 6.15 Power balance for an element of volume
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It should be noted that it is difficult to separate the friction and impact terms. Thus
these terms are combined in the following format:

Psolids D FZc C FZ.v � c/C FGwf (6.18a)

Substituting Eqs. 6.17 and 6.18a in Eq. 6.16 gives

FDv D FZv C FGwf (6.19)

6.4.2 Aerodynamic Force or Drag

Drag is the force brought about by the relative motion between the stream of gas
and the solids flowing in it. The solid particles lose kinetic energy as a result of
impact and friction, and further energy is required to keep them suspended in the
gas stream. All this lost energy is replenished from the kinetic energy in the gas
stream.

The resistance to motion offered by a cloud of particles flowing through a gas
stream is given by

FD D CDnAp
¡

2
.v � c/2 (6.20)

(refer to Eq. 3.5 for a single particle) where n is the number of particles, and Ap is
the projected area in the gas stream. This transforms to [9]

FD D CD

CDf
�Mg

�
v � c

wf

�2
(6.21)

where CDf is the drag coefficient for a single particle in free fall, and�M is the mass
of particles in the control volume. For laminar flow,

FD D CD

CDf
�Mg

�
v � c

wf

�
(6.22)

Another expression for CD has been given by Wen and Yu and is found in Eq. 3.21.
The general equation for drag is

FD D CD

CDf
�Mg

�
v � c

wf

�2�x

(6.23)

where 0 < x < 1. The drag coefficient or resistance factor CD is defined by

CD D ’=Rex
p (6.24)

Rep D .v � c/d¡=˜ (6.25)
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For turbulent flow, i.e. x D 0 or 625 < Rep < 3 � 105,
CD D 0:44 D constant

For laminar flow, i.e. x D 1 or Rep � 5,

CD D 24=Rep

In the transition zone, 5 < Rep < 625, CD lies between 50 and 0.45.
The entire range of flow is defined by Kaskas [10] empirical equation:

CD D 24=Rep C 4=Re1=2p C 0:4 (6.26)

Chapter 3 considers the drag coefficient in more detail. Figure 6.16 shows the re-
lationship between drag coefficients for bodies of different shapes and Reynolds
number.

6.4.3 Forces of Impact and Friction

It follows from Eq. 6.19 that the various components of force can be studied sepa-
rately. All forces restricting the motion of the particles, i.e. impact and friction, are
included in the term FZ.

If �Z is the shear stress acting on a length L of the pipe wall,

FZ D £Z DL (6.27)
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and
£Z D 0:25�pZD=�L (6.28)

The pressure drop caused by impact and friction is given by

�p�
Z D œ�

Z�M
c2

2

1

AD
(6.29)

where œ�
Z is the coefficient of impact and friction, �Mc2=2 is the kinetic energy of

the solids, and A and D are the cross-sectional area of the pipe and the diameter
respectively.

Equations 6.30 and 6.31 follow from Eq. 6.29:

�p�
Z D œ�

Z�
�c2¡

2

�L

D
(6.30)

�p�
Z D œ�

Z¡
�c2

2

�L

D
(6.31)

The following equations for the shear stress can be obtained by combining Eqs. 6.28
and 6.30:

£Z D 1

8
œ�

Z�
�c2¡ (6.32)

£Z D 1

8
œ�

Z¡
�c2 (6.33)

The impact and friction force is obtained by substituting Eqs. 6.29 and 6.28 in
Eq. 6.27 (or Eq. 6.32 or 6.33 in Eq. 6.26):

FZ D œ�
Z
�M

2D
c2 (6.34)

6.4.4 Effect of Gravity in a Horizontal Pipe

The effect of gravity has been explained by a theoretical model [9] and describes the
many forces that contribute towards lifting the particles in a direction at right angles
to the streamlines: the impact forces, the pressure forces resulting from unsymmet-
rical flow around the particles in the vicinity of the pipe wall, and the transverse
forces caused by turbulence and rotation. If the transverse or upward velocity is v,
the relative velocity is (v – wf/. The energy consumed in lifting and conveying a par-
ticle suspended between two streamlines is obtained from the source described by
Eq. 6.17. Figures 6.17 and 6.18 are schematic interpretations of particle trajectory
and loss of height respectively.

Barth [8] pointed out that a horizontal component of energy is involved in lift-
ing or suspending a particle, because the path �S followed by a particle in rising
through a height of �Z in an interval of time �t is governed by the air and particle
velocities v and c and the settling velocity wf.



6.5 Additional Pressure Drop Factor (�Z/ 213

Fig. 6.17 Schematic
interpretation of a particle
trajectory between two
streamlines

Fig. 6.18 Schematic
interpretation of loss of
height in a horizontal line

It was shown in the model study that the specific work done in horizontal
conveyance is given by,

WG D ¡�g�L
wf

v
(6.35)

D ¡�g�L“ (6.36)

D �Mg�Z

6.4.5 Power Balance

Equation 6.19 describes the various contributions to the power. A dimensionless
relationship is obtained by substituting the expressions in Eqs. 6.21 and 6.34 for FD

and FZ:

CD

CDf

�
v � c

wf

�2
D 0:5 ��

ZFr�2 C “ (6.37)

6.5 Additional Pressure Drop Factor (�Z /

The additional pressure drop due to the presence of the solids is given as:

�pZ D �œZ
¡

2
v2
�L

D
(6.38)
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The additional pressure drop factor �z can be obtained by equating Eqs. 6.31, 6.36
and 6.38:

�Z D œ�
Z

c

v
C 2

“

.c=v/Fr2
(6.39)

Using a balance between the drag and frictional forces of the solids the settling
velocity wf can be obtained from Eqs. 6.37 and 6.39, i.e.

wf D
�

CD

CDf
.v � c/2

2c=v

�ZFr�2

�0:5
(6.40)

The following assumption was made in the event that the settling velocity of a par-
ticle in a cloud differs from that of an individual isolated particle:

wf D Kwf0 (6.41)

If CD=CDf ' 1, the following expression applies to the factor K, which describes
this difference in settling rates:

K D
��
.v � c/

wf0

�
2c=v

œZFr�2

�0:5
(6.42)

Both terms on the right-hand side of Eq. 6.39 consist of dimensionless factors that
can be used in similarity studies (cf. Section 6.4), i.e. the impact and friction factor
��

Z, the velocity ratios c=v and “ D wf=v, and the Froude number.
At high velocities, i.e. very short residence times and low vales of �Z, the ratio

�Z=�S D wf=v D “ becomes very small. Hence, the second term on the right-hand
side of Eq. 6.39 is negligible, particularly since the square of the Froude number is
in the denominator. Thus impact and friction are mainly responsible for the pressure
drop �Z D ��

Z c=v. At low velocities, at which individual particles can no longer
hover,�Z becomes zero and thus “ as well. In this case, therefore, friction is mainly
responsible for the pressure drop.

The effect of friction and impact ��
Z and gravity “ has been demonstrated by

Bohnet [11] in a diagram in which �z is shown as a function of the Froude number
for both coarse and fine materials (Fig. 6.19). The decreased effect of friction at low
Froude numbers can be ascribed to the much lower particle velocity. It has been
observed that the flow rate of the rate segregated layer in horizontal ducts is always
lower than that of the particles in the gas stream flowing above it, especially if the
products are fine. In this case, Bohnet [11] suggests the following modified equation
for the pressure drop coefficient. In the presence of a moving bed the total additional
pressure drop due to the solids is

�Z D �1

�

� c

v

�
air
��

Z C 2
�2

�

“

.c=v/bed Fr2
(6.43)
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Fig. 6.19 Pressure loss coefficient as a function of the square of the Froude number

Equation 6.43 requires more information on the velocity ratio c=v and the distribu-
tion of the mass load ratios �1 and �2.
�1 is the mass load ratio in the suspended region of the flow (dilute phase), and

�2 is the mass load ratio of the moving bed (dense phase). In this situation, two
gas–solids flow modes (dilute phase and dense phase) coexist. Also, in this case, the
velocity ratio c=v of each phase will be different.

The most important factor that has to be determined for the design of pneumatic
systems is �z.

6.6 Pressure Drop

Considerable theoretical and experimental work has been devoted to predicting the
pressure drop in a gas–solid mixture in pipes, but a reliable general correlation
has not yet been developed. The results of much scientific effort have allowed the
pressure drop to be calculated for a given mass flow rate under optimum operating
conditions. The power input to the blower is calculated from the total pressure drop
in the system and the air flow rate according to the following equation:

P D �p PVf=˜B (6.44)

where ˜B is the efficiency .0:5 < ˜B < 0:7/. This pressure can be resolved into the
following components:

�p D �ptransport C�pseparator C�pvalves (6.45)
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Fig. 6.20 Graphical
description of pressure drop
increments: pressure drop
versus average air velocity
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The pressure drop �ptransport is the sum of �pL for the clean air or liquid, �pA for
accelerating the solids,�p�

Z for friction and impact,�pG for raising and suspending
the particles, and �pB for the pipe bends, i.e.

�ptransport D �pL C�pA C .�p�
Z C�pG/horizontal

C .�p�
Z C�pG/vertical C�pB (6.46)

In steady-state flow,
�pA D 0: (6.47)

Figure 6.20 shows pressure drop as a function of average air velocity.

6.6.1 Horizontal Conveyance

�ptransport D �pL C�p�
Z C�pG (6.48)

D �pL C�pZ.horizontal/ (6.49)

The Prandtl [12] pressure drop equation for the flow of clean air is as follows:

�pL D œL
¡

2
v2
�L

D
(6.50)

where œL is the resistance coefficient of air in pipes. œL is not a constant (see
Example 2.5 in Section 2.7); it depends on the flow of gas and is thus a function of
Reynolds number. It can be calculated for Reynolds numbers of up to Re D 8� 104
with the aid of the Blasius equation:

œL D 0:316=Re0:25 (6.51)

In Eq. 6.38, �z is an integral pressure loss coefficient.
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6.6.2 Vertical Conveyance

An analogous procedure applies to the vertical line, i.e.

�ptransport D �pL C�pZ.vertical/ (6.52)

and

�pvertical D �p�
Z C�pG (6.53)

�œZ .vertical/
¡

2
v2
�Z

D
D ��

Z

¡�

2
c2
�Z

D
C ¡�g�Z (6.54)

where �Z is the height raised.
The pressure drop coefficient for vertical conveyor lines is given by,

�Z D ��
Z

c

v
C 2

.c=v/Fr2
(6.55)

In order to avoid error, attention is drawn to the fact that Eq. 6.39 for the horizontal
line differs from Eq. 6.55 for the vertical line, as is shown below:

�Z.horizontal/ D ��
Z.horizontal/

� c

v

�
.horizontal/

C 2“

.c=v/Fr2.horizontal/

�Z.vertical/ D ��
Z.vertical/

� c

v

�
.vertical/

C 2

.c=v/Fr2.vertical/

Note that for the vertical line “ D 1.

6.6.3 Compressibility of Air

A major factor to be considered in the design of pneumatic systems is the compress-
ibility of air. For short conveying distances, i.e. for relatively low pressure drops,
it can be ignored, i.e. air can be treated as an incompressible fluid. However, at
high pressures, air expansion is of great importance. Chapter 4 contains the basic
formulation of compressible flow considerations.

The velocity v of the gas is compared to that of the solids c in an incompressible
and a compressible medium in Fig. 6.21a and b. The pressure drops for clean air and
for the mixture along the lengths of the pipe are shown in Fig. 6.21c. If the pressure
drop is high, i.e. if the pneumatic transport line is long, allowance must be made for
expansion of the gas. The system undergoes a change of state.

There are different variations and constraints that must be taken into considera-
tion. Isothermal and polytropic expansion apply for pneumatic conveying.
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(a) Isothermal expansion
For isothermal expansion:

p1v1 D pv D constant (6.56)

and
p1=¡1 D p=¡ D constant (6.57)

for
¡ D p=RT ¡1 D p1=RT (6.58)

where R is the gas constant and T the absolute temperature. The velocity and
gas density at any point are given by

v D v1p1=p (6.59)

¡ D ¡1p=p1 (6.60)
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(b) Polytropic expansion
For polytropic expansion (� D 1:3, see Chapter 2):

p1v›1 D pv› D constant (6.61)

and
p1=¡

›
1 D p2=¡

›
2 D constant (6.62)

The velocity and gas density are:

v D v1.p1=p/1=› (6.63)

and
¡ D ¡1.p=p1/

1=› (6.64)

6.6.4 Pressure Drop in a Gas–Solid Mixture

Equation 6.50 can be written as follows:

dp D �
¡

2
v2

dL

D
(6.65)

The coefficient for a gas–solid mixture is

� D �L C �Z� (6.66)

The pressure at the solids intake for positive and negative pressure displacement is
obtained by integrating Eq. 6.65.

(a) Isothermal state

p1 D
�

p20 ˙ �

D
¡0 v20�Lp0

�0:5
(6.67)

where C refers to a positive pressure system and – refers to a vacuum system.
(b) Polytropic state

p1 D
�

p.1Cn/=n
0 C �

2D
¡0v20�Lp1=n

0

�
1C n

n

��n=.nC1/
(6.68)

6.6.5 Pressure Drop Due to Acceleration

dp A D Pmfdc (6.69)
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The pressure drop for the isothermal and polytropic states is obtained by integra-
tion, i.e.

�pA D
�
�v0¡0c vacuum system .6:70/

�v1¡1c pressure system .6:71/

6.6.6 Pressure Drop Due to Height �Z

dp D ¡�gdZ (6.72)

Integrating between Z D Z1 and Z D Z0 for both vacuum and pressure systems
gives the following relationships:

(a) Isothermal state

p1 D p0 exp ˙
�v

c

�
0
¡0

1

p0
g�Z� (6.73)

(b) Polytropic state

p1 D
�

p
n�1

n
0 ˙ �

�v

c

�
0
¡0g�Z

n � 1

n

�n=.n�1/
(6.74)

6.6.7 Boundary Conditions for Calculations

The following conditions apply:

(a) p0, ¡0 and v0 are gas states at the terminal point of a section L0 or Z0 in the
systems (Fig. 6.22a) or at the commencement of a system (Fig. 6.22b) at atmo-
sphere conditions.

(b) p1, ¡1 and v1 are gas states at the commencement of a section L1 or Z1
(Fig. 6.22a) or at the terminal point of the pipeline (Fig. 6.22b).

6.6.8 Comprehensive Pressure Drop Equation

In terms of all the components which together constitute the pressure loss for a
system, the following equation can be written:

�p D �ptransport C�pseparator C�pvalves (6.45)
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Fig. 6.22 Marginal conditions for calculations: (a) positive pressure displacement; (b) negative
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where

�ptransport D �pL C�pA C .�p�
z C�pG/horizontal

C .�p�
z C�pG/vertical C�pB (6.45a)

D �pL C�pA C�pZ .horizontal/

C .�p�
Z.vertical/ C�pG.vertical/ C�pB (6.45b)

D œL
¡

2
v2
�L

D
C �¡ vc C �œZ

¡

2
v2
�L

D

Cœ�
Z
¡�

2
c2
�Z

D
C ¡�g�Z C 210

ˇ̌
ˇ̌2Rb

D

ˇ̌
ˇ̌�1:15�pZ0 (6.45c)

�pz0 is the reference pressure drop of the mixture of gas and solids calculated with
the length of the actual bend.

A detailed expression for all the pressure loss factors in a total system is provided
in a worked example (Example 14.4). In the example certain simplifying assump-
tions are made.
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6.7 Some Important Functional Relationships

6.7.1 Introduction

In order to fully appreciate the influence of the various parameters described above,
some experimental evidence will be used to illustrate the interrelationship between
some of these parameters.

6.7.2 Relationship of �z to Fr and �

The pressure drop coefficient œz is shown as a function of Froude number Fr with
mass load ratio � and pipe material as parameters in Fig. 6.23a and b. The range
of Froude numbers represented is very wide (15–50). It can be clearly seen that
�Z decreases with an increase in Froude number Fr. It would appear that the main
factors that affect the pressure drop coefficient in vertical lines are gravity, i.e. the
increase in potential energy, and the pipe material.

6.7.3 Interpretation of ��
Z

and ˇ

An interpretation of the main factors ��
Z and “ in Eq. 6.39 is demonstrated in

Figs. 6.24 and 6.25. In Fig. 6.24, the impact and friction factor is plotted against
the mass load ratio. This factor decreases with increase in �, i.e. the interaction
of the particles diminishes at higher mass load ratios. The influence of gravity is
demonstrated in Fig. 6.25, where the velocity ratios “ and “0 are plotted against the
Froude number. In this case one sees that “ is higher than “0; this is due to the cloud
effect.

6.7.4 Solid/Gas Velocity Ratio c/v

In Fig. 6.26a and b, the solids/gas velocity ratio c=v is shown as a function of particle
size d for horizontal and vertical pipelines. These were determined experimentally
by use of a double solenoid valve technique.

6.7.5 The Determination of Particle Velocity (c) and Voidage (©)

A method suggested by Rizk [9] facilitates the estimation of the particle veloc-
ity (c) and the voidage (©) for dilute phase suspensions. The method relies on the
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Fig. 6.24 Impact and friction factor versus mass load ratio

assumption that for such dilute suspensions there is little change in the particle ve-
locity and the voidage during the conveying process.

The analysis leads to an important statement about the relationship between the
mass load ratio (
) and the mass concentration (��) is defined as:

�� D ¡�=¡ (6.75)

Also, the following expressions are relevant to the discussion:

A.1 � ©/¡p c D A¡�c

Solid mass flow rate; Pmp D A¡�c .kg=s/

Gas mass flow rate; Pmf D A¡v .kg=s/
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Now the mass load ratio (�):

� D Pmp

Pmf
D ¡�

¡

c

v
D �� c

v
(6.76)

The relationship between �� and � is shown in Fig. 6.27. In Fig. 6.27, the region
applicable to pneumatic conveying lies in a narrow band in the second half of the
quadrant (45ı � ¥ � 90ı). The limiting value of ¥ D 45ı represents the case when
� D �� which implies that c D v and hence no slip between the particles and the
conveying gas takes place.

The ratio of the velocities c=v diminishes as the angle ¥ increases from 45ı
towards 90ı. At high gas velocities and for fine particles ¥ � 45ı.

The voidage can now be estimated from the definition proposed in Eq. 4.41,
where the concentration �� or the apparent density ¡� is to be measured.

Various techniques for effecting such measurements are presented in Chapter 13.
In particular, the measurement of the solids velocity c is important. Techniques for
measuring the solids mass concentration include the trapping of the solids flow at
defined conditions in a pipe section fitted with quick acting shut-off valves. Results
from such investigations [9] are shown in Fig. 6.28.

From Fig. 6.28 a linear relationship between the mass concentration �� and the
mass load ratio � is evident. Using Eq. 6.76, it is possible to construct a set of curves
indicating the relationship between the velocity ratio c=v and the gas velocity v
(Fig. 6.29).
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From Fig. 6.29, it can be seen that for the different mass flow rates, the ratio c=v
remains constant until the pressure minimum is attained. The higher the solids mass
flux, the earlier the solids drop out of the suspension, i.e. at high solid mass flow
rates, saltation occurs at higher gas velocities.
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6.7.6 Sequence to be Followed to Obtain the Impact
and Friction Factor ��

Z

(a) Impact and friction factor out of the balance of energy equation in a volume
element

��
Z D

�
�Z � 2“

.c=v/Fr2

�
v

c
(6.77)

(b) Impact and friction factor out of the balance of power on a particle cloud

��
Z D

"
CD

CDf

�
v � c

wf

�2
� “

#
2

Fr�2 (6.78)

Equating (a) and (b) one obtains

œZ
v

c
� 2“

.c=v/Fr2
v

c
D CD

CDf

�
v � c

wf

�2
2

Fr�2 � 2“

Fr�2 (6.79)

Hence

�Z
v

c
� 2“

.c2=v2/.v2=Dg/
D 2

CD

CDf

�
v � c

wf

�2 Dg

c2
� 2“Dg

c2

i.e.

�Z
v

c
D 2

CD

CDf

�
v � c

wf

�2 Dg

c2
(6.80)

Out of this equation one obtains the settling velocity of a particle in a cloud:

wf D
�

CD

CDf
.v � c/2

2c=v

œZc2=Dg

�0:5
(6.81)

with Fr�2 D c2=Dg

wf D
�

CD

CDf
.v � c/2

2c=v

�ZFr�2

�0:5
(6.82)

Assuming that the settling velocity of a particle in a cloud differs from that of an
isolated particle, the next assumption was made:

wf D Kwf0 (6.83)

A further assumption was made for the drag coefficients CD and CDf. Considering
CD and CDf in a range where they are independent of the Reynolds number Rep,
(Fig. 3.1), their ratio CD=CDf is equal to one.

Now one can easily calculate the factor K in the general form,

K D
"

CD

CDf

�
v � c

wf0

�2 2c=v

œZFr�2

#0:5
(6.84)
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for CD=CDf D 1

K D
"�

v � c

wf0

�2
2c=v

œZFr�2

#0:5
(6.85)

From Eq. 6.85, to obtain the correction factor K, it is necessary to obtain from exper-
imental tests carried out on the actual product and pipe material, the specific values
of the solids velocity (c) and the additional pressure drop factor (œz).

Further, the gas velocity v can be calculated from Eq. 3.1, the settling velocity
wf0 from Eq. 3.32 and the Reynolds number for the particle Rep from:

Rep D .v � c/d¡=˜ (6.86)

In order to obtain the drag coefficient of the particle in an unbounded fluid .CD1/
Eq. 3.12 due to Kaskas is recommended.

With the above information, it is now possible to calculate the correction factor K.
Using the values of K obtained above, the cloud settling velocity wf can be obtained.
(It should be noted that wf is, by virtue of the above discussions, obtained from
experimental data.)

In order to calculate the impact and friction factor ��
Z, the velocity ratio “D wf=v

(Eqs. 6.35 and 6.36) must be determined, usually by experimental means. Further,
the Froude number (Fr) can be obtained from Eq. 6.6, and using Eq. 6.77, ��

Z can be
calculated.

6.8 Sequence to be Followed to Obtain the System
Pressure Loss (�p)

In order to illustrate the effectiveness of the various equations presented in this chap-
ter, a typical conveying situation will be discussed and the method of determining
the system pressure loss will be described.

Example 6.1. A producer of plastic raw materials has changed the formulation of
one of their products. The original product was conveyed at a mass load ratio � D
4:5 to 5. The company wishes to employ the existing piping system with a total
length of 75 m with an included vertical lift of 15 m. The pipeline has an internal
diameter of D D 110mm and includes two bends. It is required to convey the new
product at a rate of Pmp D 5 t=h. Using the information below, check whether the
product can be conveyed and whether an existing positive displacement blower can
be used.

Solution 6.1. Required to convey a plastic material:

Pmp D 5 t=h
�L D 75m (including 15 m vertical)
�Z D 15m
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Given an existing pipeline, with two bends:

D D 110mm
¡p D 1;000 kg=m3

d D 1:9mm

Step 1 From a series of laboratory tests the performance characteristics of the mate-
rial were determined. The pressure minimum curve .� against Fr/ and the additional
pressure drop curve .œz against Fr/ with varying solids loading are presented in
Figs. 6.10a, b and 6.23a, b respectively.

(a) At a mass load ratio � D 4:5 from Fig. 6.10a:

Frmin D 24

(b) Air mass flow rate is obtained from Eq. 6.13:

Pmf D Pmp=� D 5000=4:5 D 1111:11 kg=h

(c) Volumetric air flow rate from Eq. 3.1:

PV0 D Pmf=¡0 D 1111:11=1:2 D 926m3=h

where the ambient air density ¡o D 1:2 kg=m3 (Table 2.1), and the cross-
sectional area of the conveying pipe

A D  D2=4 D  .0:11/2=4 D 95 � 10�4m2

Note that the use of the ambient air density implies the design of a vacuum
system where the inlet is at atmospheric conditions (0).

(d) The initial air velocity

v0 D PV=.A � 3600/ D 926=.95� 10�4 � 3600/
D 27:1m=s

from which the Froude number can be calculated using Eq. 6.6:

Fr0 D v0=.Dg/1=2 D 27:1=Œ.0:11/.9:806/�1=2

D 26:1

Note that in order to ascertain whether the conveying process can take place,
the Froude number .Fr0/ obtained above, must be compared with the minimum
Froude number .Frmin/ obtained from the experimental tests. In this case

Frmin D 24 Fr0 D 26:1

Thus Fr0 > Frmin which implies that the conveying air is sufficient to effect
transportation.
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(e) The velocity ratio c=v can be obtained from Fig. 6.26a and b. At a particle
diameter d D 1:9mm, for horizontal flow c=v D 0:4.

(f) Particle velocity

c D .0:4/.v0/ D .0:4/.27:1/

D 10:84m=s

Step 2 Calculation of pressure drop (Note: the expansion of the conveying gas will
be neglected – low solids loading ratio.)

(a) Reynolds number is obtained from Eq. 6.6:

Re D v0D¡=˜ D .27:1/.0:11/=.15:1� 10�6/
D 19:74 � 104

where ˜=¡ D 15:1 � 10�6 m2=s (Table 2.6).
(b) Air friction factor œL is obtained from Eq. 2.44:

œL D 0:316=Re0:25 D 0:316=.19:74� 104/0:25
D 0:015

(c) Pressure drop for air alone is obtained from Eq. 6.50:

�pL D œL
¡

2
v2
�L

D

D .0:015/

�
1:2

2

�
.27:1/2

�
75

0:11

�

D 4507 Pa

(d) Pressure drop due to acceleration of solids is obtained from Eq. 6.70:

�pA D �v0¡0c

D .4:5/.27:1/.1:2/.10:84/

D 1586 Pa

(e) Additional pressure drop due to the solids in the horizontal line is obtained from
the solids contribution of Eq. 6.65. Neglecting the gas expansion one can write
Eq. 6.65:

�pZ D �œZ
¡0

2
v20
�L

D

assuming �z D 3 � 10�3:

�pZ D .4:5/.3 � 10�3/
�
1:2

2

�
.27:1/2

�
75

0:11

�

D 4056 Pa
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(f) Pressure drop due to elevation of solids is obtained from Eq. 6.72:

�pG D ��g�Z

where

¡� D ¡� ¡
¡

D ��¡ D �
v

c
¡

¡� D �¡

c=v

�pG D �¡

c=v
g�Z

D .4:5/.1:2/.9:806/.15/

.0:4/

D 1986 Pa

(g) Pressure drop due to the bends is obtained from Eq. 4.83:

�pbend

�pZ
D 210

�
2Rb

D

��1:15

Assume that the bend radius is RB D 5D D 550mm. Now �pz D 4;056 Pa
from (e) above for a pipe line 75 m long. The equivalent straight length of pipe
for the bend

�Leq D 2 Rb=4 .for a 90ı bend/

D 2 .0:55/

4
D 0:864m

Thus

�pZ.bend/ D 4056

75
� 0:864 D 46:72 Pa (solid contribution)

Thus

�pbend D .46:72/.210/

�
2 � 0:55
0:11

��1:15

D 694:5 Pa

Now since there are two bends in the system

�pbend D 2 � 694:5 D 1;389 Pa

(h) Total pressure loss is found by adding all the components of the pressure losses:

�p D 4507C 1586C 1986C 1389C 4056

D 13:52 kPa
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(i) To calculate the terminal velocity of the air it is necessary to determine the
density of the air at the exit of the system.

Atmospheric pressure; p0 D patm D 1 � 105 Pa

Absolute exit pressure; p1 D p0 ��p

D 1 � 105 � 0:1352� 105
D 0:865 � 105 Pa

Density of air at exit (Eq. 6.58 and Section 2.5)

¡1 D p1=RT1

Taking t1 D 20ıC, T1 D .273:15C 20/ D 293:2K

¡1 D 0:865 � 105
.287/.293:2/

D 1:03 kg=m3

Terminal velocity of air using Eq. 3.1:

PV1 D Pmf=¡1 D 1111:11=1:03

D 1078:7m3=h

v1 D PV1=.A � 3600/ D 31:5m=s

(j) Average air velocity

Nv D .v0 C v1/=2 D .27:1C 31:5/=2

D 29:3m=s

(k) Pressure loss correction factor. Since the total pressure loss has been based on
the inlet air velocity it is expedient to correct the pressure loss data to take into
account the average air velocity.

Correction factor; ’ D .Nv=v0/2 D .29:3=27:1/2

D 1:169

(Note: the correction factor is based on the velocity squared, since �p / v2.)
The corrected system pressure loss:

�pcorrect D �p’ D 13:52 � 1:169
D 15:8 kPa

(l) Corrected absolute exit pressure:

p1 correct D 1 � 105 � 0:158 � 105
D 0:842 � 105 Pa
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(m) Corrected exit air density:

¡1 correct D 0:842 � 105
.287/.293:2/

D 1:0 kg=m3

From which PV1 correct D 1111:11m3=h

(n) Power consumption is obtained from Eq. 2.36 and taking the efficiency of the
blower ˜B D 0:5,

p D �p PVf=˜B

D 0:158 � 105 � 1111:11
.3600/.0:5/

D 9:75 kW

Step 3 To establish whether the existing blower will be adequate for the new
application operating in a positive pressure mode as distinct from a vacuum mode,
a quick check is possible. It is assumed that the total pressure drop is the same for
both modes:

(a) Assume pressure at the solids feed point:

p1 D p0 C�p

D 1 � 105 C 0:158 � 105
D 1:158 � 105 Pa

(b) Air density at solids feed point:

¡1 D p1=RT

Firstly the temperature due to compression must be considered using Eq. 2.23:

T1 D T0

�
p1
p0

�.›�1/=›

D .293:2/

�
1:158 � 105
1 � 105

�.1:4�1/=1:4

D 305:5K

Hence

t1 D 32:3 ıC

¡1 D 1:158 � 105
.287/.305:5/

D 1:32 kg=m3
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(c) Air velocity at solids feed point:

v1 D Pmf.¡1 � A � 3600/
D 1111:11=.1:32� 95 � 10�4 � 3600/
D 24:61m=s

(d) Froude number at solids feed point:

Fr1 D v1=.gD/1=2

D 24:61=Œ.9:806/.0:11/�1=2

D 23:69

Comparing the Froude number at inlet Fr1 to the minimum Froude number from
tests Frmin it can be seen that

Fr1 < Frmin

This indicates that the system operating in the positive pressure mode lies on the
left-hand side of the pressure-minimum curve (Fig. 6.17a and b) in an unstable flow
regime.

In order to operate in a safer flow regime the mass load ratio .�/ must be
decreased by increasing the air flow rate at the blower.

Clearly, for a total system design, other contributions to the total pressure loss
must also be taken into account. Such aspects as pressure loss across the feeder and
the air–solids separation device etc. must be accounted for.
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Chapter 7
Feeding of Pneumatic Conveying Systems

Abstract This chapter concentrates on the feeding of solids arrangements for
pneumatic conveying systems. Feeding is a crucial component of these systems and
can be handled in a variety of ways. There are many unique feeders which makes
classifying them difficult since each manufacture has modified feeders to make them
uniquely theirs. One can use the term pressure, vacuum and pressure-vacuum to
describe feeders as well as low, medium and high pressure operations. This chap-
ter describes the operation and control of a wide spectrum of feeders employed in
industry.

Keywords Feeders � Pressure � Venturi � Rotary Feeders � Leakages � Blow Tanks �
Dense phase � Plug flow

7.1 Introduction and Overall Design Philosophy

Essential to the effective operation of a pneumatic conveying system is the efficient
feeding of the solids into the pipeline. Feeding devices perform a variety of func-
tions, including a sealing function, in which the conveying gas is essentially sealed
from a storage hopper holding the product to be conveyed. Further, these devices
might be required to accurately control the solids feed rate into the pipeline for
process control features as in chemical plants or in dosing operations.

In this chapter a variety of feeding devices, both common and specialized, will
be discussed in terms of their applications, design, limitations and suitability in
relation to material characteristics. Where possible, design and selection criteria are
provided as well as the adaptation of certain devices to meet specialist applications.

At the outset it must be pointed out that in most pneumatic conveying appli-
cations the single component which contributes to the largest pressure losses is
normally the feeding device. As such, uppermost in the designer’s mind should
always be an attempt to minimize the losses associated with such devices.

In essence, all pneumatic conveying feeding devices normally involve the intro-
duction of solids in an almost stationary mode into a fast moving gas stream, which
is under pressure or vacuum. The rapid change in momentum of particles, coupled

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 7,
c� Springer Science+Business Media B.V. 2010
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with a large amount of gas–solid turbulence in the feeding area are two predominant
factors which account for the large pressure losses in feeding devices.

It can be said that perhaps the one area which requires the most urgent attention
from designers and researchers is in the reduction of the losses in the feeding zone.
Already there is some evidence of attempts being made to streamline the flow and
to produce suitable transition pieces between the feeder and the conveying pipe.

7.2 Classification of Feeding Systems

7.2.1 Pressure Characteristics

Unlike pneumatic conveying systems in which classification is normally based on
the mass flow ratio (�), it is pertinent to classify feeding systems based on a pressure
limitation. The pressure limitation is normally a function of the physical construc-
tion of the feeder, coupled with the methods of sealing.

In terms of commercially available feeding devices it is convenient to classify
feeders in three pressure ranges:

(a) Low pressure – maximum 100 kPa (LP).
(b) Medium pressure – maximum 300 kPa (MP).
(c) High pressure – maximum 1,000 kPa (HP).

7.2.2 Classification in Terms of System Requirements

The final classification of a feeding system is dictated by the needs of the system
or process for which the pneumatic conveyor is being designed. In all cases it is
necessary to determine whether the process requires continuous feeding or whether
batch feeding is acceptable.

7.3 Feeder Selection Criteria

In the selection of a suitable feeding device, it is also necessary to take into con-
sideration the factors discussed above as well as a number of additional criteria. An
attempt has been made to identify the salient features which ultimately assist the
designer to select the most appropriate feeding system:

(a) Product characteristics: particle size; cohesive; friable; free flowing; whether
degradation is of concern; whether required to operate at elevated temperatures,
etc.

(b) Physical layout: does the plant layout restrict the amount of head room
available?
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Table 7.1 Feeder selection criteria

Broad feeder Classification
Criteria Rotary Stationary Special features

1. Product
Friable � C
Free flowing �
Cohesive � C
Large particles C
High temperature C
Corrosive C
Toxic C
Abrasive C

2. System
Head room limitations C �

3. Process
Continuous or batch C C
Fine feed control C �

Notes:

1. This is only a broad classification. In certain situations, combination of
feeder types provides a more suitable solution

2. � D unsuitable
C D suitable

3. Special features column indicates that selection must take into considera-
tion the unusual characteristics of the product

(c) Cost: is the system being designed for a short- or long-term project?
(d) Continuous or batch operation.
(e) System conveying pressure.
(f) Accurate feeding control: is there a demand for fine solids feed control as in

some chemical, packing or colour dosing operation?

Answers to all the above criteria are essential in order to select the most appropriate
feeder. In terms of a checklist Table 7.1 indicates those areas in which feeders are
suitable.

The topic of choosing a suitable feeder for a pneumatic conveying system con-
tinues to be a challenging operation. Pneumatic Conveying Consultants [1] have
developed an expert system package to begin to address this task in a systematic
fashion.

7.4 Low-Pressure Feeding Devices

In terms of the classification of feeding devices, low-pressure feeders include the
feeders for application in a pressure range from vacuum to a maximum pressure of
the order of 100 kPa (1 bar). In this section characteristics of these low-pressure
feeders will be discussed.



240 7 Feeding of Pneumatic Conveying Systems

7.4.1 The Venturi Feeder

Perhaps the simplest form (from a mechanical point of view) of all feeders for pneu-
matic conveying systems, is the Venturi feeder. Having once been the most popular
type of feeder, improved design and construction technique have resulted in a new
breed of these feeders.

The Venturi feeder consists of an air-entraining nozzle, so arranged that the high
air velocity through the nozzle creates a region of negative pressure in which the
material is entrained.

These feeders are restricted to short distances and relatively low material flow
rates. There are numerous specialized applications including the transport of bottle
tops, friable and degradable products such as potato crisps and a larger application
in the transport of agricultural products (maize, wheat, barley, etc.).

Whereas much work has been done [2] on jet pumps and ejectors for a large
number of applications, most of this work has limited application in the field of
gas–solids suspensions. Recently [3] a comprehensive paper outlining the design
procedures for a Venturi feeder has been presented. A more simplified approach [4]
has been presented by Dixon on the design of Venturi feeders. The Venturi feeder
shown in Fig. 7.1 consists of a convergent and divergent cone connected by a short
parallel throat section. Dixon’s approach is based on incompressible fluid flow the-
ory and thus is only suitable with very low-pressure conveying systems (typically
0.15 bar and less).

According to Bernoulli the following equation can be written:

pdyn1 C pstat1 D pdyn2 C pstat2 D pdyn3 C pstat3 D ptot (7.1)

where pdyn is the velocity pressure and pstat is the static pressure. In practice even
with air flowing alone, irrecoverable pressure losses will occur and:

pstat3 � pstat2 D .1 � K1/.pdyn2 � pdyn3/

or
pdyn2 D pdyn3 C .pstat3 � pstat2/=.1� K1/ (7.2)

METERED
SOLIDS

IN 2 31

AIR

THROAT

Fig. 7.1 Layout of a typical Venturi feeder
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where K1 is a loss factor for a taper enlargement. The loss factor varies with the
angle of the enlargement but with air alone is typically 0.1 for a 6ı or 7ı included
angle. The feed Venturi differs from a simple Venturi by the addition of a feed hole
in the wall of the throat. The pressure of this opening introduces additional losses
because of the discontinuity of the throat surface, and because of the admission of
air and/or material at this point.

For convenience, Dixon [4] makes allowances for this loss in the factor K1. On
this basis the factor K1 is increased to a value of 0.2 to allow for these effects.
Similarly Dixon writes an equation of the following form for the contraction:

pstat1 � pstat2 D .1C K2/.pdyn2 � pdyn1/ (7.3)

where K2 is the loss factor for tapered contractions and lies between 0.04 and 0.06
for included angles less than 45ı. At an included angle of 25ı a typical loss factor
of K2 D 0.05. On the basis of the discussions for K1 it must be noted that there is
no need for correcting K2.

Venturi calculations start with the downstream static pressure pstat3. This is
the conveying pressure head calculated using the Dixon method as proposed in
Chapter 12. Since pdyn3 is known to be the downstream conveying velocity pressure
and pstat2 is the desired static pressure at the Venturi throat, it is possible to calculate
pdyn2 by assuming a value of K1 D 0:2. Having determined pdyn2, it is then possible
to calculate pstat1 and the overall pressure drop across the feed Venturi.

The method described above is only suitable for mass flow ratios of the order
of � D 1 and conveying pressures of the order of 0.15 bar. If high solids loadings
are used or if the Venturi back pressure is significantly greater than 0.15 bar, then
the Venturi recovery cone design becomes critical. Full details pertaining to such a
design are given in [3].

7.4.2 Negative Pressure Feeding Devices

7.4.2.1 Vacuum Nozzles

One area in which little research work has been done is in the design of nozzles for
the feeding of vacuum conveying systems. There is limited documentation on these
feeders, and it would appear that most designers rely on a process of ‘suck it and
see’ to obtain the best solution for a particular application.

Essentially, nozzles for vacuum applications should be designed to enable effec-
tive operation in a variety of uncontrolled situations. The design criteria must take
into consideration situations in which the nozzle could be completely immersed in
a large pile of solids, or where the nozzle is required to lift the remaining portion of
material left in a ship’s hold.

Classical work of Cramp and Priestly in 1924 [5] was studied in detail by Vogel
in 1979 [6]. In terms of the work [6] a nozzle constant Kn was determined as follows:

Kn D Pms=Anv (7.4)
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where Pms the solids mass flow rate (t/h), v is nozzle superficial gas velocity (cm/s)
and An the nozzle area .mm2/. By continuity and assuming adiabatic conditions,
this can be rewritten as:

Pms=A D Kn

�
1 � pn � p1

pn

�
v (7.5)

where Pms=A is the mass flux, p1 is the absolute pressure at any station in the riser,
pn is the absolute pressure at the nozzle, and v is superficial gas velocity in the riser.
It was found [5] that the value of Kn remained nearly constant for each of nine
configurations in nozzle design investigated.

From Eq. 7.5 it is apparent that in order to maximize Pms=A for a riser the value
of Kn must be maximized. For a vacuum system, the maximum vacuum and the
maximum superficial gas velocity obtainable are also limiting factors in maximizing
the mass flux Pms=A.

The nozzle configurations considered in the study [5] are shown in Fig. 7.2a.
The horizontally configured nozzle (No. 9) in Fig. 7.2a yielded the most superior
performance.

In a recent study [7] the work done by Cramp and Priestley was verified in an
experimental situation designed to investigate the vacuum conveying of large lumps
of coal. In this study various peripheral aids were also evaluated in terms of their
effectiveness. In particular, the use of an auxiliary air supply to aid solids entrain-
ment, and the use of a bolt-on type vibrator were found to have varying effects on
nozzle efficiency.

The study concluded by noting:

(a) The nozzle cross-section should be the same as the conveying line cross-section.
(b) Auxiliary air entrainment increases nozzle efficiency for fine materials in terms

of improving the fluidization characteristics at the entrance to the nozzle.
(c) In the case of coarse or granular particles, auxiliary air entrainment decreases

nozzle efficiency.
(d) In certain cases the use of an externally fixed vibrator will result in a net

improvement of nozzle efficiency.

The use of a double tube nozzle (Fig. 7.2b) is advocated by several commercial
organizations. Such a nozzle permits the entrainment of air through the outer tube.
There is much contention on the exact arrangement of the inner tube with respect to
the outer tube. In a study on nozzle geometry [8] it was concluded that for materials
which flow readily under the influence of gravity:

(a) By changing the geometry of the nozzle, such that the inner tube protrudes from
the outer tube, a more efficient nozzle design is achieved.

(b) The optimum angle between the inner and outer tubes is such that the material
flows into the nozzle under gravity but that an overfeeding situation is avoided,
thereby preventing any pipe blockages.

In Fig. 7.2c, a typical flexible vacuum conveying system is shown in which a nozzle
is fixed to a flexible conveying pipe.
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Fig. 7.2 (a) Various vacuum nozzle configurations

7.4.2.2 Stationary Vacuum Feeding Devices

The nozzle configurations discussed in the previous section provide for flexibility
and as such are well suited to ‘vacuum cleaning’ operations. Such operations would
include the cleaning of spillage in factories and chemical plants, the cleaning of
boilers, and the vacuum or loading of rail trucks, road vehicles and ships’ holds.

There are a number of applications in which there is a demand for stationary
feeding devices. Such applications include the vacuum conveying of material from
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Fig. 7.2 (b) Vacuum nozzle with adjustable geometry; (c) typical flexible vacuum conveying
system (Hi-Vac, NFE International, Bensenville, Illinois, USA)

storage silos, open bins and stock piles. In all these cases, the design of the feeding
system must make provision for an adjustable gas inlet. Such an arrangement facil-
itates the adjustment of the gas–solids loading to prevent pipe blockages. The gas
inlet is adjusted by means of a sliding plate or collar so arranged as to facilitate the
fine adjustment of the amount of gas entering into the system in the vicinity of the
feeding device.

In Fig. 7.3 a number of stationary feeding devices are depicted.
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Fig. 7.3 Stationary vacuum feeding devices

7.4.3 Rotary Airlocks

7.4.3.1 Introduction and Description

Perhaps the most widely used of all pneumatic conveying feeding devices is the
rotary airlock (or rotary valve) (Fig. 7.4). As the name implies, the device provides
both a pressure seal and acts as a feeding device. The valve is available in a variety
of configurations, all conforming to a basic design consisting of a moving rotor and
a stationary casing.
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Fig. 7.4 Typical arrangement of a drop-through rotary airlock (Waeschle Maschinen-fabrik
GmbH, Ravensburg, Germany)

The rotor consists of segmented pockets which collect materials from an opening
in the casing and deliver the material into the conveying gas stream.

The casing is constructed to accept some form of material feed hopper and also
some form of transition piece to couple the valve to the conveying pipe. Depending
upon construction, the casing can also be fitted with a vent pipe, purge air pipes and
some mechanism to adjust clearance between blade tips and the casing.

7.4.3.2 Leakage Through a Rotary Airlock

All rotary airlocks, irrespective of their construction or make, will leak. However,
depending upon the construction, leakage rates can be minimized.

There are basically three categories of leakage which are associated with rotary
airlocks (Fig. 7.5):

(a) Carry-over leakage – due to the return of empty pockets.
(b) Labyrinth leakage – due to losses through shaft seals in the casing.
(c) Clearance leakage – due to the clearance between the rotor tips and the casing.

Essentially, carry-over leakage in which the gas trapped at a high pressure has to be
vented due to the returning pocket, is a fact of life and little can be done to avoid this
source of gas loss. Labyrinth leakage can be totally eliminated by the use of good
shaft seals, whilst clearance leakage can be minimized by reducing the gap between
the rotor pipes (both top and side) and the casing.

The amount of leakage which takes place in a rotary airlock is also dependent
upon the operating pressure of the system. Both carry-over leakage and clear-
ance leakage increase with increased operating pressure. Assuming that there is no
labyrinth leakage, the total leakage through a rotary valve is given by:

PV�
T D PV�

c C PV�
p (7.6)

where PV�
c is the clearance leakage and PV�

p is the carry-over leakage.
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Leakage Through a Rotary Valve

Labyrinth Leakage

Clearance Leakage

Carry Over leakage

Fig. 7.5 Leakage paths in a rotary airlock

The clearance leakage [9] is estimated by assuming that the pressure differen-
tial across the valve is converted into a velocity head in the valve clearance. If a
contraction coefficient of 0.6 is assumed,

PV�
c D 0:6kA.2�p=¡’/

1=2.m3=s/ (7.7)

where k is a correction factor to allow for gas expansion,A is the leakage area .m2/,
�p is the pressure differential across the valve (Pa), and ¡’ is the higher pressure
air density.

Also, for the carry-over leakage:

PV�
p D  

4
D2vLvn (7.8)

where Dv is the rotor diameter (m), Lv is the length of the rotor (m), and n is the
speed of the rotation of the valve.

Example 7.1. In order to illustrate the use of Eqs. 7.7 and 7.8, an example is taken
from Dixon [9].

A rotary airlock has a diameter of 300 mm and a length of 300 mm. The valve
rotates at a speed of n D 20 rev/min and feeds materials into a conveying line against
a pressure of 0.6 bar gauge (60 kPa). Estimate the air leakage for an open rotor, with
rotor tips and side clearance of 0.2 mm.

Solution 7.1. Conveying pressure D 1:6 � 105N=m2

Pressure drop value D 0:6 � 105 N=m2.
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For a nozzle k can be determined theoretically from formulae for frictionless
adiabatic flow. Typical values for nozzle flow:

p’=p¨ k

1.2 0.9
1.5 0.8
1.9 0.7

where p’ is the static pressure below the rotary valve and p¨ is the static pressure
above the rotary valve.

Assume that in the case of the rotary airlock, the k values will be further reduced
by 0.2. In this case p’=p¨ = 1.6.

Extrapolating
k D 0:78 � 0:2 D 0:58

Now rotor leakage area:

A D 2.0:3/.0:2/.10�3/C 2.0:3/.0:2/.10�3/
D 2:4 � 10�4m2

where the rotor has open sides. From Eq. 7.7 clearance leakage:

PV�
c D .0:6/.0:58/.2:4/.10�4/Œ2.0:6/.105/=1:96�1=2 � 60

D 1:24 m3=min

where

¡ D 1:225 kg=m3 for air at 15ıC

¡’ D 1:225.1:6/ D 1:96 kg=m3 .at higher pressure/

Also, for a valve speed n D 20 rev=min, from Eq. 7.8 the carry-over leakage:

PV�
p D  

4
.0:3/2.0:3/.20/

D 0:4m3=min

Thus, the total leakage:

PV�
T D PV�

c C PV�
p D 1:64m3=min at 1:6 bar

PV�
t D 2:6m3=min free air:

This calculation is a rough approximation of the leakage ignoring the density
change (�¡).

The results obtained from these calculations are comparable with extensive ex-
perimental studies [10], carried out on a range of valve sizes. Results from these
studies are shown in Fig. 7.6. (The results for the pressure ratio of 1.6 and the
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Fig. 7.6 Typical air leakage values for a rotary airlock [10]

300 mm valve must be viewed in terms of the fact that the clearance and the valve
speed are only 0.13 mm and 15 rev/min as opposed to 0.2 mm and 20 rev/min in the
example above.)

In certain situations, the air leakage through a valve (in particular the carry-over
leakage) can create severe hold-up problems in the storage hopper located above the
valve. Excess fluidization and arching are synonymous with the air leakage from
rotary airlocks.

In order to obviate some of these problems, a venting facility designed either into
the valve or the hopper can be arranged (Fig. 7.7). The vent pipe located on the valve
casing should normally be fed into a filter sock so as to avoid excessive dust leakage
at the valve. The hopper vent usually incorporates a pipe leading to a filter located
on top of the hopper.

One should note that Wypych [40] has developed a theoretical model to predict
the air leakage in a rotary valve. The results compare favorably to former largely em-
pirical correlations. The model considers a number of different orifices in the rotary
valve, (x) in the return side of the valve and (y) on the feed side. Sonic conditions
are assumed at the orifices. The resulting model is given as
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Fig. 7.7 Rotary airlock fitted
with venting arrangement
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xy

xy

�
(7.8a)

Where At – orifice throat diameter
Ao – area before the throat

7.4.3.3 Feeding Efficiency of a Rotary Airlock

Essentially, a rotary airlock is a positive displacement device, and as such the quan-
tity of material which is fed, is, up to a point, proportional to the speed of rotation.
The limit of proportionality is reached at a critical speed, above which there is a
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Fig. 7.8 Rotary airlock
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certain amount of carry-over of material due to insufficient time for any one pocket
to discharge completely.

The volumetric efficiency of a valve is not the same for all materials and it is
found in practice that the speed at which the maximum feed rate occurs depends
solely on the characteristics of the material being handled (Fig. 7.8). Thus, for each
material there is a ‘critical rotor speed’ [11] which is found to depend on the rotor
pocket filling process. Typical feeding efficiency characteristics for a rotary airlock
feeding a range of materials are shown in Fig. 7.9a. A typical selection chart for
rotary airlocks with 100% efficiency is shown in Fig. 7.9b.

7.4.3.4 Valve Configurations

Over the years a number of versions of rotary airlocks have been developed for a
variety of applications. The selection of a suitable rotary airlock is a function of both
the material characteristics and the system requirements. There is a basic range of
rotary airlocks which include:

(a) Horizontal rotor – drop-through.
(b) Horizontal rotor – blow-through.
(c) Vertical rotor – blow-through.

The essential difference between the drop-through configuration and the blow-
through configuration lies in the method of connecting the valve to the conveying
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Fig. 7.9 (a) Volumetric feeding efficiency of a rotary airlock (AMD Services, South Africa),
and (b) opposite, selection chart for rotary airlocks – 100% filled pockets (AMD Services, South
Africa)

pipe. In the case of the drop-through valve the material is dropped into a transitional
element known as the ‘feeding tee’ which links the valve to the pipeline.

The design of the feeding tee is a subject of much debate. To date only a limited
amount of data is available on the design of an efficient transition piece. A typical ar-
rangement is shown in Figs. 7.10 and 7.11. In addition to the transition arrangement,
a nozzle (see Eq. 7.15) is included on the clean gas side in an attempt to entrain the
solids into the flowing gas stream.

The blow-through configuration (Fig. 7.12) is designed to include a facility to
connect the conveying pipe directly to the valve casing. In such valves, the gas
stream passes through the pockets, thereby ensuring complete removal of all ma-
terial. These valves are well suited to ‘sticky materials’. Further, since there is no
need for a feeding tee, such valves generally occupy less head room.

The vertical rotor arrangement (Fig. 7.13) was specifically designed to meet the
requirements of a valve capable of handling large particles. In an extremely abrasive
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Solids in

Solids out

Fig. 7.11 Drop-through rotary airlock

Solids in

Gas /
Solids out

Gas
in

Fig. 7.12 Blow-through rotary airlock

Fig. 7.13 Vertical rotor configuration (Maschinenfabrik Karl Brieden and Co., Bochum,
Germany)
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environment these valves can feed waste mine material up to 80 mm in size for the
backfilling of mines.

7.4.3.5 Rotor Configurations

Perhaps the greatest variation in rotary airlock design occurs in the type of rotor
configuration available. Rotors are manufactured to suit a wide range of materials
and applications and include: flexible tips, rigid tips, reinforced blades, shaped
pockets, etc. (Fig. 7.14).

Fig. 7.14 Various rotor arrangements (Pneutech Pty Ltd., South Africa)
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7.4.3.6 Casing Configurations

In addition to providing a suitably robust body for the fixing of the storage hopper
and the pipework, the casing plays an important role in providing a mechanism for
adjusting and minimizing clearance leakage, the provision of suitable mating sur-
faces for the rotor and such features as vent pipes, purge air devices and in the case of
hot materials, cooling coils to protect the mechanical components. In addition spe-
cialist facilities such as pelican beaks are provided to assist with the flow of granular
materials. (Fig. 7.15). Emphasis is called to the problem of venting in pneumatic

Fig. 7.15 Various casing configurations
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conveying. The use of the double rotary feeder with an interconnecting chamber
to deaerate the solids is a reliable solution to venting difficulties. The solution does
require two feeders and more head room but the elimination of the operational prob-
lems are well worth the added cost.

7.4.3.7 Valve Arrangements

There are certain applications which require the arrangement of rotary valves in
either series vertical or series horizontal mode. The series vertical arrangement
(Fig. 7.16) is often used in applications where additional sealing capacity is required.
Also, by fitting independent variable speed drives to each valve, it is possible to vary
the mass flow of solids and the frequency at which the solids are introduced into the
conveying pipe. The top valve (Fig. 7.16) is used for solids mass flow control, whilst
the bottom valve can be rotated at a higher speed thereby ‘smoothing’ out the pres-
sure surges which normally occur as discreet pockets of material are dumped into
the pipeline.

Extensive tests [12] have been conducted on a series of vertical arrangements.
Results on fine powder materials have shown that a substantial reduction in system
pressure loss is achieved by increasing the frequency at which the solids are intro-
duced into the system (Fig. 7.17). Savings of the order of 30% [12] can be achieved
by smoothing the flow.

The series horizontal arrangement (Fig. 7.18) is particularly well suited to chem-
ical dosing systems in which a discrete amount of various products is required to
be transferred to a mixing process. In this case, rotary airlocks of the drop-out type
are arranged on a single conveying pipe. In such an arrangement it is suggested that
only drop-out and not blow-through valves are used. With blow-through valves, a
situation occurs where product from an upstream valve will be passed through the
blades of a downstream valve, thereby creating a potential wear problem.

Fig. 7.16 Rotary airlocks
arranged in series vertical
mode
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Fig. 7.17 Influence of feeding frequency of system performance

Fig. 7.18 Rotary airlocks arranged in series horizontal mode (Johannes Moller Hamburg GmbH
and Co., Hamburg, Germany)

7.4.4 Combined Negative Pressure/Positive Pressure System

A novel method of combining the features of a Venturi nozzle and a blow vessel
(see Section 7.6 for detailed discussion on blow vessel) is the so called Cyclonaire
system [13] (Fig. 7.19). This system provides for the vacuum lifting and conveying
of a product in one unit. An important feature of this system is the fact that since
the vacuum is created by the Venturi, the risk of contaminating the blower with fine
particles is eliminated.

The system operates by means of a series of valves and a volume controller which
regulates the filling operation and ensures that the vessel is filled to an optimum
level. The discharge cycle is initiated by a switchover of valves which diverts the
airflow from the Venturi nozzle to pressurize the vessel and to provide air to effect
positive pressure conveying.
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Fig. 7.19 Cyclonaire system (Cyclonair Corporation, Henderson, Nebraska, USA)

There are a number of applications of the Cyclonaire system including static
installations for in-plant handling, off-loading rail cars and installations in which
the units are mounted on board road tankers.

7.5 Medium-Pressure Feeding Systems

Medium-pressure feeding systems are normally designed to operate at pressures not
exceeding 300 kPa (3 bar). Many of these feeding devices are ostensibly used in
the cement industry and have resulted in the parallel development of a number of
compressors with an upper pressure limit, specially designed to be linked with the
range of medium-pressure feeders.

7.5.1 The Fluid–Solids Pump

Fluid–solids pump technology dates back to the early 1900s when Alfonso Kinyon
[14] was awarded a patent for his design. Since then, a large number of manufac-
turers have produced several variations of fluid solids pumps to meet a variety of
applications.

Essentially, most designs include a specially machined screw which continuously
feeds material into the high-pressure conveying gas. Several screw arrangements
have been designed to ensure a high-pressure seal so as to minimize air leakage
through the feeder. The more popular arrangement includes a screw with a different
pitch profile so arranged as to compress the material to form a positive and contin-
uous seal.

In addition to the screw profile, some pumps include a weighted non-return flap
valve to provide an additional sealing arrangement, whilst there is one pump which
is arranged to discharge the material vertically up. The vertical discharge arrange-
ment uses the material mass to act as an additional seal.

Fluid–solids pumps provide a continuous feed and have a low profile which
makes them ideally suited to a number of retrofit applications. The low profile
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arrangement also allows for lower construction costs in new installations. Gas is
normally supplied into a mixing chamber so arranged as to ensure complete efficient
mixing with the product.

A wide range of fluid–solids pumps are available to transport materials at rates
of 280 m3/h over distances in excess of 500 m. Most systems are designed to handle
fine fluidizable material, but there are systems in operation which can handle pul-
verized fuel with particle sizes up to 6 mm. Figures 7.20a and b show typical pumps.

Fig. 7.20 Fluid–solid pumps: (a) Johannes Moller Hamburg GmbH and Co., Hamburg, Germany;
(b) Fuller Company/GATX, Bethlehem, Pennsylvania, USA
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In addition to those pumps providing an in-line discharge configuration, other
variations include: side discharge, single start thread rotor in a double start thread
stator, vertical discharge and a pump arranged to extrude the material by introducing
just sufficient air to keep the material in a fluidized state.

Marinelli and Carson [15] have reviewed some basic concepts on screw feeders
and how they can be effectively employed in feeding from bins and hoppers. Tapered
diameter flights, variable pitch screws and tapered shafts can be used separately or
in combination to provide effective feeding from screws. They have cited a number
of rules of thumb on this topic which are most effective for screws of diameters
greater than 100 mm. They suggest specifying the pitch tolerance, using a U-trough,
employing bolted flanged connections, sizing the hopper outlet width equal to the
screw diameter, keeping the screw speed between 2 and 40 rpm, using a shroud in
the trough just beyond the hopper outlet, using end bearings to support the screw,
employing rugged materials of construction, choosing a smooth surface finish for
the screw flights, preventing material leaking from the screw when stopped by a
sufficiently long conveying length after the hopper outlet, extending the screw flights
no more than 0.0254 m over the discharge opening and using a properly designed
slide gate between the hopper outlet and the screw feeder.

Looking at the particle characteristics and type of transport desired, Flain [16]
suggests 12 different feeding arrangements covering loading to values of 30 and
both low- and high-pressure systems.

7.5.2 The Mohno Powder Pump

The Mohno powder pump (Fig. 7.21) is another variation of the fluid–solids pump.
It consists of a metallic rotor revolving in a stator of resilient material. The pump
conforms to the conventional Mohno design with the addition of a pre-fluidizing air
inlet located at the base of the powder inlet. A second air inlet (main fluidizing air)
is located just downstream of the stator–rotor assembly. The main fluidizing inlet is
located such that the powder on discharge from the rotor is effectively mixed with
conveying air.

Drive
shaft

Intake chamber Rubber stator
Steel rotor

Pre-
fluidization

air

Main
fluidization

air

Fig. 7.21 The Mohno powder pump (Mohno Pumps, South Africa)
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The radial cross-section of the rotor is circular and is, at all points, eccentric
to the axis: the centres of the sections lie along a helix and the axis of the helix
forms the axis of the rotor. The pitch of the stator is twice that of the rotor and the
two engage in such a fashion that the rotor section travels back and forth across the
stator passage. The rotor maintains a constant line of seal between the intake and
discharge ends of the pump. The seal is continuously moving at a uniform velocity
through the stator and constantly recreating itself at the inlet. This has the effect of
producing a positive and uniform rate of displacement which smoothly generates the
flow of powder discharged through the long length of pipeline. In short the Mohno
powder pump is described as a progressive cavity pump.

The very nature of the seal maintained by the rotor–stator geometry implies that
even when not in operation the pump acts as an effective stop valve. Since there are
no return air pockets, as there are with other types of pumps, the pump also elimi-
nates disruptions to powder flow encouraging uniform discharge. Another important
advantage stemming from the positive displacement characteristics of the pump, is
its ability to act as a metering or proportioning pump.

In a series of tests [17] the Mohno powder pump was found to be an efficient,
robust device capable of pumping a fine fluidizable powder. For the fly ash tests
reported, the pump was found to have considerable potential. Tests in which an
attempt was made to convey granular sodium sulphate through the same system
indicated that the pump in its present form is not capable of handling materials
which conform to the Geldart group B or group D materials (Chapter 4).

For a relatively low-powered pump (maximum motor power to drive the pump
absorbed during tests [17] was of the order of 2.0 kW), the Mohno powder pump
provides a low-profile continuous feeder. From visual observations made through
a sight glass in the conveying pipe [17], it was clear that the pump is capable of
delivering a high concentration continuous slug of material.

Tests indicated that a variation of main fluidizing air resulted in no change in
solids mass of flow rate obtained from the pump until the pipe friction exceeded the
fluidizing effect, as such a critical amount of main fluidizing air is required to be
injected into the conveying line to ensure continuous movement of the dense slug.

Observations on the variation of both initial fluidizing air and pump speed indi-
cate that a fine control on the discharge rate is obtainable from the pump. Results
[17] indicated that the control was such that the Mohno powder pump could be
seen to be an effective positive displacement pump providing for accurate dosing of
materials in pneumatic conveying systems.

� In the fly ash tests [17] mass flow ratios � D 20 were obtained from trials con-
ducted on a pipeline D D 50mm diameter and a total length L D 130m. Over a
distance L D 12m using the same pipe diameter, mass flow ratios of the order of
� D 200 were obtained. The solids flow rate varied from Pms D 2:1 t=h .� D 20/

to Pms D 4:1 t=h .� D 200).
� Typical results obtained from the fly ash investigations are shown in Fig. 7.22.
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Fig. 7.22 The performance of a Mohno powder pump conveying fly ash

7.5.3 The Waeschle High-Pressure Rotary Valve

In a new development, Waeschle of Germany, have refined the design of rotary air-
locks (Section 7.4.3) to accommodate differential pressures of up to �p D 300 kPa
(Fig. 7.23).

This development is significant inasmuch as it is now possible to use some of the
special features of a rotary airlock in medium-pressure systems. The added advan-
tage of such a valve is the relatively low power required to rotate the rotor.

7.5.4 Vertical Lift Pump (Air Lift)

As the name implies, the vertical lift pump is a device designed to transport fine
fluidizable materials vertically upwards. Conveying capacities up to 800 tonnes per
hour can be achieved over vertical lifts of the order of 100 metres.

These pumps have no moving parts and their operation is based on a pressure
balance between the gas supply pressure and the static head due to the gas–solids
mixture (Fig. 7.24).

Most systems have a specially designed air entrainment nozzle located at the
mouth of the vertical conveying pipe. This nozzle facilitates the entrainment of the
solids into the conveying pipe, whilst some of the gas is bled off to provide an
aeration effect in the feeding zone.

The pumps occupy a relatively small area and have the unique characteristic of
having all the material being returned to the feeding container in the case of a power
failure. The vertical arrangement thus facilitates easy start-up.
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Fig. 7.23 The Waeschle high-pressure rotary valve (Waeschle Maschinenfabrik GmbH,
Ravensburg, Germany)

The performance of vertical lift pumps has been analysed by Weber [18]. Weber’s
analysis is based on the following assumptions and characteristics of the vertical lift
pump.

(a) The system is open to atmosphere.
(b) Incompressible flow is assumed – these systems normally operate at low pres-

sures and with relatively short pipelines.
(c) Dilute phase operating conditions.
(d) They are essentially self-regulating systems.
(e) When the pressure drop across the conveying pipeline is less than the pressure

drop across the bed of material in the vessel, the conveying process begins.
(f) Material is fed continuously (by another conveyor) into the tank.
(g) The operation of such systems is normally confined to fine fluidizable (Geldart

group A) materials.
(h) The size of the vessel is related to the vertical conveying distance.
(i) Pressure drop across the system:

�p D �pL C�pA C�pIF C�pG (7.9)

where �pL is the pressure drop due to air alone, �pA is the acceleration pres-
sure drop, �pIF is the pressure drop due to impact and friction, and �pG is the
pressure drop due to gravity.
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Fig. 7.24 Vertical lift pump (Johannes Moller Hamburg GmbH and Co., Hamburg, Germany)

Full details pertaining to each parameter in equation (Fig. 7.9) above are dis-
cussed in Section 6.6. Also, �pbed > �psystem.

( j ) Use is made of a low-pressure blower to keep the mass flow ratio (�) low.
(k) Air velocity

v D Pmf

A¡
D Pms

� D2

4
¡

(7.10)



266 7 Feeding of Pneumatic Conveying Systems

The product velocity c is calculated using the expressions derived in Chapter 6.
The procedure is to use Eq. 7.9 to calculate the pressure drop for different pipe
sizes and different mass flow ratios to determine a pressure minimum.

(l) The minimum power is obtained from:

Pmin D Œ�pmin C .¡=2/v2� PV
˜B

(7.11)

where ˜B is the blower efficiency and 50% � ˜B � 70%. Taking into account
the additional pressure losses due to filter, etc.:

Pmin D �pmin C�pdyn C�pvalves

˜B

PV

D �pmin C ¡¤2=2C�pv

˜B

PV (7.12)

Example 7.2. Vertical lift pump
It is required to design a vertical lift pump [18] to conform to the following

specifications:

Material Sand
Material flow rate Pms D 3;000 kg=h
Material density ¡p D 2;410 kg=m3

Particle size d D 1mm
Vertical lift Z D 15m
Mass flow ratio � D 10

Air alone friction loss œL D 0:02

Pressure drop factor due
to presence of solids œz D 0:007

Air density ¡ D 1:23 kg=m3

Blower efficiency ˜B D 70%

The first step is to calculate the settling velocity for a single particle (Section 4.6 and
Fig. 14.7):

wf0 D 6:7m=s

The air velocity v is calculated:

v D 4

 

Pms

¡

1

�D2

D 4.3000/

 .3600/.1:23/.10/D2
D 0:0863

1

D2

The particle velocity is obtained from:

c D v � wf0

D v � 6:7
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The total pressure loss, taking an additional pressure loss �pv D 1000 Pa for filter
and valves is given by:

�p D 0:02

�
15

2

�
1:23

v2

D
C .10/.1:23/.9:81/.15/

v

c

C 10.0:007/

�
15

2

�
.1:23/

�vc

D

�
C .1:23/.10/vc C 1000

D 0:1845
v2

D
C 1810

v

c
C 0:646

vc

D
C 12:3vc C 1000

Using the expression for v, c and�p for varying pipe diameters can be constructed.
The results from Table 7.2 are plotted in Fig. 7.25 below.

Table 7.2 Pressure losses for various components of the system

Symbol Units Formula

D m 0.06 0.07 0.08 0.09 0.1
v m/s 0:0863=D2 23.97 17.6 13.5 10.7 8.6
C m/s v � 6:7 17.3 10.9 6.8 4.0 1.9
�pL N/m 0.1845 v2=D 1,767 818 419 233 137
�pG N/m 1;810 v=c 2,512 2,921 3,598 4,977 8,093
�pIF N/m 0:646 vc=D 4,458 1,774 739 302 108
�pA N/m 12:3 vc 5,093 2,364 1,125 518 205
�pV N/m 1,000 1,000 1,000 1,000 1,000 1,000
�p N/m †�pi 14,830 8,876 6,880 6,929 8,541
�pdyn N/m ¡v2=2 353 191 112 70 46
Pmin kW Equation 7.12 1.47 0.877 0.677 0.673 0.930

Fig. 7.25 Performance
of a vertical lift pump [18]
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From Table 7.2 and Fig. 7.25 it can be seen that the friction and acceleration
pressure losses decrease with increasing pipe diameter. Thus, lowering the velocity
increases the gravitational pressure drop�pG (where G stands for solids gravity).

Because of the increase in�pG and the corresponding decrease in the other pres-
sure loss terms, the minimum system pressure loss �p occurs at a pipe diameter
D D 80mm. Note further, that the power consumption Pmin is close to the minimum
for the D D 80mm pipe.

In Fig. 7.25, it can be seen that by increasing the mass flow ratio .�/ results
in an increase in the system pressure loss �p for smaller pipe diameters. Further,
the power consumption (P) decreases with increasing mass flow ratio .�/. At low
values of mass flow ratio .�/ the power consumption (P) increases due to the higher
volumetric gas flow rate . PVf/.

7.5.5 Double Gate Lock Feeding Device

Gate lock feeding devices have been designed to feed large particles or materials
of an abrasive nature which are unsuited to a rotary feeder (Fig. 7.26). Essentially
the feeder provides for a batching operation in which two flap type values facilitate
the introduction of the material into a high-pressure conveying stream. A pressure
balancing arrangement is provided to facilitate the opening of the flap valves under
zero pressure gradient.

Another feature included in some systems is the provision of a second valve on
the feed side which shuts off the material flow, thereby preventing the flap valve
from having to close against a material flow.

Vacuum

To
atmospheric

vent

To
atmospheric

vent

Vacuum

Atmospheric

a b cAtmospheric

Air AirPressure Pressure
Air and Air and

materials materials

Fig. 7.26 Double gate lock feeding system (Fuller Company/GATX, Bethlehem, Pennsylvania,
USA)
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By virtue of the intermittent operation, these valves will cause a certain amount
of pressure surging as the material is introduced into the conveying stream.

7.6 High-Pressure Feeding Devices

The recent surge in interest in ‘dense phase’ conveying and long-distance pneumatic
transportation systems have resulted in the development of a range of specially de-
signed feeding systems. Common to all such high-pressure feeding devices is the
‘blow vessel’ designed to meet both the requirements as a material feeder and the
relevant design codes for pressure vessels. A novel solids feed pump developed for
feeding coal into a high-pressure system (200 psig) has been constructed by Stamet
[19] in a spool arrangement with two moving discs.

In this section, in addition to the various aspects pertaining to the design, op-
eration and selection of blow vessels, various specialized systems including low
velocity and plug conveying systems will be discussed.

7.6.1 Description of Blow Vessel

Blow vessels are essentially conical-bottomed pressure vessels fitted with the nec-
essary valves and fittings to suit the particular feeding requirements.

There are two basic blow vessel configurations: top discharge and bottom dis-
charge (Fig. 7.27a, b).

The top discharge blow vessel relies on the efficient fluidization and entrainment
of the material into the discharge pipe. These systems, although once extremely
popular, are now only used in situations where space requirements are limited, or
where a top discharge configuration is more suitable to the whole transportation
system.

Much work [20] has been done on the positioning of the mouth of the discharge
with respect to the fluidization pad, to suit a range of materials. It has been found
[20] that these systems can be ‘tuned’ to optimize conveying efficiencies.

The bottom discharge blow vessel configuration appears to be more widely
used and it is evident that most manufacturers are basing their designs on such an
arrangement.

7.6.2 Blow Vessel Operation

It is common practice to design a blow vessel for fully automatic operation. By
virtue of the availability of high-pressure compressed air for conveying, the use of
pneumatically actuated valves is favoured. Typically, the operating sequence for a
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Fig. 7.27 (a) Bottom discharge blow vessel; (b) top discharge blow vessel

fully automated blow vessel is as follows (Fig. 7.28). On initiation of the cycle all
valves are closed:

(a) Vent valve (A) is opened to depressurize the vessel.
(b) After a short time delay material feed valve (B) is opened and the filling process

is initiated.
(c) The material flows into the vessel until such time as the high-level indicator

(HL) is activated.
(d) The high-level (HL) indicator activates a signal to close valves (A) and (B).
(e) After a time delay, the air supply valve (C) is opened to supply air to the vessel.
(f) Air is fed into the vessel until a pre-set pressure is attained in the vessel.
(g) A pressure switch (PS) is activated which in turn sends a signal to open the

discharge valve (D). (Note the air supply is maintained open throughout the
conveying cycle.)

(h) Material is conveyed until a low-pressure signal is detected on the pressure
switch indicating that all material has been transported.

(i) Normally the air supply is maintained for a short while to ensure that any mate-
rial which might be left in the pipe is transported to the receiving station.

(j) The cycle is then re-initiated.

Some systems do not use a low-pressure signal as the indicator for the end of the
conveying cycle. Instead, use is made of a low-level signal in the vessel. Normally
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Fig. 7.28 Fully automatic bottom discharge blow vessel (Bulk Pneumatic Handling, Randburg,
South Africa)

in such systems, the discharge valve is located directly onto the flange of the blow
vessel and provision is made for a feeding tee arrangement. This arrangement will
facilitate the cleaning-out operation as described in (i) above.

The automatic process described above implies the use of a discharge valve.
There are, however, some systems which are designed without the inclusion of such
a discharge valve.

7.6.3 Discharge Characteristics of a Blow Vessel

In terms of the operation of a blow vessel, it is customary to obtain a pressure-time
trace from which the maximum discharge capacity of the conveying system can be
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Fig. 7.29 Pressure–time traces for a blow vessel: (a) with discharge valve; (b) without a discharge
valve

derived. A typical pressure–time trace obtained for a bottom discharge blow vessel
is shown in Fig. 7.29a. This trace is obtained from a bottom discharge blow vessel,
fitted with a discharge valve. The vessel is pressurized prior to the opening of the
discharge valve. From the trace the following observations can be made:

A–B Represents the vessel pressurizing cycle.
B Represents the initial vessel pressurization pi.
B–C Represents the drop in pressure as a result of the opening of the discharge

valve.
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C Represents the average conveying pressure – a pressure which is attained by
the gas–solids flowing in the conveying pipe.

C–D Represents the conveying cycle and is the time taken for discharging the
bulk of the product.

D–E Is the clean-out time in which the last remaining material is transported
through the pipeline.

C–E Is the total discharge time.

It can be seen that the sequence D–E represents a rapid depressurization of the
vessel. This depressurization together with the small amount of material can result
in a violent surge of high-velocity solids in a dilute concentration. An awareness
of this surge characteristic is necessary for the selection of an adequately sized air
solids separation system on the receiving end (Chapter 10).

By introducing a low-level detector at the bottom of the vessel, the D–E sequence
is replaced by a depressurization time.

In Fig. 7.29b a pressure-time trace for a blow vessel without pre-pressurization is
shown. Comparing Fig. 7.29a and b it can be seen that in the latter case, a less well-
defined trace is obtained. Figure 7.29b is obtained by filling the vessel and supplying
air to the vessel. The material forms its own natural resistance to the air flow and
will cause a pressure build-up in the vessel until conveying takes place.

The question as to whether a system is initiated with a pre-pressurizing cycle or
not, depends on a number of factors, inter alia material properties and manufactur-
ers’ preference.

There is no doubt group B materials which tend to ‘flood’ from a blow vessel
are best handled without a pre-pressurizing cycle. Such products tend to go into
instantaneous pipe blockage when discharged from a blow vessel under pressure.
There are other techniques of controlling the flow of group B materials from a blow
vessel.

With Group A materials it is generally accepted that pre-pressurization provides
a more efficient conveying situation. With such products the imposition of an ini-
tial vessel pressure tends to assist with the extrusion of the material in a ‘dense’
slug.

The maximum discharge capacity of a blow vessel [21] is constrained by the
volume of the vessel and the total cycle time:

Pm�
B D ¡bVB=tT (7.13)

where

Pm�
B D the discharge rate

VB D the volume of the vessel
tT D the total discharge time
¡b D bulk density of material

Now
tT D tF C tp C tD (7.14)
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where

tF D the filling time (material)
tP D the pressurizing time
tD D the discharge time

For a single blow vessel it is desirable to minimize both tF and tP by ensuring that
both the material inlet valve and the air supply arrangement are adequately designed.

7.6.4 Factors Influencing Blow Vessel Performance

Apart from the fact that blow vessels must be designed and constructed according
to a recognized design code, there are three basic design parameters which can in-
fluence blow vessel performance: (a) cone angle; (b) vessel volume; and (c) vessel
pressure.

The increased use of blow vessels for feeding materials with ‘bad’ flow properties
necessitates the selection of a suitable cone angle. Vessels with incorrectly designed
cone angles will result in either ‘ratholing’ or ‘bridging’ problems (Fig. 7.30).

Ratholing results in the formation of a blow hole through the material mass and,
once formed, it is not possible to transport any more material. Bridging problems
result in the product forming a barrier across the outlet of the vessel which prevents
any further material flow.

The selection of a suitable cone angle could be aided by the use of the classi-
cal silo or hopper design criteria. However, these design criteria do not take into
consideration that the product is under pressure and, in certain situations, gas also

Fig. 7.30 Discharge problems from a blow vessel: (a) ratholing; (b) bridging
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percolates through the material. At present, much of the cone angle selection criteria
are based on empirical data obtained from experience.

Some blow vessels are fitted with internal discharge aids which take the form of
vibrators, inflatable bags, sonic nozzles and various forms of mechanical agitators.

Vessel volumetric capacity is an important factor influencing blow vessel per-
formance. In the case of products which are fluidizable and have reasonable flow
characteristics, it is desirable to build the vessel as large as possible. A large capac-
ity blow vessel ensures that the tD component (Eq. 7.14) on the total time tT is large
in comparison to the pressurization and clean-out times.

Work done [22] on ‘large capacity’ blow vessels conveying cement and fly ash
has demonstrated an overall improvement in conveying efficiency when compared
to the performance of smaller capacity vessels.

From Fig. 7.31 it can be seen that for Geldart group A products such as cement
and fly ash, an improved conveying efficiency is obtained by using a ‘large’ blow
vessel. Figure 7.31 has been obtained by carrying out tests [22] on a large volume
blow vessel in which varying volumes of material were added. The filling fraction
is thus defined as the ratio of the volume of material introduced into the vessel, to
the actual volumetric capacity of the blow vessel itself. As such a filling fraction of
70% indicates that 70% of the volume of the vessel is filled with material.

For materials which have ‘bad’ flow characteristics or which have such free flow-
ing characteristics that they tend to ‘flood’ the conveying line, it is advisable to use
small-capacity blow vessels. In such cases, the volume of the vessel is selected such
that on discharge the conveying pipe cannot be overfilled and hence the risk of
blocking is minimized (it is also possible to introduce solids flow control devices at
the exit from the blow vessel – this is discussed in Section 7.6.5.2).
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Fig. 7.32 Blow vessel designed for materials with ‘bad’ flow characteristics (Simon Macawber
SA Ltd., South Africa)

Essentially, small-capacity blow vessels are designed on the basis of conveying
material as a series of discrete plugs rather than as a continuous stream (Fig. 7.32).
As such, the capacity of the vessel is selected such that on discharge a plug is formed
which is just long enough to prevent blocking. Typically, systems to transport lumps
of coal, various types of foundry sand and a range of granular abrasive materials
employ the principle of a small blow vessel.

Blow vessel discharge capacities can be markedly influenced with a variation of
the initial pressurization (Fig. 7.33). At the outset it should be pointed out that it
is sound practice to design a blow vessel for high operating pressures, albeit that
initially it might only be required to be operated at a lower pressure. There is a rel-
atively small cost differential between a vessel constructed to operate, say, 400 kPa
(4 bar) and one constructed to operate at 700 kPa (7 bar).

The added pressure capacity could provide the user with an opportunity of
extending either the capacity or the length of the conveying line without the need to
purchase a second blow vessel.

Recent studies [23] and [24] have shown that substantial benefits can be obtained
with the imposition of high initial vessel pressures. It is interesting to note that
whilst an increase in discharge capacity can be obtained with certain fine fluidizable
products, the average conveying pressure does not increase in the same proportion.
As such, a large increase in initial vessel pressurization usually results in a relatively
small increase in the average conveying pressure.
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Fig. 7.33 The influence of initial pressurization on blow vessel performance

7.6.5 Blow Vessel Configuration

Within the range of bottom discharge blow vessel systems, there is a variety of
vessel configurations to suit a number of materials and applications.

7.6.5.1 Continuous Discharge

In order to obtain a continuous discharge from a blow vessel system, a minimum of
two vessels is required. Continuous discharge can be obtained by placing one vessel
on top of another, or else by arranging the vessels in the so-called tandem mode.

In the first configuration (Fig. 7.34a), provision is made for the vessels to be
interconnected with a pressure balancing pipe to avoid opening the material feed
valves against a pressure differential. In Fig. 7.34a, valve A is opened to provide a
balanced pressure across valve B. After a short time delay valve B is opened and the
material is fed into vessel 1. Once vessel 1 is full, valves A and B are closed whilst
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valve C is opened after a time delay. A further time delay is provided before valve D
is opened, thereby depositing material into vessel 2. The material is thus conveyed
continuously out of vessel 2 without any loss in system pressure. The tandem blow
vessel arrangement (Fig. 7.34b) provides for two separate blow vessels connected to
a common controller. Whilst vessel 1 is in the discharge mode, vessel 2 is the filling
mode and vice versa. In certain situations [25] up to four vessels are connected to a
single conveying line.

7.6.5.2 Solids Flow Control

The advent of long-distance pneumatic conveying systems [24] has necessitated the
development of solids flow control devices at the discharge of blow vessels. Also,
many free-flowing products which tend to flood the conveying pipe require some
form of controlled feeding to inhibit pipe blockages. Thus there is a range of solids
flow control devices and systems which are successfully operating in a variety of
industries. In all the systems the amount of solids entering into the line is discretely
monitored to ensure that at all times, the conveying pressure is carefully controlled
within specified limits. These limits thus ensure optimum conveying conditions at all
times, whilst controlling the solids flow to inhibit pipe blockage. In some systems,
a further refinement includes a control on the gas flow entering the system.

Cone dosing system The cone dosing arrangement (Fig. 7.35) consists of a con-
ical valve fitted via a long stem to an actuator located on top of the blow vessel.
The movement of the stem is controlled by the actuator and both the frequency
and the amplitude of the valve are regulated. The proportional and differential
control is pneumatically regulated in terms of a pressure sensor connected to the
conveying pipe.

In addition to providing some form of solids flow control from the discharge of
the blow vessel, the movement of the stem also provides for an effective discharging
aid which is suitable for non-free-flowing products. It has been found [24] that many
products which tend to adhere to the walls of the blow vessel are loosened by virtue
of the movement of the stem. In some situations [25] a series of rakes have been
attached to the stem of the control valve. These rakes have been useful in promoting
the flow of materials out of the blow vessel.

An additional feature of the control system is the ability to select any system
operating pressure. Pre-selection by means of a dial ensures the continuous con-
trol of a sufficient quantity of product resulting in the conveying system operating
at optimum conditions at all times.

Rotary valve system Solids flow control can be accurately monitored by fitting a
suitably designed rotary valve (to withstand the high static pressures) to the bottom
of the blow vessel (Fig. 7.36). The valve is fitted with a DC variable speed drive con-
nected to a controller. The variation speed of the valve provides the necessary solids
flow control. The employment of a double rotary valve arrangement is described
in Section 7.4.3.7 in conjunction with the blow vessel and can provide additional
benefits in the form of eliminating pressure surges [12].
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Fig. 7.35 The cone
dosing system (KBI
Klockner-Becorit
Industrietechnik GmbH,
Germany)

Flap-type controller The fitting of a flat-type valve actuated by a quarter turn
pneumatic actuator has been applied in several areas of blow vessel technology
(Fig. 7.37). Variations on the type of valves used and the fitting of a vibrator to
the valve shaft to assist material flow are available.

The movement of the valve and the amount to which the valve is opened is con-
trolled from a signal obtained from the system conveying pressure.

Modulode system The modulode feeder (Fig. 7.38) consists of a disk valve located
in a housing which is fitted to the bottom of the vessel. The vertical movement of the
valve is controlled by a diaphragm which obtains its control air from the conveying
gas. The conveying gas is passed through a variable orifice (butterfly valve), thereby
causing a pressure differential which is used to actuate the diaphragm valve.

The diaphragm valve lowers the disk and permits material to flow into the
conveying pipe. The material in turn creates a back pressure which reduces the dif-
ferential across the orifice. The reduction in differential is sensed by the diaphragm,
resulting in a regulation of material introduced into the conveying stream. The con-
tinuous movement of the disk valve ensures a regulated solids flow control and
inhibits any pipe blockages.
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Fig. 7.36 Rotary valve solids
flow control
(Maschinenfabrik Karl
Brieden and Co., Bochum,
Germany)

7.6.5.3 Gas Supply Configurations

An important factor in blow vessel design is the method of introducing gas into the
vessel. There are a number of variations of conveying gas supply arrangements, and
many of the techniques employed [22] have resulted in a substantial improvement
in the discharge capacity of a blow vessel system.

The supply arrangements are selected on the basis of the characteristics of the
material to be conveyed. In many situations, whilst one arrangement might suit a
particular material, the same arrangement could result in severe blockages in the
conveying line when conveying another material.

Experience has also shown how, with careful design providing a number of vari-
able orifice valves, it is possible to ‘tune’ the system (Fig. 7.39). The variation in the
gas flow into the various ports located in the blow vessel can lead to an improved
transportation system. The provision of these valves has proved to be a bonus to the
plant commissioning engineer. In terms of the more commonly available commer-
cial blow vessels, the following gas supply configurations are possible:

(a) Supply to top of vessel.
(b) Supply to an aeration cone.
(c) Supply to an entrainment nozzle.
(d) Supply to a ring Venturi.
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Fig. 7.37 Flap-type
solids flow control

In terms of each configuration, the following features are of importance.

Configuration 1 The position of the inlet pipe is arranged such that the gas supply
is always on top of the material.

Configuration 2 In several systems it is customary to include an aeration cone to
fluidize the material at the exit of the blow vessel.

Configuration 3 The entrainment nozzle has been found to be a most useful device.
The nozzle position is variable, making it possible to provide a flow inhibitor as well
as a high-velocity gas jet for effective entrainment of the solids.

Configuration 4 The ring Venturi is normally located just downstream of the dis-
charge valve. The prime function of this device is to further dilute the flow to prevent
pipe blockages. It is customary to balance the gas flow such that enough gas is avail-
able to keep the vessel pressurized.

Combination of configurations In many situations a combination of the configura-
tions provides the most effective arrangement. As such, for example, by supplying
gas to inlets 1 and 3 it is possible to create a gravity flow situation by balancing the
pressures across the materials.
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Evidence of the influence of the gas supply configuration in terms of the ultimate
discharge rate obtainable from a blow vessel is shown in Fig. 7.40. By introducing
the air to the top of the vessel and through a centre nozzle, a substantial improvement
in discharge rate was obtained [26].

7.6.5.4 Mass Flow Nozzles

In addition to the various gas inlet configurations discussed above, it is sometimes
expedient to control the flow of gas into one or more inlets to the blow vessel. The
insertion of a nozzle can assist with the performance of a blow vessel by providing a
means in which the quantity of gas entering, say, the top of the vessel, can be greater
than that flowing through the entrainment nozzle.
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In tests carried out on gold slime [24], and more recent studies on fly ash [27],
optimum conditions were obtained by introducing the conveying air at the top and
the bottom of the blow vessel with a slight increase in pressure through the top
inlet. Conveying conditions were further optimized by including a sonic nozzle in
the air supply to the conveying pipe (Fig. 7.41). Care should be taken that valve B
in Fig. 7.41 is not opened when the blow tank is to deliver its charge. Opening this
valve fights the fluidization air that is supplied at the bottom of the tank such that
ineffective fluidization takes place.

The prime function of the nozzle was to prevent all the air going down the con-
veying pipe and thereby ensuring that a proportion of the air would enter into the
top of the vessel.

The inclusion of sonic nozzles in other applications provide for effective gas mass
flow control. Sonic nozzles are used in situations where it is desirable to ‘split’ the
air flow from a compressor, the control of gas into a feeding tee for a dilute phase
system, etc.

Mass flow nozzles can be designed according to the equations produced by
Govier and Aziz [28]:

Pmf

An
D
�

2›¡0

.› � 1/V0
.0:5283/2=› � .0:5283/.›C1/=›

�1=2
(7.15)

where

Pmf D mass flow of air (kg/s)
An D area of nozzle .m2/

› D 1:4 for air
p0 D upstream pressure (Pa)
V0 D upstream specific volume air .m3=kg/
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Another technique of sizing mass flow nozzles is recommended by Dixon [29].
In addition to ensuring that the compressor is of adequate size, the conditions for
the operation of a mass flow nozzle in a conveying system are as follows:

(a) For a constant mass flow of air, the absolute conveying pressure on the down-
stream side of the nozzle, or orifice, must never be greater than 0.528 of the
lowest possible (absolute) pressure in the air receiver system, i.e. during the
peak demand period.

(b) The initial pressure ratio p2=p1 which has a value of 0.528 for air and nitrogen
has a different value for other gases.

(c) Provided the ratio of the downstream absolute pressure to the upstream absolute
pressure is always less than 0.528, then the mass flow rate of air essentially
independent of the downstream pressure can be obtained from the equation:

Pmf D KCND2.p1¡1/1=2kg=s (7.16)

where

K D 0:54 for air and nitrogen
CN D 0:97 for a well-shaped Laval nozzle

D 0:7 for sharp-edged orifice
p1 D absolute upstream pressure
¡1 D actual density at upstream conditions

Example 7.3. Size a nozzle throat and a sharp-edged orifice to deliver 0.2 kg/s of
air from an upstream pressure of 4 bar (gauge). What is the highest downstream
pressure which will still result in 0.2 kg/s of air being delivered? Assume that atmo-
spheric pressure p0 D 1:013 bar, and that the air is at 15ıC.

Solution 7.2. Absolute upstream pressure,

p1 D 4C 1:013 D 5:013 bar

D 5:013 � 105N=m2

Actual upstream air density, ¡1 D p1=RT1
where

T1 D 273:15C 15 D 288:15K

¡1 D 5:013 � 105
.287/.288:15/

D 6:06 kg=m3

.p1¡1/
1=2 D .5:013 � 105 � 6:06/1=2

D 1:744 � 103 kg=m2s
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D2 D 0:2

0:54CD.p1¡1/1=2

D 0:2 � 106
0:54 � 1:744 � 103 � CD

mm2

D D
�

200

0:54 � 1:744 � CD

�0:5

For a nozzle coefficient, CN D 0:97; D D 14:8mm.
For a sharp-edged orifice, CN D 0:7; D D 17:4mm.

Highest downstream pressure which will result in 0.2 kg/s being delivered is
given by:

p2 D 0:528 p1 D 0:528 � 5:013
D 2:647 bar

7.6.6 Low-Velocity and Plug Conveying Systems

7.6.6.1 Introduction

An important development in pneumatic conveying technology has been the advent
of low-velocity and plug conveying systems. Essentially these systems provide a
solution to the problems of conveying delicate granular and friable materials and
products such as plastic granules which form ‘streamers’ in high-velocity conveying
systems. There are a number of commercial systems which have been designed to
provide low-velocity conveying. Most of these systems transport the product as a
series of discrete plugs. All these systems have special peripheral devices to promote
the flow regime required.

Whilst there is evidence of substantial benefits [26, 27] which can be accrued
from these systems, judicious selection of the correct system ‘suitable for a particu-
lar product’ is required.

By virtue of the low-velocity characteristics, these systems are also well suited
for the transportation of highly abrasive products. The low velocity ensures a limited
amount of wear in system components.

A further additional feature of these systems is the fact that many of them use
a limited amount of conveying gas. The smaller gas requirements permit the use
of smaller gas–solids separation devices at the end of the process. This results in a
saving on capital outlay for such gas–solids separation systems.

Many different arrangements are promoted by competing manufacturers, but the
systems can be classified into three major groups. Most systems utilize some form
of air injection or rejection to fluidize the material or prevent wedging between
particles. Some provision is usually made to break up excessively long plugs, but
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plug development is not directly controlled. In contrast, plug forming systems create
short, stable plugs at the feed point. Finally, defensive systems destroy plugs on
formation and usually operate in the strand or dune phases.

7.6.6.2 Fluidization/Turbulence Systems

Gattys Auxiliary air is injected from a sub-pipe mounted inside the main conveying
line as shown in Fig. 7.42. An increased auxiliary air flow rate [30] has been found to
increase plug velocity and reduce the level of the stationary bed. However, its use is
limited to well-behaved materials as the supply of air is not controlled. For instance,
if a plug formed, auxiliary air would not be forced into the plug to break it up.
Also, air cushions between plugs would be able to leak away, enabling excessively
long plugs to form. Finally, the continuous addition of auxiliary air increases the air
velocity and quickly takes the material away from the optimum conveying range.
However, this early system spurred the development of other low-velocity solutions.

Fluidstat/Turboflow The Fluidstat arrangement was initially developed by Muschel-
knautz [31] and incorporates a series of bypass pipes open to the conveying line
approximately every half metre, as shown in Fig. 7.43. Substantial energy savings
have been reported in conveying fine materials over various distances [32]. Suitable
materials must exhibit good air retention properties and under normal conveying
conditions the bypass lines serve to maintain fluidization of the material. In this
way, the conveying velocity can usually be dramatically decreased before material
settles out and increases the pressure drop. Interestingly, no advantage is revealed

Fig. 7.42 Gattys system
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Fig. 7.43 Fluidstat system (Buhler Brothers Ltd, Uzwil, Switzerland)

when conveying bakery flour; this material is so fine and light that it fluidizes readily
without help, and the bypass lines merely increase drag.

With reference to plug formation, the fluidized state of the material would usually
separate the individual particles and keep the pressure drop approximately propor-
tional to plug length. However, if a solid plug does form (e.g. starting after a long
delay), the blockage will be ‘chipped’ away from its front end by conveying air
which is forced through the bypass. This ensures the overall reliability of the system;
however, a precondition is that the pressure drop across a bypass pipe is greater than
that across a plug of equal length. Thus the system must be carefully sized for each
particular requirement. It is stated [32] that the increased cost of the conveying pipe
is compensated by a lower compressed air consumption.

Another variation of the bypass conveying system is the so-called turbulence
booster (Fig. 7.44). The hardware for such a system is similar to that employed in
the conventional bypass system. However, according to the designers the system
operates on the principle of regeneration of turbulence in the conveying pipe.

The system is essentially a low-velocity system and substantial savings in energy
have been realized by converting conventional systems to include the special piping
arrangement.

Trace-air/Dynamic Air systems As shown in Fig. 7.45, the trace-air method utilizes
a series of boosters incorporating a pressure regulator and a check valve. The ma-
terial is essentially extruded out of the blow vessel and air is only added where
necessary to prevent a blockage. The spacing between boosters is typically 3–13 m
and depends on the material’s properties and the desired reliability. The system
can be rapidly ‘tuned’ to achieve the desired performance by adjusting the pressure
regulators.
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Fig. 7.44 Turbuflow system (Johannes Moller Hamburg GmbH and Co., Hamburg, Germany)

However, each booster is relatively expensive, and this creates a complicated
trade-off situation between booster spacing, air consumption and plant reliability.
For instance, very fine materials like titanium dioxide would require booster spac-
ings every half metre, or sufficient air to ensure dilute phase conveying, to ensure
100% reliability. Therefore, a typical system would seldom operate at the optimum
condition.

The dynamic-air system (Fig. 7.46) is very similar except that volume (rather
than pressure) is controlled at each booster, and the check valve is incorporated at
the injection point.
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Fig. 7.45 Trace-air system (Semco Inc., Houston, Texas, USA)

Fig. 7.46 Dynamic-Air system (Dynamic Air conveying systems, St. Paul, Minnesota, USA)

7.6.6.3 Plug Forming Systems

The pulsed conveyor The pulsed conveyor, developed by Warren Spring Laborato-
ries in the UK [33] has been widely used for fine powders which are generally not
free flowing.

The basic arrangement of the pulse conveyor includes a bottom discharge blow
vessel fitted with an ‘air knife’ located just downstream of the discharge valve
(Fig. 7.47). The air knife is supplied with compressed gas and its operation is con-
trolled by a variable setting timer. Both the frequency of operation of the air knife
and the time allowed for the gas to pass through the air knife can be adjusted to suit
a particular product.

The gas is injected by the air knife into the flowing solid stream. When the gas
supply to the knife is ‘on’, the gas pulse splits the powder mass, stops the flow
of material from the vessel and pushes the severed ‘plug’ a short distance along
the conveying pipe. The conveying process consists of a series of material plugs
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Fig. 7.47 Arrangement
of pulse phase system
(Sturtevant Engineering Ltd.,
UK)
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interspaced by a gas gap. The system relies on a plug-forming characteristic of the
material and is suited to products with a cohesive nature. The most serious limitation
of this type of system is the absence of any method of easily removing a blockage
once it has formed. Therefore the system is more suitable for intermittent conveying.

Gericke Puls-Takt conveyor (PTA) This system has been refined and modified so
that particle velocities c D 1–5m=s are possible. Due to the plug flow characteristic,
mass load ratio of � D 100 is possible. These systems are widely used to convey
mixtures from blenders to silo stations where they are discharged as a bulk material
or in bags. Such a system with a capacity of 50 t/h (higher values are possible) at a
length of 300 m has been delivered and is in operation.

Intermittent solids feed conveyor For granular materials the cyclic operation of a
specially produced solids flow control valve, permits the introduction of the solids
in a plug form into the flowing gas stream (Fig. 7.48). The feeding technique is such
that the plugs are tightly packed before being fed into the conveying pipe [34].

It has been found that the plugs are maintained as an entity along the whole length
of the conveying line. A condition for successful operation of such a system is gas
permeability through the plug as well as some cohesive forces within the plug.

Double pulse system (Takt-Schub) A method of effecting some solids flow con-
trol without any mechanical shut-off valves is the use of a gas pulsing technique
(Fig. 7.49). Essentially the blow vessel is fitted with two gas inlets each with their
own shut-off valve. One pipe is located above the material, whilst the second pipe
is fitted to the exit from the blow vessel along the centre line of the conveying
pipe [30].
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Fig. 7.48 Intermittent solid feeds system

By means of alternate pulsing of the valves it is possible to effect some control of
the solids flow. A gas blast directed to the top of the material ensures that a quantity
of material is forced into the conveying line. The second pulse will convey the ‘plug’
of material a distance along the conveying pipe. Eventually the conveying process
is converted into a series of plugs moving down the line. The technique can only be
applied to a limited range of products and is well suited to granular products.

Plug pulse system The plug pulse system is a refinement of the double pulse tech-
nique to meet the problems of free-flowing materials. In this system a discharge
valve is alternatively actuated with a gas pulse (Fig. 7.50).

The vessel is kept pressurized by an open gas supply. On opening the discharge
valve, a discrete amount of material is deposited into the conveying line. An air
pulse is used to convey the plug down the line. Both the regulation of the gas pulse
and the timing of the opening of the discharge valve are controlled by means of a
variable timer. The timing settings are adjusted to suit a particular material. The most
successful tests have been conducted using a pinch valve as the discharge valve.

A variation of the plug pulse system is the so-called minipot. The minipot is one
of the simplest forms of blow vessel configurations available (Fig. 7.51). Essentially
the minipot consists of a weighted conical valve located on a central stem in the
middle of the pot which also acts as the gas inlet pipe.

The mass of the cone is such that under normal conditions the cone is in the
open condition thereby permitting the pot to be filled with solids. On a signal from a
timer, a gas supply valve is opened permitting gas to flow along the central pipe. The
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Fig. 7.51 Minipot conveying system

gas flow and pressure are so arranged as to initially provide for the closing of the
conical valve. Further gas flow percolates through the stem of the cone and provides
sufficient gas to transport a plug of material. The volume of the pot is so arranged
to permit a series of small plugs to move through the pipeline.

The minipot has been successfully applied to a large number of applications.
Typically the transportation of cement, fly ash, lime and various granular products
including fertilizers and plastic granules has been successfully achieved using such
a minipot.

The minipot has been designed for ease of installation and normally uses a
minimal amount of conveying gas.

7.6.6.4 Plug Destroying Systems

Pressure sensing plug system A further derivative of the basic plug phase principle
is the pressure sensing plug system. The system consists of a series of gas injection
stations along the conveying pipe, the distance between each station being governed
by both the size of the line and the nature of the product being conveyed.

Located at each station is a pressure sensing booster valve, which automatically
senses pressure changes and adjusts booster pressure to keep the material flowing.
By having individual stations, booster gas is injected only when and where it is
required.

The pneumosplit system (Fig. 7.52) thus facilitates a constant pressure gradient
and a gentle handling of material. The boosters are so arranged that no one station
can build a pressure higher than the one immediately upstream from it.

There are several techniques for pressure sensing including an electronic pressure
sensing device and a mechanical sensing device. There is evidence of substantial
improvements in overall conveying efficiency [28], when using a mechanical type
system.
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Fig. 7.53 The Fluid-Schub system (Buhler Brothers Ltd., Uzwil, Switzerland)

The Fluid-Schub system The similar Fluid-Schub system incorporates valves be-
tween the auxiliary line and the conveying pipe (Fig. 7.53). When a blockage causes
the conveying pressure to rise, air is automatically routed through the auxiliary line
until the plug is chipped away from its forward end.

7.6.6.5 Some General Comments on Low-Velocity Systems

An attempt has been made to identify the various techniques used to promote low-
velocity pneumatic conveying. The final selection of the most suitable system is
greatly dependent upon the characteristics of the material to be conveyed. More
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details pertaining to the specific selection of a system are discussed in the chapter
on dense phase conveying (Chapter 9).

The reader is cautioned to ascertain whether the system which is ultimately se-
lected will meet the requirements of a ‘true’ low-velocity system. An important
criterion in system selection is the ability to ‘re-start’ the system in the event of a
power failure.

7.6.6.6 Natural Plug Formation

In all the discussions relating to the selection of a low-velocity conveying sys-
tem, an awareness of the product characteristic is absolutely essential. There are
some granular products which, when fed from a bottom discharge blow vessel with
a discrete quantity of gas, will form natural low-velocity plugs. The system can
be ‘tuned’ to produce the plugs without the need for any peripheral plug forming
devices.

These natural plug forming products, include a wide range of plastic granules. It
is found that when too much air is introduced into the system the product is trans-
ported as a normal dilute phase suspension. On reduction of the quantity of gas, it is
possible to effect natural plug formation.

7.6.6.7 Extruded Flow

As the name implies, extruded flow systems permit the conveying of certain granular
materials as an ultradense plug. The plug extends for the length of the conveying
pipe and the system is well suited to granular materials in which a certain amount
of conveying gas can percolate through the material body.

A typical system consists of a blow vessel connected to a discharge line without
any discharge valve. The flow of material is controlled by means of a specially
designed conical valve situated at the discharge end of the system.

At the start of the conveying cycle the conical valve is adjusted far forward into
the flared end of the discharge pipe, leaving sufficient clearance for gas to pass
through the pipe whilst containing the flow of solids.

Once the conveying pipe is completely full of material the discharge valve is
opened to allow material to flow. Both the shape of the conical discharge valve
as well as the profile of the flared seal are critical. Work done by Shepherd [35]
includes a number of observations of materials tested in the extruded flow.

Typically, with a discharge valve at the end of the system [36], it is possible to
control the flow of material while attaining mass flow ratios of the order of� D 500.
No noticeable particle degradation has been observed even when conveying very
brittle materials [35]. By virtue of the extruded flow concept, extremely low gas
flow rates are required to affect transportation. The low gas flow rates facilitate the
need for relatively modest gas–solids separation equipment. In Fig. 7.54 a typical
arrangement of an extruded flow system is shown. In particular, it should be noted
that the profiled discharge valve is located at the end of the conveying pipe.
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Fig. 7.54 Arrangement of extruded flow systems

7.6.6.8 Extremely Low-Velocity Conveying (Vibration-Induced
Pneumatic Conveying)

It is obvious that the particle velocity plays a major part in the wear and erosion of
pipelines and bends and other units such as cyclones and filters. There are two cases
which must be well defined in these situations. The main parameter is the hardness
of the particle or agglomerate. If the particles are defined as erosive then the wear
rate is high. On the other hand, if the particles are ductile then the pipe wall might
not erode but the particles will degrade. In Section 11.4.6 the phenomenon of wear
is broadly described.

The new vibration-induced pneumatic (VIP) conveying system [37] is able to
convey bulk solids at velocities of 0.01 m/s. The system is able to convey fine pow-
ders, spray dried granules, flakes and small capsules at high mass load ratios from
40 to 200 depending on the product and pipeline length.

The advantage of the VIP system is that one can convey under different condi-
tions, from the initial empty-pipe starting condition to restarting the systems when
the pipe is full of product. Due to the fact that the conveying takes place in a very
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dense phase, segregation does not occur, and once the conveying is finished the pipe
is easily blown free of product.

The VIP system from Gericke/Regensdorf-Zurich in Switzerland is of the PSF
type consisting of a blow tank and a pipeline with vibrators mounted on elastic hang-
ers. The separator is relatively small because the amount of conveying gas required
is low. The vibration of the pipeline reduced the wedging of the product and the pipe
wall and the drag force of the flowing gas fluidizes the product and conveys it down-
stream. The aerodynamic force is adapted to the vibration of the pipeline, taking into
account the frequency and amplitude of the vibration. These conveying systems are
designed for distances of approximately 50 m and capacities of a few tons per hour.
The main data for the systems are �L D 72m including�Lv D 17m; Pms D 2 t=h;
� D 30; cw D 0:8m=s. The product data are d D 1 mm, ¡b D 300–500 kg=m3.
The product degradation was found to be negligible.

7.6.6.9 Fluidized Mode Conveying

Products which have the property of keeping hold of air are good candidates for
pneumatic conveying. In such cases one has a so-called fluidized conveying. The
fluidized conveying mode is characterized in the state diagram by a smooth trans-
portation of the solids with no slugging. The conveying velocities lie in the range of
v D 10–20m=s. Waeschle Maschinenfabrik [38] has developed a continuous con-
veying system using a special rotary valve. The product will be fluidized prior to
entering the rotary valve and pipeline. The super dense process has found wide ap-
plication for such products as terephthalic acid. Although the mass load ratio is high,
the pressure loss is low. In Table 7.3 is a comparison between a super dense and a
dilute phase conveying system.

7.6.6.10 Influence of the Dense Phase on the Pipeline

The dense phase conveyance is characterized by the high mass load ratios and low
transport velocities. In comparison to the dilute phase, higher masses of solids can

Table 7.3 Comparison between super dense and dilute phase conveyance of tere-
phthalic acid (Reproduced by permission of Waeschle Maschinenfabrik Germany)

System! Super dense phase with compressor Dilute phase with blower

Solids mass
flow Pms (kg/h)

Pipe length
�L (m)

Air vol. rate
PV .m3=h/

Power P
(kW)

Air vol. rate
PV .m3=h/

Power P
(kW)

31,000 148 1,160 132 5,400 250
26,000 113 1,020 110 3,660 160
70,000 84 1,250 160 10,680 500
23,500 186 1,300 160 3,900 160
48,000 104 1,750 200 6,720 300
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be conveyed in pipes. Due to the fact that the solids concentration is high, the con-
veying gas percolates through the bulk solids in the pipe yielding a high pressure
loss. Products with low friction factors and those which do not have the tendency to
wedge can easily be accelerated. An example of such a material is plastic granules.
The accelerated material will give up a large part of its kinetic energy in the fol-
lowing bend. The strong deceleration yields a reaction force on the pipe walls and
results in an impact force. By virtue of the gas expansion, sudden motion of plugs
of material can be precipitated in a fraction of a second, which leads to extremely
high velocities. The impact force depends mainly on the plug length, frequency and
back-up pressure. The plug length should not exceed a critical length, otherwise the
forces attain magnitudes which cause damage to both pipe bends and bend hangers.
Due to high conveying mass solids rates in the dense phase in large pipe diameters
D D 150–250mm the impact forces can tear the material in the bend at the position
where it is supported. Even a reinforcement of the support does not withstand this
process. The frequency of the plugs impact on the walls of the bend can produce
vibrations, which could be identical with that of the pipeline and thus could lead to
a resonance of the system. The result of this process is evident: a breakdown of the
pipeline. Hoppe [39] has recorded forces on bends up to the magnitude of 250 kN
in pipes with diameters of D D 250–300mm.

As well as the impact phenomenon which is accompanied by vibrations, there is a
rise in temperature in the bend caused by the reduction of kinetic energy. This trans-
formation of kinetic energy into heat causes a local melting of the plastic material,
yielding the so-called snake skin or angel hair and fluff. Therefore it is beneficial to
both the pneumatic conveying system itself and the product quality to employ the
option of a conveying mode, where no slugging of the plugs occurs.

7.7 Conclusions

In this chapter, an attempt has been made to highlight the various feeding devices
used for pneumatic conveying systems. At all stages the reader has been cautioned to
make sure that the selection of a suitable feeding device is based on a full knowledge
of both the product and the process in which the transportation system is required.

An attempt has also been made to include most of the more popular commercial
systems available on the market. Every effort has been made to ensure that at all
stages the reader has been provided with enough information to make a suitable
choice of feeding system.

References

1. Pneumatic Conveying Consultants: FEEDER, Allentown, PA (1992)
2. Bennington, S.T., King, A.L.: Jet Pumps and Ejectors – A State of the Art Review and Bibli-

ography. BHRA Fluid Engineering, Cranfield, November (1972)



References 301

3. Bohnet, M.: Aerodynamic calculation of gas/solid injectors. Proceedings of the Pneumatech
I, International Conference on Pneumatic Conveying Technique, Powder Advisory Centre,
London, May (1982)

4. Dixon, G.: In: Butters (ed.) Plastics Pneumatic Conveying and Bulk Storage, p. 125. Applied
Sciences Publishers, Reading, MA (1981)

5. Cramp, W., Priestley, A.: Pneumatic grain elevators, The Engineer, January 11, 18, 25,
February 1 (1924)

6. Vogel, R.: Dense phase vertical conveying in short length risers. M.Sc. Dissertation, Faculty of
Engineering, University of Witwatersrand, Johannesburg, South Africa (1979)

7. Cardoso, V.M.R.: Vacuum conveying of crushed coal over short distances. M.Sc. Dissertation,
Faculty of Engineering, University of Witwatersrand, Johannesburg, South Africa (1983)

8. Reed, A.R., Mason, J.S.: The effect of suction nozzle geometry on the performance of
pneumatic ship unloaders. Proceedings of the International Conference on Bulk Materials Stor-
age, Handling and Transportation, Institution of Engineers, Australia, August (1983)

9. Dixon, G.: In: Butters, G. (ed.) Plastics Pneumatic Conveying and Bulk Storage, p. 125.
Applied Sciences Publishers, Reading, MA (1981)

10. Reed, A.R., Mason, J.S.: Estimating air leakage through rotary valves. Bulk-Storage Movement
Control January/February (1977)

11. AMD Services, Johannesburg, South Africa
12. Marcus, R.D.: Minimum energy pneumatic conveying I – dilute phase. J. Pipelines 4, 113–121

(1984)
13. Cyclonaire Corporation, Nebraska, USA
14. Stoess, H.A.: Pneumatic Conveying, 2nd edn. Wiley, New York (1983)
15. Marinelli, J., Carson, J.W.: Chem. Eng. Prog. December, 47–51 (1992)
16. Flain, R.J.: Process Eng. December, 88–90 (1972)
17. Marcus, R.D., Benatar, G.: The Mohno powder pump. Bulk Solids Handling Transtest Publi-

cations, August (1985)
18. Weber, M.: Stromungs-Fordertechnik. Krausskopf Verlag, Mainz, Germany (1973)
19. Stamet Inc.: Gardena, CA (1994)
20. Waghorn, D.J., Mason, J.S.: The effect of aeration and position of inlet to conveying line on

the discharge characteristics of a blow tank. Proceedings of the 1st International Conference
on Bulk Solids, Storage, Handling and Flow, Stratford upon Avon, Powder Advisory Centre,
UK, November (1976)

21. Kraus, M.N.: Pneumatic Conveying of Bulk Materials, 2nd edn. McGraw-Hill, New York
(1980)

22. Lohrmann, P.C.: An investigation into aspects of the selection, design and operating charac-
teristics of blow tank pneumatic conveying systems to suit a particular material requirement.
M.Sc. Dissertation, Faculty of Engineering, University of Witwatersrand, Johannesburg, South
Africa (1983)

23. Lohrmann, P.C., Marcus, R.D.: Minimum energy pneumatic conveying II – dense phase.
J. Pipelines 4, 123–129 (1984)

24. Snow, C.L.: Long distance pneumatic conveying of dried slime. M.Sc. Dissertation, Faculty of
Engineering, University of Witwatersrand, Johannesburg, South Africa (1984)

25. Sheer, T.J.: Investigations into the use of ice for cooling deep mines. Personal communication,
Chamber of Mines Research, South Africa (1986)

26. Rizk, F.: Proceedings of Pneumotransport 3, BHRA Fluid Engineering, Cranfield (1976)
27. Wiggill, C.: Long distance conveying of fly ash, Internal Report, Materials Handling Research

Unit, University of Witwatersrand, Johannesburg (1985)
28. Govier, G.W., Aziz, K.: The Flow of Complete Mixtures in Pipes. Krieger, New York (1977)
29. Dixon, G.: In: Butters, G. (ed.) Plastics Pneumatic Conveying and Bulk Storage, p. 123.

Applied Sciences Publishers, Reading, MA (1981)
30. Tsuji, Y., Morikawa, Y.: Int. J. Multiphase Flow 8, 657–667 (1982)
31. Muschelknautz, E., Krambrock, W.: Vereinfachte Berechnung horizontaler pneumatischer Fo-

erderleitungen bei hoher Gutbeladung mit feinkornigen Produnkten. CIT 41(21), S. 1164
(1969)



302 7 Feeding of Pneumatic Conveying Systems

32. Flatt, W.: Low velocity pneumatic conveying of granulated and pulverised products. Criteria for
selecting the optimal pneumatic conveying system, paper J3. Proceedings of Pneumotransport,
vol. 5. BHRA Fluid Engineering, Cranfield (1980)

33. Apsey, J.H.: The pneumatic pulse phase powder conveyor. Proceedings of the Joint Symposium
on Pneumatic Transport of Solids, SAIMechE, SA Institute of Materials Handling, April (1975)

34. Hoppe, H.: Gentle pneumatic transport of friable materials by means of modern conveying
methods. Proceedings of the Pneumatech II, Powder Advisory Centre, UK, September (1984)

35. Shepherd, N.G.: Dense phase pneumatic conveying of coarse materials in the extrusion flow
regime. Proceedings of the Tech. Programme Int. Powder and Bulk Solids Handling and Pro-
cessing Conference, pp. 499–508. May (1979)

36. Welschof, G.: Pneumatische Foerderung bei grossen Fordergutkonzentrationen. VDI
Forschung 492, 28 (1962)

37. Siebenhaar, W., Molerus, O.: Pneumatech IV, p. 213. Glasgow, Scotland (1990)
38. Siegel, W.: Pneumatische Förderung. Vogel-Verlag, Würzburg (1991)
39. Hoppe, H.: Proceedings of the 8th International Freight Pipeline Society Symposium,

pp. 69–77. University of Pittsburgh, Pittsburgh, PA (1995)
40. Wypych, P.W.: Bulk Solids and Powder Science and Technology, 1, 18–34 (2004).



Chapter 8
Flow in Standpipes and Gravity Conveyors

Abstract This chapter concentrates on gravity as the driving force for the
movement of solids which is important in the design and operation of hoppers,
cyclones often using the principles of fluidized beds. The standpipe is of particu-
lar concentration since this unit is employed extensively in industry and has been
applied to high pressure systems. The detailed operation of standpipes is discussed
as well as their stability in certain applications. The gravity conveyor operation is
discussed in particular.

Keywords Standpipes � Gravity Conveyors � Flow Modes � Stability

8.1 Introduction: Standpipes and Gravity Conveyors

This chapter is concerned with the flow of solids under gravity. Two types of flow
will be considered. In one, solids flow downwards in a vertical or inclined tube
generally known as a ‘standpipe’. Standpipe flow is often encountered in the out-
let of hoppers, in cyclone diplegs and particularly in transferring solids out of a
fluidized bed. The other type of gravity flow considered here is analogous to open
channel flow of a liquid. This is known as flow in a gravity conveyor or an air-slide.
Solids flow down a channel tilted a few degrees to the horizontal (often between 1ı
and 8ı). The solids are fluidized by an upflow of gas close to the minimum fluidiza-
tion velocity and flow down the channel like a liquid. In this chapter, the two types
of gravity flow will be considered separately.

8.2 Classification of Standpipe Systems

A standpipe is defined here as a vertical or inclined tube in which granular solids
flow downwards. A standpipe has the capability of serving two important functions:

(a) To transfer solids from a point at a low pressure to a point at a higher pressure.
(b) To provide a seal against gas flow in one direction.

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 8,
c� Springer Science+Business Media B.V. 2010
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Fig. 8.1 A hydrocarbon cracking plant for production of gasoline (after Matsen [1])

The importance of these two capabilities can be illustrated in a catalytic cracking
plant for the production of gasoline. A typical catalytic cracker (Fig. 8.1) consists
of two reactors through which an alumina catalyst (the solid) recirculates [1]. The
catalyst from the combustion reactor flows down a tall standpipe (up to 20 m in
height) through a slide valve and is then transported upwards through a riser tube to
the other reactor. Note that the pressure at the top of the standpipe, p1 (Fig. 8.1), is
lower than that at the bottom of the standpipe, p3. Pressure immediately above the
slide valve near the lower end, p2, is significantly above p1 as a result of the ‘head
of solid’ in the standpipe. In this case it is also important that p2 is greater than p3,
giving p2 > p3 > p1 during operation.

That p2 is greater than p3 is important in this case as this will prevent upflow
of hydrocarbon vapour through the slide valve and standpipe into the combustion
reactor full of air. The tall standpipe thus serves the dual functions of transferring
solids to a higher pressure and of preventing backflow of gas in the upward direction.

For a standpipe to exhibit these two capabilities, the system can only operate
stably under a narrow range of parameters. An understanding of gas–solid downflow
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Fig. 8.2 The simple
standpipe
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is important in the design and operation of standpipes. In this section, we shall
consider the classification of standpipe systems.

8.2.1 The Simple Standpipe

Figure 8.2 describes the simple system generally with external pressure equal to at-
mospheric pressure. The only independent parameter is the degree of valve opening.
The presence of the standpipe below the hopper as shown in Fig. 8.2 has the
interesting effect of increasing the maximum solid discharge rate from the hop-
per [2]. This is made possible as the pressure below the valve is reduced to below
atmospheric pressure. This will result in a positive pressure difference (p1�p2 > 0)
to promote flow through the valve.

8.2.2 System with Top and Bottom Terminal Pressure
as Independent Parameters

Figure 8.3a and b show a common type of standpipe with its top inside a bed of
solids and a valve at its lower end. Aeration gas may or may not be introduced
along the pipe from an external source. Here the pressures p1 and p3 are fixed by
factors external to the standpipe and are defined as independent parameters. Aer-
ation rates and valve opening can also be independently manipulated and are the
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Fig. 8.3 Standpipes with top and bottom pressure as independent parameters: (a) top immersed in
a fluidized bed; (b) top connected to a packed bed

other independent parameters. At a given condition, the dependent parameters are
solid flow rate, gas entrainment rate, flow pattern, pressure and voidage profiles in
the standpipe. Figure 8.3a shows the top of the pipe immersed in a fluidized bed and
Fig. 8.3b shows the top of the pipe connected to a packed bed of solids.

8.2.3 System with Top Terminal Pressure
as Independent Parameter

This system is identical to that described in Fig. 8.3a with the exception that p3 is no
longer an independent parameter. An example is the Sasol Synthoil reactor system
[3] as shown in Fig. 8.4. Here p3 is influenced by the solid recirculation rate and is
not an independent parameter.

8.2.4 System with Top and Bottom Terminal Pressure
and Solid Rate as Independent Parameters

Figure 8.5 shows some of the industrial systems under this common category.
Figure 8.5a shows a standpipe acting as an overflow of a fluidized bed. Figure 8.5b
shows a cyclone dipleg and Fig. 8.5c shows the downcomer of a multistage fluidized
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Fig. 8.4 Standpipe with top
pressure as independent
parameter; the Sasol Synthoil
reactor system (after
Holtkamp et al. [3])
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bed. The solid feed rate to the standpipe is also an independent parameter in addi-
tion to the two terminal pressures p1 and p3. In normal operation, the lower part
of the standpipe is full of solids in dense phase flow while a thin suspension flows
through the upper section. The dependent parameters are gas entrainment rate, flow
pattern, pressure and voidage profiles and the height of the section full of solids
(zp in Fig. 8.5).

8.2.5 Summary of Classification

In this section we have classified common industrial systems according to the
independent parameters. Identification of the independent parameters of a standpipe
system is necessary in design and operation. There are other criteria of classifica-
tion such as flow pattern, type of hardware, pressure of operation, and so on [4]. The
usefulness of these classifications is not as general as the present one [5].

8.3 Classification of Flow Modes in a Standpipe

The flow mode in a standpipe can be either fluidized (i.e. particles are in suspension)
or non-fluidized (i.e. particles are not in suspension as in moving or packed bed
flow). Within each category, subdivision into two further flow patterns can be made
[6]. These will be discussed below.

8.3.1 Non-fluidized Flow

In non-fluidized flow, particles flow en bloc with little relative motion between them.
The particles are not in suspension and the slip velocity between gas and solid is
less than that required to support the apparent weight of the solid. The slip velocity
(relative velocity), w, is defined by

w D �v=©C c0=.1� ©/ (8.1)

For non-fluidized flow w is less than that at incipient fluidization, i.e.

w < vmf=©mf (8.2)

where

v D superficial gas velocity (positive downwards)
c0 D superficial solid velocity (positive downwards)
©, ©mf D voidage, voidage at minimum fluidization
w D slip (relative) velocity, defined as positive upwards
vmf D minimum fluidization velocity
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Within the non-fluidized flow mode, Kojabashian [7] proposed the further sub-
division into transition packed bed flow, in which slip velocity is positive (i.e.
upwards) and voidage increases with slip velocity; and packed bed flow in which slip
velocity is negative (downwards) and voidage is equal to that of a closely compact
bed, ©p independent of slip velocity. Knowlton et al. [8] suggested that in transitional
packed bed flow, the following linear relationship may be applicable:

© D ©p C .©mf � ©p/w

vmf=©mf
(8.3)

where ©p is voidage of a vibrated bed of particles.
The acronyms TRANPACFLO and PACFLO have been suggested to describe

transitional packed bed flow and packed bed flow respectively [6].

8.3.2 Fluidized Flow

In fluidized flow, solids are in suspension. The relative (slip) velocity between solid
and gas is greater than that at minimum fluidization and the voidage is greater than
that at minimum fluidization, i.e.

w � vmf=©mf © � ©mf (8.4)

For a given gas–solid system, a unique relationship exists between slip velocity and
voidage in fluidized flow, i.e.

w D f.©/ (8.5)

Within the fluidized flow regime, further classification was proposed by Kojabashian
[7]. This classification was later modified by Leung and Jones [9] to give two types
of fluidized flow:

type I fluidized flow .@v=@e/c0 > 0 (8.6)

type I fluidized flow .@v=@e/c0 < 0 (8.7)

The use of Eqs. 8.6 and 8.7 in predicting flow mode can demonstrated by consider-
ing a gas–alumina standpipe. For this system, the following slip velocity–voidage
relationship has been determined experimentally [6]:

w D 8:4©2 � 6:66©C 1:36 (8.8)

From Eqs. 8.2 and 8.6–8.8, we can derive an equation to describe the demarcation
between the two types of fluidized flow modes:

c0 <> .1 � "/2.25:2©2 � 13:3©C 1:36/ (8.9)

The greater and less than signs in Eq. 8.9 refer to type I and type II flow respectively.
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Fig. 8.6 Demarcation between type I and type II fluidized flow (after Leung and Jones [9])

A quantitative flow regime diagram for the gas–alumina system can be con-
structed from Eq. 8.9. This is given in Fig. 8.6 showing that voidage by itself does
not define the flow regime. Type I and type II flow can occur over the entire range of
voidage. A quantitative flow regime diagram similar to Fig. 8.6 can be constructed
for any gas–solid system provided the voidage–slip velocity relationship for the sys-
tem is available.

8.3.3 Summary of Flow Modes

In summary the four flow modes in standpipe flow are

(a) Packed bed flow (PACFLO) in which

w < 0

© D ©p

and is independent of slip velocity.
(b) Transitional packed bed flow (TRANPACFLO) in which

0 < w < vmf=©mf

and © is a function of slip velocity.



8.4 Equations Pertaining to Each Flow Mode 311

(c) Type I fluidized flow, in which

w � vmf=©mf

© � ©mf

.@¤=@©/c0 > 0

(d) Type II fluidized flow, in which

w � vmf=©mf

© � ©mf

.@v=@©/c0 > 0

8.4 Equations Pertaining to Each Flow Mode

8.4.1 Non-fluidized Flow

For steady non-fluidized flow, two one-dimensional equations are available for
describing pressure and normal stress. Following the nomenclature in Fig. 8.7, we
can write two momentum equations [10]:

(a) Mixture momentum equation

d N¢z

dZ
C dp

dZ
C 4£w

D
� ¡p.1 � ©/g C c0¡p

�
dc

dZ

�
D 0 (8.10)

Fig. 8.7 Nomenclature used
in momentum equations
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where

N¢Z D mean normal stress acting on solid
£w D wall shear stress
c D average actual solid velocity D c0=.1� ©/

(b) Gas momentum equation [11]

dp C dZ D K1w (8.11)

where
K1 D 150˜.1� ©/2=.§d©/2 (8.12)

§ D sphericity of particles
˜ D viscosity of gas

For packed bed flow, voidage is a constant equal to the vibrated bed voidage, ©p.
For transitional packed bed flow, Eq. 8.3 relating voidage and slip velocity may be
used [8].

For fully developed flow and neglecting gas inertia, Eq. 8.10 can be simplified to

d N¢z

dZ
C dp

dZ
C 4£w

D
� ¡p.1 � ©/g D 0 (8.13)

The normal stress profile can be obtained by integrating Eq. 8.13 once .dp=dZ/ is
calculated from Eqs. 8.11 and 8.12. The wall shear stress can be estimated by

£w D �w¢r (8.14)

¢r D N¢Z.1 � sin •/=.1C sin •/ (8.15)

for a Coulombic solid, where

¢r D radial compressive stress on solid
�w D coefficient of friction between particles and pipe wall
• D internal angle of friction particles

8.4.2 Fluidized Flow

For fluidized flow, the normal stress acting on solids is zero and the mixture
momentum equation becomes

dp

dZ
C 4£w

D
� ¡p.1 � ©/g C c0¡p

�
dc

dZ

�
D 0 (8.16)

For fully developed flow, with a volumetric solid concentration greater than 0.2,
wall friction effect and gas inertia may be neglected to give

dp=dZ D ¡p.1 � ©/g (8.17)
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Voidage in fluidized bed flow can be estimated from a fluidization expansion
equation. For bubbly fluidized flow, the equation proposed by Matsen [1] may be
used:

w D Œwb.© � ©mf/C vmf.1 � ©/�=Œ©.1 � ©/� (8.18)

where wb is the rate of rise of a single bubble in a fluidized bed.
For homogeneous fluidized flow, the equation of Richardson and Zaki [12] may

be used instead of Eq. 8.18:

w D wf0 ©
n�1 (8.19)

where

wf0 D single particle settling velocity
n D exponent in the Richardson–Zaki equation

In a tall standpipe, or one operating at a very low pressure, the effect of gas
compression as a result of pressure change along a standpipe may become very sig-
nificant. In that case, variation of gas velocity along the pipe can be accounted for by
applying the ideal gas equation or an appropriate equation of state for the gas [13].

8.5 Flow Through a Valve

In many industrial standpipes, a slide valve, or some other restriction such as an
L valve, a J valve, a flapper valve, etc. is present at the lower end for control of solid
flow and pressure balance. Often such a restriction is necessary to promote dense
phase flow to provide adequate pressure build-up in the standpipe. In any analysis
for standpipe flow, it is necessary to include the valve as part of the system under
study. We shall deal with the characteristics of various types of valves in this section.

8.5.1 Flow Through a Slide Valve

Flow of a gas–solid mixture through a slide valve can be modelled in terms of flow
through an orifice. The characteristic equations for a valve are dependent on the
state of the solid above the valve: fluidized or non-fluidized. The two cases will be
considered separately.

8.5.1.1 Fluidized Flow

A large volume of work has been published on the flow of fluidized solids through
an orifice [14–19]. There is general agreement that the equation for describing solid
flow rate is analogous to that for flow of a fluid through an orifice. The following
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equation by Judd and Dixon [17] must be used for flow of solids with a finite
pressure difference across a valve:

Pms D CvalveAoŒA2=.A2 � A2o/�
0:5.2¡b�po/

0:5 (8.20)

where

A D cross-sectional area of pipe above valve
Ao D cross-sectional area of opening in valve
Cvalve D valve coefficient
Pms D mass flow rate of solid
¡b D bulk density of solid–gas mixture above valve
�po D pressure drop across valve

The magnitude of the coefficientCvalve is dependent on the geometry of the valve
and the properties of the solid. Values of Cvalve in the range of 0.68 to 0.98 have
been obtained for flow of milled iron ore and silica–alumina catalyst [17, 20].

The correction factor ŒA2=.A2 � A2o/�
0:5 in the above equation is generally close

to 1 for small valve openings and can often be neglected. For operators running a
standpipe system, it is recommended that they obtain their own valve coefficient for
plant measurements by plotting Pms=Ao versus�p0:5o .

Equation 8.20 describes the flow of solids through a valve for a given valve open-
ing and pressure difference. A separate equation is available to describe gas flow. As
the gas inertia is negligible, pressure drop can be related to the frictional pressure
drop for flow of gas relative to the solid in the valve [15,16]. Using the Ergun equa-
tion to describe frictional pressure loss due to relative motion between gas and solid,
the following equation relating gas and solid flow through a valve can be derived:

�po D �K1w � K2 wjwj (8.21)

K1 is given in Eq. 8.12 and K2 is given by:

K2 D 1:75¡.1� ©/D0.A=A20/=.24§d©/ (8.22)

Do D diameter of opening of valve.

8.5.1.2 Non-fluidized Flow

In considering non-fluidized flow (or moving bed flow) through a valve, two classes
of flow may be distinguished, namely, solid flow with and solid flow without a sig-
nificant drag effect. With a significant fluid drag generated from the relative velocity
between gas and solid, a pressure gradient in the gas is set up. For fine particles, even
a very small relative velocity would generate a large pressure gradient which would
have an important effect on solid flow. For coarse particles, a very high relative
velocity would be required before fluid drag plays an important role.
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Where fluid drag is not significant, pressure drop across the orifice is close to
zero. With significant fluid drag, pressure drop can be positive or negative depend-
ing on the direction of the relative velocity. A common example is the use of an
efflux tube at the outlet of a hopper at atmospheric pressure as shown in Fig. 8.2.
The effect of the tube is to reduce the pressure at the outlet of the orifice to below
atmospheric pressure. This creates a positive pressure drop across the orifice with a
corresponding increase in solid discharge [2].

A large number of empirical and semi-empirical equations are available in the
literature for estimating solid flow rates for the flow of granular solids through an
opening with negligible fluid drag [21–24]. For flow through a circular orifice, the
following equation by Beverloo et al. [23] may be used to estimate solid flow rate:

Pmso D 35 ¡pg1=2.Do � 1:4ds/
2:5 (8.23)

where

ds D specific surface area diameter of particle
Pmso D solids flow rate through valve with no fluid drag effect

For a non-circular orifice opening, the equation can be written as

Pmso D 45 ¡pA0
o.gD0

oh/
0:5 (8.24)

where

D0
oh D effective hydraulic diameter of the opening

D .Doh � 1:4ds/, where Doh is the hydraulic diameter of the opening
A0

o D the effective opening area calculated from D0
oh

The effect of fluid drag on moving bed flow of solids through an orifice has been
considered by a large number of workers [25–28]. Leung et al. [29] suggested that
the equations for no slip can be combined with the equation for fluidized flow to
give the following general equation:

Pms D Pmso C CvAo.2¡b�po/
0:5 (8.25)

The first term on the right-hand side of Eq. 8.25 refers to the residual flow for zero
�po. The second term describes the flow rate using a simplified version of Eq. 8.20
for fluidized flow. Equation 8.25 is useful for analysing standpipe operating condi-
tions as it is applicable to moving bed flow and fluidized solids flow through an
orifice or a slide valve.

8.5.2 Flow Through Non-mechanical Valves

The L valve, J valve and V valve (Figs. 8.8, 8.9) belong to a class of non-mechanical
valves that employ a small amount of aeration gas to control the flow of particulate
solids. These valves have no moving mechanical parts subject to wear and seizure.
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Fig. 8.8 Non-mechanical valves: (a) the L-valve; (b) the J-valve

Fig. 8.9 The V-valve (after
Liu et al. [31])

They are also relatively inexpensive and have been used to feed or control flow into
either a fluidized bed or a pneumatic conveying line. Flow of solids can be stopped
completely through such a valve by shutting off the supply of aeration gas.

The characteristics of L valves and J valves have been measured by Knowlton
et al. [8] and Knowlton and Hirsan [30]. Their studies show that for a given system,
pressure drop across a valve is a monotonic function of solid flow through the valve:

�po D f. Pms/ (8.26)

and a unique relationship exists between gas and solid flow rates through the valve:

f. Pms; PV/ D 0 (8.27)
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The general forms of the Eqs. 8.26 and 8.27 are not known. For each valve, the
equations have to be established experimentally. The two equations are analogous
to Eqs. 8.20 and 8.21 for flow through an orifice/slide valve.

The V valve (Fig. 8.9) is another non-mechanical valve recently developed at the
Academica Sinica. It has an aperture in the vertical plane connecting to a V-shape
channel. Compared with the L valve and the J valve, the V valve can operate over a
larger range of flow rates and has a better seal against reverse flow of solids and gas.
Detailed characteristics of the valve have been presented by Liu et al. [31] and
Chong et al. [32]. While a design procedure for the V valve has been put forward
by Chong et al. the procedure has yet to be tested experimentally.

8.6 Stability of Standpipe Flow

Perhaps the most intriguing problem facing standpipe operators is that of flow
instability. Dramatic instability in standpipe operation often occurs in industrial op-
eration and can lead to costly plant shutdowns. The four major types of instability
are [33]:

(a) flooding instability.
(b) multiple steady states and bifurcation instability.
(c) Ledinegg type instability [34].
(d) Rangachari and Jackson type instability [35].

The various types of instability will be discussed below.

8.6.1 Flooding Instability

Flooding in a standpipe is defined by Leung [33] as

.@v=@©/c0 D 0 (8.28)

Equation 8.28 indicates that any increase in v at a constant solid flux will result in a
runaway increase in voidage causing the pipe to empty. Equation 8.28 corresponds
to the demarcation of type I and type II fluidized flow described in Section 8.3.2.
Thus operation close to the demarcation line is likely to be unstable and
troublesome.

Matsen [1] suggested that instability would occur when the downward solid
velocity is just sufficient to hold a bubble stationary in the standpipe, i.e.

Pms D A¡pwb.1 � ©/ (8.29)
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It can be shown that Eq. 8.29 is a special case for flooding for bubbly flow with
a characteristic bubble velocity of wb. Thus Matsen’s explanation of a ‘stationary
bubble instability’ is a mechanistic description of the flooding instability.

8.6.2 Multiple Steady States and Bifurcation Instability

Under certain operating conditions, multiple steady states have been predicted to
occur by Leung and Jones and by Chen et al. [6, 36]. Figure 8.10 is a plot of solid
flow rate versus .p3� p1/. There are two operating lines in the figure: the upper line
ABC and the lower line DEF. As .p3 � p1/ is gradually increased, the system may
operate along AB until a critical point C is reached. Further increase in .p3 � p1/
will result in a stepwise drop to the lower operating solid rate at E. This sudden
change is defined as bifurcation instability. Reducing .p3 � p1/ from point F will
follow operation along FED in Fig. 8.10.

In the region corresponding to DE, two possible steady states are feasible, either
along the upper line or the lower line. Chen et al. [36] verified the existence of
such multiple steady states and the bifurcation instability both theoretically and
experimentally in their simple laboratory standpipe. It remains to be seen how
this understanding can be applied to the operation of more complex industrial
standpipes.

Fig. 8.10 Multiple steady states in standpipe (after Chen et al. [36])
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8.6.3 Ledinegg Type Instability [34]

Ledinegg carried out a sensitivity analysis for gas–liquid flow in vertical boiler
tubes. The system of algebraic equations is reduced to two – a supply equation
and a demand equation. Solutions of the two equations are represented by points of
intersection of the two curves representing the equations. The stability of a par-
ticular solution is analysed by a simple perturbation argument. The application
of Ledinegg’s analysis was extended to standpipe flow by Jones et al. [37]. They
considered a standpipe system represented by Fig. 8.3a. Their analysis shows two
regions of stable fluidized operation: one at high voidage and the other at a voidage
close to that at minimum fluidization. The intermediate voidage region for fluidized
flow was shown to be unstable. The outcome of this analysis appears to be consistent
with the fact that intermediate voidage fluidized flow is seldom observed in practice.

8.6.4 Stability Analysis of Rangachari and Jackson [35]

Rangachari and Jackson considered the stability of the system depicted in Fig. 8.2
with the valve fully open. They proposed a stability criterion based on the sign of
d.p3�p1/=dc. They suggested that stable operation can only be attained if the above
differential is less than zero. Further work will be required to extend this work to
more complex industrial systems.

8.6.5 A Summary of Instability

Several known mechanisms for instability in standpipe flow have been described
in the literature. It should be stressed that a given flow system may be analysed
to be stable from one viewpoint but unstable from another. Many of the proposed
mechanisms for instability have yet to be verified in carefully executed experiments.
Further work will be required here.

8.7 Analysis of Industrial Standpipes: Case Studies

Two case studies will be considered here for two types of standpipes. The first is
an underflow standpipe as depicted in Fig. 8.3a where the top of the standpipe is
inserted inside a fluidized bed. Here the independent parameters are the two termi-
nal pressures p1 and p3, aeration rate and valve opening. The dependent parameters
are solid rate, gas entrainment rate and voidage in the pipe. The second standpipe
is an overflow standpipe (Fig. 8.5a) in which the solid flow rate is an additional
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independent parameter. The dependent parameters are the gas entrainment rate,
voidage profile and the position of the interface between dilute phase and dense
phase in the standpipe. Implications of the results of the analysis will also be
discussed.

8.7.1 Underflow Standpipe

The system under consideration is a 0.81 m diameter, 9.8 m tall standpipe in a hydro-
carbon cracking plant (Fig. 8.3a). Alumina catalyst circulates through the standpipe
at rates of between 10 and 20 tonnes per minute. Design considerations for the op-
eration of the standpipe and relevant data are summarized in Table 8.1.

For a given set of independent parameters for the system, there are four un-
knowns: Pms, PVf, © and p2 where p2 is the pressure immediately above the slide
valve. There are four equations describing behaviour of the system: two equations
pertaining to flow in the standpipe (Eqs. 8.17 and 8.18) and two equations describ-
ing flow through the side valve (Eqs. 8.20 and 8.21). These four algebraic equations
can be solved numerically to give a set of predicted operating conditions for a given
operation. Table 8.2 presents the results on the effect of variation of valve opening
and Table 8.3 presents the results on the effect of aeration rate. The aeration gas is
introduced into the standpipe at a location immediately above the slide valve.

Table 8.1 Solid and system characteristics for an underflow stand-
pipe in case study [38]

Pressure at top of standpipe, p1 232 kPa
Pressure at bottom of standpipe below slide valve, p3 239 kPa
Length of standpipe 9:8m
Diameter of standpipe 0:81m
Temperature in standpipe 930K
Minimum fluidization velocity, vmf 0:02m=s
Typical bubble velocity, wb 0:32m=s
Bulk density at minimum fluidization, ¡b 760 kg=m3

Mean solid diameter 80
m
Voidage at minimum fluidization, ©mf 0.4
Valve coefficient, Cvalve, used in calculations 0.5

Table 8.2 Effect of slide valve opening on underflow standpipe operating conditions [38]. Actual
operation observed in plant: valve – slightly open; solid rate – 250 kg/s

Slide valve opening Gas entrainment
(% valve area) Solid rate (kg/s) ratea Voidage in standpipe

50 1,190 0.65 0.41
25 620 0.34 0.42
10 240 0.14 0.48
6.7 No solution
aGas entrainment rate is expressed as superficial velocity down a standpipe in m/s.
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Table 8.3 Data and calculated results on an overflow standpipe in case study

Data used:
p3 � p1 D 18:3 kPa
Valve opening D 50%
Total height of standpipe D 17.5 m
¡p D 680 kg=m
©mf D 0:5

Pms D 207 kg=m2=s
D D 66mm
Particle diameter D 315�m
Cvalve D 0:6

Internal angle of friction D 60ı

Calculated results:

Aeration rate (m/s)

Equilibrium height
of dense phase
section, zp .m/

Voidage in dense phase
section

Flow pattern in dense
phase section

0.02 3.4 0.6 Fluidized
0.07 2.9 0.55 Fluidized
0:10a 2.5 0.5 Fluidized/

non-fluidized
0.11 3.8 0.49 TRANPACFLO
0.118 11.4 0.475 TRANPACFLO
0.122b 25.0 0.47 TRANPACFLO
aAt this critical aeration rate, transition from fluidized flow to non-fluidized flow (TRANPACFLO)
occurs in the dense region of the standpipe.
bThe maximum zp is that of the total height of the standpipe of 17.5 m.

Table 8.2 gives the calculated results for the case of no aeration. The results show
that there is a minimum valve opening and, correspondingly, a minimum solid recir-
culation rate below which the system will not work. The minimum rate determines
the turndown ratio for the above system. Although not shown in Table 8.2, it can be
shown that the minimum solid rate can be varied by changing the terminal pressure
difference, i.e. (p3 � p1/. Another consideration for smooth operation is to operate
away from the flooding locus defined by Eq. 8.28. Taking a typical bubble velocity
wb to be about 0.32 m/s [1], the flooding solid rate for the gas–solid system corre-
sponds to 120 kg/s.

To avoid flooding instability, it is recommended that the operating solid velocity
should be kept 1.5 times above the critical rate or 0.5 times below the critical rate.
This places further restriction on the operation of the standpipe.

Calculations were also carried out on the effect of aeration rate at a given valve
opening. The results show that there is a critical aeration rate above which there is
no solution. The critical point is analogous to point C in Fig. 8.10. Beyond this point
there is a stepwise drop in solid rate resulting in the type of instability discussed
in Section 8.6.2. The above conclusion is consistent with observed behaviour in the
industrial standpipe.
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8.7.2 Overflow Standpipe

The system under study is depicted in Fig. 8.5a with a standpipe diameter of 66 mm
and an overall height of 17.5 m [38]. The operating parameters and calculated oper-
ating conditions are summarized in Table 8.3 for a 50% valve opening. For a given
set of independent parameters, i.e. (p3 � p1/, solid flux, valve opening and aera-
tion rate, the system will have a region above the slide valve in dense phase (which
may be in fluidized or non-fluidized flow) with an upper region in dilute phase flow
analogous to solid raining down a tube. The position of the interface, zp, varies with
change in independent parameters. When zp reaches the total height of the stand-
pipe, the system becomes inoperable. Table 8.3 summarizes the effect of aeration
rate on zp and the voidage in the lower dense phase section. The results show that the
flow pattern in the lower region would change from fluidized flow to non-fluidized
flow with an increase in aeration gas rate. With further increase in aeration rate,
zp increases until the whole pipe is occupied by dense phase flow and the system
becomes inoperable.

The results for two different valve openings are given in Fig. 8.11. At low aeration
rates, lean phase in coexistence with dense phase fluidized flow occurs along BM in
Fig. 8.11. At point M, voidage in the dense phase region reaches the transition value

Fig. 8.11 Calculated operating conditions of an overflow standpipe for two valve openings (after
Jones and Leung [38])
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of voidage at minimum fluidization. Further increase in aeration rate will result in
a change in flow pattern to non-fluidized flow in the lower section. The height of
the non-fluidized dense phase region, zp, increases with increase in the aeration
rate until the whole standpipe is occupied by non-fluidized flow. The corresponding
aeration rate is the maximum aeration rate for operation for the particular set of
independent parameters. In Fig. 8.11, we present the results for two valve openings.
It is interesting to note that the range of operable aeration rates depends on valve
opening. Thus, manipulating the valve at a fixed aeration rate may result in change
from a stable operating point to an unstable operating point as shown in Fig. 8.11.

8.7.3 Summary of Case Studies

The two case studies above show that modelling of any standpipe system is possible
with the equations described in this chapter. The reliability of the modelling predic-
tions, however, is not certain. While trends predicted by models have been verified
in practice, quantitative predictions from the models are often inconsistent with
observed operating conditions. Nevertheless, the models are useful in understand-
ing the operation of existing standpipe systems. Comparison between predictions
and operations may be used to develop empirical correlation factors to the model
equations.

8.8 Gravity Conveyors

8.8.1 Introduction

The gravity conveyor, also known as the air-slide, consists of an inclined channel in
which fluidized solid particles flow under the influence of gravity (Fig. 8.12). The
particles are fluidized in the entire length of the channel by air through a suitable
distributor. The flow of fluidized solids in a gravity conveyor is analogous to open
channel flow of a liquid [39, 40]. It is particularly suitable to the transfer of fine
grain bulk solids that fluidize readily, such as Geldart type A and B particles [41].
The inclination angle of a conveyor can vary over a range from 0:5ı to 12ı; most
conveyors operate between 2ı and 8ı [42]. The gravity conveyor has the advantages
of low solid velocity with little attrition loss, high mass flow rates and low specific
power consumption. With special distributor design [43], operation at temperatures
up to 850ıC is possible.

For design, the length to be conveyed, the mass flow rate and the characteristics
of solids to be conveyed are given. We are required to determine:

(a) The air supply rate and its pressure.
(b) The width and height of the fluidized zone.
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Fig. 8.12 The gravity conveyor

(c) The angle of inclination of the conveyor.
(d) The design of auxiliary items such as height of conveyor, distributor, gas

cleaning equipment, etc.

These matters will be taken up in this section.

8.8.2 Design Procedure

Although much has been published on the gravity conveyor [39,40,42–48], there is
still considerable uncertainty in its design. Most of the published analyses are based
on an analogy between fluidized solid flow down the conveyor and open channel
flow of a Newtonian or non-Newtonian liquid. For these analyses to be useful in
designing a gravity conveyor, a knowledge of the viscosity of fluidized solids will
be required. This information is generally not available. Thus the design of gravity
conveyors is based largely on rules of thumb and actual operating experience. We
shall discuss the design procedure below.

8.8.2.1 Operating Gas Velocity, v

The operating gas velocity refers to the velocity of air for fluidizing the particles in
the entire length of the conveyor. For long conveyors it is important that distribution
of air throughout should be uniform. This can be achieved by either having a large
pressure drop across the distributor or by dividing the plenum air chamber into a
number of sections with air flow rates to each section individually controlled.
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The air velocity through the particles must be high enough to fluidize the particles
for the solids to flow down the inclined channel. The horizontal solid velocity along
the channel can be raised by increasing the fluidization gas velocity from vmf to a
certain upper limit. Beyond this upper limit, solid velocity will not be influenced
by the fluidization velocity [43]. The increase in solid velocity with fluidization
velocity has been interpreted in terms of the reduction of apparent viscosity of the
fluidized solids with fluidization velocity up to a certain value of gas velocity. The
design fluidization velocity for a gravity conveyor should be that value at which
further increase in velocity will not result in any significant increase in solid flow
rate. The results of Singh et al. [43] and Woodcock and Mason [48] suggest that the
optimal velocity should be 1.5 to 2 times the minimum fluidization velocity for the
particles. For design, we recommend

v D 1:5vmf (8.30)

For coarse materials with high vmf, the use of Eq. 8.30 will result in an unaccept-
ably high operating velocity. In this case operation at much closer to the minimum
fluidization velocity is recommended.

8.8.2.2 Width of Conveyer, b

Both the width b, and the inclination angle have a direct effect on the maximum
carrying capacity of a conveyor. In the absence of any operating data, it is difficult
to estimate the required width of a conveyor for a given duty. With some operating
data, it is possible to estimate the required width by extrapolation with the help of
the following equation [49]:

b D K. Pms=¡b/
0:5 (8.31)

where

Pms D maximum capacity of conveyor
K D a constant for a given system

In the absence of any operating data for a solid, the results of Singh et al. [43] may
be used as a starting point for extrapolation. For a width of 150 mm, they reported
a sand flow rate of up to 60 tonnes per hour with a density of sand of 2;630 kg=m3

and an angle of inclination of 2ı for the gravity conveyor.
Another way of estimating the width of a conveyor is to follow the guidelines of

Leitzel [42] given in Table 8.4. The capacities in the table are given in cubic metres
per hour. This can be converted to kg=h multiplying by the bulk density of the solids.
The bulk density at minimum fluidization may be used in the calculations.
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Table 8.4 Capacity
of different width gravity
conveyors [42]. To convert
to kg/h, multiply capacity
by bulk density of solid

Width of conveyor (mm) Conveyor capacity m3=h

100 15
200 55
300 125
400 280
500 560
600 730
750 1,000
900 1,500

8.8.2.3 Height of Fluidized Layer, Z

For a given system, the height of the fluidized solid zone in a gravity conveyor
depends on the solid feed rate. The only equation available to estimate this height,
Z, was presented by Singh et al. [43], as follows:

Z D Pms=.0:5¡b bg/0:5 (8.32)

Equation 8.32 however, is dimensionally inconsistent and should not be used di-
rectly. Experimental measurements combined with extrapolation using the equation
is recommended. As a first approximate estimate, a value of 0.1 m may be assumed
for the bed height in preliminary calculations.

8.8.2.4 Specification of Air Requirement

To specify the air requirement, we need to specify the volumetric flow rate and
the delivered pressure. The volumetric flow rate can be calculated simply from a
knowledge of the operating fluidization velocity and the total cross-sectional area of
the fluidized bed. Using Eq. 8.30 for fluidizing velocity, the volumetric air flow rate
is given by

PVf D 1:5vmfbL (8.33)

where

b D width of conveyor
L D length of conveyor

The pressure of the fluidizing air has to overcome line resistance and pressure
drop across the distributor as well as the pressure drop across the bed. The latter can
be calculated from a knowledge of the height of the bed, H, from

�pbed D g¡bZ (8.34)

The bulk density, ¡b, may be taken as that at minimum fluidization. The pres-
sure drop across the distributor should be adequate to distribute the fluidizing air
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uniformly throughout the entire length of the conveyor. A value of 0.5 times the
pressure drop across the bed may be used as a rough estimate of the required pres-
sure drop in the distributor. Line pressure loss can be estimated when the size, length
and geometry of the line are specified.

In summary, the air blower should be sufficient to provide a flow rate of PV given
by Eq. 8.33 at a pressure of (1.5 ¡bgZ) plus line pressure drop. If the delivery pres-
sure is considered excessive for economic reasons, we should consider the division
of the air plenum into several sections with independent control of air flow rate into
each section.

8.8.2.5 Angle of Inclination

The angle of inclination of the gravity conveyor has an effect on conveyor capacity,
air requirement and height of the fluidized solids, H. Increase in the inclination
angle will increase the maximum capacity of the conveyor. For a given conveying
rate, increase in inclination angle will result in a lower requirement of fluidizing
gas and/or a lower operating height of the fluidized bed. In either case, the power
required for supplying the air will be reduced.

No quantitative guidelines are available on the choice of angle of inclination.
The choice is dependent on the flow properties of the solid to be conveyed, the type
of distributors used and, to a lesser extent, on whether the conveyor is of the open
type or the enclosed type. Table 8.5 from Leiztel [42] gives some guidance on the
selection. The description of flow properties as poor to very good is necessarily
vague. Geldart type A particles [41] may be considered to exhibit very good flow
properties.

In many cases, the choice of inclination is dictated by the available elevation
difference between solid feed and discharge points. If the elevation difference is in-
sufficient to provide the necessary angle of inclination, a different kind of horizontal

Table 8.5 Angle of inclination of enclosed and open types of gravity conveyor [42]

Flow characteristics Angle of enclosed type Inclination of open type
of powder Type of distributor conveyor conveyor

Poor Ceramic 8 10
Poor Fabric 10 12
Poor Plastic 10 –
Poor Metallic 10 12

Good Ceramic 6 6–8
Good Fabric 8 8–10
Good Plastic 8 –
Good Metallic 8 8

Very good Ceramic 2–5 0–3
Very good Fabric 4–7 2–4
Very good Plastic 4–7 –
Very good Metallic 4–7 2–4
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fluidized bed conveyor with zero degree of inclination may be used. In these
conveyors, solids are propelled forward either by pressure difference or by a jet
of air [50, 51].

8.8.2.6 Other Considerations

A number of other considerations will have to be taken into account in the design
of the complete gravity conveyor. These include the type of distributor to be used,
whether the conveyor is enclosed or open, the removal of dust from the exhaust air,
the need for inspection openings or whether there is a need to change the direction
of flow of solids. All these matters and other accessories will have to be considered
in the overall design.

8.8.3 A Worked Example

Design a gravity conveyor for conveying 30 t=h of alumina particles with a bulk
density of 1;300 kg=m3 (particle density, 2;630 kg=m3) and a mean particle diameter
of 60�m, over a distance of 20 m.

Solution 8.1.

(a) The minimum fluidization velocity has been calculated for the solid in Chapter 3
to be vmf D 1:1 � 10�3m=s.

(b) Set operating fluidization velocity as 1:5vmf (Eq. 8.30). Operating fluidization
velocity D 1:65 � 10�3 m=s.

(c) Estimate width of conveyor from Eq. 8.31 and the data of Singh et al. [43]. For
the data of Singh et al., Eq. 8.31 becomes

150 D K.60=2;630/0:5

For the alumina conveyor

b D 150Œ.30=1300/=.60=2630/�0:5

D 151mm

An alternate method of estimating b is taken from Table 8.4 as follows:

Voidage at minimum fluidization D 0:4

bulk density of solid D .1 � 0:4/ � 1300 D 780 kg=m3

capacity of conveyor D .30 � 1000/=780D 38:5m3=h

From Table 8.4, conveyor width, b D 158mm. Thus the results from the two
different calculations are similar. For design, specify b D 150mm.
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(d) Estimate height of fluidized bed, H. As discussed in Section 8.8.2.3, no reliable
equations are available for estimating H. An arbitrary value of 0.12 m is taken
here as the design value for H.

(e) Estimate pressure drop across fluidized bed. From Eq. 8.34,

�pbed D 780 � 9:81 � 0:12 D 0:9 kPa

(f) Specify �p across distributor of bed to be 0.5 times pressure drop across the
bed:

�pdistributor D 0:5 � 0:9 D 0:45 kPa

(g) Estimate pressure of delivered air:

delivered pressure D 0:9 kPa C 0:45 kPa C line pressure loss

(h) Estimate air requirement

Pmf D vbL

D 1:65 � 10�3 � 0:150 � 20
D 5:0 � 10�3m3=s

(i) Assume angle of inclination to be 2ı as the solid belongs to Geldart type A with
good flow properties.
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Chapter 9
An Overview of High-Pressure Systems
Including Long-Distance and Dense Phase
Pneumatic Conveying Systems

Abstract High pressure operating systems in pneumatic conveying present a
particular challenge in that the compressibility of the gas must be taken into con-
sideration. Some guidelines are given on the operation and design of these systems.
In addition the long distance conveying operations is discussed again with design
strategies and applications.

Keywords High Pressure � Long Distance Conveying � Stepped Pipelines

9.1 Introduction

The recent surge in interest in dense phase and long-distance pneumatic conveying
has stimulated vendors to develop a number of new systems specially directed to-
wards increasing their market share in bulk materials handling. The proliferation of
such systems has met with varied success and in many situations a basic lack in
understanding of the flow phenomena has resulted in inappropriate solutions being
offered for a particular handling problem.

Of significance however, is the fact that researchers have yet to produce some
theoretical base for the design of high-pressure systems. The vendors have appar-
ently got themselves into a situation where it is almost imperative for each company
to have some unique ‘plug’ forming device in their stable. Those organizations who
do not have access to such technologies are seen to be deficient in their expertise.
Whilst there is no question that many of these systems provide the end user with
significant advantages in terms of increased throughput, lower energy consump-
tion, minimal particle degradation, ability to transport over distances in excess of
1,000 meters etc., the question does arise as to whether the added cost of specialized
hardware is always justified. In many situations, conventional pneumatic conveying
systems suffice (see Section 7.6.6.6).

Whilst there is a dearth of adequate theoretical background to facilitate the design
of high-pressure systems, it is expedient to link some of the theoretical concepts pre-
sented in Chapter 4 with some experimental observations reported in the literature.
This chapter has been written in an attempt to provide the reader with an additional

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 9,
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insight into high-pressure pneumatic conveying technology, from the viewpoint of
practical experiences and relevant experimental observations.

9.2 High-Pressure Systems

The feeding of high-pressure pneumatic conveying systems is fully described in
Chapter 7. The prime reasons for moving towards the use of higher pressures lie
firstly in the need to reduce the energy required to transport materials pneumatically,
secondly to facilitate the transport of bulk materials over distances in excess of
1,000 meters, and thirdly to handle delicate friable products.

The effectiveness of employing higher pressures to minimize energy consump-
tion and minimize product degradation is well documented [1–3]. From studies
conducted on a range of materials [1] it has been shown that much benefit can be ob-
tained by imposing a higher initial pressure to a blow vessel system before opening
the discharge valve (Fig. 7.28). The same studies [1] allude to the ability to upgrade
an existing system (by increasing the discharge rate attainable or by increasing the
conveying distance) by simply increasing the initial pressure in the blow vessel.

The transportation of materials at ‘low’ velocities implies the use of special
features in terms of bypass pipes, special pressure sensing valves and the like
(Section 7.6.6). By virtue of the fact that most of these systems rely on the prod-
uct being conveyed as discrete plugs, the increased friction due to the plugs requires
the use of higher pressures.

Long-distance conveying, albeit in the dilute phase, also requires the necessary
hardware to operate at high pressures. The automatic linking of high pressures to
dense phase is thus a misnomer.

9.3 High-Pressure Conveying

High-pressure pneumatic conveying has been explored by Plasynski et al. [4] with
pressure up to 4,238 kPa in a 0.0254 m diameter pipe for a vertical geometry. For a
Zenz type diagram one finds that as the pressure increases the curves shift towards
a higher pressure drop at the same gas velocity. The gas velocity for the minimum
pressure drop decreases as the pressure increases. The frictional representation sug-
gested by Weber [5] conjectures that there is a non-linear interaction between the
gas and solids contribution to the energy loss for transport. One can write

�P=L D Œfg.�/C fs.�/�¡v2=.2D/ (9.1)

where
fg.�/ D .0:0014C 0:125=Re0:32Œ1=.1C �0:7/� (9.2)

and
fs.�/ D 0:7848�0:966Fr�1:02 (9.3)



9.5 A Description of Plug Flow 333

Knowlton [6] has performed a number of high-pressure tests on 0.3 m diameter pipe
also in a vertical flow system. He reports that the pressure drop per unit length at
high pressure is less than that at low pressure. The main difference between the
Plasynski et al. and Knowlton results is the size of the pipe employed. The wall
region for the latter is much less dominant than the former case.

9.4 Dense Phase Flow Classification

Whilst the definition of dense phase pneumatic conveying is based on an arbitrary
solids load ratio � > 30 (Chapter 1), a more appropriate definition lies in the use of
the state diagram (Section 6.2). It is expedient to define all flow conditions, in which
the gas velocity u is below the saltation velocity, as being dense phase flow.

The dense phase flow regime can be further subdivided into three distinct
regions [7]:

(a) Continuous dense phase where the material moves by saltation over a stable
creeping bed.

(b) Discontinuous dense phase where particles move as groups or clusters; this
region is sometimes referred to as: pulse phase for granular products; plug phase
for powdery products.

(c) Solid phase where the solids are extruded through the pipe as a continuous slug.

Experimental results [2,3] suggest that the advantage of dense phase conveying can
be maximized by reducing the conveying velocity as much as possible. However,
solid phase conveying is generally limited to shorter pipes and granular materi-
als [8]. As such, at present, maximum effort by vendors is being directed towards
marketing systems which operate in the discontinuous phase regime.

9.5 A Description of Plug Flow and the Relationships
Between Plug Flow and Material Characteristics

A visual description of the flow in the discontinuous phase region has been presented
by various researchers [9–11]. For all materials tested, as the gas flow rate was
reduced, the following flow patterns were observed:

(a) The strands characteristic of continuous dense phase conveying changed into
moving dunes or balls.

(b) The formation of discrete plugs eventually filled the entire cross-section of the
pipe.

During dune conveying, the efficiency is lowered by the re-acceleration of the indi-
vidual particles through the solid mass. In contrast, wall friction causes the dominant
energy loss during plug conveying. As such, since plug formation is the limiting case
of discontinuous flow, the high operating pressures are generated by the increased
wall friction.
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The transient nature of discontinuous flow makes it virtually impossible to ac-
curately predict the onset of plug formation. A plug could, for example, be formed
in the dune conveying regime due to the collision of dunes of different size and ve-
locity. This problem exists even in cases where plugs are well defined, since during
conveying plug dimensions are found to vary considerably.

In a survey of existing theories and experimental investigations, it was found [12]
that the material properties, and specifically the particle size distribution, has a sig-
nificant bearing on plug flow behaviour. Most investigators [12] use as their datum
the plugging of cohesionless material with similarly sized particles. Such materials
provide experimental results which are qualitatively consistent with simple theory.

The hardness of particles were found by Asou et al. [42] to affect the plug flow
conveying character showing that soft particles lower the limits of the conveying
velocity and increases the boundary between suspension flow and plug flow.

Konrad et al. [13] derived an equation to quantify the pressure drop required to
move an isolated plug in a horizontal pipe. For a cohesionless material the equation
[13] reduces to:

�p

L
D 4“¨œ¨¡b

D
C 2¡bg“¨ (9.4)

where ˇ! is the coefficient at wall friction, �! is the ratio of axial to radial stress at
the wall and ¡B is the solid bulk density.

An implication of the analysis of Konrad et al. [13] is the fact that the pressure
drop across a plug is proportional to the plug length; this observation was indepen-
dently verified by Dickson et al. [14] and Lilly [15] for glass beads, polyethylene
granules, aluminium spheres and a relatively fine powder – bentonite. The linear
dependence of the pressure drop on the solid bulk density as described by Konrad
et al. [13] was verified by Lilly [15].

Experimental observations [16–18] for uniform cohesionless materials indicate
that the discrete moving plugs are separated by a stationary bed of particles which
are deposited and then swept up by successive plugs. The acceleration of the sta-
tionary particles manifests itself as a forward stress, and thus increases the pressure
drop. However, for a constant bed height, plug velocity and conveying rate, the
theory predicts that the pressure drop is independent of plug length. Furthermore,
uniform cohesionless material is reported to plug naturally (Section 7.6.6.6).

Natural plug formation implies that no special equipment is required to effec-
tively convey this type of material in the discontinuous phase. In such situations, the
pipe diameter must be chosen so as to limit the sum of plug lengths and hence the
overall pressure drop in the pipe.

Visual observations [17] have indicated that if the gas velocity reduced to be-
low a certain point, the material transport changes from ‘full bore’ plug flow, to the
shearing of small product slugs over a large stationary bed (Fig. 9.1). It was further
observed [17] that optimum efficiency was measured at the transition point between
the two flow patterns. Implicit in this observation is the fact that the lowest veloc-
ity at which material flows as a ‘plug’ throughout the pipeline is the ‘optimum’
velocity.



9.5 A Description of Plug Flow 335

Fig. 9.1 Flow transition at low velocity

Fig. 9.2 Pressure drop across a plug (fine powder)

Not all materials are either uniform or cohesionless, and Krambrock and Parekh
[19] report, for a fine powder, an almost exponential dependence of the pressure
drop on the plug length (Fig. 9.2).

The authors [19] found that above a critical length, the plug becomes immovable
as the wall friction increases at a greater rate than the propulsive force. Similar
observations for powders .d � 66�m/were reported by Lippert [10], which resulted
in the development of various devices to limit the length of plugs.

The literature indicates an apparent discrepancy in the results observed by vari-
ous researchers. A possible solution to the confusion has been provided by Wilson
[20] who included the effects of stress on deformation within the plug. The defor-
mation would effect the permeability of the plug, and hence the pressure gradient
and stresses along its length. It was concluded [20] that the independent variables
like plug length, pipe diameter and material properties could be reduced to the two
basic independent parameters:

(a) ƒ, ‘a dimensionless measure of plug length’.
(b) W , ‘an indicator of the fractional change in fluid pressure gradient with respect

to the logarithms of the particulate normal stress’.
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Fig. 9.3 Effect of permeability on wall friction

Thus, for a material like the glass beads used by Dickson et al. [14], which are nomi-
nally incompressible, W D 0; this would result in a linear pressure gradient whereas
for a fine powder, a non-linear dependence of pressure drop on plug length is pos-
sible. The simpler conceptual model shown in Fig. 9.3 illustrates the importance of
permeability in determining the pressure drop.

The model depicted in Fig. 9.3 can be illustrated by considering a sufficiently
long plug of fine powder which has been rendered effectively impermeable through
compaction. Because the aerodynamic drag on the individual particles would be
negligible, the pressure drop would have to be sustained structurely by the individ-
ual particles. This is analogous to a plug moved entirely by mechanical means as
described by Dickson et al. [14].

The model can be extended to take into account the performance of a material
such as soda ash which is known to plug very easily when transported from a nor-
mal bottom discharge blow vessel system. The material is characterized by a wide
particle size distribution. When a long plug forms, the small particles are driven
between the large particles, reducing the permeability and decreasing the apparent
wedge angle. The resulting fixed plug can often be moved only through reverse
pressurization.

Wilson [20] reports that even for the materials exhibiting a non-linear pressure
drop dependence on plug length, during successful conveying, the pressure drop
is proportional to the plug length. This observation was confirmed by Tsuji and
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Morikawa [21] who observed that the pressure drop across a moving plug is less than
that across a packed bed of the same particles. Evidently, turbulence and vibration
prevent the terminal wedging of the conveyed particles.

Fine materials like cement, pulverized coal and fly ash, which are known to be
successfully conveyed in the dense phase [22], can tolerate dune and plug formation
without blockage. The property of these materials to fluidize easily suggests that
the void fraction in the dunes is high, so that a certain amount of compression is
possible before the particles wedge together to form an immovable plug.

The behaviour of a plug is often influenced by factors which resist mathematical
analysis, requiring carefully controlled experimentation. For example the effect of
particle shape on the pressure drop depends not only on the geometry of the indi-
vidual particles, but also on their mutual orientation, etc.

9.6 System Selection and Product Characteristics

In Section 7.6.6, a number of specialized systems specifically designed to promote
discontinuous dense phase conveying were described. In particular, the hardware
required to effect conveying in this flow regime was categorized according to three
modes of operation:

(a) Gas injection or rejection systems.
(b) Plug forming systems.
(c) Defensiveless systems.

The effective selection of an appropriate system is normally dependent upon
the characteristics of the product to be conveyed. Although characteristics like
cohesiveness and friability may be considered in specialized applications (e.g.
transporting carbon black), mean particle size and size distribution criteria are
fundamentally important for effective selection.

In Fig. 9.4 a qualitative basis for the selecting of discontinuous dense phase sys-
tems is presented. Products in zone 3 conform to those which are relatively large
and of a similar size. These products will form plugs having a pressure drop propor-
tional to their length, whether stationary or moving. Existing conventional feeding
techniques (Chapter 7) can be used, and the gas and solid feed rate and pipe diameter
must be simply optimized to achieve energy-efficient conveying. Since the material
cannot form an immovable plug, the system can be stopped at any time and restarted
without the need for a separate mechanism to break up blockages.

Very fine powders like baking flour fall into zone 1 and can also be successfully
conveyed using conventional equipment. The fluidization characteristics of the ma-
terial facilitate the ability to transport such products at relatively high solids loading
ratios. Even at high solids loadings, the stationary bed is small. However, if a plug is
given any chance to form by either increasing the solids loading until the formation
of a significant bed, or in the advent of a power failure or premature shutdowns, the
resulting plug may be immovable. As such, a conventional system transporting such
products may not achieve the desired reliability.
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Fig. 9.4 Discontinuous dense phase system selection

Ubiquitous materials like fly ash and pulverized coal lie near the border of zones
1 and 2. Whilst these products often exhibit favourable dense phase conveying
characteristics, they often settle and create unstable slugging. Such materials are also
relatively impermeable and could be expected to form immovable plugs. The key to
promoting high solids loadings appears to be the promotion of fluidization. If the in-
terstitial spacing is sufficient, the pressure drop across a fluidized plug would not be
transmitted directly to the walls, leading to substantial energy savings. Furthermore,
the pressure drop would be proportional to the plug length. Successful systems uti-
lizing this approach include the bypass and turbo flow designs (Section 7.6.6.2).

Materials falling into zone 4 have a relatively large mean size as well as a wide
particle size distribution. These materials are considered to be problematic for dense
phase conveying. In a typical dense phase conveying situation, the fine particles will
remain suspended in the gas stream, whilst the larger particles form an unstable
bed. Further reduction of the gas velocity results in the formation of a plug consist-
ing primarily of the large particles. This plug acts as a filter on the percolating air
and the fine particles join the interstitial spaces, eventually blocking the pipe as a
result of significantly altering the permeability. The fluidization/turbulence systems
(Section 7.6.6.2) can also work successfully in this case, but the primary effect is
not fluidization, but preventing particles packing together for any length of time,
thereby avoiding exponential pressure drops and resulting blockage.

If the material to be conveyed is unusually cohesive, a plug forming system will
yield good results. Although the pressure drop across a plug of fine material may be
an exponential function of the plug length, the plug forming devices are so arranged
to limit the plug lengths to 0.3–0.4 meters long. By limiting the lengths of the plugs,
pressure losses of acceptable magnitude are maintained. Normally the stationary bed
between slugs is relatively small resulting in small forward stresses. As the plugs are
relatively impermeable, they remain separated even over long conveying distances.
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In contrast, these plug forming systems also appear to convey granular, perme-
able products efficiently. However, the resulting plugs can degrade rapidly, and so
they appear to offer little advantage over conventional systems over longer distances.

Defensive systems such as the pneumosplit and Fluid-schub (Section 7.6.6.4)
destroy plugs when they form. This usually constrains the system to operate in the
strand or dune regime which appears to be less efficient than plug phase conveying.
On the other hand, these defensive systems are applicable to materials having un-
usual properties and requirements. An example is unusually sticky materials, which
tend to clump together in unpredictable manners. Such materials cannot be relied on
to fluidize regularly, and can easily lead to clogging bypass pipes, so that a system
which adds gas seems to be essential.

Whilst an attempt has been made to highlight the features of the various low-
velocity systems and to relate these features to specific characteristics of the product
itself, it should be noted that at this stage the fundamentals of low velocity conveying
still remain relatively unknown. Vendors of equipment are gaining more experience
with a wider range of products and many preconceived ideas as to which product is
best suited to a particular mode of transport, are being shattered. Many claims are
being made as to the effectiveness of certain systems, and the end user is cautioned
to ensure that the selection of a system is based on a sound evaluation of the special
features a particular system purports to have. In particular, perhaps the most com-
mon debate amongst vendors is not so much the lower velocity aspect, but more the
low energy requirements for such systems. Ultimately an accurate assessment of the
total energy consumption will facilitate the selection of an appropriate system.

Whilst many specialized systems operate at low velocities, there can be a corre-
spondingly higher pressure requirement which, in some cases, offsets the benefits
which can be derived from the lower velocity.

One undisputed feature of any of the systems described above is the ability to
restart a system in the advent of a power failure. To many operators, this feature is
singularly more important than any other feature.

9.7 Dense Phase System Design

Whilst there are continuous efforts being made to produce an adequate theoreti-
cal model for the design of dense phase conveying systems, very few researchers
have been able to predict theoretical results which can compare with experimental
evidence.

Weber [23] has produced an empirical correlation which has been shown to
produce reasonable approximations to actual experimental results. The analysis of
Weber is discussed in Section 4.24.

Using Weber’s [23] analysis from Eq. 4.114,

p1 D p2 exp

�
“�gL

RTc=v

�
(9.5)
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Fig. 9.5 Relationship
between c=v and ��

It has been found experimentally [23] that for most loose materials, “ varies between
0.4 and 0.8, with a mean value “ D 0:6.

Experimental data from actual dense phase systems indicate that the slip velocity
ratio c=v depends upon the solids loading ratio �, and two terms � and — as shown
in Fig. 9.5. Now � is defined as

� D 0:5.¡1 C ¡2/=¡b (9.6)

where 0:5.¡1 C ¡2/ is the mean gas density, ¡B is the bulk density of the solids and

— D 4��
ZB.Fr5/�=. “Frf/ (9.7)

From experimental results it has been found that

œ�
Z D� 0:75 “ D� 0:6 B D� 10�3

From which
— D 1:6 � 10�3Fr5�=Frf (9.8)

Note that Frf D wf=.Dg/1=2.
Large values of — occur for the transport of fine powders with particle sizes in the

range 10�m � d � 100�m at normal pressure and at air velocities in the range
10 m/s to 15 m/s. Small values are encountered for the same products transported in
the same pipe diameters but operating at pressures of several atmospheres, and ve-
locities from 3 to 6 m/s. (A worked example using the above technique is presented
in Chapter 14.)

In Table 9.1, experimental observations obtained from various dense phase sys-
tems are presented. Note that

L D horizontal length of system
Z D vertical height
D D pipe diameter
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Pms D solids mass flow rate
PV D air volumetric flow rate
�p D pressure drop across the total system
v D air velocity
Fr D Froude number
� D solids loading ratio
¡p D actual particle density
¡b D bulk density of the solids

9.8 Long-Distance Pneumatic Conveying and Pressure
Loss Minimization

9.8.1 Introduction

To date, long-distance pneumatic conveying systems have been widely accepted in
the mining industry [25,26] as a viable method of transporting building materials to
underground workings. In many instances the technology has developed such that
a complex of computer-controlled batching stations with interconnecting pipe work
is commonplace in many German coal mines. In some mines [27] piping systems in
excess of 40 km have been installed connecting surface storage facilities to a multi-
tude of tandem blow vessel systems located at storage stations underground. Single
conveying loops in excess of 3,500 meters long including a 1,000 meter vertical drop
are typical of such systems [27].

Some basic plug flow studies have been carried out by Legel and Schwedes [28]
and Lippert [29]. Klinzing and co-workers have explored several coal plug transport
situations employing the Konrad analysis for their works. For vertical flow Gu and
Klinzing [30] have shown that the maximum plug length decreases as the pipe di-
ameter increases. For horizontal flow Aziz and Klinzing [31, 32] also showed that a
linear variation of pressure drop with plug length existed for plugs up to 0.3 meters
in length. The minimum plug length was also determined indicating that the faster
the moving plugs require a longer minimum plug length before breakthrough of the
plug occurs. Figure 9.6 shows the type of breakthroughs that can occur in a plug. It
is essential to have a plug of length greater than minimum in order to have efficient
plug flow to occur.

An analysis of the plug breakthrough and the behaviour of a system containing
several plugs has been carried out by Dhodapkar, Plasynski and Klinzing [33]. Con-
sidering the following parameters the behaviour of a plug flow system is depicted
in Fig. 9.7.
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Fig. 9.6 Hypothesis of plug
collapse (increasing gas
leakage with position)

Fig. 9.7 Behaviour of solid and glass plugs with distance during conveying

Conditions

D D 0:05m
¡b� bulk density D 1,000 kg=m3

Pressure drop across a single plug D 23 Pa
Internal cohesion coefficient D 29:5 Pa
Wall cohesion coefficient D 24:6 Pa
Angle of internal friction D 38ı
angle of wall friction D 30ı
wall shear stress D 59 Pa
shear stress D 36:9 Pa
plug velocity D 1m=s
injection sequence D 10 s
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One notes the increase in plug velocity and the increase in the air gap length as the
plug traverses the system. A recent thesis by Mi [34] showed similar behaviour for
plastic pellets and wheat when an entire plug flow system was studied. Along the
same lines Destoop [35] has developed a sizing technique for discontinuous dense
phase conveying.

Molerus [36] has considered dense phase flow which is a two phase condi-
tion where a dilute phase transport flows over a dense, slower moving solids flow.
The analysis is able to distinguish between the dilute and the heavily loaded flow
conditions.

Whilst the main emphasis in the mining applications is the reliable transport of
essential materials to the underground workings, little cognisance has been taken of
the power consumption in these long-distance systems.

Based on some information obtained form the mining systems, it would appear
that the power consumed in these operations is excessive. As such, long-distance
pneumatic conveying systems have thus far received limited acceptance in industrial
operations.

An essential element in the design of such long-distance systems is the piping
layout. Little work has been done on the methods of sizing the piping system to
ensure optimum performance of the system. What is known, however, is that the pip-
ing systems can have a significant influence on the performance of a long-distance
pneumatic conveying system [37]. In addition, it has also been ascertained that most
vendors use arbitrary methods of selecting the piping layout.

Whilst each supplier recognizes the need to use a stepped piping system, there
appears to be little logic in deciding when to effect an increase in pipe diameter and
further what such an increase should be. An important factor which is continuously
stressed by the equipment suppliers is the relative initial costs of larger diameter pip-
ing when compared to smaller diameters and the need to bear in mind that ultimately
the single most costly item in these systems is the piping.

The influence of the piping layout on the performance of a long-distance system
was highlighted in a series of tests carried out on the conveying of dry gold slime
[37]. Results from these studies are shown in Table 9.2.

Referring to Table 9.2 and comparing systems 3 and 4, it can be seen that the in-
troduction of a stepped pipe has a significant influence on the system performance.
It can be seen that it is possible to obtain a slightly higher conveying rate (24 t/h,
cf. 22 t/h) by increasing the pipe length from 1,037 meters to 1,600 meters by in-
troducing a diameter change after 900 meters from D D 150mm to D D 200mm.
Other important observations indicate that the inclusion of the stepped pipe (sys-
tem 4) facilitates a lower system pressure loss .�p D 30 kPa/ when compared to
the shorter single diameter pipeline (system 3) where the system pressure loss at a
slightly reduced solids flow rate was .�p D 390 kPa/. Further, the discharge ve-
locity in the stepped pipeline v D 28:3m=s is considerably lower than that for the
single diameter pipe v D 75:8m=s – an important consideration when transporting
highly abrasive products.
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Table 9.2 Results on the conveying of dry gold slime

Parameter Symbol Unit System 1 System 2 System 3 System 4

Volume of pressure vessels V m3 1� 2 1� 2 1� 2 1� 2

Conveying pipe length �L m 270 570 1,037 1,600 (900/700)
Number of diameter

changes
S – 0 0 0 1

Pipe diameter D mm 150 150 150 150/200
Air alone pressure loss �pL k Pa 50 79 93 102
Maximum pressure loss

with product
�p k Pa 250 300 390 300

Maximum mass flow
of solids

Pms t/h 30 28 22 24

Air mass flow Pmf t=h 2.86 4.31 4.78 3.16
Solids loading ratio � – 10.5 6.5 4.6 7.6
Initial air velocity v’ m/s 15.5 19.3 16.7 14.2
Final air velocity v¨ m/s 75.3 68.3 75.8 28.3
Froude number at inlet Fr’ – 12.3 15.9 13.8 11.7
Froude number at exit Fr¨ – 37.4 56.4 62.6 20.2

Fig. 9.8 Exponential decay
in conveying throughput

9.8.2 Design Considerations: Critical Length

It is a well-known fact that the throughput of a pneumatic conveying system, oper-
ating with a single diameter pipeline, is critically dependent upon the length of the
pipeline. The system throughput decays almost exponentially with length as shown
conceptually in Fig. 9.8. Extensive tests carried out on ordinary Portland Cement
[38] clearly demonstrate this phenomenon (Fig. 9.9).

A more detailed analysis of this length dependency has been carried out us-
ing data published by Hunke [39], and using the various equations in Chapter 6,
Table 9.3 has been drawn up. The tests [39] were conducted at a constant air flow
rate . Pmf D 3; 500 kg=h/ whilst the solids mass flow rate was adjusted until the
maximum available pressure drop .�pmax D 3:3 bar/ was attained. The decrease
in system throughput with increasing pipeline length is clearly demonstrated and is
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Fig. 9.9 Throughput as a function of pipe length for ordinary Portland Cement

Table 9.3 Results of long distance conveying of anhydride – 10 mm average particle size

Material: anhydride, dmax D 10mm
Test number

Expression Symbol Dimension 1 2 3 4 5

Solids mss flow rate Pms t/h 20 10 4.5 2 0.347
Air flow rate Pmf t/h 3.5 3.5 3.5 3.5 3.5
Mass load ratio � – 5.8 2.9 2.3 0.58 0.1
Pipe length L m 1,000 1,500 2,000 2,500 3,000
Pipe internal diameter D mm 125 125 125 125 125
Pressure difference

(max. available)
�pmax bar 3.3 3.3 3.3 3.3 3.3

Air coefficient �L – 0.0136 0.0136 0.0136 0.0136 0.0136
Solids coefficient �Z � 103 – 4.78 4.9 5.6 5.3 3
Max. air velocity v0 m/s 54.8 54.8 54.8 54.8 54.8
Initial air velocity v1 m/s 15.7 15.7 15.7 15.7 15.7
Mean air velocity Nv m/s 35.2 35.2 35.2 35.2 35.2
Min. Froude number Frmin – 14.2 14.2 14.2 14.2 14.2
Min. air density ¡0 kg=m3 1.43 1.43 1.43 1.43 1.43
Max. air density ¡1 kg=m3 5 5 5 5 5
Pressure drop ratio �pL=�pZ – 1:2 1:1 1:0.5 1:0.23 1:0.02
Dynamic pressure pdyn1 Pa 616.2 616.2 616.2 616.2 616.2

shown graphically in Fig. 9.10. Clearly, the increase in pipe length results in more
energy being required to convey the air through the system with correspondingly
less blower power available to convey solids.

Increasing the length from 1,000 meters to 3,000 meters, leads to a reduction in
the conveying rate from 20 t/h to 0.347 t/h – a reduction of 57 times. The results
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Fig. 9.10 System throughput
as a function of pipe
length [39]
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Fig. 9.11 Variation of �Z with mass load ratio

indicate that at 3,000 meters, a critical length has been attained, for the particular
conditions, at which the solids mass flow rate is virtually zero. Furthermore, the
additional pressure drop factor �Z rises slightly with the rapid decrease in the mass
load ratio up to a certain point beyond which it falls off (Fig. 9.11).

An analysis of the pressure drop ratio indicates that for each additional 500 m
length, the additional pressure drop is reduced to almost half of its initial value until
the critical length is attained whereupon the reduction is about a factor of 10.

9.8.3 Design Considerations: Stepped Pipe

Clearly, the use of a single diameter pipeline for long-distance pneumatic conveying
is unacceptable. The optimum use of a stepped pipeline facilitates the reduction in
the total pressure loss for the gas alone, and hence renders more of the motive energy
available for the transport of the solids.

Stepped pipes also facilitate some control on the conveying velocity resulting in
some benefit in terms of particle degradation, wear and abrasion, etc.

The design process is based on dilute phase conditions. Fundamental to the
design process is a knowledge of the minimum velocity at which the particles will
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be safely conveyed. The average particle velocity c can be estimated using equa-
tions from Section 4.11. However, it would be preferable to carry out some basic
tests on the actual material making use of the techniques described in Chapter 6. It
is also necessary to calculate the settling velocity using the state diagram or pressure
minimum curve.

The basic design philosophy is based on the Froude number, Fr. The conveying
gas will expand between two Froude numbers namely Frmin and Frmax. Once Frmax

is achieved, the pipe diameter should be increased. The appropriate selection of
the diameter at the enlarged section is such that the conveying gas conditions on
entering the enlargement should not fall below Frmin.

The selection of the additional pressure loss coefficient is facilitated by the use
of the appropriate œZ � Fr � � curves as described in Chapter 6.

A more refined technique using conditions of similarity is recommended in an
attempt to attain the lowest possible pressure loss whilst minimizing the number of
stages (Fig. 9.12). The technique is based on the œZ vs Fr curve in which the mass
load ratio � is a parameter as shown in Fig. 9.12.

The curve demonstrates that for a single constant diameter straight conveying
line, four or even more steps based on the Froude number can be selected. For each
step, in the pipeline, the average �Z coefficient can be chosen such that:

Step 1 lies between Frmin � Fr1 � œz1

Step 2 Fr1 � Fr2 � œz2

Step 3 Fr2 � Fr4 � œz3

Step 4 Fr3 � Fr4 � œz4

The technique has been tested using limited reliable experimental data. Satisfac-
tory results have been obtained albeit at this stage a lack of adequate data has limited

Step I
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Fig. 9.12 �z versus Froude number Fr
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the ability to finally verify all details of the theory. The technique has however, been
tested on full-size commercial systems and has proved to be reliable.

9.8.4 Design Considerations: Pipe Length/Pipe Diameter Ratio

Using the same marginal conditions as proposed in Fig. 6.22a and b, an investigation
into the influence of the pipe length and pipe diameter has been carried out using
data from full-scale investigations [39]. The basic information from these tests is
provided in Table 9.4. The evaluation of the results was carried out using the sim-
plified Eq. 6.73, for an isothermal gas state. The tests were conducted using three
different piping systems with diameters D D 100mm, 125 mm and 150 mm, with
pipeline lengths�L D 900, 1,320 and 1,720 m respectively.

Assuming that the first test facility, D D 100mm, �L D 900m is operating at
optimum conditions, i.e. Fr D 16:4, the results (Table 9.4) indicate that in order to
maintain a constant solids mass flow rate Pms D 15 t=h at a constant pressure drop
�pmax D 3:3 bar, it is necessary to increase the air flow rate Pmf with increasing pipe
diameter. The results stress the importance of being aware of the minimum Froude
number Frmin, which in this case is approximately Frmin D 16:5.

For the second and third system, the increase in the ratio �L=D is in the propor-
tions 1:1.17:1.27. Now, if the�L=D ratio was reduced to unity, the pressure loss for
each system would be reduced by the same proportion.

Table 9.4 Results of long distance conveying with varying pipe lengths and pipe diameters

Test number
Expression Symbol Dimension 1 2 3

Solids mass flow rate Pms t/h 15 15 15
Air flow rate Pmf t/h 2.33 4.07 6.42
Mass load ratio � – 6.5 3.7 2.3
Pipe length �L m 900 1,320 1,720
Pipe diameter D mm 100 125 150
Max. available pressure drop �pmax bar 3.3 3.3 3.3
Min. air density ¡0 kg=m3 1.43 1.43 1.43
Max. air density ¡1 kg=m3 5 5 5
Max. air velocity v0 m/s 56.9 64.2 70.4
Initial air velocity v1 m/s 16.1 18.4 20.1
Mean air velocity Nv m/s 36.5 41.3 45.3
Initial Froude number Fr’ – 16.4 16.6 16.6
Air coefficient œL � 102 1.42 1.3 1.2
Pressure drop coefficient œZ � 103 3.17 2.65 2.38
Pressure drop ratio �pL=�pZ 1:1.45 1:0.75 1:0.46
Dynamic pressure pdyn 1 Pa 656.1 846.4 1,010
Geometrical ratio �L=D 9,000 10,560 11,467

1 1.17 1.27



350 9 High-Pressure Systems Including Long-Distance and Dense Phase Systems

Scaling up these systems by maintaining a constant geometric ratio �L=D D 1,
and utilizing the additional energy for the conveying of solids, it is possible to obtain
solids flow rates Pms D 21 t/h and 27 t/h for the second and third systems. The
corresponding mass load ratios are � D 5:17 and � D 4:28.

Implicit in this analysis is the fact that the second and third systems should have
pipe lengths�L D 1; 128m and �L D 1; 354m respectively. These lengths would
ensure maximum conveying rates at the marginal conditions.

9.8.5 Design Considerations: Influence of Pipe Diameter
Enlargements

In an attempt to highlight the various aspects discussed above, experimental tests
carried out in a full-size stepped pipe system will be analysed.

At the outset, however, it should be noted that the minimum Froude number Frmin

on which all the analyses have been based is obtained experimentally and as such
includes the influence of the acceleration of the solids. The proposed method is thus
slightly optimistic and as such renders a ‘safe’ design.

It must be emphasized that the proposed design procedure recommends a change
in pipe diameter once the maximum Froude number Frmax is obtained. It should be
noted that Frmax is a function of the product and the conveying process. For example,
for plastic materials Frmax should correspond to that velocity before the formation
of angel hairs (streamers).

In Table 9.5 experimental results obtained from a stepped pipe system over
2,190 m are presented [39]. The analysis of the results has been based on the same
simplifying assumptions used in the previous sections (Tables 9.3 and 9.4).

Further, the influence of the acceleration at the feeder and the influence of the
bends have not been considered.

Due to the lack of sufficient information, the results have been analysed using in-
formation from the previous examples from which a product factor œz D 3:4� 10�3
was obtained. It is clear that by lowering the Froude number Fr, an increase in the œz

factor is to be expected.
Using the available data and based on the above assumptions, the estimated pres-

sure drop was found to be �p D 2:79 bar. In terms of the basic assumptions this
value is deemed to be acceptable when compared to the measured pressure drop
�pmax D 3:3 bar.

Assuming that the conditions presented in Table 9.4 for the 100 mm pipe are op-
timum, i.e. Frmin D 16:4 and � D 6:5, then there is still enough margin for reducing
the velocity or increasing the solids mass flow rate. The margin is approximately 8%
when related to the velocity and about 15% when related to the pressure. As such,
the correction leads to a mass load ratio � D 7.

A closer analysis of the results shown in Table 9.4 indicates that the whole ques-
tion of acceleration of the solids needs to be addressed. In particular, it is evident that



9.8 Long-Distance Pneumatic Conveying and Pressure Loss Minimization 351

Table 9.5 Results of stepping a long distance pipeline

Solids mass flow rate Pms D 15 t/h
Air mass flow rate Pmf D 2.33 t/h
Mass load ratio � D 6:4

Available pressure drop �p D 3:3 bar

Stage
Expression Symbol Dimension 1 2 3

Pipe length �L m 107 1,465 618
Pipe diameter D mm 100 125 150
Initial pressure p1 bar 3.99 3.68 1.78
Initial air density ¡1 kg/m3 4.6 4.3 2.1
Initial air velocity v’ m/s 17.6 12.1 17.26
Initial Froude number Fr’ – 17.8 11 14.26
Terminal pressure p0 bar 3.68 1.78 1.2
Terminal air density ¡0 kg/m3 4.3 2.1 1.43
Terminal air velocity v¨ m/s 19 24.8 25.6
Terminal Froude number Fr¨ – 19.2 22.5 21.1
Pressure difference/Stage �p bar 0.31 1.9 0.58
Dynamic pressure pdyn1 Pa 712.4 314.8 312.8
Air coefficient œL � 102 – 1.7 1.6 1.5
Product coefficient œZ � 103 – 3.5 3.5 3.5
Integral coefficient œ� 102 – 3.94 3.84 3.74

once the solids have been accelerated, the Froude number in the following enlarged
pipe can be lower than that required for the feeding section.

In Table 9.5 it can be seen that the minimum Froude number in Section 9.2 is
Frmin D 11. This should be compared with Section 9.1 in which Frmin D 17:8 and
Section 9.3 in which the Frmin D 14:26. The question arises as to whether the actual
safe conveying velocity corresponds to Frmin D 11. As such, it should be possible
to convey the material in Section 9.3 at a lower Froude number. With regard to
Section 9.1, the question of the acceleration of the solids still needs to be inves-
tigated. Ultimately the question arises as to whether in this particular system the
minimum Froude number could be even less than 11.

Maranjovic et al. [43] used an analytical and numerical models to probe the
abrupt enlargement of pipe and the pressure recovery of the expansion. They found
that these effects depend on the gas flow rates and solids loading ratios. The shows
that a dimensionless transition lengths varies from 10 to 39.

9.8.6 Optimum Stepping Arrangement and a Flow Economizer

Dhodapkar et al. [40] investigated the optimum stepping arrangements that would
be needed in a long-distance conveying operation. As the distance increases, in or-
der to maintain a constant Froude number for conveying, the pipe diameter must
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Fig. 9.13 Optimum diverging duct and two stepped system

Table 9.6 Comparison of long distance conveying for stepped and stepped for maximum solids
flow

LT .m/ D 200 Di .m/ D 0:1016 d .�m/ D 100 ¡p .kg=m3/ D 2,363 ¡ .kg=m3/ D 1:3

Parameter Unstepped Diverging duct Stepped
Stepped for max.
solids flow

Pms .kg=s/ 2 2 2 3.9
Pmf .kg=s/ 0.60 0.39 0.45 0.74
� 3.33 5.13 4.44 5.27
�p (kPa) 489 217 278 489
Number of diam.

changes
0 200 2 2

L1 - - 728 751
L2 - - 660 655
L3 - - 612 594
D1 - - 0.1016 0.1016
D2 - - 0.12 0.13
D3 - - 0.14 0.15

be increased. A polynomial was developed for this pipe diameter as a function of
distance. Then using a finite number of steps to be practical (three) an optimiza-
tion was performed to minimize the variation between the continuously varying
pipe diameter and the actual finite lengths of fixed diameters. Figure 9.13 shows the
strategy proposed and Table 9.6 gives a test case.

Dhodapkar and Klinzing [41] have patented a unique flow economizer for use in
long-distance conveying. This device shown in Fig. 9.14 provides for a controlled
amount of leakages of gas at critical points in the long-distance conveying line, thus
reducing the gas velocity and with it the pressure loss, attrition and erosion.
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Fig. 9.14 Flow economizer for reducing particle velocity in long-distance conveying

9.9 Conclusions

An attempt has been made to consolidate some of the literature relevant to high
pressure pneumatic conveying systems. Whilst there is no question of the fact that
there are a large number of systems operating reliably throughout the world, the lack
of any sound theoretical or empirical base is of concern.

A number of pointers have been suggested in an attempt to guide the reader
towards some rational selection of an appropriate system and towards some design
criteria for long distance piping systems.
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Chapter 10
Gas–Solids Separation

Abstract In this chapter the final stage of pneumatic conveying is addressed, the
collection of the particles. There are a variety of techniques and devices to collect
the particles after they have delivered to the desired location. By far the cyclone
is the most common device for collection although a variety of filters are also
employed for this purpose. The chapters going through design suggestions for the
collection designs provide guidelines and tips for handling this part of the pneumatic
conveying overall system.

Keywords Cyclones � Deposition chambers � Settling velocity � Fabric filters �
Bag cleaning � Cartridge filters � Dust explosions � Sonic cleaning

10.1 Introduction

One area which normally receives the least attention in the design of pneumatic
conveying systems is that of the gas–solids separation system. Yet in many trouble-
shooting exercises, inadequate design in this area is often found to be the cause of
unreliable plant operation or total failure. The gas–solids separation unit can have
a profound influence on the performance of a system and is particularly critical in
negative-pressure and low-pressure pneumatic conveying systems.

In particular the gas–solids separation unit has a bearing on:

(a) The overall pressure loss in the system.
(b) The possible loss of fines.
(c) Particle segregation.
(d) Particle breakdown.
(e) System cost.

Selection of a suitable system is governed primarily by the degree of separation
required and the potential for the solids to create an environmental problem.

There are a number of techniques used for effecting gas–solids separation.
Detailed theoretical consideration will not be discussed in this text; adequate refer-
ences on the subject are available [1]. The most common techniques encountered in
pneumatic conveying systems include cyclone separators, reverse jet filters, reverse
flow filters, cartridge filters and mechanical shaking filters.

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 10,
c� Springer Science+Business Media B.V. 2010
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10.2 Selection Criteria

The selection of a suitable gas–solids separation unit is dependent on a number of
factors and the following information is required to aid the selection process [2].

(a) Type of operation.
(b) Gas properties and entrainment capacity (free gas delivered by the prime

mover).
(c) Concentration of solids.
(d) Moisture and temperature of process and solids.
(e) Particle size distribution.
(f) Chemical properties of solids.

In addition to the above, other factors which must be considered include:

(g) The need for total recovery.
(h) Statutory requirements.
(I ) Quality of the product.
( j ) Intrinsic value of this product.
(k) Space availability for installation.

In terms of the appropriate selection of equipment, the efficiency of a dust collector
system is defined as:

˜c D ¡�
c’ � ¡�

c¨

¡�
c’

100

where ¡�
c’ is the dust concentration in the dust-laden gas and ¡�

c¨ is the dust concen-
tration in the cleaned gas. Typically, the efficiency of gas cleaning equipment lies in
the range ˜c > 99:98%. The efficiency of gas cleaning equipment at various particle
sizes [3] is given in Table 10.1.

This definition of collector efficiency does not meet modern environmental pol-
lution control legislation. Current thinking is to consider collection effectiveness in
terms of the amount of material discharged into the atmosphere during a specified
time period.

Example 10.1. A pneumatic conveying system is designed to transport 10 tonnes of
solids per hour at a mass flow ratio � D 10. It is specified that a collector with a
high efficiency must be installed.

Table 10.1 Percentage efficiencies for various
collectors

Percentage efficiency at

Equipment 50�m 5�m 1�m

Inertial collector 95 16 3
Medium efficiency cyclone 94 27 8
High efficiency cyclone 98 42 13
Shaker type fabric filter >99 >99 99
Reverse jet fabric filter 100 >99 99
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Solution 10.1. Assume a collector efficiency ˜c D 99:98%. In terms of the
conveying rate and the collector efficiency, the amount of dust discharging into
the atmosphere will be Pmp D 2 kg=h yielding a dust concentration in the imme-
diate vicinity of the collector ¡�

c¨ D 2;000mg=m3 (taking the ambient air density
¡D 1 kg=m3). Clearly, this emission rate is unacceptable and indicates the defi-
ciency in the use of the above-mentioned collector efficiency.

Modern environmental control laws of the type now in operation in Germany
(1995) classify the amount of emission permitted in terms of the characteristics of
the dust itself. The legislation provides for categorizing the dust in terms of being
harmful and harmless.

The legislation for harmful dusts is far more stringent and requires even greater
attention to the type of collector selected.

In terms of the relative costs for typical pneumatic conveying gas solids separa-
tion equipment, Fig. 10.1 is reproduced [3].

Fig. 10.1 Relative costs of gas–solids separation systems
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10.3 Cyclone Separators: Theory of the Separation of Particles
in the Centrifugal Field

In order to separate the particles in a flowing stream, forces must be extended on
them in a defined zone. These forces are gravitation, inertia and friction as well as
electrostatic, adhesion and cohesion.

10.3.1 Separation in Depositing Chambers

This type of separation relies on the difference in densities of both media as well as
the difference in velocities. In an expanded chamber (Fig. 10.2a) the gas velocity u
is greatly reduced and taking the gravitational force into account, one can see that
the larger particles will drop out earlier than the finer ones.

In an equilibrium state, the forces on a particle are the aerodynamic or drag force
and the weight of the particle minus the air lifting force. Assuming that the particle
has a spherical shape the balance of forces is as follows:

FD D FG � Flift (10.1)

FD D CDA
¡

2
w2f (10.2)

FG D VG¡Pg (10.3)

Flift D VP¡g (10.4)

where A D  d2=4 and Vp D  d3=6. Hence

CD
 d2

4

¡

2
w2f D  d3

6
.¡P � ¡/g (10.5)

The drag coefficient can be estimated for:

(a) Rep < 1, CD D 24=ReP (Stokes’ regime or laminar zone, Eq. 4.8)

wf D 1

18

.¡P � ¡/
˜

gd2 (10.6)

Fig. 10.2 (a) Depositing chamber with horizontal flow; (b) forces acting on a particle
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(b) 103 < ReP < 2 � 105, CD D 0:4–0:5 (Newton’s regime or turbulent zone)

wf D
�
4

3

.¡P � ¡/

˜

g

CD
d

�1=2
(10.7)

The settling velocity wf (turbulent zone) is depicted in Fig. 10.2a, b.
The limits for the separation of particles can be given by using the following

expression:

wf

v
D Z�

L� (10.8)

wf D v
Z�

L� � w�
f

That means that, for a given geometric ratio Z�=L� and for the velocity v, the sep-
aration velocity wf

� for a defined particle takes place, i.e. the boundary particle d�.
In the case of a counter-current flow depositing chamber (Fig. 10.3) the separa-

tion efficiency ˜s depends on the settling velocity wf, i.e.

wf � v D PV=A (10.9)

Theoretically the separator efficiency

˜s D 100% for w�
f > wf

and
˜s D 0% for w�

f < wf

That means that there ought to be a very sharp cut in the efficiency curve. In reality
the efficiency curve is smooth as shown in Fig. 10.4.

The boundary particle d� is defined for a separation efficiency ˜s D 50% for this
particle band. Particles larger than d� have a greater chance to deposit and those less
than d� have a lesser chance to segregate and will flow out with the carrier gas.

The following example illustrates the physical size of a typical separator.

Fig. 10.3 Depositing
chamber with counter-current
flow
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Fig. 10.4 Schematic
interpretation of a separation
efficiency curve
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An immense modification in the particle separation effects is obtained when us-
ing the centrifugal force, which also enables substantial cost reduction and even
greater size reduction.

Introducing a mixture of gas–solids tangentially in a separator vessel with a given
diameter DC, one obtains an acceleration, a, in the centrifugal field, which leads to
a multiple of the gravitational acceleration g.

Example 10.2. The dimensions of a depositing chamber should be roughly
estimated.

Air volume rate, PV D 15;000m3=h carrying dust.
Air density, ¡ D 1 kg=m3

Particle density, ¡p D 2;500 kg=m3

Dynamic viscosity, 
 D 18:1 � 10�6 Pa s

Case 1 Depositing chamber diameter Ds D 4m (assumption). Air mean velocity
v D wf

� D 0:33m=s. Together with Eq. 10.6 one obtains:

d� D 66 � 10�6 m D 66�m

for ¡p D 1;000 kg=m3; d� D 103:7 � 10�6m D 103:7 �m:

Case 2 If the boundary particle d� D 10�m is required, then with Eq. 10.6 one
calculates wf

� and then calculates the diameter of the separator.
For

d� D 10�m ! wf
� D 7:7 � 10�3 m=s

D 7:7mm=s

with

PV D  D2f
4

w�
f

Ds D
 
4 PV
 w�

f

!1=2
D 26:3m

Case 3 If the dust particle had a particle density ¡p D 1;000 kg=m3 then
wf

� � 3 � 10�3m=s and Ds � 42m.
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Table 10.2 Acceleration factor for various cyclone sizes

Initial velocity,
v’ (m/s)

Separator
diameter,
Ds (m)

Acceleration in the
centrifugal field, a
(Eq. 10.10) .m=s2/

Multiple factor,
n.D a=g/

15 3 225/1.5 D 150 �15:3
6 225/3 D 75 �7:6

25 225/12.5 D 18 �1:8

In a cyclone with a diameter Ds D 0:3m and with the initial velocity v’ D
15m=s of the transport medium, the existing acceleration is of magnitude:

a D v2’=RC D 225=0:15 D 1500m=s2 (10.10)

Dividing the acceleration a of the centrifugal field by that due to gravity g one
obtains the multiple factor of the acceleration ratio, i.e.

n D a=g D 1; 500=9:81 � 153

That means that in the centrifugal field one has in that special case 153 times higher
acceleration than in the gravitational field. Furthermore increasing the separator di-
ameter results yields a decrease of n. In Table 10.2 this effect is demonstrated.

From Table 10.2 it can be seen that smaller separator diameters with the higher
multiple factor will yield higher separation efficiencies. This observation is consis-
tent with long-term experiences in many operating plants.

10.3.2 Separation in a Centrifugal Field

Consider a particle with the mass mp in a centrifugal field rotating with a tangential
velocity vt (Fig. 10.5). The previous example has shown that the gravitational force
is small in comparison with the force in the centrifugal field.

The two decisive forces are the centrifugal and the drag forces. If the centrifugal
force acting on a particle is higher than the corresponding drag force then the particle
will flow towards the wall of the separator and due to gravity will whirl down to
the outlet. In the other case, where the drag force exceeds the centrifugal force, the
particle will follow the gas stream to the outlet, without separating the particle.

The balance between these two forces yields in the laminar zone:

FD D FC (10.11)

3 ˜dvR D  d3

6
�¡

v2t
R

(10.11a)

d D
�
18

˜

�¡

vR

v2t
R

�1=2
(10.11b)
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Fig. 10.5 Top view of a
particle in centrifugal field
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Fig. 10.6 (a) Principal operation of a cyclone; (b) cyclone with a tangential gas inlet rectangular
form (a � b)

In Eq. 10.11 vR is the gas velocity in the radial direction, vt the gas velocity in the
tangential direction related to the radius R and �¡ D ¡p � ¡, the difference of
densities.

In Fig. 10.6 a schematic interpretation of a cyclone is shown. The tangential in-
let is narrowed so that the particles have the tendency not to hug the cyclone wall
directly. This is taken into account with R. The actual inlet area is b � a and the
initial velocity is v’ the outlet velocity is vi in a pipe with inner diameter Di. In this
model the actual separation zone is defined by Di and Zi

�, a fictive cylindrical zone,
where the radial velocity is equal to vRi.
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Relating Eq. 10.11 to the outlet pipe, one obtains the following expression for the
boundary particle size:

d� D
�
18

˜

�¡

vRi

v2ti
Ri

�1=2
(10.12)

Due to the inlet velocity v’ a rotating stream similar to a potential vortex is gener-
ated, which can be defined roughly as follows:

vtR D constant (10.13)

Barth [4] found experimentally that the rotating velocity vt increases towards the
centre, where its maximum is attained at Ri, and then drops rapidly to zero.

Therefore, the effectivity of a cyclone is mainly due to the magnitude of vti.
The centrifugal force FC is equal to

FC D .FG � Flift/
v2ti
gRi

(10.14)

where

FG � Flift D  d3

6
.¡p � ¡/g (10.14a)

Barth introduced an equilibrium between FC and the drag force FD corresponding
to the fictive cylinder where the actual separation takes place. The radial velocity is:

vRi D PV=. DiZ
�/ (10.15)

10.3.3 Setting Velocity in a Centrifugal Field

All the equations required for the derivation of the settling velocity in a centrifugal
field can be written in a simplified form:

(a) Drag force

FD D CD
¡

2
w2f AP D CD

¡

2
w2f
 d2

4
(10.16)

(b) Balance of forces (Fig. 10.15)

FD D FC (10.17)

D FG � Flift

24

ReP

¡

2
w2f
 d2

4
D FG � Flift (10.18)

with Rep D wfd=v and v D ˜=¡ one obtains

FG � Flift D 3 ˜dwfR (10.18a)

with wfR representing the radial settling velocity in a centrifugal field.
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The drag force for fine particles (laminar zone) is:

FD D 3 ˜dvR (10.19)

From Eqs. 10.18a and 10.19 the following expression for the drag force is obtained:

FD D .FG � Flift/
vR

wfR
(10.20)

Together with the centrifugal force

FC D  d3

6
�¡

v2ti
Ri

(10.21)

and from the drag force FD Eq. 10.20 one obtains the boundary settling velocity in
a centrifugal field:

w�
f D PVg=.2 Z�v2ti/ (10.22)

The settling velocity wf
� represents the condition at which the particle size d� will

be separated at an efficiency of 50% (Fig. 10.4).

10.3.4 Associated Pressure Losses

Associated with the separation of particles in a centrifugal field is a corresponding
pressure loss. High efficiency cyclones have relatively high pressure losses, which
lead to high rotating velocities. Barth [4] has defined the pressure drop of a cyclone
as follows:

�pC D œC
¡

2
v2ti (10.23)

�C represents the total loss factor occurring in a cyclone and .¡=2/vti
2 stands for the

kinetic energy of the vortex in the outlet pipe. The vortex velocity can be obtained
by means of the impulse momentum. The difference in impulse momentum between
the intake and exit across the sectional area of a cyclone is equal to the losses due to
friction, i.e.

M’ D Mi D Mf (10.24)

where

M’ D Pmf’v’R’ (10.25a)

Mi D PmfiviRi (10.25b)

Mf D £AmR (10.25c)
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with
£ D œ

¡

2
v2t (10.26)

as the shear stress taking the friction loss into account, and Am D  DH as the
mantel surface.

Substituting Eqs. 10.25a–10.25c and 10.26 in 10.24, re-arranging and taking into
consideration the potential vortex law vR D constant; one obtains:

vti

vi
D  RiR’

A’’C œ Z�R’
(10.27)

where (Fig. 10.7)

’ D v’R’
vtiRC

(10.28)

v’ is the initial velocity of the gas entering the cyclone along radius R’, and vtC is
the tangential velocity related to the greatest radius, i.e. cyclone radius is RC and vti

is the inner tangential along Ri.
Figure 10.8a represents the work carried out by Barth [4]. Figure 10.8a has been

modified using different cyclone geometries and verified experimentally as shown
in Fig. 10.8b. It is necessary to modify the factor ˛ to take into consideration various
cyclone entrance configurations (Fig. 10.8c).

The pressure loss factor of a cyclone consists mainly of the friction losses in the
cyclone body and in the outlet pipe. This model leads to

œC D œC’ C œCi (10.29)

�pC’ D œC’
¡

2
v2ti (10.30a)

�pCi D œCi
¡

2
v2ti (10.30b)

where

œC’ D Ri

RC

"�
1 � vti

vi

Z�

Ri
œ

��2
� 1

#
(10.31)

Fig. 10.7 Cyclone with main
velocities

Gas in

Gas out

VtC
Rα

Vα

R C
RiVti

a
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Fig. 10.8 (a) Factor œ is a function of the geometrical length b=Rc of a tangential cyclone; for
cyclones with a spiral surface ’ 	 1 (see (c) for cyclone entrance geometry). (a) has been modi-
fied using different cyclone geometries and verified experimentally as shown in (b); (b) modified
interpretation of factor

and,
œCi D K

.vti=vi/2=3
C 1 (10.32)

œ�
C D œC

�
vti

vi

�2 �A’
AC

�2
(10.32a)
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Fig. 10.8 (continued) (c) cyclone entrance configurations; (d) �Ci
� as a function of the velocity

ratio [5]

Weidner [5] recommends K D 4:4 for sharp edged pipes and 3.4 for well-rounded
edged pipes. Taking the mass load ratio into consideration, one obtains a modified
value for the œ factor:

œ D 0:005.1C 3�1=2/ (10.33)

Example 10.3. A cyclone separator should be sized according to the following data:

Pmf D 12;000 kg=h

t D 20ıC

¡p D 1;350 kg=m3
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Pms D 36 t=h

� D 3

Step 1

¡ � 1:2 kg=m3

PV D 10;000m3=h

D 2:78m3=s

Note that the required pressure drop should be approximately 1,000 Pa and the
boundary particle size should be in the range d� � 10�m. Assumptions:

v’ D 12:5m=s

A’ D 0:2224m2

ba D 0:2723� 0:817m2; where b W a D 1=3

Ai D A’ D 0:2224m2

Di D 532mm

DC D 3Di D 1;596mm;where DC W Di D 3 W Case I

D 4Di D 2;128mm;where DC W Di D 4 W Case II

Z� D .10 � 20/Ri D 5m

vRi D PV= DiZ� D 0:333m=s
vti

vi
D  RiR’

A’’C œ Z�R’
D   � 0:266 � 0:928
0:2224� 0:80 � 0:03  � 5 � 0:928 D 1:26

’ D .b=RC D 0:2723=1:064/D 0:26 W Case II

vi D 12:5m=s

vti D 15:76m=s

w�
f D 2:78 � 9:81=.2 � 5 � 15:762/ D 3:5 � 10�3m=s

d� D
�
18
1:8 � 10�5

1350

0:333

248:38
� 0:266

�1=2
D 9:25 �m

œC’ D 1

4

"�
1 � 1:26 5

0:266
0:03

��2
� 1

#
D 2:73

œCi D 4:4

.1:26/2=3
C 1 D 4:77

œc D 2:73C 4:77 D 7:5

œ�
c D œc

�
Vti

Vi

�2
�
�

A’
Ai

�2

D 7:5 � 1:59 � 1
D 11:93

�p D œ�
c
¡

2
v2i

D 11:93 � 1:2=2 � .12:5/2
D 1;118:4 Pa
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Cyclones installed in pneumatic conveying systems have normally larger dimen-
sions than those for the same air flow rate. This facilitates separation at very low
mass load ratios. Care should be taken to ensure an unobstructed free outflow for the
solids. The cross-sectional area should take account of the aerated bulk solids den-
sity and the outflow velocity of the solids. Sealing apparatus such as rotary valves,
screw feeders, double flap valves, etc. should be selected to account for the aer-
ated bulk solids flow. The filling efficiency of the rotary feeder should not exceed
�0:3–0:4.

Optimal cyclone sizes for high separation efficiencies are obtained with the
following geometrical ratios:

RC=Ri D 3–5

Z�=Ri D 10–20

D0 D 0:6Di

L0 > 5D0

10.3.4.1 Modified Method for Calculating the Pressure Drop

A more refined method for calculating high efficiency cyclones has been developed
by Muschelknautz and Brunner [6]. Barth’s basic model has been used but slightly
modified, e.g. Eqs. 10.30a and 10.30b are now related to the axial gas velocity. This
yields the modified equations:

�p�
C’ D œ�

C’
¡

2
v2i (10.34a)

�p�
Ci D œ�

Ci

¡

2
v2i (10.34b)

�pC D .œ�
C’ C œ�

Ci

¡

2
v2i / (10.35)

The pressure drop factors Eqs. 10.31 and 10.32 are modified and transformed to:

œ�
C’ D Ri

RC

�
vti

vi

�2 "�
1 � vti

vi

Z�

Ri
œ

��2
� 1

#
(10.36)

and

œ�
Ci D K

�
vti

vi

�4=3
C
�

vti

vi

�2
(10.37)

In Eq. 10.36 Z stands for the total height of the cyclone where the total friction
occurs and the factor œ� is in the vicinity of 5 � 10�3. The value of K has been
averaged to 4 as recommended from Weidner [5]. The results obtained by Weidner
are shown in Fig. 10.8d. This modified method delivers lower values of d� than
Barth’s and the predicted pressure drop is in this case significantly higher.
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10.3.5 Graphical Estimation of Cyclone Geometry

The authors have calculated cyclones with spiral and tangential entrances, using the
approved geometry. The results of this investigation are shown in a set of curves
(Fig. 10.9). The third set of curves, Figs. 10.13 and 10.14 yield the entrance velocity
according to the previously determined pressure drop.

By means of these sets of curves optimal operating cyclones and high efficiencies
are obtainable. It should be noted that these curves were calculated by using all
available data in the literature.

Boundary conditions for the calculation of curves in Figs. 10.9–10.14 are as
follows:

(a) Gas
Ambient temperature, t0 D 20ıC
Dynamic viscosity, ˜ D ¡=	 D 18:188� 10�6 Ns=m2

Ambient pressure, p0 D 1;053:2mbar
Gas density, ¡0 D 1:2 kg=m3

(b) Particle
Particle density, ¡p D 1;000 kg=m3

Boundary particle size, d0� �m
(c) Cyclone geometry and factors

Entrance velocity, exit velocity, v’ D vi D 10; 12:5; 15; 17:5 and 20 m/s
Diameter ratio (� cyclone type) DC=Di D 5, 4, 3 and 2
Height/diameter ratio (� size) Z�=Di D 10, 8, 6 and 4
Diameter ratio, D0=Di D 0:7

Factor (Fig. 10.8) ’ D 1 (spiral)

’ D ®.b=Rc/

Friction factor, œ D 2 � 10�2

œ� D 5 � 10�3

Constant, K D 4

Example 10.4. It is required to design a high-efficiency cyclone with a boundary
particle size d� � 5�m. The volumetric air flow rate is 10;000m3=h (Example 10.3).
This example is worked out by means of Figs. 10.9–10.14.

Step 1 For a boundary particle size of d� D 5�m and for a volumetric air flow rate
of 104 m3=h one obtains from Fig. 10.10d, the type of size for a cyclone
with a tangential entrance. Intersection point delivers: type V/size 6.

Step 2 From Fig. 10.12 the appropriate pressure drop �pc D 32:6 mbar is
obtained.

Step 3 The initial entrance velocity can be obtained by means of Fig. 10.14 and the
corresponding type V/size 6. The intersection point lies at v’ � 12m=s.
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Fig. 10.9 Boundary particle size as a function of the gas volume rate: (a) type II spiral cyclone;
(b) type II spiral cyclone; (c) type IV spiral cyclone
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Fig. 10.9 (continued) (d) type V spiral cyclone

Step 4 For an air flow rate of 10;000m3=h and a boundary particle size d� D 5�m,
the established data are:

1. Type V and size 6
2. Pressure drop�pc D 32:6mbar
3. Entrance velocity v’ D 12:5m=s

The main geometrical data are:

1. Type V ! RC=Ri D 5

2. Size 6 ! Z�=Ri D 6

3. Inlet area D outlet area D 0:22m2

4. Inlet size: ab D 272 � 816mm2

5. Outlet diameter D0 � 0:6Di mm

For the other gas states, the data from these curves must be corrected. The density,
¡, of the conveying media is determined by the local pressure px, the gas constant
Rx and the local temperature tx.

¡x D px

Rx .273C tx/
(10.38)

The correct pressure drop of the cyclone is:

�pCx D �pC
¡x

¡0
(10.39)

where �pc is calculated for a gas with ¡0 D 1:2 kg=m3.
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Fig. 10.10 Boundary particle size as a function of the gas volume rate: (a) type II tangential
cyclone; (b) type III tangential cyclone; (c) type IV tangential cyclone
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Fig. 10.11 Pressure drop as a
function of cyclone size
(spiral)
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The boundary particle size Eq. 10.12 is to be corrected using the following ex-
pression:

d�
x D

s
d�
0

˜x�¡x

˜0�¡0
(10.40)

All data with index 0 are defined in boundary conditions for the calculation of
curves, Figs. 10.9–10.14.
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Fig. 10.12 Pressure drop as a
function of cyclone size
(tangential)
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Fig. 10.13 Pressure drop as a function of entrance velocity (spiral)

10.3.5.1 Barth’s Simplified Assumptions for Calculating vti=vi

The ratio of impulse momentum

’ D M’

MC
D v’R’

vtCRC

Mi D MC � ML (10.41)
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Fig. 10.14 Pressure drop as a function of entrance velocity (tangential)

with
MC D 2 œRiRCZ� ¡

2
viviC (10.42)

and Rf D .RiRC/
1=2 as a friction radius and Z� the height of this fictive cylinder.

The remaining part of the cyclone, where the potential vortex causes pressure
losses, is neglected, thus;

vti

vi
D
�

A’
Ai

Ri

R’
’ � Z�

Ri
œ

��1
(10.43)

10.3.5.2 Muschelknautz’s Modifications Taking the Mass Load Ratio
into Consideration

Mi D MC � .ML C MP/ (10.44)

where Mp stands for the impulse momentum. The œ of Barth’s equations has been
modified to

œ D œL C œ0
Z.˜s�/

1=2Fri

�
¡

©¡p

�1=2 � Ri

RC

�5=8
(10.45)

This interpretation is very similar to the pressure drop due to the particles in a gas
stream, where œ D œL C œZ� in Chapter 6.

It has been found that �Z
0 D 0:25. Due to the mass load ratio, a selective sep-

aration of particles in a cyclone is not possible. This occurs already for values of
�B � 0:1 (boundary mass load ratio).

This ratio of particle size is a result of a balance of forces namely the centrifugal
force in relation to the drag force, i.e.
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Fig. 10.15 Boundary mass
load ratio as a function
of particle size ratio

FC

FD
D Pmfv2i =Ri

PmfvR=wf0
D v2i wfo

vRRi
(10.46)

For characterization purposes of the dust particles, the velocity wf0 and the particle
size d in Eq. 10.6 are defined as average values, i.e. d D d50% in the particle size
distribution curve and wf0 represents the corresponding fall velocity.

Substituting wf0 from Eq. 10.6 in Eq. 10.46 one obtains:

FC

FD
D
�

d50%

d�

�2
(10.47)

Figure 10.15 [6] shows the boundary mass load ratio �B as a function of the particle
size ratio .d50%=d�/2. This representation yields:

�B D 0:1

.d50%=d�/1:5
(10.48)

Example 10.5. A dust-laden gas should be cleaned. An existing cyclone is to be
checked whether it could operate for the imposed conditions. An estimation of the
separation efficiency and of the expected pressure drop is required.

Step 1 All available geometrical data:

1. Cyclone

Type III, DC=Di D 3

Size, Z=Di D 7:25

Ratio, b=RC D 0:27

Factor, ’ D 0:75

Diameter, Di D 250mm
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Table 10.3 Cyclone residue
versus average particle size

Average particle

Residue (wt%) Bandwidth (
m) size (
m)

1 0–2 1
2 2–4 3
7 4–8 6
27 8–16 12
53 16–32 24
10 >32 48

2. Gas

Air volume rate, PVf D 2;000m3=h
Air density, ¡ D 1:2 kg=m3

Dynamic viscosity, ˜ D ¡=	 D 18:15 � 10�6Ns=m2

3. Solids

Solid mass flow rate, Pms D 600 kg=h
Particle density, ¡p D 1;700 kg=m3

Voidage, © � 0:35

Particle size, d50% D 20�m
Fall velocity, wf D 2 cm=s

Particle size distribution related to the mass of solids retained in the sieve
(residue) is given in Table 10.3.

Step 2

1. Mass load ratio, � D 0:25

2. Air axial velocity, vi D 11:318m=s
3. Froude number, Fri D 7:226

4. Assumed efficiency, ˜s D 99%
5. œ factor (Eq. 10.33), œ D 0:0125

6. Area ratio, A’=Ai � 0:9

7. Radii ratio,
R’
Ri

D RC

Ri

�
1 � 1

2

b

RC

�
D 2:6

8. Velocity ratio (Eq. 10.43),

vti

vi
D 1

0:9.1=2:6/0:75C 0:0125 � 14:5 D 2:27

9. Tangential velocity, vti D 25:69m=s

10. Radial velocity, vRi D 0:39m=s
11. Boundary particle size, (Eq. 10.12)

d� D
�
18 � 18:15 � 10�6 � 0:39

1699 � 660 0:125

�1=2
D .14:2 � 10�1=2/1=2

D 3:77 � 10�6m
D 3:77 �m
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12. Boundary mass load ratio (Eq. 10.48),

�B D 0:1

.20=3:77/1:5
D 0:0082

13. Immediate separation efficiency,

˜i D � � �B

�
D
�
0:25� 0:0082

0:25

�
100 D 96:73

14. Selected separation in fractional form for 3.27% (Table 10.4). Fractional
efficiencies have been obtained from Fig. 10.16, curve d [6].

15. Absolute value, ˜F D 3:27 � 0:9155 D 2:99

16. Cyclone efficiency.

Table 10.4 Cyclone efficiency – particle size versus fractional
efficiency

Average particle
size d50% Ratio d50%=d�

Fractional efficiency �
residue ˜F

1 0.217 0� 0:01 D 0:00

3 0.65 0:07 � 0:02 D 0:0014

6 1.3 0:47 � 0:07 D 0:0329

12 2.6 0:95 � 0:27 D 0:2565

24 5.2 0:99 � 0:53 D 0:5247

48 10.4 1:0 � 0:10 D 0:1

0.9155
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Fig. 10.16 Weight collection efficiency as a function of particle size ratio
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17. Pressure drop factor (Eq. 10.36),

˜C D ˜i C ˜F

D 96:72C 2:99

D 99:71%

œ�
C’ D 0:33 � 5:153

�
1

.1� 2:27 � 14:5 � 0:0125/2 � 1
�

D 0:33 � 5:153 � 1:887 D 3:21

18. Pressure drop factor œ�
Ci is obtained from graphs in Fig. 10.8a. These graphs

take into consideration the geometrical shape of the outlet pipe as shown in the
diagrams. The calculated vti=vi D 2:27 and the circular outlet (A D constant)
corresponds to a factor œ�

Ci D 12.
19. The total pressure drop of the cyclone is (Eq. 10.53):

�pC D .œ�
Ci C œ�

Ci/
¡

2
v2i D .3:21C 12/� 1:2

2
� 11:3182

D 1169N=m2:

20. If one would neglect the influence of the solids the ratio of velocity vti=vi

(Eq. 10.43) rises to 3.36 and the tangential velocity vti D 38m=s. The œCi
�

factor is then equal to 23 which leads to a high pressure loss. Due to the solids
in the air stream the potential vortex in the cyclone is reduced which is coupled
with a pressure reduction.

21. Estimation of the boundary particle size and pressure drop using Figs. 10.9–
10.14 will be demonstrated in step 3. Required data:

Air volume, PV D 2;000m3=h
Cyclone type III, Fc=Ci D 3

Cyclone size, Z�=Di D 7:25

Step 3 From Fig. 10.10b one obtains the boundary particle size d� ' 4.
Step 4 From Fig. 10.12 one estimates the pressure drop�pC D 17:0mbar
Step 5 From Fig. 10.14 one obtains the entrance velocity v’ � 11m=s.
Step 6 Correction of d� (Eq. 10.40):

d�
x D 4

�
18:15 � 10�6 � 1700
18:188� 10�6 � 1000

�1=2
D 4 � 1:3 D 5:21 �m

The estimation of the particle size and the entrance velocity are very close to the
calculated values. The estimated pressure drop is higher than the calculated one,
due to the influence of the mass load ratio. Nevertheless these graphs permit a good
estimation for the efficiency of the cyclone.
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10.3.6 Proven Cyclone Geometries and Configurations

There are a number of possible cyclone configurations. The following figures depict
some configurations which are known to produce reliable performance.

10.3.6.1 Entrance Geometry

Various techniques are used to introduce the laden gas stream into the cyclone
housing (Fig. 10.17).

It should be noted that in Fig. 10.17b the cyclone housing is fitted with a settling
chamber. The settling chamber is designed to fulfil three distinct functions:

(a) To centre the vortex generated by the cyclone.
(b) To prevent re-entrainment of the solids.
(c) To act as a storage hopper.

The conical reflector fitted to the product outlet of the cyclone effectively centralizes
the vortex so as to ensure good separation. The device stabilizes the flow inside the
cyclone.

Located below the conical reflector is a vortex-breaking device consisting of
three flat plates which also support the cone. The purpose of these plates is to break
the vortex in order to avoid re-entrainment of the separated solids.

The conical reflector and vortex-breaking device are located in a hopper which
also serves as a storage bin for the separated solids. The design of such storage bins
is discussed in Chapter 11. A critical factor in the design of the bin is to ensure that
the solids flow unaided out of the bin.

10.3.6.2 Special Cyclone Configurations

In Fig. 10.17c two cyclone designs are shown with the clean gas outlet located at the
base of the cyclone.

10.3.6.3 Gas Outlet Tube and Cyclone Length, Knowlton, [10]

It has been reported by Hugi and Reh [11] that by extending the roof of the cy-
clone for operations of loadings from 10 to 50, no outlet gas outlet tube is required.
Muschelknautz [13] agreed with this finding and reported if the gas outlet tube for
the volute-entry cyclones is moved off center, the cyclone efficiency is improved
significantly.

Hoffman et al. [12] found that as the cyclone length was increased the efficiency
to increased. For certain cyclones, however, after a certain increase in cyclone length
the efficiency decreased.
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10.4 Fabric Filters

10.4.1 Introduction

The increasing utilization of pneumatic conveying systems for fine particle trans-
portation is leading to the wider use of fabric filters to ensure almost complete
gas–solids separation.

Essentially fabric (or fibrous) filters depend for their operation on the impinge-
ment and settlement under gravity, as the particles move at a low velocity through
the interstices of the filter fabrics in use. Each fabric has its own ‘special’ features,
the most successful being one which has a nap or felt type construction.

The selection of the most appropriate fabric must, in addition to cost, take into
consideration both the chemical and physical characteristics of the particles and the
process. Typical characteristics of various filter fabrics are shown in Tables 10.5
and 10.6.

10.4.2 Modes of Operation

Fabric filters are categorized according to whether they operate on an intermittent
or continuous basis.

In Fig. 10.18, the pressure drop characteristics of both types of fabric filters are
shown.

Ideally, a fabric filter should impose a constant resistance to gas flow so that at no
time does the performance of the filter have a profound influence on the performance
of the pneumatic conveying system. As such, the period of operation of an intermit-
tent filter must not exceed a point when the pressure loss is such that it could precip-
itate deposition or blockage of the conveying system. In such a system, the period
of operation of the filter must be limited to an upper pressure threshold: thereafter,
the filter must be isolated from the process to facilitate a bag cleaning operation.

Table 10.5 Properties of filter fabrics [7]

Chemical resistance

Fabric
Temperature
limitation (ıC) Acids Alkalis

Cotton 80 Poor Good
Wool 95 Good Poor
Nylon 95 Poor Good
Polypropylene 95 Excellent Excellent
Orlon 125 Good Fair
Dacron 135 Good Fair
Dynel 70 Good Good
Glass 287 Excellent Poor
Nomex 200 Fair Good
Polyethylene 74 Good Good
Teflon 200 Excellent Excellent
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Fig. 10.18 Operational
characteristics of fabric filters
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Fig. 10.19 Cleaning cycle
for mechanically shaken
intermittent filters

The cleaning process for intermittent filters is usually effected mechanically. Typ-
ical pressure–time and volume–time characteristics for such filters are shown in
Fig. 10.19a, b, respectively.



388 10 Gas–Solids Separation

Fig. 10.20 Performance
characteristics of a
continuous fabric filter
system Pressure drop constant

Air flow rate constant
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In contrast, the performance characteristics of a continuous filter system where
the dust is continually removed are shown in Fig. 10.20a, b.

10.4.3 Fabric Filter Sizing

A crucial element in efficient pneumatic conveying system design is the correct siz-
ing of the fabric filter system. Undersizing will normally create excessive pressure
losses and result in a consequential reduction in system performance. Overdesign
can result in unnecessary additional capital outlay or overloading of the filter system
due to a lower pressure loss resulting in a greater mass of material being conveyed.

The sizing of a fabric filter is based on a factor known as the gas/cloth ratio.
Essentially, the gas/cloth ratio is based on the gas flow per unit area of cloth which
will produce a pressure drop which falls within limits. Pressure drop across such a
filter is normally of the order of 100 mm water gauge (10 mbar).

The gas/cloth ratio is defined as

”� D
PV

AF
(10.49)

where PV is the volumetric flow rate of the gas at ambient conditions .m3=min/ and
AF is the fabric filter area (m2).

The gas/cloth ratio has dimensions of velocity and is sometimes referred to as the
face velocity or approach velocity. The value of ”� is dependent upon the particle
size and in many situations the physical characteristics of the particle. The range of
values for ”� is 0:5 � ”� � 4 where ”� is measured in m/min.
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Fig. 10.21 Gas/cloth ratio as a function of particle size and dust loading

Low values of the gas/cloth ratio ”� (implying large filtration area) are for fine
products or those products which are cohesive in nature. In Fig. 10.21, the gas/cloth
ratio is plotted as a function of the mean particle size for various dust concentrations.

In this gas the dust concentration ¡’� is in units of kg=m3, whilst the particle size
is in microns (�m) and the gas/cloth ratio ”� is in m/h. Typically for this situation
30 � ”� � 240.

As a rule of thumb, a fabric filter system (for most industrial applications) can be
sized using a gas/cloth ratio range 0:8 � ”� � 2. Typically, for ordinary Portland
Cement, it is accepted to use a gas/cloth ratio ”� D 1:5. Referring to Fig. 10.21, for
the case of ordinary Portland Cement a dust concentration ¡’� D 1;000. (In this
case, using the above definition, the approach velocity is of the order of vFV D
1:5m=min.)

Example 10.6. A conveying system designed to transport ordinary Portland Cement
through a D D 100mm diameter pipe, was supplied with an air flow rate
PV D 11m3=min FAD. The cement is conveyed on a batch basis using a bottom
discharge blow vessel. What size filter is recommended if the conveying rate is
Pms D 60 t/h, and ambient air density ¡ D 1:2 kg=m3? (The mean particle size
d D 15�m.)

Solution 10.2. The mass flow ratio, � D Pms= Pmf, where

Pmf D PV � ¡ � 60 D 792 kg=h

� D 60 � 103
792

D 75:8

Assume a system separation efficiency ˜ = 98%.

On the basis of this, 2% of the solids will be continuously in contact with the
fabric filter. As such 1,200 kg/h of cement impinges on the filter.
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Dust concentration: referring to Fig. 10.21 and extrapolating for ¡’� D 1;818

and a mean particle size d D 15�m, we obtain a gas/cloth ratio ” D 70m=h, which
yields a face velocity vFV D 1:2m=min.

On the basis of vFV D 1:2m=min, the filter can now be sized using Eq. 10.50:

AF D Pmf

�
D 11

1:2
D 9:2m2 (10.50)

However, since a single blow vessel is being used, there will a slight overloading of
the filter system when the last batch of cement is transported with the air remaining
in the vessel at high pressure (Section 7.6.3). As such, in order to cope with the
surge of high-velocity air and to obtain a stock size filter, it would be expedient to
select a filter with an area AF D 12m2.

10.4.4 Construction of Fabric Filter Units

In most cases fabric filters consist of either a cylindrical or rectangular envelope
bag supported by a wire cage. The wire cage keeps the bag open and provides the
necessary sealing lip to locate the bag assembly in a plenum chamber. The filtration
process normally occurs from the outside in, with the cleaned gas moving through
the wire cage into the plenum chamber and then to atmosphere (Fig. 10.22).

Most filter systems are constructed such that all maintenance can be done from
the outside, thereby obviating the need for going inside the filter housing.

a b
VENTURI Header

Cleaned air

Dust laden air To container

Filteringa Cleaningb

Recessed
slot for 
element

Jet tube
injecting
burst of
compressed
air into
filter pad
via the
header

Air flow
briefly
reversed
inflating
pad and
dislodging
dust

Sealing flange
and ring

Seal
frame

Felt pad

Wire frame
insert

TUBE
SHEET

CAGE

BAG

Fig. 10.22 Arrangement of (a) cylindrical and (b) envelope bag filter system
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10.4.5 Bag Cleaning Techniques

There are basically three cleaning techniques employed in fabric filter systems:
reverse jet, reverse flow and mechanical shaking.

(a) The reverse jet cleaning system (Fig. 10.23)
The reverse jet cleaning system is the most popular technique for pneumatic
conveying systems. A series of nozzles is located above the mouth of each bag
and supported in the plenum chamber. The nozzles are connected to a high-
pressure air supply via a series of solenoid actuated valves.

On activation of the solenoid valve, a jet of high-pressure compressed air is
expelled through the nozzle downwards into the bag. The expanding jet of air
entrains additional air flow from the plenum chamber. The air jet provides a
‘shock’ blast of sufficient magnitude and volume to shake the dust off the bag.
The loosened dust drops to the bottom of the filter housing. When sequencing
the solenoid valves, it is possible to effect continuous cleaning of each bag
whilst providing for continuous gas/solids separation. Thus, whilst a bank of
bags is being cleaned by the reverse jet, the remaining bags in the system are
actively filtering the dust-laden gas.

Fig. 10.23 Arrangements of reverse jet bag filters: (a) Dust Control Equipment, Leicester, UK
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Fig. 10.23 (continued) (b) Mikro-Pulsive, Brandt Engineering, South Africa

The activation of the solenoid valves is controlled by means of an electronic
timing device, which can vary both the duration of the pulse and the interval
between pulses. Normally the duration time can be adjusted between 0.05 and
0.2 seconds.

The cleaning action is a function of the impulse available from the pressure
of the cleaning gas and the duration of the pulse. The cleaning gas pressure lies
in the range 300–10,000kPa. The selection of the appropriate solenoid valve to
ensure effective cleaning is dependent upon this pressure.

The maximum length of bag is a matter of such dispute, with some suppliers
claiming high cleaning efficiency with reverse jets operating on bags in excess
of 3 m in length. In general, it is accepted that reverse jet cleaning is most effi-
cient in bags less than 2 m long.

(b) Reverse flow filters (Fig. 10.24)
Reverse flow filters use a similar bag construction as the reverse jet units,
but employ low-pressure air for cleaning. In these filters a bank of bags is



10.4 Fabric Filters 393
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DROPOUT

DRIVE MOTOR

Fig. 10.24 Arrangement of reverse flow bag filter (CEA-Carter-Day Co., USA)

sequentially segregated from the rest of the cleaning system and a low-pressure
high air flow is diverted into the sealed-off banks of bags. The air effectively ‘re-
verses’ the flow and thereby removes the dust clinging to the filter bags. A fairly
complex mechanical system is normally employed to effect the sealing off and
to connect the sealed-off compartments to the low-pressure blower. Such filtra-
tion systems normally include as part of the package a suitably sized blower to
effect the reverse flow.

(c) Mechanical shaking filters (Fig. 10.25)
Mechanical shaking filters are becoming less popular in pneumatic conveying
applications. Essentially the bags are supported in frames which in turn are con-
nected to either a cam arrangement or a vibrating device to effect bag cleaning.

In most cases the cleaning operation requires the filter unit to be isolated from
the main dust source whilst the cleaning operation is underway (Fig. 10.25). Me-
chanical cleaning filter systems, normally employ an electronic control device
which ensures that a system is inoperable during the cleaning phase.
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Fig. 10.25 Arrangement of mechanical shaking filter (Dust Control Equipment, Leicester, UK)

10.4.6 Cartridge Filters

A relatively new innovation to dust cleaning is the use of paper cartridge filter ele-
ments instead of bags in reverse jet filters (Fig. 10.26). The construction of the filter
housing and cleaning mechanism is similar to that employed in reverse jet filters.
However, the use of a paper element provides a significant space advantage.

By virtue of the pleated construction, large filtration areas are available in a
relatively compact arrangement. As such, in applications such as large mobile vac-
uum systems, the ability to reduce the volume and the mass of the filter housing is
extremely beneficial.

As with all filter elements, it is essential that a cartridge filtration unit be selected
with the full knowledge of both the quality of the dust and the conveying process.
There is a wide variety of cartridge elements available on the market. The majority
conform to the normal paper element similar to those used on the intake mani-
fold of large diesel engines. However, more recently, with the advance of materials
such as teflon, cartridges are being constructed with these more modern materials,
thereby enhancing the range of products which can be effectively separated using
these systems.

10.4.7 Arrangement of Filter Housing

A most important aspect of fabric filter systems is the design of the housing into
which the fabric filter unit is located (Fig. 10.27). In most cases the filter unit housing
is also required to provide some form of storage capacity for the separated solids.
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a b
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Fig. 10.26 (a) Typical cartridge filter element (General Services Industrials (Pty) Ltd, South
Africa); (b) arrangement of cartridge filter systems (Donaldson Co. Inc., Minneapolis, USA)

It is now accepted practice to use a properly designed housing instead of the
earlier practice in which a cyclone was used as a pre-separation unit to a bag filter
system. As such, the design of the housing normally provides for a certain amount
of cyclonic action to provide the necessary pre-separation of coarse particles.

In a circular housing construction, the conveying pipe is tangentially mounted
onto the filter housing whilst, in a square or rectangular housing, the stream of gas-
laden solids is directed towards an impact plate to effect the pre-separation.

The essential features of the design of the housing must take into consideration
some of the elements of cyclone design. It is also normal practice to design the
housing with the inlet pipe of a diameter larger than that of the conveying pipe.

As such, on approaching the filter housing, the increased pipe diameter provides
for a reduction in velocity, thereby facilitating a certain degree of drop-out of solids
before entering into the filter housing.

A number of arrangements are available from manufacturers in which various
techniques are employed to locate the tangential inlet into the filter housing. One
manufacturer, for example, will ensure that the tangential inlet pipe is located in the
filter house immediately below a cowl arrangement. In Fig. 10.27c, the arrangement
is shown. Essentially this arrangement provides for some additional pre-separation
and thereby minimizes the dust loading on the filter bags.
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Fig. 10.27 (a) Tangential inlet arrangement for a circular filter housing; (b) inlet arrangement for
a rectangular filter housing; (c) cowl inlet arrangement

A further important element in the design of the filter housing is to ensure that
the diameter of the filter housing is such that it regulates the approach velocity to
the bags. As such in terms of the discussions in Section 10.4.3, a filter housing must
be designed to take into consideration the total gas flow rate into the filter system.
On the basis of this, it is possible to ensure that the diameter of the housing is such
that the face velocity is controlled in terms of the desired gas/cloth ratio.

A number of problems can arise due to inadequate design of the filter housing.
In particular an inadequately designed filter housing can result in a reverse vortex
forming inside the filter, which can result in a re-entrainment of the dust particles
thereby increasing the loading on the filter bags. In such situations, it is common
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practice to arrange for a vortex-breaking device to be fitted into the filter housing
(Fig. 10.28). A typical solution is to include a honeycomb type structure in the filter
housing which effectively assists with the straightening out of the flow before the
dust-laden solids impinge on the bags.

There are a number of additional ways of introducing the dust-laden gas into a
filter system. In particular, the counter-current system (Fig. 10.29) is recommended
for systems which have a predominance of coarse material.

For fine particle suspensions the co-current system (Fig. 10.30), in which the
gas–solids suspension is introduced either axially or radially through a channel in
the bag house, is recommended. Clearly such a system cannot be used for abrasive
materials.

Fig. 10.28 Vortex-breaking
arrangement

Fig. 10.29 Counter-current
filter system
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Fig. 10.30 Co-current filter systems

10.4.8 Dust Explosions and Earthing of Filters

The question of providing adequate protection from the event of a dust explosion is
a complex topic in its own right. System designers must be aware of the fact that
almost any dust is explosive at a critical concentration.

By virtue of the large volume of the filter housing such critical dust concentra-
tion levels can occur at the end of a conveying period. Further, it is not uncommon
to find high static electrical discharges occurring during a pneumatic conveying pro-
cess. The advent of such a discharge occurring in a filter housing can initiate a dust
explosion.

There are numerous techniques [8] available to safely vent a filter housing in the
event of such an explosion taking place. The use of bursting discs and vent pan-
els correctly sized is often recommended. In highly explosive environments safety
regulations demand the use of an inert gas to suppress a dust explosion. In certain
situations nitrogen is used as the conveying gas.

It is accepted practice to ensure that in high-risk systems, the bags and the bag
cages are earthed to the body of the filter. Such earthing procedures ensure the
effective discharge of any static build-up.

10.4.9 Extremely Low Emission Filters

Environmental laws for the emission of dust into the atmosphere have become
stricter. This means that the quality of the filters must improve in order to cope with
these restrictions. New filter types are now on the market, namely the sintered-plate
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filter with jet reverse cleaning. Herding/Filtertechnik/Amberg, Germany has devel-
oped this type of filter with sintered polyethylene as the filter medium. In order to
reduce the effects of electrostatics in operating these filters the elements can be anti-
statically treated. The main difference between the cloth filters and the sintered-plate
filters is the pressure loss. Cloth filters have a �p D 10–15 mbar while sintered-
plate filters have a �p D 20–30 mbar and the pressure of the jet cleaning tank is
about 4.5–6 bar.

The sintered-plate filters are mainly used for fine products (micron and sub-
micron). The emission of fabric filters lies in the range of dust concentration
� 10mg=m3 and that of the sintered-plate filters significantly less at � 0:1mg=m3.
The main reason for this good filtration is that the body is stiff and when being
cleaned the pores do no widen as in the case of the fabric filters. One restricting
condition is temperature. The elements of the sintered-plate filter can withstand
a continuous temperature of about 70ıC (polyolefines). The element made from
polysulfon has a maximum operating temperature of 160ıC. The recommended
operating temperature lies in the range of 100–140ıC.

The geometric data of the sintered-plate filter elements are:

Height h;mm 950 1,260 1,550
Width b;mm 450 1,050 1,050
Area a;m2 1.9 5.9 7.6

10.5 Cleaning by Sound

The use of high-frequency sound waves for the ‘sonic activation’ of powders [9] is
gaining widespread acceptance as an effective and economic method of enhancing
the performance of gas–solids separation equipment. Sound waves are generated
using a special Tyfon type sound emitter. The waves are generated at frequencies of
the order of 200 Hz to 400 Hz.

The sound emitter is located in the filter or cyclone housing (Fig. 10.31) and is
operated intermittently to achieve maximum benefits. In addition to enhancing the
cleaning of fabric filter systems, the high-frequency sound waves also assist with
the flow of the separated material out of the filter housing.

Fig. 10.31 Arrangement
of sonic horn in a filter
housing
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10.6 Conclusions

In this chapter an attempt has been made to provide the reader with an overview of
the field of gas–solids separation. Essentially the selection of a suitable gas–solids
separation device should be made in consultation with suppliers of the equipment.

It would be impossible in such a text to adequately cover all the facets of gas–
solids separation. System engineers are cautioned to ensure that when designing
system for specialist applications, the expert advice of suitably competent gas clean-
ing engineers is sought.

An attempt has been made, however, to provide the reader with a comprehensive
dissertation on cyclone design. It is believed by the authors that this section could
be of assistance.
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Chapter 11
Some Comments on: The Flow Behaviour
of Solids from Silos; Wear in Pneumatic
Conveying Systems; Ancillary Equipment

Abstract In designing pneumatic conveying systems it becomes apparent that
ancillary topics and equipment also have influence on the design. The storage cham-
bers of solid particles is intimating tied into such design because if the materials can
not be delivered from the storage unit, there is no conveying. This chapter gives the
rudiments of silo design so as to be complete in the coverage of pneumatic convey-
ing system. Other topics that also are on concern are erosion of the particles and
wear of the pipelines along with the valves employed in such systems. Since not all
pipelines run a straight course, bends must be considered in the design of pneumatic
conveying system. They can often be the failure point of the conveying operation.
Valves are of particular concern since they are mechanical and as such can be af-
fected by small particles which have the potential to render the valve inoperative.

Keywords Silos � Bins � Hoppers � Jenike design theory � Shear cells � Flow factors �
Fluidization � Air assisted flow devices � Erosion � Wear � Bends � Valves

11.1 Introduction

There are a number of additional facets in the design of pneumatic conveying
systems which in their own right could form the basis of a separate handbook. An
awareness of the intricacies of silo and hopper design, wear in pneumatic conveying
systems and the type and characteristics of a number of essential hardware compo-
nents are deemed to be important information for the system designer.

In many instances, a lack of appreciation of efficient silo design or the dos and
don’ts for designing systems for abrasive products have resulted in the condemna-
tion of total systems. This chapter has been written with the specific objective for
providing the reader with some insight into the additional factors relevant to the de-
sign of pneumatic conveying systems. The reader is cautioned to obtain specialist
assistance for those systems which are being designed for products which are highly
abrasive or have very poor flow characteristics.

The chapter is concluded with some discussion related to those essential com-
ponents which, together with feeding devices discussed in Chapter 7 and gas–solids
separation devices discussed in Chapter 10, make up a total conveying system.

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 11,
c� Springer Science+Business Media B.V. 2010
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11.2 The Flow of Solids from Bins

11.2.1 Introduction

An essential element in the successful operation of any pneumatic conveying system
is the flow of solids from storage bins into the feeding device. The ability to ensure
reliable and continuous flow from any storage device is fundamental to ensuring that
a system will meet design criteria.

The ‘correct’ design of a storage bin requires the full appreciation of techniques
such as those developed by Jenike [1] and others [2]. In this text the authors intend
to alert the reader only to those essential elements which, when combined with
an accepted design technique, will provide a successful bin design. It is not the
intention of this text to provide the reader with all the information relating to the
design of such storage systems.

11.2.2 Common Flow Problems from a Silo Bin

Essentially, there are two common flow problems associated with the incorrect de-
sign of a silo: (a) bridging; (b) ratholing.

(a) Bridging
The bridging phenomenon results in an arch or a bridge forming across the
opening of a hopper. The strength of the bridge is such that it supports the total
load of solids above it. Bridging occurs when the outlet of the silo D < Dmin;
where Dmin is the calculated minimum diameter required to effect uninterrupted
solids flow. (Bridging can occur even though the cone angle ™ might be of the
same magnitude as that obtained from accepted silo design theory.)

(b) Ratholing
The ratholing phenomenon is characterized by the formation of a channel
throughout the solid mass. In this case the phenomenon is dependent upon the
correct selection of the cone angle � . Ratholing will occur even though the hop-
per opening conforms to the D � Dmin.

The bridging and ratholing phenomena are shown in Fig. 11.1a and b alongside
a ‘correctly’ designed silo which will promote mass flow (Fig. 11.1c).

11.2.3 Characteristic Flow of Granular and Powdered Products
from a Storage Bin

Essentially the flow of granular and powdered products from a storage bin conforms
to the two flow situations: (a) mass flow; (b) funnel flow. In Fig. 11.2 the character-
istics of mass flow and funnel flow are depicted.
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Fig. 11.1 Flow problems in silos (a) bridging (b) ratholing (c) mass flow

Mass flow silo

Funnel flow silo

Dead
zone

1 2 3 4

5 6 7 8

Fig. 11.2 Mass flow and funnel flow

(a) Characteristics of a mass flow bin
Mass flow from a bin implies that the total volume of the stored solids is in
motion. As such, uniform and steady state flow can be attained. A mass flow
bin is devoid of any channelling, surging, flooding, hang-ups or bridging. The
flow is also independent of the head of the stored solids and as such these bins
guarantee a minimum of consolidation of the products, no dead space, minimal
degradation, consolidation and spoilage. In summary, the flow from a mass flow
bin is aptly described as providing the user with a ‘first in and first out’ situation.
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(b) Characteristics of a funnel flow bin
Funnel flow is best understood by considering the flow from a bin with a flat
bottom or gentle slope. In such a situation the flow occurs in a channel in the
centre of the bin. The flow is always from the top of the stored solids to the
centre. During the flow of solids through the channel, a dead zone occurs in
all other parts of the bin. Funnel flow leads to ‘first in and last out’ and has
disadvantages such as flooding, material degradation, consolidation, etc.

In some situations a poorly designed bin, or conditions of continuous filling and
drawing out of product, can lead to ‘first in and never out’. Solids with a wide
particle size distribution tend to segregate out, leaving the coarse particles in the
dead zone whilst the fine particles flow through the channel.

The ultimate selection between mass flow and funnel flow must, in addition
to taking into consideration the product characteristics and the process, take cog-
nizance of the fact that a mass flow bin is generally more costly and will by virtue
of its construction occupy considerably more headroom.

11.2.4 Factors Influencing the Flow of Solids from a Bin

There are three essential factors which must be considered when designing a storage
hopper or bin.

(a) Geometric form of hopper
The essential elements which must be considered include:

1. Cone angle (2™).
2. Size of outlet .Dmin/.
3. Shape (circular or rectangular).
4. Hopper construction material (¥x/.

(b) Product characteristics

1. Particle size and shape.
2. Particle size distribution.
3. Particle density and bulk density.
4. Cohesiveness of the product.
5. Fluidizability.
6. Floodability.
7. De-aeration characteristics.

(c) Additional factors

1. Influence of humidity.
2. Temperature of product and process.
3. Storage time.
4. Ambient conditions.
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11.2.5 Stress Distribution in a Silo

In order to appreciate the various forces imposed by the stored solids on the walls
of a silo, the stress distribution for a typical conical bottom silo will be discussed
(Fig. 11.3). As a starting point, the stress distribution for the case of the silo carrying
a liquid is shown as the hydrostatic pressure. Clearly, the stress distribution is uni-
form and is a function of the level of the liquid in the silo, i.e. the highest pressure
occurs at the bottom of the conical hopper.

Substituting the liquid with a granular product results in a stress distribution as
indicated by �1 (the principal stress or major consolidation stress) curve. It can be
seen that at the highest level in the silo, the stress distribution for the solids is similar
to that of the liquid. Due to the friction between the particle and the wall of the silo,
the �1 curve deviates with growing depth.

After a certain head of solids it will be noted that the �1 stress distribution re-
mains constant until the transition zone in which the silo changes shape from a
cylinder to a cone. In this zone, there is a sharp increase in the value of the stress �1.
It will be further noted that beyond this transition, the stresses in the cone decrease
linearly towards the outlet. Theoretically, the stress attains a value of zero at the
peak of the cone.

An important feature of the storage of products in a silo is the advent of
consolidation.

The unconfined yield stress, fc, is best understood by referring to the simple
model depicted in Fig. 11.4. A cohesive bulk solid is loaded into a cylindrical for-
mer, and subjected to a normal stress ¢1 which is representative of the mass of
the solids in a silo. On careful removal of the former, a cylinder of the bulk solids
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Fig. 11.3 Stress distribution in a silo
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Fig. 11.4 Simplified model
to illustrate the unconfined
yield stress

will remain. If the unconfined cylinder is now subjected to a stress, the bulk solid
will initially resist the load until a point is reached where the bulk solid cylinder
yields. The stress at which yielding takes place is the unconfined yield stress fc. It
will be noted that the unconfined yield stress, fc, follows the same pattern as the
principal stress ¢1. This stress is dependent upon the principal stress and as such
follows similar trends.

The bridging stress, ¢1, is a function of the silo diameter having a constant value
in the cylindrical part of the silo and decreasing from the transition to the bottom
of the cone. The intersection of ¢1 and fc yields a critical point where bridging of
the solids is possible. In the case where the bridging stress, ¢1, is greater than the
unconfined yield stress, no bridging is possible. However, if the unconfined yield
stress, fc, is greater than ¢1, then bridging is possible.

A critical component in the silo design is the selection of the minimum opening,
Dmin, to ensure free flow of the solid material. The selection of Dmin is dependent
upon fc.crit/, the critical unconfined yield stress. It should be noted that fc.crit/ occurs
at the intersection of ¢1 and fc.

11.2.6 Experimental Methods for Measuring the Flow
Characteristics of Bulk Solid Materials

11.2.6.1 Introduction

The final design procedure for silos is dependent upon the acquisition of certain
fundamental flow properties of the material. Whilst there are several techniques
available to provide design information, perhaps the most common and most suc-
cessful technique lies in the use of the Jenike shear cell. Other techniques include
the ring shear cell developed by Walker; the powder tester of Hosakawa; the tor-
sional shear cell of Peschl, etc. Discussion in this text will be confined to the Jenike
shear cell.
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11.2.6.2 The Jenike Shear Cell

The Jenike shear cell (Fig. 11.5) is composed of a base located on a frame of the
apparatus, a ring resting on top of the base and a cover. The bottom of the cover
and the inside of the base are roughed to increase the adhesion of the tested solid.
The base and the ring are filled with material to be tested.

A pre-consolidation load is applied to the material in order to ensure a
homogeneous sample. The skill of the operator lies in the preparation of the
samples and, in particular, the ability of reproducing the same porosity for each test
specimen.

A vertical force FN (normal force) is applied to the cover. A horizontal shear
force Fs is applied by means of a stem which acts on a bracket attached to the cover.
The stem acts in the plane of contact between the ring and the base. A part of the
shearing force is transferred from the bracket to the ring through a loading pin. This
ensures a sufficiently uniform distribution of the shearing force Fs across the cell.

The shear force is measured by means of a load cell and a typical shear rate
is of the order of 2.7 mm/min. The shear cell tester enables the evaluation of the
following information.

(a) The effective angle of internal friction ¥c.
(b) The kinematic angle of friction ¥i.
(c) The major principal or consolidating stress ¢1.
(d) The unconfined yield stress fc.
(e) The bulk density in the cell ¡b.cell/.

A second test involving the use of a plate located on the base is performed to ob-
tain design data relevant to the interaction between the material and the hopper
wall. The plate is thus representative of a sample of the proposed material to be
used in the construction of the silo. From these tests the following information
is obtained:

(f) Angle ¥w, the wall friction angle where ¥w D tan�1 .£=¢/.

Fig. 11.5 The Jenike shield cell
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11.2.7 The Jenike Flow Categorization Technique

Jenike proposed a method of categorizing the flow of bulk solids in terms of a factor
ffc known as the flow function which is obtained by plotting the unconfined yield
stress, fc, against the major consolidation stress, ¢1.

11.2.8 The Jenike Design Theory

When it is not the intention of this text to provide a detailed description of the
Jenike design theory, a brief summary of the salient features of the technique will
be highlighted.

11.2.8.1 Results from Shear Cell Analysis

Once an accepted testing procedure has been performed, using a shear cell, on the
bulk solids, a number of observations are obtained which facilitate the plotting of the
£� ¢ diagram (Fig. 11.6). The shear cell analysis is performed to yield at least three
yield loci, obtained by using a Mohr semicircle technique as shown in Fig. 11.6.

From this diagram the following information can be obtained:

(a) The major consolidation stress ¢1.
(b) The unconfined yield stress fc.
(c) The kinematic angle of friction ¥i for the product.
(d) The effective angle of internal friction ¥e of the product.

In addition, from tests carried out using a plate of the material to be used for the
construction of the silo, the shear cell analysis permitted the construction of the
£ � ¢ diagram as shown in Fig. 11.7. From this diagram the friction factor between
the bulk solid and the silo construction material, ¥x, is obtained.

Fig. 11.6 The £–¢ diagram
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Fig. 11.7 The �–� diagram
for a plate
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11.2.8.2 Flow Factor, ff

Extensive observations lead to the conclusion that a bulk solid will flow if a bridge
(Fig. 11.1) does not develop across the channel. In mass flow bins, such a situation
cannot occur. In funnel flow bins, however, it is necessary to ensure that the bulk
solids are not capable of sustaining an empty, vertical pipe of excessive height
(Fig. 11.2).

For an obstruction to occur in a channel, the bulk solid has to be consolidated to
such a degree that it develops sufficient strength to support the weight of the solids
above it. As such, the higher the consolidating pressure, ¢1, in a channel, and the
lower the pressure ¢1, which acts in an obstruction, the lower the flowability of the
channel. This is expressed by the flow factor

ff D ¢1=¢1 (11.1)

Jenike has consolidated his theory in a set of curves which provide information
dependent upon whether the channel is conical or axisymmetric, plane flow or sym-
metric and for various values of effective angle friction ¥c.

In funnel flow a stable pipe or rathole may form above the outlet and for effective
discharge the size of the outlet, and hence the diameter of the rathole, should be
sufficiently large to ensure that the rathole will collapse and flow can be initiated.
Critical rathole diameters are normally calculated for the consolidation pressures
experienced when the bin or silo is filled. The dimensions of this critical diameter
have been dependent upon �c, fc and the bulk specific weight of the product. Critical
rathole dimensions determined in this way give the maximum upper bound values
likely to occur in practice.

In the initial work of Jenike it was proposed that the critical rathole diameter
be calculated on the basis of the major consolidating pressure experienced on dis-
charge. Funnel flow under these conditions involves the application of a flow factor
which depends upon �c and the slope of the channel. A different set of curves is
available for this case.

For design purposes, Jenike recommended a flow factor ff D 1:7 for funnel
flow hoppers. Critical rathole diameters determined by this method, being based on
the flow consolidation pressures, are normally underestimated. However ratholes
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determined in this fashion indicate a lower bound value which may be approached
if the bin is being emptied whilst it is also being filled.

Figure 11.8 is typical of one curve from a series of similar curves produced by
Jenike for mass flow hoppers with different cone geometries. Similar curves for
funnel flow are also available. The curve is a plot of the angle of friction, ¥x, against
the cone angle, ™, with the flow function, ff, as a parameter for a constant effective
angle of internal friction ¥e.

Having obtained the flow factor from a curve typical of that shown in Fig. 11.8,
it is now possible to construct a curve in which fc, ¢1 is plotted against the principal
stress ¢1. Figure 11.9 is typical of such a plot.

In Fig. 11.9 the flow function, ffc, is plotted from at least three yield loci curves
as shown in Fig. 11.6. Further, the flow function ff as obtained from Fig. 11.8 is
also represented on this curve. At the intersection of the ffc and ff curves, the crit-
ical unconfined yield stress fc.crit/ is obtained as well as the corresponding major
consolidation stress, ¢1.

The diagram illustrates that all conditions to the left of the intersection point
represent the no solids flow condition (bridging). All conditions to the right of the
intersection point represent the solids flow condition.

Fig. 11.8 Typical mass flow curve

Fig. 11.9 Flow function
versus yield locus curves
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Example 11.1. Design a mass flow hopper for a product for which a shear cell anal-
ysis provided the following data:

(a) ¥e D 30ı
(b) ¥i D 55ı
(c) ¥x D 18ı
(d) ¡b.cell/ D 600 kg=m3.

Solution 11.1. With the values of ¥e and ¥x it is possible to obtain the flow factor
using Fig. 11.8. With ¥x D 18ı a horizontal line will intersect the boundary curve
at ™ D 32ı. However, for adequate design safety, it is customary to accept a low
value of the angle ™. As such, moving horizontally along the ¥x D 18ı line to a low
value of ™ results in the intersection of the ff D 1:8 boundary. Thus for this situation
one obtains the following:

ff D 1:8 ™ D 28:5ı

The intersection of the ff D 1:8 curve and yield loci curve yields a value of the
critical unconfined yield stress fc.crit/.

fc.crit/ D 620N=cm2

Using the value of the cone angle, ™ D 28:5ı, a second set of curves yields a factor:
H.™/ D 2:4 (for a circular outlet for this example [Fig. 11.10]). Using the above in-
formation it is now possible to calculate the minimum outlet diameter for mass flow:

Dmin D H.™/
fc.crit/

g¡b.cell/

D .2:4/.620/

.9:806/.600/

D 0:253m

Fig. 11.10 Flow factor H(™) versus Hopper angle
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In terms of the above, the silo will conform to the following:

(a) Cylindrical shape.
(b) Cone angle ™ D 28:5ı.
(c) Opening 300 mm.

The design of funnel flow hoppers employs a similar procedure, but with different
curves.

11.3 Flow Aid Devices for Silos and Hoppers

11.3.1 Introduction

Whilst every effort should be made to design silos and hoppers according to
accepted practice, there are a number of situations where flow aid devices fulfil an
important role in the promotion of flow. In addition to providing ‘first aid’ for those
situations where incorrect design procedures were adopted, flow aid devices are also
used in situations where it is desired to use an existing installation for another prod-
uct with different flow properties. Further, some flow aid devices are specifically
incorporated into silo and hopper design to provide a controlled feed of product out
of silo.

Whilst in many instances, flow aid devices provide a relatively inexpensive
solution to hopper flow problems, and their installation more often than not is based
on a ‘suck it and see’ principle, there is now an increasing awareness of putting
more science into the art. As such, many vendors of flow aid devices are attempt-
ing to characterize their equipment to provide effective selection criteria for each
application.

There is a wide range of these devices on the market. While some devices re-
quire minimal reconstruction of the existing silo, others require fairly substantial
structural modifications before they can be installed.

In addition to providing a number of advantages in terms of flow assistance and
flow control, many flow aid devices are used to reduce the height of the conical
section of a silo. The ability to have an almost flat bottomed silo has a number of
significant cost benefits.

In many situations, flow aid devices provide for a shallower conical hopper and
hence a reduction in the overall height of the silo installation. It has been shown
[3] that for each 300 mm of increased height of a wall of a 21.5 m diameter silo,
considerable added cost is incurred.

The concept of additional costs in terms of height in the silo installation is further
illustrated [3] by considering a hopper with a 3 m opening and a steel cone with a
60ı angle of slope. To increase the angle of slope from 60ı to 61ı would require a
vertical wall height increase of about 1.1 m. If the designer steepens the angle by
5ı to 65ı to protect against very stubborn materials, and he still wishes to retain the
same storage capacity, he will end up with a structure with an extra 4.1 m wall of
height with an additional sizeable cost.
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11.3.2 Types of Flow Aid Devices

In general, flow aid devices conform to five basic types:

(a) Fluidization.
(b) Air assisted.
(c) Vibration.
(d) Hopper liners.
(e) Mechanical assistance.

The devices vary in complexity and in many cases a particular device might be better
suited for a particular product.

11.3.2.1 Fluidization

There are a large number of flow aid devices using the concept of fluidization or
aeration. The basic principle involves the mixing of the product with air thereby
facilitating the flow of the product in a liquid-like manner. Such devices are normally
used for fine powdered products in which the particle size is such that the addition of
air will promote flow. (See air activated gravity conveyors discussion – Chapter 8.)

Fluidization devices are produced in a variety of forms, from small nozzles in
which the air is passed through a porous medium which distributes the air uni-
formally over the area of the nozzles, to large air pads normally used to line flat
bottomed silos, thereby obviating the need to have a large conical section at the base
of the silo. Other configurations include the use of specially constructed mushroom
head devices with nozzles located behind the head of the mushroom. The mush-
room head protrudes into the hopper wall, and the air which is passed into the head
exits from the nozzles and effectively scours an area of the hopper wall providing
an air envelope which facilitates the flow of the product.

In some instances, whole sections of the conical hopper are lined with an aeration
sump whilst one device includes the use of a flexible diaphragm which distributes
the air in the hopper as well as providing an additional benefit in terms of vibrating
the product in the vicinity of the hopper outlet. The vibrations are set up as a result
of the head of product resting on top of the diaphragm. The air escaping behind the
diaphragm tends to lift the diaphragm which in turn is subjected to a force due to the
mass of material on it. The successive movement of the product and the diaphragm
creates the vibrations.

It is of vital importance to ensure that the air supply to the fluidization devices
is clean and above all dry. In most cases, low-pressure air is recommended with
a maximum supply pressure of the order of 20 kPa. Typically, turbo blowers are
commonly used for such applications. Moist air can create severe problems which
lead to caking and eventual blockage of the fluidization device. In many cases, the
use of too high an air pressure results in the formation of channels in the vicinity of
the device.
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a b

AIR FLOW AIR FLOW INSIDE OF
BIN WALL

MONITOR FLO PADS

OVERHEAD VIEW

SIDE VIEW
SIDE VIEW SIDE VIEW

SEE
TABLE FOR

MANIFOLD PIPE SIZE

OVERHEAD VIEW

DISCHARGE

OPENING

MATERIAL

EVASSER WITH
RUBBER BOOT

d e

c

FLO PAD

Fig. 11.11 Typical fluidization devices to promote flow from storage bins: (a) evasser flo-pad
(Monitor Manufacturing, USA–Flow Controls, South Africa); (b) operation of evasser flo-pad;
(c) typical installation of evassers at discharge of bin; (d) air pad aeration device (Monitor Manu-
facturing, USA–Flow Controls, South Africa); (e) installation of air pad devices in bins and hoppers

A range of fluidization devices used to promote solids flow from bins is shown
in Fig. 11.11.

11.3.2.2 Air Assisted Flow Aid Devices

The use of air assisted flow aid devices is gaining widespread acceptance as a viable
method of promoting solids flow from storage devices. Much effort is being put into
identifying a design procedure to facilitate both the sizing and the location of these
devices [3].

Essentially, these devices make use of high-pressure, high-energy air blasts
strategically located such that the air blast effectively breaks down ‘dead’ areas or
bridges in a silo or hopper.

The device consists of a high-pressure air receiver fitted with a specially de-
signed large orifice quick release valve. The quick release valve is pilot operated
and is normally electrically actuated to facilitate the use of a timing device. The air
receivers are pressurized to about 700 kPa and the volume of air for each blast is
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controlled by the size of the air receiver. Depending upon the application, various
size air receivers are available all working on the same principle.

The devices are located by simply fitting a 50 mm pipe to the wall of the silo or
hopper and therefore connecting the flow aid device to the connecting pipe. There
are a number of well-documented case histories of successful implementation of
these devices [3].

A typical air-assisted flow aid device is shown in Fig. 11.12.

Fig. 11.12 Typical air-assisted flow aid devices: (a) air blaster flow aid device (Monitor
Manufacturing–Flow Controls, South Africa); (b) installation of air blasters; (c) filling and
discharging cycle of a flow aid device (Big Blaster Air Cannon, Martin Engineering Co., Illinois,
USA)
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11.3.2.3 Vibration

The use of vibratory devices to promote flow of solids from a silo is extensive and a
large number of variations in design are available. In many situations, vibratory
devices, by virtue of their controllability are also used to provide a regulated
discharge rate.

Invariably, the vibratory devices available conform to two types:

(a) External clamp-on vibrators.
(b) Internal fitted devices.

The devices are either pneumatically or electrically activated such that both the fre-
quency and the amplitude of the vibrations imparted to the stored solids can be
varied.

The external devices are located at various positions in the silo, but in general it
is more common to find such devices fitted to the conical hopper.

By virtue of the fact that the external devices are fitted to the silo, extra care
must be exercised in the selection of an appropriate vibrator. Vibrators that are too
large for the structure can cause failure due to fatigue or can result in some of the
structural members going into resonant sympathetic vibration which will produce
unwanted vibrations elsewhere in the system. The judicious selection and location
of such devices can result in an efficient and often relatively cost effective first-aid
solution to a hopper flow problem.

The internal devices have proved to be most effective in promoting flow as well as
providing an effective solids flow control. The vibratory bin discharger is a popular
device providing a number of useful features. The device consists of a self-contained
conical hopper with outlet chute fitted with a series of vibrators. The unit is located
on the base of the silo by means of anti-vibration mounting brackets and a flexible
rubber skirt provides the transition piece between the device and the silo hopper.

The vibratory bin discharger is totally isolated from the main structure and as
such does not impart any vibrations to the rest of the system. One distinct drawback
of such a device is the fact that in a first-aid situation, fairly substantial structural
modifications must be effected to install a vibratory bin discharger.

A second internal device is the so-called ‘bridge breaker’ [4], so designed that it
can be fitted into an existing installation with minimal structural modifications. The
‘bridge breaker’ consists of a series of vibrating screens located inside the hopper.
Vibrations are transmitted to the screens by means of external vibrators connected
to the screens by means of large bolts which pass through the walls of the hopper.
An insolation mount isolates the vibrations from the hopper and also provides a seal
to prevent product from flowing through the holes in the hopper wall.

The ‘bridge breaker’ device thus induces vibrations into the product, close to
the walls where flow problems normally occur. The amplitude of the vibration is
between 2 mm and 4 mm and the frequency is approximately 20 Hz.

The type and construction of the screens is an important aspect of a ‘bridge
breaker’ selection. Two types of screens are available: mesh screen and rib cage
screen. Further, the shape of the screens is selected to suit both the shape of
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the hopper and the type of product. Screens conforming to triangular, rectangular
and diamond shapes are available to meet a specific application.

Mesh screens are used for all applications involving powders and granular
material up to about 20 mm in size. The rib cage screen construction is used for
large particle sizes and fibrous materials.

In Fig. 11.13 the two types of internal type vibratory flow devices are depicted.
Whilst the effective use of vibrations to promote flow of granular or powdered

solids is undisputed [5], there are situations where ‘over’ vibration can promote
consolidation with attendant problems of total hold-up in the hopper. Certain fine
powders compact when vibrated to such an extent that they become virtually solid
and almost impossible to extract.

In many situations, the control of vibratory equipment is thus very important.
As such, many installations are fitted with timing devices which control ‘on’/‘off’
times of vibratory equipment to prevent consolidation.

Internal Vibrating Screens

External Pneumatic Vibrator

Main Hopper

Support
Bracket

mass flow

Principle of Operation

Bin
Discharger

Standard single
cone baffle Electric

Vibrator

Activated Bin Discharger
(Pneu Tech, Randburg, South Africa)

Double anti–infestation
cone baffle (food products)

Mucon Bridge Breaker
(Mucon, Basingstoke, England)

Fig. 11.13 Internal type vibratory flow aid devices
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Table 11.1 Influence of vibrations on hopper geometry [5]

Conditions
Vibrated conditions

Hopper geometry Unvibrated conditions f D 200HzI Xp D 0:1mm

Cone (half) angle, ™ .ı/ 19 33
Opening size, B (m) 0.9 0.6

The influence of vibrations in improving the flow characteristics of products from
bins and hoppers has been extensively investigated by Roberts [5]. The author [5]
has determined the influence of frequency and amplitude on the reduction of both
the bulk strength and the wall or boundary friction for various storage conditions.

In a typical test, the influence of vibrations on the flow characteristics was deter-
mined as shown in Table 11.1. The data presented in Table 11.1 show the significant
increase in hopper half angle ˛ and reduction in the opening dimension that is pos-
sible when vibrations are applied.

11.3.2.4 Hopper Liners

The use of special low coefficient of friction hopper liners to promote hopper dis-
charge is becoming more acceptable as an economically viable technique. The
improvement in fixing techniques and the further refinement in plastic technology
has resulted in widespread use of special grades of plastic for hopper lining.

Thomas [6] in a paper on hopper linings outlines a number of features, which
must be taken into account, when selecting a suitable liner for a particular applica-
tion. He [6] lists a number of selection factors:

(a) Corrosion and water absorption.
(b) Operating temperatures.
(c) Ease of installation and maintenance.
(d) Safety factors including toxicity, flammability.
(e) Impact and wear resistance.
(f) Static build-up.
(g) Particle size and hardness.
(h) Influence on bin structure.

Perhaps one of the more significant aspects which must not be overlooked is the fact
that a low-friction lining could result in a change from funnel flow to mass flow in
a bin. The flow transition will result in larger stresses being exerted in the transition
region where the vertical walls join the start of the hopper section. These forces
could be critical in old bins or bins which have not been adequately constructed to
withstand the additional loads.

Bin wall and liner wear patterns can also change markedly as there is more sliding
abrasion at the wall surfaces in a mass flow hopper than there is in the case of funnel
flow. Recognition of these wear patterns will caution the user to employ thicker
liners in such critical areas.
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One of the more successful lining materials is ultra high molecular weight
polymer (UHMW), which is an extremely long chain polyethylene based mate-
rial with a molecular weight of 4–16 million. The exceptionally long chains result
in a product with outstanding mechanical properties such as toughness, good slid-
ing properties, abrasion resistance, etc. When compared to other products, UHMW
has significant advantages and meets a large number of hopper lining require-
ments. From a cost point of view, UHMW is cheaper than PTFE, stainless steel,
polyurethane and ceramic tiles. The material also provides a unique combination of
abrasion and corrosion resistance.

11.3.2.5 Mechanical Assistance

There are a number of mechanical devices which can be fitted to silos and hop-
pers which will promote flow. Invariably, these devices are used in very large silo
installations and are unlikely to be encountered in systems employing pneumatic
conveyors.

The installation of mechanical devices normally requires major structural
changes and as such, these systems cannot really be considered as ‘first-aid’ devices.

Mechanical devices include, rotary ploughs, screw activators, paddle feeders and
circular bin discharges.

11.4 Wear in Pneumatic Conveying Systems

11.4.1 Introduction

Of all the factors which limit the widespread application of pneumatic conveying
systems, it can be said that wear plays the predominant role. Whilst wear in pneu-
matic conveying systems is a reality, experience has shown that with careful design
and the selection of appropriate materials, wear problems can be substantially min-
imized. As technology improves and operators gain more experience, a number of
simple and inexpensive techniques are available to increase the life of systems in
which wear is a major problem.

A large number of wear studies have been undertaken by many research workers.
It is clear that these studies have produced a diversity of opinions. This is not sur-
prising, by virtue of the fact that one is dealing with a complex flow phenomenon.

Many studies have been purely subjective and in many cases inadequate ex-
perimental data have resulted in incorrect conclusions being drawn from such
experimental investigations. Many of the studies have produced specific rather than
general results and caution must be exercised when using the evidence from such
studies for a similar yet different application.
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The reader is cautioned to ensure that wear studies are evaluated in terms of
‘horses for courses’ criteria in which in certain applications a particular wear re-
sistant material might perform admirably whilst the same material might produce
disastrous results in a different application.

There are some basic observations which hold true for all suspensions and these
observations will be summarized in the following subsections.

11.4.2 The Erosion Mechanism

In the study of erosion of metals, there usually exists an incubation period during
which little erosion occurs. This incubation period is followed by an accelerated
rate period and then a steady state period [7]. Ductile and brittle materials have
different responses to multiple solids impacts. These responses are associated with
the angle of attack. Ductile materials perform best at large angles of attack whilst
brittle materials erode less at low angles of attack. Review papers on the erosion of
materials have been prepared by the National Materials Advisory Board [8], Adler
[9] and Ruff and Welderhorn [10].

Many erosion theories on ductile materials use the constant flow stress concept to
represent the material behaviour. Erosion of ductile materials has been considered
as a gouging action like the tool cutting mechanism by Finnie [11,12]. Bitter [13,14]
considered erosion as a cutting wear and a deformation wear mechanism. Bitter’s
model seems to follow the experimental findings closely. Optical microscopy and
high-speed photography were used by Winter and Hutchings [15,16] to characterize
the impact event. They concluded that material removal can occur by ploughing
deformation or by two types of cutting deformation.

Assuming surface degradation occurs through a mechanism like fatigue for mul-
tiple particle impact Mamoun [17] developed an expression for erosion of ductile
metals. Jahamir [18] used a de-lamination theory to account for erosion. Bellman
and Levy [19] observed platelets which became detached from the surface by sub-
sequent impacts. The platelets have also been found by Follansbee [20].

Erosion of metals can consist of discrete isolated impact craters or more uni-
formly eroded surfaces. The latter are more common for multiple impacts and
consist of materials removal processes involving accumulative deformation. The
mechanisms of the accumulative deformation are not well defined but heat gener-
ated at the surface of the particle and the particle itself are probably involved in the
process.

For ceramics, erosion takes place by a little process where material removal oc-
curs mainly by chipping. This chipping process consists of two cracking regimes:
an elastic and plastic regime [21]. Several types of fractures have been observed in
the elastic regime, from single cone cracks [21]. Hardness and fracture toughness
are the two parameters that control the erosion.
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11.4.3 Experimental Investigations on the Influence
of Impact Angle and Surface Material

The work reported by Tilly [22] shows the influence of impact angle and surface
material on erosion. In Fig. 11.14 results of this work indicate that the three materials
tested display different erosion rates and respond differently to varying angles of
impact. Tilly’s work was carried out using sand particles in the range 60–125�m
impinging on a flat plate at velocities of 100 m/s.

Aluminium alloy suffers maximum erosion at an angle of 20ı and offers good
erosion resistance at normal impact angles of 90ı. This pattern is typical of duc-
tile materials. 11% chromium steel exhibits characteristics of both a ductile and a
brittle material. Of interest is the impact angle at which the maximum erosion takes
place for both the aluminium and the chrome steel. This impact angle of the order
of 20ı must be viewed in the light of actual observations on flow through bends in
pneumatic conveying systems.

Typically, the primary wear point occurs at an angle of incidence of the order of
20ı within a bend. In Fig. 11.15, results from experiments carried out by Mason and
Smith [23] are shown. These observations have been confirmed in many industrial
situations.

11.4.4 Surface Ripples

Ductile materials tend to form so-called surface ripples at low values of impact
angle. This phenomenon has been observed by both Sheldon and Finnie [24] and
more recently by Snow [25] on studies carried out on the pneumatic transport of
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Fig. 11.14 Variation of erosion with impact angle for various surface materials
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Fig. 11.15 Typical bend flow pattern after some wear

dried slimes in gold mining applications. Typical observations by Snow [25] are
shown in Fig. 11.16. The surface ripples shown in this figure were observed in a
horizontal pipe. The ripples are fairly regular in formation. Average conveying ve-
locities of the order of 40 m/s were used in these studies.

11.4.5 Influence of Particle Size

As would be expected, most experimental observations show a clear increase in
erosion with increase in particle size. In Fig. 11.17, results obtained by Sheldon
and Finnie [24] are indicative of erosion obtained when an aluminium surface was
eroded by angular silicon carbide particles moving at velocities of the order of
150 m/s.

11.4.6 Influence of Particle Velocity

Perhaps the single most important parameter in wear and erosion in pipelines is the
particle velocity. Much work has been done to find a correlation between erosion
and velocity. In simplistic terms the relationship between erosion and velocity can
be stated as

Erosion D constant � velocityn
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Fig. 11.16 Inside of a pipe showing surface ripples from the pneumatic transportation of gold
mine slimes

Fig. 11.17 Variation of
erosion with impact angle and
particle size for aluminium Impact Angle ∝– degrees
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Fig. 11.18 Variation of
specific erosion with
conveying velocity
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The exponent n varies from n D 2 for ductile materials to n D 6 for brittle materials.
As a guideline, it is generally accepted n D 3 for most industrial situations. The
influence of velocity and particle size in terms of erosion is shown in Fig. 11.18.

Figure 11.18 is a logarithmic plot showing the variation of the specific erosion
with velocity for 230�m sand conveyed at a solids loading � D 2 [26]. Results for
four sets of tests conducted over a wide range of conveying velocities are shown in
the figure. It is interesting to note that the slope of all four lines is of the order of
2.65; thus in this case the exponent n D 2:65.

11.4.7 Effect of Particle Hardness

The influence of particle hardness has received little attention from researchers.
Goodwin et al. [27] carried out studies on the impact of sand moving at 130 m/s
at right angles to 11% chromium steel. It was found that the erosion is related to
hardness by the expression.

specific erosion D constant � h2:3p

where hp is particle hardness in kg=mm2.
It is clear that much more work is required in this area. Implicit in any evaluation

of hardness is the influence of particle sharpness and shape.
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11.4.8 Effect of Solids Loading

Solids loading has been found to have a pronounced influence on the erosion rate
in pneumatic conveying systems. In a study in which 17
m sand was transported
through 90ı mild steel bends, Mills and Mason [28] established the following
correlation:

specific erosion D 5:5 .solids loading/�0:26

Graphically, the results are shown in Fig. 11.19.
From Fig. 11.19, it can be seen that the specific erosion expressed in grams of ma-

terial removed per tonne of material conveyed through the system has a pronounced
dependency upon phase density. An increase in phase density results in a decrease
in the specific erosion.

11.4.9 Particle–Wall Interactions

One of the crucial phenomena that causes energy losses in pneumatic conveying is
the particle–wall interaction. Not only is it known to cause energy losses but the
attrition process of the particles themselves and the erosion of the pipe wall are as-
sociated with it. Borzone and Klinzing [29] performed some extensive studies on
particle–wall interaction for pneumatic flow in ceramic pipes at high temperatures.
The ratio of the rebound and impingement velocities could be represented by a
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polynomial correlation in terms of the impinging angle as suggested by Tabakoff
[30]. Figures 11.20 and 11.21 show this behaviour. It is interesting to note a sketch
of the particle and wall interactions as draws from a photograph of the surface of
the eroded ceramic pipe seen in Fig. 11.22. Figure 11.23 shows the variation of the

Fig. 11.20 Ratio of rebound
to impingement velocity as a
function of impingement
velocity for alumina particles
impacting Fraxcast concrete
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Fig. 11.22 Sketch of eroded pipe and possible mechanism

fractal dimension of the surface of the inner pipe with time which is a method that
can characterize the degree of roughness as the erosion process continues. The ero-
sion rate measured as the volume eroded per unit time can be expressed as

E D k Pm1Cm
s

Table 11.2 is a compilation of the values of the exponential factor (m) for various
ceramic pipe materials.

Note that as the concentration of particles increases in the pipe the less erosion
occurs. In these tests it was also seen that the roughened pipe increased the frictional
energy loss seen for the flowing pure gas alone and must be accounted for in the
analysis of overall pressure loss.
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Fig. 11.23 Variation of the fractal dimension of the surface of a ceramic pipe (a) transient time
(b) steady state time

Table 11.2 The solids flow exponent, m

Refractory Sand .530ıC/ Slag .200ıC/ Alumina .530ıC/

Fraxcast �0.43 �0.48 �0.57
Kaotab �0.09 �0.36 �0.39
Carbofrax �0.30 �0.90 �0.68
Kaocrete �0.30 – –
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11.4.10 Depth of Penetration

More recently [31] additional studies on the influence of solids loading on specific
erosion have confirmed the trend depicted in Fig. 11.19. The authors [31] however
allude to the more realistic situation of ‘depth of penetration’ which ultimately has
more significance in terms of the life of a pipeline or bend. Mills and Mason [32]
found that in terms of the depth of penetration, there is a marked increase with solids
loading and that the depth of penetration has an overriding effect on the mass loss.
As such, they found [32] that the mass of product that can be conveyed through a
bend before failure occurs actually decreases with increasing solids loading.

Agarwal et al. [31] illustrate the significance of depth of penetration using results
obtained from experimental observations of profiles taken around the outer bend
wall surface of two bends. The bends were located at different sections in a re-
circulating test rig: results indicate that for one bend a mass loss of 16 g was recorded
and had a maximum depth of wear of about 0.7 mm. The second bend had a greater
depth of wear for a mass loss of only 9 g. The first bend failed after losing 62 g of
material whilst the second bend failed after a loss of only 39 g of material.

11.4.11 Evaluation of Wear-Resistant Materials

Many experimental techniques employed to evaluate the wear resistance of various
materials are open to criticism in terms of the unrealistic testing procedures. Further,
wear evaluation in which large samples of specialist materials are required can be
prohibitively expensive. A technique developed by Wright [33] in which a number
of samples of various wear-resistant materials can be simultaneously evaluated has
received widespread approval in terms of providing reliable data.

The technique provides for the construction of a target consisting of a sandwich
of the various wear-resistant materials to be tested. In the study [33] such targets
were fitted to the primary and secondary wear zones in a long-radius bend. The
technique provides for the simultaneous evaluation of the materials, all of which
are subjected to the same solids loadings, solids velocity and impact angle. Within
each sandwich target, a mild steel sample was also included. The mild steel was
used as the datum from both the wear point of view and the cost. A relative abrasion
resistance index (RAR) was used for comparative purposes. RAR is defined as the
volume loss per unit surface area with respect to mild steel.

A typical target test arrangement is shown in Fig. 11.24.

11.4.12 Minimizing Wear

There are a number of techniques and golden rules which when practiced can mini-
mize the effects of wear in pneumatic conveying installations.
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Fig. 11.24 Arrangement
of a bend showing location
of target tests

View of
Sandwich Target 

The most significant wear problems occur at bends or any discontinuity in a
pipeline system. When transporting an abrasive product, extra precautions need to
be taken to ensure careful alignment of the piping. In extreme cases, it is worthwhile
employing special pipe joining techniques with machined spiggots at the flanges to
minimize discontinuity at the joints.

There are a number of useful techniques to reinforce bends to prolong the life of
the system. Bend reinforcement is usually effected by providing a thick protective
layer of wear resistant lining on the back of a bend. Various methods of applying
such linings are depicted in Fig. 11.25.

In severe cases it is common practice to include a so-called ‘dirt box’ in bend
construction. Such a system provides for a situation in which the product which is
being conveyed fills the box and creates a buffer zone in which the product being
conveyed comes into contact with the same product.

In some cases, success has been achieved by re-designing the bend profile it-
self. In extensive trials [34] the replacement of a radiused bend with a T-bend has
proved to be most successful. The T-bend has outlasted the radiused bend which
was failing after some 200 tonnes of 50 mm quartzite rock was transported through
it. The T-bend concept was introduced after virtually every type of commercially
available wear-resistant liner was evaluated in the radiused bend configuration. Fur-
ther tests [35] carried out over several years have proved that the same configuration
for T-bends can be used for Y-bends.

The basic premise behind the success of T- and Y-bend configuration appears to
lie in the fact that there is only one point of impact during a change in flow direction.
With a radiused bend, several changes in direction occur resulting in a sliding type
wear. Typical profiles for T- and Y-bends are shown in Fig. 11.26.
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Fig. 11.25 Bend reinforcing techniques (GATX-Fuller, Bethlehem, PA, USA)

In many highly abrasive conveying situations regular maintenance of the
pipelines includes the rotation of pipes through 120ı. This technique facilitates
a more uniform wear pattern resulting in considerable increase in the life of hori-
zontal piping. Pipe suppliers can provide pipes with special indicators which mark
the 120ı intervals.
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Fig. 11.26 Bend profiles for
(a) T- and (b) Y-bends
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The wear rate distribution across the pipe wall for a dilute phase system convey-
ing quartzite rock has been investigated by Mohlmann [35]. A typical wear profile
is shown in Fig. 11.27. In addition to showing a significant increase in wear rate for
the bottom of the pipe, the influence of velocity is also indicated.

It is interesting to note that no difference in wear rate at the bottom of the pipe
for the low- and high-velocity situations was measured. However, for the top and
the side of the pipe a lower wear rate is recorded for the low-velocity situation. The
difference in velocity between the low-velocity and high-velocity situations was
approximately 30%.

11.4.13 Interpretation of Results from Wear Studies

The problems of incorrect interpretation of results obtained from wear studies can
best be illustrated by considering two experimental investigations [33, 35].

In the first study [33], gold slimes were transported through a dilute phase sys-
tem whilst in the second study [35], 50 mm lumps of quartzite rock were transported.
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Fig. 11.27 Relative wear along the bottom, sides and top of a horizontal pipe

Target tests described in Section 11.4.11 were used to evaluate a number of wear-
resistant materials. The relative abrasion resistance tests for both situations are
shown in Fig. 11.28.

For the gold slimes, the polyurethane material (Ureline) proved to be the most
effective with a wear resistance of over seven times that of mild steel. On the other
hand, the same material (Ureline) has a wear resistance of one-third of that of mild
steel when subjected to the transportation of 50 mm lumps of quartzite.

The above illustrates the point that wear-resistant materials behave significantly
differently when subjected to different conveying situations. As such, caution must
be exercised when placing any reliance on the observations from experimental stud-
ies for wear situations very different from the envisaged application.

11.4.14 Some Novel Bend Designs

11.4.14.1 Bends for Erosive Products

A new type of bend for erosive products has been tested for both granular and
fine materials by Gericke. Gericke has patented these bends for diameters from
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Fig. 11.28 Relative abrasion resistance studies for (a) gold slimes and (b) quartz rock

DD 50–350mm (see Fig. 11.29). When conveying the product, Gericke maintains
that a stationary vortex exists in the pocket of the bend. This vortex is said to build
a shield for the incoming particles and thus reduces the impact and erosion of the
wall. For erosive granular materials wear occurred quickly in these new bends. The
Gericke bend has been tested and after two years in operation at a mass flow rate
of 20 t/h at a velocity of 15 m/s shows no signs of erosion. Other bends with differ-
ent geometries and outside said not to be sufficient to withstand the impact of these
particles .c D 15m=s/. This bend shields take only a few weeks to become eroded.

11.4.14.2 Bends Reducing Angel Hair – � Bend

A special bend avoiding a direct impact of the particles on the wall has been de-
veloped by Waeschle/Ravensburg. The so-called gamma bend (Fig. 11.30) has been
tested by replacing a 90ı bend in a conveying line. The results show that angel hair
production is reduced drastically. The hypothesis is that the product moves on the
flattened wall as a layer and the impact is mainly between the particles themselves
(cushioning effect). In a 90ı bend the impact is restricted to a very narrow region
producing high local temperatures.
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Fig. 11.29 Gericke bend (a) in cross-section and (b) external view

Fig. 11.30 Gamma bend
in cross-section
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11.5 Attrition of Particles in Pipelines

11.5.1 Mechanism

Forces act on each particle of a bulk material being conveyed pneumatically. These
forces, caused by kinetic energy, are expressed in terms of friction, pressure and
thrust and act among the particles and between the particles and the pipe walls.

Since the relative velocity among the particles is much lower than that between
the pipe walls and the particles, attrition occurs mainly on the pipe walls. When
particles impact a pipe wall, three main characteristic forms of motion can occur
depending on the type of pipe surface and type of particle: sliding, bouncing or
jumping and rolling.

11.5.2 Types of Attrition

Due to the different attrition mechanisms, material characteristics and pipe surface
roughness, various attrition forms occur. Brittle, crystalline and fragile materials
yield attrition in the form of fragments and dust. One example of a very fragile ma-
terial is beaded carbon black. In the plastics sector, another type of attrition occurs
in the form of threads, films, snake skins and fluff. The friction heat melts the solid
particle at the point of contact. The melted elements of the particles adhere to the
pipe wall and form a thin layer. Furthermore the imparting particles tear loose parts
of this layer off, yielding threads, streamers and fluff.

11.5.3 Material Parameters

The material characteristics have a great influence on the occurrence of attrition.
A sharp-edged particle forms more attrition compared to a spherical-shaped particle
of the same material due to degradation of the edges. It is easy to observe the in-
fluence of the particle rigidity based on the example of beaded carbon black. In the
case of carbon black, its bead hardness which is equivalent to the particle rigidity,
is a decisive criterion for bulk handling degradation. The less the bead hardness, the
greater the formation of fines and dust in pneumatic conveying systems. In the case
of plastics, attrition depends on the density, melt index, additives, etc.

11.5.4 Attrition as a Function of Conveying Parameters

The conveying velocity has the greatest influence on attrition. Based on the ex-
amples with beaded carbon black and polythene pellets, the increase of attrition
formation with the velocity is demonstrated in Fig. 11.31a and b. With poly-olefins
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Fig. 11.31 The increase in attrition formation as a function of various parameters: (a) abrasion
formation as a function of air velocity; (b) increase in fines percentage on beaded carbon black
grade N550; (c) abrasion formation as a function of conveying temperature; (d) abrasion as a
function of pipe roughness

there is an increase of attrition formation when conveying at high temperatures. In
Fig. 11.31c the amount of attrition in ppm per 100 m pipeline as a function of the
conveying gas temperature is presented.

11.5.5 Influence of Systems Technology

A further influencing factor on attrition is the inside of the conveying pipeline. Thus
the surface dictates the kind and amount of attrition. In the case of polyolefin pellets
film-like attrition is reduced as the internal surface roughness increases. On the other
hand, however, the dust attrition begins to increase gradually. Figure 11.31d shows
the results of LDPE pellets for attrition formation (streamers and dust) for different
pipe roughness at a conveying air velocity of v D 30m=s. Further analysis with
polyolefin pellets reveals that attrition formation when diverting the material in a
bend is several times higher that occurring in a straight line.
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11.5.6 Avoidance and Reduction of Attrition

When a conveying system is being designed, the conveying parameters and attrition
formation can be directly influenced. Conveying systems operating at low gas ve-
locities are advantageous when attrition is of concern. Slow-motion conveying is
suitable for pelletized, consistent plastics. The material plugs move through the
conveying line at low velocities. As a result, the thread formation is completely
avoided, and the dust generation is largely reduced. Additional measures in the form
of supplementary devices for dispersing plugs are necessary for the slow-motion
conveyance of fine materials. A slow-motion conveying system, the Waeschle
Pneumosplit system, for example, for beaded carbon black has been successfully
operated with reduced attrition.

The observation of attrition in bends has led to attrition reduction by means of
improved diverter techniques. Fundamental analysis showed a minimum of attrition
when diverting the flow onto a stationary or slowly moving material layer. Blind pipe
connection, T-fittings and deflecting pots operate according to this principle. When
compared with other bends, however, they may have a high pressure drop as well
as having problems with self-cleaning. The gamma bend combines both advantages
of this diverting principle with a reliable quick self-cleaning effect and low pressure
drop. The pressure drop as a function of the gas velocity for three types of bends
is depicted in Fig. 11.32. A comparison between the dust and streamers in the bend
in a conventional and gamma bend is depicted in Fig. 11.32a and b; gamma bend, a
blind T and a conventional large radius bend. The Gericke bend shown in Fig. 11.29
also shows reduced attrition results.

For assessing the degree of attrition in pneumatic conveying, Kalman [36] has
looked at the stresses that are involved in particle collisions causing attrition. For
a particular experimental rig having six T-bends the percentage of broken particles
experienced per pass through the rig has been determined. Figure 11.33 shows these
results. It should be noted that as the carrier velocity increases the attrition increases
dramatically.

Bell et al. [46] looked at attrition rates of sodium chloride in a conveying loop
and found that the first bend of the system caused the largest attrition.

Concentrating on fluidization, Vaux and Fellers [37] looked at attrition from
the standpoint of high-velocity conditions, thermal shock and chemical reactions.
Kokkoris and Turton [38] also working on attrition in fluidized beds found that the
addition of small-diameter lubricants to the bed coated the larger particles, provid-
ing a protection from attrition tendency. Graphite, molybdenum disulfide and PTFE
served well as lubricants.

Particle degradation has been considered by Mills [39] noting that filters can
quickly block if an unexpected amount of fines are produced in the conveying op-
eration. He cited the material, carrier gas, pipeline material and geometry of the
systems as being contributing factors to attrition effects. The conveying velocity,
however, is the most important.

When fines are present in the transport system there are often some unanticipated
behaviors seen in the overall flow performance. Some have said that the fines often
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Fig. 11.32 Comparison of pressure drop and self cleaning between types of bend: (a) pressure
drop as a function of the gas velocity; (b) dust formation in the bend as a function of the gas
velocity; (c) streamer formation in the bend as a function of the gas velocity

act as a lubricant and can make for easier handlibility. Datta et al. [47] have exper-
imentally probed the effects of fines on solids flow using various fractions of fine
particles between 45 microns in size. The solids loading ratios is the key parameter.
Above a solids loading ratio of 35 they found a decrease in the transport capacity
as the fines increased. For solids loading ratios less that 35 the transport capacity
increased to a peak with increasing fines.
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Fig. 11.33 Results from Kalman [36]: (a) Experimental rig; (b) percentage of broken particles as
a function of pass number at different velocities; (c) percentage of broken particles as a function of
pass number for different types of bend
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Fig. 11.34 Particle velocity at a particular trajectory (From [44])

11.6 Simulation and Particle–Wall Interactions

Sommerfeld and colleagues [40–43] have examined particle collisions between the
particles themselves and with walls to begin to numerically address realistic rep-
resentations of gas–solid flows. The simulations studied by Sommerfeld et al. [40]
showed good agreement with their experiments on particle–wall collisions. They
noted than when the particle size was the same order in size as the roughness of the
pipe, the collision process became stochastic in nature.

Using pulsed-laser imaging Shaffer and Ramer [44] explored particle–wall col-
lisions. A flat plate with varying angles of impingement were tested. Figure 11.34
shows the particle velocity measured for a particular trajectory.

Louge et al. [45] simulated the role of particle–particle collisions of rather larger
particles in pneumatic conveying. They calculated and measured (by Tsuji) fully
developed velocity profiles which are depicted in Fig. 11.35. Close agreement is
seen between Tsuji’s data and their model.

11.7 Ancillary Equipment

11.7.1 Introduction

One aspect of pneumatic conveying system design which is not documented in the
literature is the ancillary equipment required to engineer a complete system.
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Fig. 11.35 Velocity profiles as calculated by Louge et al. where � refer to the gas velocity and
� to the particle velocity: (a) results as predicted by the model; (b) results from Tsuji’s data

The unsuspecting engineer who has eventually established all the criteria for a
system design is then confronted with the problem as to what types of piping, bends,
valves, etc. he should use in his system. In this section aspects of ancillary equip-
ment for a system will be discussed. Discussions will be limited to a few of the
more important ancillary components. Full details pertaining to specifications, pres-
sure ranges, abrasion resistance, etc. must be obtained from reliable suppliers of
such equipment.
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11.7.2 Valves

Apart from the rotary airlocks discussed in Chapter 7, there are several types of
control valves available to ensure flow control into and out of pneumatic conveying
systems.

Valve selection must take into consideration such aspects as wear, upper temper-
ature limits and maximum pressure or vacuum which the valve must seal against.
There are several valves available, some specially developed for pneumatic con-
veying systems; other more common engineering valves can also be used. Valve
technology is a science on its own and little justice can be done to it in a text of this
nature. However, some of the valves used in pneumatic conveying systems will be
discussed.

11.7.2.1 Non-return Valves

It is good practice to protect all air supply lines by means of suitable non-return
valves (Fig. 11.36). These valves come in various forms and include flap type, pop-
pet and wafer check types. Care must be taken to select a valve with a low pressure
loss – this applies especially to dilute phase systems.

11.7.2.2 Butterfly Valves

Butterfly valves are used extensively in blow vessel systems and are used as material
feed valves, vent valves and in certain cases discharge valves (Fig. 11.37).

Commonly referred to as a quarter-turn valve, the butterfly valve is also suited
to automatic control by mounting an actuator on the valve system. It is often said
that the secret to butterfly valves is in the rubber technology, but irrespective of the
quality of the rubber an incorrectly installed valve will provide endless problems.

Fig. 11.36 Typical non-return valves used for protection of air supply systems (Premier Valves,
Transvaal, South Africa)
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Fig. 11.37 Typical butterfly valves used in pneumatic conveying processes (a) photograph of a
butterfly valve (b) detailed parts of a butterfly valve

Care must be exercised in ensuring that the valve shuts correctly. Any gap be-
tween the blade and the outer seal will provide a pathway for small particles under
pressure to escape, resulting in rapid erosion of the valve blade and rubber seal.
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Experience has shown that within reason the pressure losses across a butterfly
valve in pneumatic transport systems are minimal. The use of butterfly valves in
pipelines is also common in many systems, and as long as the correct selection of
the valve has been effected, such valves can withstand the relatively high erosion
which takes place during the conveying process.

11.7.2.3 Ball Valves

Another member of the quarter-turn family, ball valves provide an uninterrupted
flow path when fully opened (Fig. 11.38). There are many ball valves operating
successfully in pneumatic conveying systems, especially in high temperature ap-
plications (up to 200ıC). Ball valves are commonly used as discharge valves for
brittle materials where it is undesirable to cause any particle degradation. Hence,
the capacity of having a full bore valve is an advantage.

Fig. 11.38 Typical arrangement of a full bore ball valve (Industrial Petroleum Valves Int Ltd,
Germiston, South Africa)
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11.7.2.4 Pinch Valves

Another form of valve which provides an uninterrupted flow path is the so-called
‘pinch valve’ (or more sophisticated sleeve valve) (Fig. 11.39).

These valves are closed by supplying high-pressure compressed air to the casing
which surrounds the flexible sleeve. The flexible sleeve is then pushed in to form an
airtight seal.

One distinct advantage of these valves is their ability to shut in the flow of mate-
rial and still form an airtight seal.

11.7.2.5 Iris Valves

A valve well suited to controlling the discharge of material from a hopper is the so-
called ‘iris valve’ (Fig. 11.40). The iris valve can be adjusted to provide a variable
opening and is capable of containing material in large hoppers or silos. By virtue of
the variation of the orifice, such valves are often used for control of solids flow out
of hoppers and into pneumatic conveying systems.

A wide range of liners is available to make up the diaphragm of the iris. Selection
of the valve material is dependent upon the type of solids which is contained in the
hopper.

Fig. 11.39 A typical pinch valve used in a pneumatic conveying system (Bush and Wilton–
Sowerby Engineering Co, Johannesburg, South Africa)
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Fig. 11.40 Typical
arrangement of an iris type
valve (Mucon, Basingstoke,
England)
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Fig. 11.41 Diverter valve arrangements (Johannes Moeller, Hamburg, Germany)

11.7.2.6 Diverter Valves

Diverter valves are used to change the direction of flow in pneumatic conveying sys-
tems and these valves are available in various forms (Fig. 11.41). Multiway diverter
valves can direct the flow from a single line into any one of a number of branch lines.
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One problem with diverter valves lies in their inability to seal under high
pressures, and it is often found that line diversions for high-pressure systems are
made up of a series of pinch valves.

The change in flow direction through a diverter valve is effected either by a
rotating thimble inside the valve housing or by use of a flap type valve which shuts
off one branch and opens another.

11.7.2.7 Dome Valves

The dome valve has been especially developed to provide many of the features
required for pneumatic conveying systems (Fig. 11.42). Essentially, the dome valve
takes the form of half a ball valve which in the closed position activates an inflatable
seal. Once the valve attains its final rest position, the seal inflates and provides for
an airtight arrangement.

Fig. 11.42 Typical arrangements of dome type valves (Simon Macawber South Africa (Pty) Ltd)
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The valve can withstand high pressures and temperatures and is manufactured
from abrasion-resistant materials. A unique feature of the valve incorporating the
half ball concept is the fact that it is possible to shut off the flow of materials.

Once the material has been cut off by the closing valve, the inflatable seal carries
out the sealing function.

Dome valves are extensively used in high-pressure blow vessel arrangements
particularly in those applications where large particles are being transported through
the blow vessel system. Fitted as a material inlet valve, the dome valve provides for
an effective seal in a most hostile environment. A large number of such valves are
found in coal conveying systems and in particular outstanding success has been
reported in the design of feeding systems for the transportation of large quartzite
rocks [35].

11.7.2.8 Slide Valves

The slide valve also conforms to ‘full bore’ valves and is rapidly gaining acceptance
as a flow control valve (Fig. 11.43). Recent developments have produced a valve
which is not only highly wear resistant, but can also provide a positive seal against
high pressures.

One advantage of such a slide valve is its low height. Since the valve consists of
a casing and a relatively thin wafer even large diameter valves have a face-width of
the order of 70 mm.

Slide valves are also extensively used for the control of solids flow from silos and
hoppers as well as being used as material feed valves in blow vessel applications.

11.7.2.9 Disk Valves

Disk valves are a recent innovation and they too provide a full bore opening
(Fig. 11.44). The valve consists of a moving disk which in the closed position mates
against a seal.

The valve is well suited to low-pressure blow vessel applications and can
withstand limited pressures. Such valves are also used for vacuum applications
where it is desired to shut off various hoppers in sequence in a batching operation.

11.7.3 Rigid Piping and Pipe Couplings

Piping is one of the components in a pneumatic transport system which is often
taken for granted (Fig. 11.45). It is only when wear problems occur that the engineer
fully realizes the importance of piping.

The correct installation of a piping system is most important and, as pointed out
above, care must be exercised to ensure that where possible misalignment is avoided
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Fig. 11.43 Arrangements of slide valves

that the pipe is free of blemishes and undented. Any irregularity in the piping will
promote wear in that particular area.

In general the majority of low-pressure fan systems employ thin gauge tubing
which is either rectangular or circular in cross-section. Because the pressures are
low, wall thicknesses are usually small.
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Fig. 11.44 Arrangement of a disk valve (Mucon, Basingstoke, England)
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Fig. 11.45 Pipe coupling techniques
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Fig. 11.45 (continued)
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The higher pressure systems including dense phase systems normally use a
standard medium gauge steel piping. Methods of connecting these pipes include
welding, slip-on couplings and flanges. Welding the piping is normally undesirable,
especially is maintenance work is required on a particular piece of pipe.

The use of plastic-based pipes is receiving considerable interest, but in dilute
phase high-velocity systems static electrical effects can cause problems. More recent
developments with the inclusion of carbon fillers in the pipes, are resulting in the
development of antistatic plastic piping systems. It is predicted that the use of plastic
pipes will be well suited to the conveying of foodstuffs and/or chemically corrosive
materials. Interesting observations in terms of the wear resistance capabilities in
slurry applications using plastic piping indicate that such piping might have further
important applications in the pneumatic transport industry.

Aluminium piping and stainless steel piping is also used in many pneumatic
conveying applications. A special technique of treating the internal surfaces of
aluminium pipes to provide a ‘rough’ surface has been found to be particularly
successful in minimizing the formation of angel hairs in the plastics conveying in-
dustry. There are also situations in which fibre cement pipes are used, especially in
the cement industry where it is possible to have the ideal wear resistance situation
in which like materials are in contact with each other.

A wide range of special wear-resistant piping is now available for pneumatic
conveying applications. Care should be taken in terms of selecting piping for a par-
ticular application. Wear-resistant liners together with specially constructed high
carbon steel pipes are used in a large number of mining applications. The selection
of the liner or the pipe must also take into consideration such aspects of impact and
corrosion.

Although there is limited experimental evidence available, the limited infor-
mation would indicate that pneumatic conveying systems should either follow a
horizontal or vertical route and should definitely not allow for piping to be inclined
at all. Limited evidence indicates that inclined piping systems result in tremendous
problems in terms of blockages, increased wear and significantly higher pressure
losses per unit length. It is clear that currently the norm is to avoid the use of in-
clined piping at all costs.

11.7.4 Flexible Piping

The use of flexible piping in pneumatic conveying systems includes: discharge
houses from bulk tankers, vacuum hoses, bellows to connect piping to silos mounted
on load cells, etc. In addition, flexible piping is used for bends which are either
unconstrained or are clamped to a rigid former to provide a rigid type bend.

The form of flexible piping used can vary from rubber, wire reinforced rubber,
plastic and metallic flexible tubing. Discharge and vacuum hoses sometimes tend to
build up static charge, but it has been found that wire reinforced materials provide
an effective way of dissipating any static build-up.
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There are several good reasons why flexible piping should be used for bends.
Primarily, it is the convenience of being able to rapidly replace a worn out bend
and secondly there are instances in which increased life has been achieved by using
flexible piping for such bends.

One interesting application the use of flexible piping is in the discharge of cement
from rail tankers. Flexible hose is fixed at regular intervals to supports – a certain
amount of sag is allowed between these supports. As the material moves through
the flexible pipe it will ‘snake’ its way along thereby moving as a plug system. It is
claimed that this technique facilitates greater discharge rates from bulk road and rail
tankers.

11.8 Conclusions

In this chapter an attempt has been made to provide the reader with some insight
into the flow behaviour of solids from silos, wear in pneumatic conveying systems
and a limited discussion on some ancillary equipment often found in pneumatic con-
veying installations. The chapter must be seen to be providing the reader with just
an insight rather than going into too much detail. The careful selection of appropri-
ate devices for hopper discharge, the selection of wear-resistant materials and the
use of ancillary equipment must be carried out with due cognizance of the convey-
ing process. Assistance from reputable suppliers or those people expert in silo and
hopper design is often necessary for the effective operation of pneumatic conveying
systems. An unfortunate consequence of the various items of hardware discussed in
this chapter is the fact that engineers often do not attach enough importance to the
components discussed above. Such lack of attention often results in the unreliable
operation of a pneumatic conveying system.
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Chapter 12
Control of Pneumatic Transport

Abstract This chapter looks at the control of pneumatic conveying systems in an
effort to improve their reliability and operability. Some classic control theory is
recalled as well as the topic of system stability when operating close to the unsteady
regimes of choking and saltation. Some topics in artificial intelligence are cited.

Keywords Stability � Transport lags � Transfer function � Choking � Saltation �
Liapunov analysis � Artificial intelligence

12.1 Basic Material Flow and Control Theory

For pneumatic transport the basic principle of analysis is the material balance of the
solids transported. A number of different situations could arise for the control of the
solids flow. The macro approach to the control analysis will be considered first; then
more detailed distributed models of the actual solids flow will be explored.

The simplest analogue of flow of solids is to compare the system to an equivalent
liquid situation. Figure 12.1 shows an input–output situation from a solids storage
tank. In pneumatic transport one is probably concerned in delivering a constant
outflow of mass. If ms is the amount of solids in the storage or feeder unit then
one can write.

dms

dt
D Pms’ � Pms¨ (12.1)

where ˛ and ! refer to initial and terminal states respectively.
A method of maintaining the output constant is to set up a reference level in the

feeder and maintain the tank pressure constant. The level or amount of solids in the
tank can be continuously measured:

©0 D msref � ms (12.2)

where msref is the reference amount of solids in the tank. The error can be set pro-
portional to the inlet flow of solids so that

Pms’ D K©0 (12.3)

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 12,
c� Springer Science+Business Media B.V. 2010
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Fig. 12.2 Control block diagram for a storage tank

This is only one type of control that can be employed. Various control schemes
can be incorporated at this point in the analysis. The basic differential Eq. 12.1 is
expanded to yield

dms

dt
C Kms D Kms ref � NPmso (12.4)

With Laplace transforms one has

ms.s/ D 1

s C K
ŒKms ref .s/ � NPmso.s/C ms.0/� (12.5)

The signal-flow diagram for this case is shown in Fig. 12.2.
Another set-up that is common in pneumatic transport has a rarer analogue in the

liquid systems – a blow tank arrangement. A blow tank or delivery tank with solids
can be pressurized to deliver the solids into and through a pipeline.

An initial charge is placed in the tank. Figure 12.3 shows this arrangement. The
balance of solids can be written as

dms

dt
D � Pms¨ (12.6)
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Fig. 12.3 Blow tank diagram
p

ms ω

Storage tank

If one measures the output flow rate continuously as can be done with modern flow
devices, an error signal can be set up as

© D Pms’ref � Pms¨ (12.7)

The outflow of mass from the tank is dependent on the amount of mass in the unit
and the applied pressure. Using a linear combination for this phenomenon one has

Pms¨ D ’ms C “ptank (12.8)

The pressure in the tank can be related to the error signal by a proportional control
such that

ptank D K. Pmpref � Pmp¨/ (12.9)

Combining the above expressions one has

dms

dt
D �Œ’ms C “K. NPmp«ref � NPmp¨/� (12.10)

Applying Laplace transforms one finds

ms.s/ D 1

s C ’
Œms.0/ � “K. NPms¨ref.s/ � NPms¨.s//� (12.11)

The signal-flow diagram for this control is shown in Fig. 12.4. Note that s is Laplace
transform notation.

12.2 Transport Lags

The movement of the solids through a line can produce a lag time in the process.
This transport of course is the very essence of pneumatic conveying. The lag time
�t can be represented as distance of the transport line divided by the solids velocity,



462 12 Control of Pneumatic Transport

K

msω

Gωref

msω

ms

−d ms/dt

ε�
1/s

Measure

β

r tank

α
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Fig. 12.5 Lag for a
conveying line e−as

L=c. In describing the process in the form of a signal-flow diagram (Fig. 12.5) the
term e�as in the Laplace transform format must be added for the lag time term.
The constant a depends on the details of the solids movement in a given line. In
the signal-flow format one has inserted the lag time term before the 1/s terms. One
should note that screw conveyors can also be represented in the same lag format.

12.3 Analysis of Gas–Solid Flow by Transfer Functions

Pneumatic transport systems can be analysed by transfer functions if the process
described is of first order. The analysis can begin by considering a driving force
pressure drop as

p’ � p¨ D pin � pout (12.12)

At steady state this driving force is balanced by the frictional (f), gravitational (g)
and electrostatic (el) forces present in the system; thus

p’ � p¨ D �pf C�pg C�pel (12.13)

For the unsteady state the balance must be modified with Newton’s second law as [1]

V
dv

dt
C ms

dc

dt
D A.p’ � p¨/ � A.�pf C�pg C�pel/ (12.14)

where V is the mass of fluid in the line and ms is the mass of solids in the line. If a
valve or bend is in the line, these pressure losses can be added to the above equation.



12.3 Analysis of Gas–Solid Flow by Transfer Functions 463

One now inserts a perturbation into the above variables. The variable will be
composed of a steady state value and a fluctuating component:

p’ D p’ C p1in (12.15)

p¨ D p¨ C p1out

�pf D �pf C�p1f
�pg D �pg C�p1g

v D v C v1

c D c C c1

Inserting these definitions into Eq. 2.14 one obtains

mf
dv1

dt
C ms

dc1

dt
D .p1’ � p1¨/� A.�p1f C�p1g/ (12.16)

since
Np’ � Np¨ D �Npf C�Npg

The Laplace transform can now be taken from Eq. 12.16:

mf
�
sv.s/ � v1.0/

	C ms
�
sc.s/ � c1.0/

	
D A

�
p1’.s/ � p1¨.s/

	 � A
�
�p1f .s/C�p1g.s/

	
(12.17)

A number of different assumptions can be employed at this point to develop the
specific transfer functions.

Setting v1(0) and c1(0) equal to zero and the gravity fluctuations term as negligi-
ble one has

mfsv.s/C mssc.s/ D A
�
p1’.s/� p1¨.s/

	 � A
�
�p1f .s/

	
(12.18)

If the gas velocity fluctuation is smaller than the particle velocity and the frictional
fluctuation is dominated by the particle fluctuation, one can write

mssc.s/ D AŒp1’.s/� p1¨.s/� � A

�
@.�pf/

@c

�
c.s/ (12.19)

Solving for c.s/

c.s/ D A
�
p1’.s/ � p1¨.s/

	
mss C A@.�pf/=@c

(12.20)

Letting �p1T D p1in.s/� p1out.s/

c.s/

�p1T
D A�1@c=@.�pf/

1C mss=A.@.�pf/=@c/
D K

1C £s
(12.21)
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Thus from transfer analysis the time constant is

£ D ms=A

@.�pf/@c
(12.22)

and the gain is

K D 1

A

�
@c

@.�pf/

�
(12.23)

The term @.�pf/=@c can be written in terms of the friction factor with

�pf D œ�
Z¡p.1 � ©/

c2

2

L

D
(12.24)

Now taking the derivative gives

@.�pf/

@c
D œ�

Z

¡p

D
cL.1 � ©/ (12.25)

Resubstituting these terms into the time (response time) constant and gain factor for
changes in input with some simplifications, such as ms D LA.1 � ©/¡p,

£ D D

œ�
Zc

(12.26)

K D 4

 œ�
Zc¡p.1 � ©/LD

(12.27)

Thus the response time of a gas–solid system can be estimated in the above fashion.

12.4 Stability of Pneumatic Transfer Systems

The question of how stable a pneumatic transfer system is, is often posed when de-
sign of a new arrangement or modification in existing units is made. The word stable
may mean simply that a small perturbation in the line pressure and velocity will not
upset the steady flow condition enough to cause the system to change to a choking
flow condition. Leung, Wiles and Nicklin [2] and Doig [3] were the first to con-
sider such an excursion of gas–solid flows. They were interested in the coupling of
a blower and a transport line and how one unit interacted with the other. Figure 12.6
shows a plot of the blower curve on the gas–solid pressure drop–velocity phase dia-
grams. A perturbation in the pressure drop caused by a sudden blockage of the line
can drive the flow from point (c) to (b) and then to point (a) which is located near
the dangerous choking regime. The coupling of such blower and transport lines is
not to be taken lightly for stable pneumatic transport operations. Chapter 6 has more
detail on this subject.
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Fig. 12.6 Phase diagram with a blower performance overlay

Another way of viewing stability is to investigate the basic gas and solid
equations describing pneumatic transport and then to apply standard mathemat-
ical analysis to probe the conditions of stability. The essential part of such an
analysis is to be able to relate this mathematical stability back to physical phenom-
ena occurring in actual pneumatic systems. In an effort to explore this important
aspect of pneumatic transfer two linear approaches will be considered along with
one non-linear analysis.

12.5 Air Control Systems for Pneumatic Conveying Systems

According to the state diagram for a specific pneumatic conveying system, the air
control system has to set a certain air flow rate. Even systems with different routing –
going either to the first or last silo of a large farm – or different flow rates – recir-
culation at higher capacity than transfer to bagging – may require the identical air
flow rate for pneumatic conveying. Such examples exist especially in dense phase
conveying applications in the petrochemical and plastics industry.

The easiest way to set a respective constant flow rate from a plant air supply
net is to use a Laval nozzle. Within the smallest cross-section of the Laval nozzle,
the velocity of sound will be achieved as long as the absolute pressure downstream
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from the Laval nozzle, i.e., the conveying pressure, does not exceed approximately
80% of the upstream pressure. With the velocity of sound depending only on the gas
properties and the temperature, the flow rate can easily be calculated from the Laval
nozzle cross-section, the temperature and the gas density at the upstream pressure.

Varying air flow rates can be achieved by installing a pressure control valve
(regulator) upstream from the Laval nozzle and thus adjusting the air flow rate by
varying the gas density due to different pressures. This system, however, has the dis-
advantage of lowering the available conveying pressure when reducing the air flow
rate. Thus, the ultimate solution is an adjustable Laval nozzle, as recently introduced
by Wilms [4]. This Laval nozzle has a slotted cross-section with varying slot width
or height. Thus, the geometric requirements for the opening angle remain constant.

Dense phase conveying systems require cleaning of the line prior to any prod-
uct or grade change in order to prevent cross-contamination of different product
qualities. Therefore, at the end of the dense phase conveying cycle, the convey-
ing line has to be cleaned from residual product by a short time of dilute phase
conveying. For this period of time, a larger air flow rate is required. Conventional
systems use a separate roots blower for supply of this additional air flow rate. An
alternative is to use the energy of the highly compressed air from the dense phase
conveying system (approximately 45–50 psig) to drive an ejector. This ejector then
sucks the additionally required air flow rate via an inlet filter from the environment.
This system works since line cleaning needs a high gas velocity, but only a small
pressure, because there is only a small amount of solids still to be conveyed through
the system.

Thus, the ultimate air control system will use an adjustable Laval nozzle for
supply of the conveying air flow rate and an ejector for line cleaning purposes.
Regarding the control system, application of an adjustable Laval nozzle can op-
timize the system throughout by setting the rotary feeder speed in relation to the
conveying pressure. If shorter line routes are being used, then a higher capacity can
be achieved on this route. A typical example is the recirculation of pellets to the top
of a blender with a much higher solids flow rate than the transfer rate to the bagging
system which is several hundred feet further away.

12.6 Stability Analysis with Taylor Series Linearization

The basic dynamic equations for this stability analysis are the same as Eqs. 4.25
and 4.26. The non-linear terms in these equations deal with the slip velocity and
velocity of the fluid or particle in a squared format. The Taylor series linearization
will be applied to these terms in an expansion around the steady state velocities.
For example,

.v � c/2 � .v� � c�/2 C 2.v� � c�/.v � c � v� C c�/ (12.28)

where the velocity can be broken into a steady and a fluctuatory component
c D c� C Qc and v D v� C Qv.
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Employing these expansions in the dynamic equation one obtains finally the
transformed linear system

dQc
dt

D ’0 C ’1 Qc C ’2 Qv (12.29a)

dQv
dt

D “0 C “1 Qc C “2 Qv (12.29b)

which upon combination will yield a second-order differential equation

d2Qc
dt

D ”1
dQc
dt

C ”2Qc C ”3 (12.30)

Analysis for the stability of Eq. 12.30 involves simply finding the region in which
the eigenvalues of the solutions go positive, showing a growth factor and thus insta-
bility. The eigenvalues of Eq. 12.30 are easily expressed as

m D �”1 ˙ .”21 � 4”2/1=2
2

(12.31)

The constants in the above equations can be shown as

”1 D C.’1 C “2/

”2 D .C’2“1 � ’1“2/

”3 D ’2“0 � ’0“2

and

a0 D � 1

¡p

dp

dx
� g C 3CDS©

�4:7

4d

¡f

¡p
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� œ�
Z
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�
�c�2
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a1 D
�
3CDS©

�4:7

4d

¡f

¡p
Œ2.v�

s � c�/�
�

� œ�
Z

2D

�
c�2

2.v� � c�/2
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’0 D a0I’1 D �.a1 C a2/I’2 D a1 C a2
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b0 D �1
¡

dp

dx
� g C 3CDS©

�4:7

4d

1 � ©
©
Œ�.v� � c�/2� � 2fL

D
.v�2/

b1 D C3CDS©
�4:7

4d

1 � ©

©
Œ2.v� � c�/�
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b2 D �2FL

D
.2v�/

“0 D b0I “1 D �b1I “2 D .b1 C b2/

One will note that for the ˛ parameters two choices are given as to the frictional
representations for the solid friction factors. The first is a particle velocity format
such as that of Konno and Saito [5] while the second is a slip velocity representation.

Exploring the eigenvalues of Eq. 12.30 shows that positive eigenvalues are gen-
erated to the left of the minimum point on the pressure drop with velocity curve at
constant solids flow. This is the region experimentally that shows a sharp increase
in pressure drop moving toward a choking condition. This linearization process has
served to describe the basic characteristics of the gas–solid flow system.

12.7 Linear Stability Analysis: Jackson Approach

The second linear stability analysis to be discussed is one that has been pioneered
by Jackson [6] for fluidization and adopted by Grace and Tuot [7] for pneumatic
transport. The approach of Jackson considers the continuity equations for the solids
and the gas along with the dynamic equation of the solids alone. The dynamic equa-
tion of the solids does not include the pressure drop term. Defining the velocity and
number density perturbation as

v D v� C Qv
c D c� C Qc
n D n0 C Qn

and inserting these into the continuity and dynamics equation and ignoring all but
the first-order terms, one obtains

r:Qv D c

1 � n0c

�
@Qn
@t

C v�r Qn
�

(12.32)

r:Qc D � 1

n0

�
@Qn
@t

C c�r Qn
�

(12.33)

� n0ms

�
@Qc
@t

C c� @Qc
@x

�
� n0¡c�

�
@Qv
@t

C v� @Qv
@x

�

C gQn.ms � ¡c�/� “0.Qv � Qc/� Qn“10.v� � c�/
D 0 (12.34)

In Eq. 12.34

“0 D .1� ©/
.¡p � ¡/g

.v� � c�/
(12.35)
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The procedure involves using the function

Qn D f.t/ expŒi.kx/� (12.36)

to be inserted in Eqs. 12.31, 12.32 and 12.33 to produce a second order differential
equation in f.t/ whose solution produces again two eigenvalues defined as

s1; s2 D b

2a

n
˙Œ1C 4.’� 1/.C2=b2/ � 4i.C=b/.ae � 1/�1=2

� Œ1C 2i.C=b/.1C q/�
o

(12.37)

where,

a D 1C ¡p©=¡.1 � ©/

b D ¡p � ¡.1 � ©/.v� � c�/
C D k.v� � c�/
e D 1 � 2©C ©n0“10=“0
q D c�a.v� � c�/

For stability the growth term in distance is given as

�x D Im.s1/=k Re.s1/ (12.38)

Interpretation is understood by the concept that the smaller the positive values of
�x are the easier the system becomes in its ability to form clusters of particles
indicating instability. In this analysis one notes that

k D  =50d
n0“0

0

“0
D .˜ � 1/� ©s.˜ � 2/

©s

where ˜ D 4:7 by Richardson and Zaki and "s D 0:43 for a packed bed. Table 12.1
shows some values for the growth distance �x for typical systems; the larger �x
the more stable the system.

Joseph, Larourre and Klinzing [8] have employed this analysis to explore the
effect of electrostatic forces on the stability of pneumatic transport. They found
the electrostatic forces decreased the growth distances thus indicating a less stable
system.

Table 12.1 Growth distances (�x.m/) for 100 
m particles with
air at 6 m/s

"

T (K) P (K Pa) �p .kg=m3/ 0.7 0.8 0.9 0.98

300 101 7,800 0.144 0.152 0.190 0.43
300 101 2,600 0.21 0.20 0.26 0.73
1,300 101 2,600 0.53 0.35 0.39 1.55
300 101 480 3.4 1.62 1.62 12.4
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12.8 Stability via the Liapunov Analysis

The former analyses considered stability of gas–solids flows from the linearization
aspect. The results which have been obtained in this fashion appear to agree ad-
equately with the experimental findings especially in the phase plane analysis. To
include the non-linear terms in the analysis would generally require a numerical so-
lution with graphical interpretation of the findings. In the area of stability analysis in
other fields of endeavour the second method of Liapunov stands out as a technique
of great utility. Not only are the non-linear terms able to be handled in this tech-
nique but also regions of stability can be established without great computational
difficulties. The second method of Liapunov is based on a generalization of the idea
that if a system has an asymptotically stable equilibrium state then the stored energy
of the system displaced with a region of attraction decays with increasing time until
it finally assumes its minimum value at the equilibrium state.

The idea of a Liapunov function is more general than that of energy and is far
more widely applicable. The Liapunov functions are functions of independent vari-
ables V1; : : :;Vn and t and can be denoted as V.y; t/ or V.y/ if t is not explicit.
The sign of the function V.y/ and its time derivative PV.y/ give information about
the stability, asymptotic stability or instability of the equilibrium state under study
without directly solving for the detailed solution.

Global asymptotic stability can be guaranteed for a system if it is possible to
formulate a scalar function (the Liapunov function) with continuous first partial
derivatives such that:

.a/ V.y/ D 0; y D 0

.b/ V.y/ > 0; y D 0

.c/ V.y/ ! 1; kyk ! 1

.d/ PV.y/ D dV=dt < 0; y ¤ 0 (12.39)

LaSalle and Lepchetz [9] have shown that if conditions (a), (b) and (d) are satisfied
within a bounded region defined by V.y/ < C, where C is some positive constant,
then the system is asymptotically stable in that bounded region.

A possible Liapunov function is the quadratic form

V D yT py (12.40)

where p in a two-dimensional system is a matrix

�
p11 p12
p21 p22

�

If p is chosen as the identity matrix, then the Liapunov function is merely the norm
of the state vector y. The basic gas–solids equations given by Eqs. 4.25 and 4.26 can
serve as the basic starting point for this analysis. One transformation is necessary to
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form a system of equations in which the steady state has a vector coordinate of zero.
This is achieved by the following transforms:

Qc D c � c� (12.41)

Qv D v � v� (12.42)

where c� and v� are the steady state solutions of Eqs. 4.25 and 4.26. It should be
noted that the pressure drop is assumed constant in this analysis. In the new system
the equations can be written as

dQc
dt

D 3

4

CDS

d

¡

¡p � ¡ Œ.Qv C v�/� .Qc C c�/�2 � g � 1

¡p

@p

@x
� œ�

Z

2D
.Qc C c�/2 (12.43)

dQv
dt

D 3

4

CDS¡

d.¡p � ¡/
Œ.Qv C v�/� .Qc C c�/�2 � œ�

Z

2D
.Qv C v�/2 � 1

¡

@p

@x
(12.44)

The Liapunov function which is taken to be the norm of the state vector is

V.U/ D Qv2 C Qc2 (12.45)

and
dV

dt
D 2QvdQv

dt
C 2QcdQc

dt
< 0 (12.46)

The above equations can be substituted in this equation in order to define the bound-
ary between the regions of stable and unstable conditions. One sets dV=dt D 0 and
solves for the resultant cubic equation for c at varying values of v. By doing this
while varying one system parameter such as particle size, density etc. it is possible
to assess the effect of that parameter on the shape and size of the region of stability.
Figure 12.7 shows a typical result of the application of the Liapunov method to gas–
solids flow. The figure shows increasing circles of stability as the flow increases in
the phase plane �p=L versus v at a constant Pmp. One finds the centre of the circle
as the steady state solution. If a perturbation exists in the system and the perturba-
tion does not violate the circle’s boundary, the system will return to the steady state
when the perturbation is removed. If the perturbation crosses the circle’s boundary,
the system can go to another steady state or become unstable if it crosses the stabil-
ity boundary line. There are certain limitations to the Liapunov second method that
must be mentioned:

(a) The stability conditions obtained from a particular v function are sufficient but
may not be necessary to ensure stability.

(b) Failure to find a V function can give no information on stability conditions.
(c) Although a particular V function may prove that the equilibrium state under

consideration is stable in a region which includes this equilibrium state, it does
not necessarily mean that the motions outside this region are unstable.
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Fig. 12.7 Liapunov stability diagram

12.9 Artificial Intelligence and Solids Processing

Artificial intelligence has several different aspects that lends itself to applications
in the area of pneumatic conveying and solids processing in general. One can use
the expert system approach to capture information from the literature and experts
alike to develop a set of rules that can handle such questions as: What is the best
pneumatic conveying system for my applications? Shall I use a pressure or vac-
uum conveying? Shall I explore dense phase transport? Klinzing and his associates
[10–13] have developed a package called NUSELECT just to answer such ques-
tions. To try to decide which is the best feeder for a conveying operation, the
engineer is presented with many options, several of which will be fine while others
will be problematic. One cannot go to a series of equations to make such deci-
sions; however, expert systems are ideal for such decisions and Klinzing’s group has
developed the program FEEDER for this purpose. To complete the expert system
approach to analysis on pneumatic conveying system a program called PANACEA
has been developed to address trouble shooting a particular system. The program
extracts information from the users, trying to diagnose the cause of the difficulty. At
some points the user is asked to run the system and report back the findings.
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The field of expert systems offers a wide variety of help to the practising engineer
faced with day-to-day problems in conveying. These systems coupled with programs
to determine the pressure losses and flow rates can provide an effective package to
address most pneumatic conveying operations.

Another type of artificial intelligence that has been great potential in pneumatic
conveying is neural networking. This procedure mimics the way that the brain pro-
cesses information relying on the parallel process procedure. The technique offers,
in addition to a new approach, speed in processing large amounts of information.
The information that is fed into a neural network is first used to train the neural
network to recognize known solutions from known conditions. The more infor-
mation that we can use to train the net, the more accurate the final result. Neural
networks consist of numerous single units called processing elements. The collec-
tive whole of these units is the key to the application. Processing elements for neural
networks exist at three levels; input level, hidden level and output level. A common
way to interconnect these levels or layers is back-propagation. The neural network
can function with new data after it has been trained and it can also update its
knowledge as newer situations are encountered. This process gives the technique
tremendous potential to address problems such as identification of various flow
regimes in pneumatic conveying. In addition, one can couple the field of control
into the neural net process giving one the opportunity to correct operating condi-
tions on-line so that systems will not fail.

Another avenue in artificial intelligence is the use of fuzzy logic. Fuzzy logic has
been available since 1965 but is now used for many applications from home products
such as washing machines to complex production plants. This procedure considers

0.05

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0
0 2 4 6 8

v (m/s)
10 12

Homogenous flow
Dense moving strand
Blowing dunes
Strands on settled layer
Settled layer

14 16

0.005

m
s (

kg
/s

)

•

Fig. 12.8 Solids flow rate versus gas velocity for pneumatic conveying depicted in a flow map for
fuzzy analysis
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such terms as ‘like’, ‘almost’, ‘good’, ‘better’, ‘best’, ‘mostly’, ‘at times’, etc. and
applies a mathematical technique to quantify them. These types of terms often arise
in pneumatic conveying and solids processing. Using observations and data from
pneumatic conveying systems, different flow patterns were addressed from a simple
plot of solids flow rate versus the gas velocity. The regimes are marked according to
the flow pattern observed at these points. Division lines are inserted by the user. The
closer to the line the fuzzier or more unsure is the user of the actual condition. The
further the operating point is from a demarcation line the surer the flow pattern.
This information can also be used in a control strategy for pneumatic conveying.
Figure 12.8 shows one such fuzzy map.
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Chapter 13
Instrumentation

Abstract In order to put the control process in place it is imperative that sometime
is measured and doing measurements in pneumatic conveying systems are chal-
lenging. Often times new instrumentation needs to be developed. This development
requires innovation to be as unobtrusive as possible to the flow stream. The use of
transducers is common in pneumatic conveying operation which can give a pressure
directly or provide a signal to be analyzed in a variety of ways. The use of cross-
correlation of signals has found considerable adoption in pneumatic conveying. One
should explore a variety of signals given from electrostatic and electromagnetic
forces along with acoustic interactions with the gas-solid streams. Light measure-
ments are another method to prove such systems without upsetting the flow.

Keywords Transducers � Cross-correlation � Electrostatics � Electromagnetics �
Acoustics � Light � Load cells � Vibration analysis

In order to ensure a reliable pneumatic transport system it is necessary to measure
and monitor the flow conditions from delivery to transport and recovery. When be-
ginning to search for instrumentation to perform such functions, one goes directly
to the single phase experience. Flowmeters and pressure sensing devices come first
to mind. Quickly one finds the flowmeters to be inadequate and special care must be
shown in the use of the sensing devices so they are not damaged or clogged. With the
advent of computer control measured signals need to be changed into electrical im-
pulses of voltages or currents to be transmitted to the computer where detailed logic
is only limited by one’s creativity. Pneumatic transport is and will be controlled in
this manner.

In this chapter an attempt will be made to describe two classes of instrumen-
tation, namely: instrumentation used primarily in research type environments; and
instrumentation which has been devised to operate in an industrial environment.

Attention is called to a comprehensive review of instrumentation and measure-
ments applied to multiphase systems by Horio et al. [45]. While many of the
applications cited in this review are directly applicable to fluidization, the concepts
can be utilized often in pneumatic conveying.

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 13,
c� Springer Science+Business Media B.V. 2010
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13.1 Standard Instrumentation

Early on in the design of instrumentation for pneumatic transport BCR devised a
coupled orifice/Venturi system. The principle was to place the two units in series.
The orifice would respond only to the gas changes while the Venturi responded to
the two-phase system accounting for the solids flow. Figure 13.1 shows an example
of these coupled instruments. Davies [1] and Crowe [2] have explored the use of the
Venturi meter as applied to pneumatic transport in further detail. The data show that
the pressure drops between the carrier pipe and the Venturi throat vary linearly with
solids flow at a given mass flow rate. The systems studied considered a relatively
low loading rate (up to 1.5). The standard Venturi having an angle of 21ı was found
to perform adequately. The Venturi arrangement was in a vertical pipe. Figure 13.2
shows the configuration of the Venturi studied by Crowe.

13.2 Transducers

The pressure waves and fluctuations behaviour in a two-phase gas–solid system can
give much information about the flow condition within the flow line. The use of
transducers to measure these pressure waves is essential since almost instantaneous
readings can be obtained. The reason this is very important is because often any
upset in the pneumatic system propagates so quickly that before you know it, the
system is plugged and this will necessitate the dismantling of the unit for removing

Fig. 13.1 Coupled Venturi/orifice meter for gas–solids flow measurements
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Fig. 13.2 Vertical Venturi device used by Crowe [2]

the plug. Careful monitoring of the pressure transducer readings is therefore im-
perative. One experience along these lines involved the transport of a solid synthetic
fuel which had been pulverized. Initially the material was conveyed steadily without
any problem. As time increased, 1/2 to 3/4 of an hour, the pressure drop as shown
by the transducers increased and eventually the flow ceased. Upon opening the line
it was found that particles had fused together because of the frictional heating until
the entire line was plugged.

The use of transducers is essential. However, care must be taken in their use.
The simple insertion of a transducer in the line is not enough to ensure adequate
functional operation. Most pneumatic transport systems convey a wide distribution
of particles even though the mean value of the particle size may be large. Attrition
of particles in the line can add to the percentage of fines one obtains in the convey-
ing line. One way of preventing fines from finding their way into the operational
part of the transducer is to use transmitters with diaphragm seals. These devices are
usually made of a volume of liquid enclosed, without any air space, with sensitive
diaphragms of thin metal located at either end of the cylindrical element. The pres-
sure from the line pushes on the diaphragm and transmits the pressure through the
enclosed liquid to other diaphragms which act upon the air column in contact with
the transducer’s active surface.

Other devices also exist in order to prevent fine particle migration inside the
transducer. A variety of filters can be employed from glass wool to pressed metal.
The later can be formed into a variety of shapes and the most notable being a cylin-
drical shape to match the pipe diameter and thus transmit an average circumferential
pressure to the transducer. This set-up can permit back purging of the metal filter if
problems of plugging occur in the filter [3].

Some people have chosen not to use a filter, but to constantly purge the connect-
ing line between the transducer and the tube wall. Even with such a precaution, to
eliminate fines at the transducer face, fine particle migration has occurred which
almost seems to defy the laws of gravity.
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13.3 Cross-Correlation Procedures

Of late, the use of cross-correlation applied to two-phase flow has seen some
exciting applications. Cross-correlation of signals has been available for a number
of years and probably has its practical application mostly in the field of turbulence.
Hot wire, hot film anemometers and laser Doppler velocimetry (LDV) systems have
the possibility of cross-correlating signals. Some manufacturers produce a cross-
correlator unit for any kind of electronic signals. One of the most practical aspects
of the cross-correlation procedure is the ability to use a variety of signal devices. The
essential element is that the device can detect flow fluctuations which generally arise
from any pneumatic conveying system. If one considers the signals from two mea-
suring devices placed a fixed distance apart as A.t/ and B.t/, the cross-correlation
can be written as

RAB D
Z 1

�1
ŒA.t/B.t C £/�dt (13.1)

where £ is the delay time between the signals. This delay time can be changed
according to the analysis. The procedure involves changing the delay time over a
range in order to calculate various values of RAB. When a maximum value in the
cross-correlation coefficients is obtained at a particular delay time £, this is des-
ignated as the true signal delay time between the two signals at points A and B.
Figure 13.3 shows the application of this principle to a simple signal. Since one
has fixed the distance between the measuring signals, the particle velocity of the
solids flowing pneumatically can be found as

C D distance between signal A.t/ and B.t/

time at max:RAB
(13.2)

Another important factor concerning this type of signal measuring is that it can be
performed electronically and, as such, can be incorporated into a control system
for pneumatic transport. Figure 13.4 shows a typical cross-correlation signal and its
behaviour with delay time.

Fig. 13.3 Cross-correlation
technique
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The probes that can be utilized for the cross-correlation procedure are wide and
varied. The Auburn International dielectric meter can be employed very effectively
as a probe as shown by Mathur and Klinzing [4]. Smith and Klinzing [5] have used a
cylindrical element as an electrostatic measuring probe with success while Mathur
and Klinzing [6] have also used a commercial electrostatic probe manufactured by
Auburn International to obtain the cross-correlation between two signals. It has been
suggested that any light probe can also serve the purpose of detecting signals that
can be cross-correlated. The simple light probe to be described is one possibility.

13.4 A Coriolis Force Meter

A unique flow meter that can be applied to two-phase flow systems such as gas–solid
pneumatic flow, is the Micro-Motion Coriolis force flow meter. The basic principle
relies on the Coriolis force that is placed on flow around a U-bend arrangement.
The Coriolis force produces a twist on the U-arrangement which is dependent on the
amount of mass flowing through the tube. The meter is generally made of the same
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Fig. 13.5 Coriolis force meter

diameter as the flow line in which it is inserted. The twisting motion is detected by
electro-optical switches. Figure 13.5 shows a general diagram of this unit. Mathur
[7] has performed extensive tests on this apparatus as to its suitability in measuring
nitrogen–coal flow over a wide range of solids–gas loadings. The Micro-Motion
was tested in the horizontal and vertical flow direction, the latter serving as a bend
in the flow line. Since the flow path is in a U-shape, the energy loss through such a
system is larger than a regular bend. Figure 13.6 shows the findings for the pressure
loss through a Micro-Motion meter. For low-loading conditions in the horizontal
flow set-up, large pressure fluctuations were introduced in the flow lines due to the
U-bend pattern. As the solids loading increased, this pulse disappeared.

One aspect of using this meter that has not been answered is the degree of erosion
seen by the meter since it represents such abrupt changes in the flow pattern for the
gas–solid flow. Figure 13.7 shows the meter’s response to varying flow rates of gas
and solids combined. The linear behaviour of the meter is marked.

13.5 Dielectric Meter

Auburn International manufacture a dielectric meter which measures the dielectric
constant of the flowing gas–solid mixture on a volume basis. The dielectric constant
is a measure of the capacitance of a substance related to the capacitance of air. The
Auburn probe is seen in Fig. 13.8 with its various parallel electrodes around the
circumference of the cylindrical probe. These electrodes are the signal measuring
devices and their operation is pulsed over a frequency of 208 Hz in order to give an
average value for the dielectric. The value of the dielectric is directly proportional
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Fig. 13.6 Pressure loss through a Micro-Motion meter

to concentration of solid material within the probe or, as in this case, within the pipe
since the Auburn meter has the same diameter as the transporting pipe. This latter
situation reduces erosion to an absolute minimum. The dielectric constant of air is
1.0 and that for water is 78.9; thus, any moisture in the system will strongly influ-
ence the Auburn meter reading. Figure 13.9 shows the application of the Auburn
dielectric meter to the pneumatic transport of coal. The reference measurement for
the flow rate of coal is a weight cell. One sees the linearity of the plot to be highly
justified.

The Auburn meter can thus be used as a two-phase gas–solid flowmeter and is
found to respond to changes in flow almost instantaneously. This latter fact presents
the Auburn meter as an excellent candidate for a flow control device in pneumatic
transport. Should the moisture content of the transport gas or conveyed solids vary
several percent over the desired test run, then the calibration curve will switch to
higher monitor reading. Figure 13.10 shows how well the Auburn dielectric meter
responds to flow fluctuations in pneumatic transport systems.
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Fig. 13.8 The Auburn probe

The Auburn meter can also be calibrated to yield the voidage of the flow. What
is essential for the calibration is its use as a volume that contains solids under a
known voidage condition. A packed bed of coal or sand can be used as a reference.
As one knows from experience, the manner in which the packing takes place can
influence the voidage. The voidage for such systems can vary from about 0.34 to
0.50. The voidage can be checked by a variety of fluid displacement methods, water
or mercury for example. With the Auburn meter reading at this packed bed condition
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Fig. 13.9 The Auburn probe used to monitor the transport of coal

Fig. 13.10 Response of Auburn probe to fluctuating flows
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Fig. 13.11 The Auburn meter used to determine voidage

as a reference the reading obtained in the flow condition can be directly transported
to the flow voidage. This procedure has been successfully applied to pneumatic
transport of coal by Mathur.

The Auburn dielectric meter thus has a great deal of versatility to its use. Flow in-
dicator, flow meter, particle velocity measurement by cross-correlation and voidage
meter are all within its repertoire. The checking of the basic definition of voidage can
be seen by the plot shown in Fig. 13.11. One notes the linearity is well established.

13.6 Load Cells

Inventories of solids in a system can be monitored by the use of load cells. Usually
a solid state sensor will transform the compression force on a unit into an electrical
signal. A wide range of capacities are available. The cells can be located on the three
support elements of a storage or delivery tank. The empty tank deflection of the cells
can be zeroed. If the load cells are located on the delivery and receiving receptacles,
the difference can be used as a crude solids flow meter. Generally the response on
the load cell differences are not sufficient to serve as an instantaneous measure of the
flow rate. They are, however, excellent units for calibration of most instantaneous
flow measuring units and balancing inventories. It is desirable to have a load cell
system on most pneumatic transport systems. Figure 13.12 shows a typical load cell
installation.
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Fig. 13.12 Typical load cell
installation

13.7 Particle Tagging

The tagging of particles with a substance that can be detected as the particles move
in the flow is another technique in order to obtain the particle velocity of a transfer
line. The most common tagging elements have been radioactive. Certain short-lived
radioisotopes have been stated as being safe for usage; however, care must be taken
in their use. Disposal and contamination are problems once the experiments have
been conducted. Brewster and Saeder [8] have employed a non-radioactive tagging
material which is a powdered point pigment which is phosphorescent, ZnS:Cu. The
pigment can be attached to particles by use of a sodium silicate solution. Transpar-
ent viewing sections in the transport line are needed for the set-up. A light source
energized the pigment which is on the tagged particles. Two detector cells are placed
at a fixed distance apart along the length of the transport line. The detectors consist
of photomultiplier tubes which measure the light signal emitted by the tagged parti-
cles and as such provide a means to determine the transport time between the fixed
detectors.

Using radioactive tracer particles in dilute phase pneumatic conveying Tallon
et al. [40] were able to determine the slip velocity between the particles and the air



486 13 Instrumentation

stream through different piping arrangements. In addition the axial dispersion was
assessed yielding dispersion coefficients higher than those characteristic of turbulent
fluid mixing.

13.8 Electrostatic Based Meters

Using the basic principle that conveyed solids in a gas stream generate static charges
on the solids, provided the material conveyed and the conveying line are different
and the relative humidity of the gas is less than about 75%, a number of flow meters
have been proposed. To date the only commercial meter is manufactured by Auburn
International. This meter is a flow/no flow indicator rather than a quantitative device
(Fig. 13.13). As indicated previously, Mathur and Klinzing [6] have employed two
of these meters successfully as sensors to obtain the particle velocity.

A number of prospective meters based on electrostatic generation have appeared
in the literature. Soo and his coworkers [9–11] have been most active in the
development of flow measuring devices based on electrostatics. Some of the designs
have consisted of probes placed in the flowing media while others have had the same
diameter of the pipe, thus creating no flow disturbance; with the ball probe inserted
in the flow stream, mass flow profiles were obtained as the probe traversed the tube
diameter. These investigators have tested a number of different substances with their
devices, most noticeably work with coal [11].

Fig. 13.13 Electrostatic
based meter
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King [12] employed pin electrodes in order to measure the electrostatic charge
generated in pneumatic transport of plastic particles in an effort to devise a flow
meter. He looked at a signal probe for the noise level generated as related to the
number of particle–wall interactions which is directly proportional to the mass
flow rate of material flowing. Cross-correlation techniques were also employed
in his study with the pin electrodes. Figures 13.14 and 13.15 show the physical
arrangement and responses.

Along the lines of cross-correlation and wall probes, Smith and Klinzing [5]
used two metal ring probes placed at a fixed distance apart in a plastic convey-
ing pipe in order to measure the particle velocity. The metal (A1) rings were 1/200

Fig. 13.14 Physical arrangement of electrostatic probe
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in width and the same diameter as the pipe. The rings were coupled directly to
a Keithly 610C electrometer. Each signal was recorded simultaneously on a tape
recorder. An analogue to digital converter was employed to take the analogue signal
to a minicomputer for performing the cross-correlation. This operation was found
to be reliable for flow measurements. When attempting to measure the electrostatic
charges, any number of probes can be employed. The signals can be measured eas-
ily by a good quality electrometer which has an output device for recording and
analysis. The probe inserted in or through the wall should be metal (nickel, copper,
or aluminium) surrounded by a non-conductor. In that way even grounded pipe sys-
tems can have the electrostatic signals measured.

A solids flow meter has been developed by Rader, Prakash and Klinzing [13]
using the principle of interaction of polarized light with electromagnetic fields. One
finds that the degree of polarization is affected by the strength of the electromag-
netic field the light is exposed to while travelling through a responsive medium. The
flow of charged particles in a pipe is caused by the interaction of the particles with
the non-conductive wall. The flow of the charged particles is likened to the flow of
a current in a wire. Electric currents generate an electromagnetic field around the
wire carrying the current. Similarly the flowing charged particles generate an elec-
tromagnetic field around the pipe carrying the charged particles. If one now wraps
the outside of the pipe with loops of a fibre optic cable which will carry a polarized
light, one can see the change in polarity of the polarized light as the flow of charged
particles changes, producing varying electromagnetic field strengths. Figure 13.16
shows the arrangement for this meter. The experimental results of the tests are shown
in Fig. 13.17 which indicates a linear response of the light probe to the varying

Fig. 13.16 Light/charge flow-based flowmeter



13.9 Acoustic Measurements 489
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solids flow rate. It is essential that the fibre optic cable be one that has little internal
stress so that bi-refringence of the cable does not dampen the light signal as it passes
through the loops.

13.9 Acoustic Measurements

Acoustic devices can also be employed in the measurement of two-phase flow
systems. The basic principle is the attenuation of the sound wave seen by the gas and
solid as being substantially different. In fact, the sonic application can be paralleled
to the light application and a Doppler velocimeter can be developed based on the
sonic principle. Most noteworthy in the field of sonic application to gas–solid flow
systems is the work at Argonne National Laboratory (ANL).

Sheen and Raptis [14] at ANL have tested a microphone system as a flow/no flow
device on an experimental coal gasification facility. The char flow was monitored
since line blockages were a recurrent problem. A high-temperature microphone
was placed near the char return line. The presence of char in the attenuation path
causes absorption and scattering of acoustic energy generated by the associated
stream of eductor. The amount of attenuation indicates the amount of char present.
Figure 13.18 shows the physical arrangement of the system.

A commercial sound velocimeter is now on the market [15]. This unit has been
applied successfully to liquid–solid systems; however, testing on gas–solid systems
has not been made. The unit’s arrangement is seen in Fig. 13.19. The flow tube is
a pipe section made of the same material and diameter as the conveying line. The
sonic pulse is sent from the transmitting transducer diagonally across the flow to a
receiving transducer. A pulse repetition rate is determined that is dependent upon the
transit time of the pulse through the fluid. A similar pulse is generated by sending
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Fig. 13.18 Physical arrangements of acoustic meter (Reproduced by permission of A. C. Raptis,
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pulses in the opposite direction since the motion of the fluid system will slow down
the pulses travelling upstream. The transit times of the upstream and downstream
pulses will be different and this difference is a direct measure of the flow rate.

In the use of the acoustic devices it should be noted that since particulate flow will
abrade or erode the pipe wall, the acoustic signal should change with time because
the device’s metal covering could erode and change the path of the sound waves.

13.10 Screw Conveyors

The screw conveyor can be used as a solids metering device since a prescribed
amount of material is delivered to feed stream per unit time. There are problems
generally with lumpy and sticky materials and general packing of powder. The screw
feeder has in general three section: the feed inlet, a choke and a conveying section
[16]. Figure 13.20 shows this arrangement. The feed section solids flow into the
cavity and are carried over the shaft. At high speeds or short feed sections, there may
not be adequate time to fill the cavity and the conveying capacity is reduced. Varying
or tapered pitch flights are preferred in the design to provide an even draw-off. The
choke section is at least two pitches long and provides a flow control by limiting
the flow area. This will minimize the possibility of solid flooding. The conveying
section core has an increase in pitch to prevent packing. Thomson [16] reports on
the character of the powder in relation to the screw feeder performance. For heavy
mineral sand, fertilizer prills and powdered polymer he found increasing efficiency
of transfer. The particle sizes are listed in Table 13.1. The heavy mineral sand tended
to backflow, with the pellets and prills not aerating and the polymer powder being
readily fluidized.

Feed Section

Choke or Shroud Section

Convey Section

Fig. 13.20 Screw feeder assembly
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Table 13.1 Screw conveyor test data

Solids Screen analysis (Tyler)a as poured Bulk density .kg=m3/

Mineral sand 41% on 80 mesh 2,051
(free flowing) 95% on 150 mesh

100% on 200 mesh
Fertilizer prill 50% on 20 mesh 960

99% on 48 mesh
Plastic cubes 3 mm cube 449

Polymer powder 11% on 100 mesh 176

(fluidizes and 77% on 150 mesh
floods readily) 3% under 250 mesh

aSee page 33.

The basic volumetric flow through a screw feeder can be expressed as

PVs D  

4
.D2s � d2s /sn � ¥ � 60 .m3=h/

¥ � filling efficiency
s � pitch

The total mass flow rate is then given as

Pms D PVs¡b .kg=hr/

13.11 Light Measuring Devices

The light measuring devices to monitor and measure gas–solid flow can work on
an attenuation basis or on the Doppler shift basis. The attenuation principle can be
applied more directly to a flow system at a much lower cost than the laser Doppler
velocimeter. The latter system can yield individual particle velocities; thus it is lim-
ited to dilute phase flow systems.

The simplest light measuring device is shown in the electronic schematic in
Fig. 13.21. This consists of a light source (a halogen lamp) and a photodiode op/amp
to receive the light signal and change it into an electrical impulse. The device must
be placed on a viewing window across the transport line or set into the wall of the
conveying line with a transparent protection cover for the lamp and photodiode. The
halogen lamp employed in this set-up seems more than adequate to be employed in
some fairly dense pneumatic transport systems.

Calibration of the output device with a load cell would provide another possibility
for a flow measuring device. The use of two of these light probes at a fixed distance
apart would provide a basis for cross-correlation and particle velocity determination;
Kerker [17] employed this latter technique to find the particle velocities as a function
of distance in his study.
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Fig. 13.21 Op/amp diagram, United Technology with 450 photodiode

Chao et al. [18] have developed a twin diode optical probe where the source and
detector are made of miniature Ge–As–P diodes. One diode is the source while the
other is the detector. A large intensity of light from the powered diode renders the
probe insensitive to background deposition on the surface.

The laser Doppler velocimeter systems have been applied as research tools to
obtain basic information on the behaviour of gas–solid flow. Pfeffer and his asso-
ciates [19] have uncovered some unique behaviour of the particles which seems to
fall in line with turbulence measurements of other researchers [20]. Scott [21] has
employed the LDV system to measure the particle velocity in a dilute pneumatic
transport system. Over the range studied by Scott, he found for 4 mm diameter parti-
cles a linear behaviour between the particle velocity and the superficial gas velocity.
The arrangement used by Scott is shown in Fig. 13.22.

An optical mass flow sensor has been developed by Grift [35] that is based on
counting of clusters that move by the sensor. An algorithm has been constructed to
reconstruct the number of particles in a cluster and compute the mass flow rate. This
device has been tested for dilute flow of pellets.
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Fig. 13.22 Laser Doppler velocimeter. Reproduced by permission of BHRA Fluid Engineer-
ing, UK

13.12 Other Techniques for Particle Velocities

One of the oldest methods to obtain the particle velocities is to use a system
of two simultaneously acting solenoid valves; in this arrangement the amount of
solids trapped in the flow element is measured. By the weight of the solids and their
volume the voidage can be found as © D .1� ms¡p=AL/. Rizk [22], Hariu and Mol-
stad [23], Capes and Nakamura [24] and Saroff et al. [25] made extensive use of this
procedure.

Ikemori and Munakata [26] used an impulse meter to measure the particle velo-
cities. They employed a capture device for the particles which was coupled with a
tension gauge to measure the force imparted to the system.
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13.12.1 Microwave Meter

The use of microwaves to develop a solids flow meter was achieved by Kobayashi
and Miyahara [27] passing the flow of coal particles through a teflon section of
piping which was exposed to a microwave signal. Depending on the amount of
solids flowing the signal transmitted will be affected. This analysis can produce
the concentration of solids. The response signal can also be fed to a signal analysis
unit to auto-correlate the signal to determine the particle velocity. The product of
these two factors will yield the solids flow rate. Figure 13.23 is a sketch of this
device.

Also using microwave signals Endress and Hauser have developed a solids flow
indicator that is commercially available. Figure 13.24 depicts this device. Endress
and Hauser have also developed a solids flowmeter that is based on cross-correlating
two signals by measuring the capacitance of the solids flow stream. This unit is
marketed under the name of Granucor.

Fig. 13.23 A solids flowmeter based on microwave application (Kabayashi and Miyahara with the
permission of Marcel Dekker)
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Fig. 13.24 Solids flow indicator based on microwave by Endress and Hauser (With the permission
of Endress and Hauser)

Using the pressure fluctuations in pneumatic transport, Davies [28] has developed
a flowmeter. He was able to use the pressure signal variance as the measure of the
flow value.

Looking at downcomer discharging Davies and Tallon [41] used a pressure pulse
method to monitoring the flow rate of Geldart group B particles. The lag time be-
tween the arrival of the pressure wave between two point provided information to
measure the flow rate.

Laser Doppler techniques have been applied by a number of researchers in order
to probe gas–solid flows in more detail. Both the particle and velocity of gas–solid
two phase flow was determined by Qiu et al. [29] using the phase-Doppler technique
based on transient recorder data processing and cross-spectral density function. Dis-
persion of 4 micron particles of the same refractive index as the dispersed phase
permitted the gas velocity to be determined simultaneously.
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Fig. 13.24 (continued)

Particle tracking velocimetry was used by Sommerfeld [30] to explore the
particle–wall collision as well as pneumatic flow in horizontal and vertical flow
and pipe bends. The use of laser light sheet flow visualization with digital
image analysis showed the concentration development profiles across the pipe
cross-section.

13.13 Instrumentation for Industrial Applications

13.13.1 Introduction

In this section a number of commercially available instruments will be described.
Whilst most of these instruments are used for the monitoring and control of
pneumatic conveying systems, more recent developments are facilitating the online
monitoring of the flow parameters during the conveying process.

The control requirements in pneumatic conveying systems are normally limited
to sensing a flow/no flow situation, whilst the most popular range of instruments
are those used for monitoring levels in bins, hoppers and blow vessels. In the latter
application, level probes are an essential component in the fully automatic operation
of blow vessels.
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13.13.2 Bulk Material Flow Detector

This instrument emits a microwave beam and detects a Doppler shift in frequency
of reflected waves (Fig. 13.25). It detects movements of bulk materials in or on the
following feeder systems:

(a) Pipelines, ducts (pneumatic or gravitational feed).
(b) Air activated gravity conveyors.
(c) Material transfer points on: vibrating chutes; conveyor belts; worn feeders; and

bucket chains.

Contactless detection of bulk material flow in transport systems made of non-
conducting material is possible, as the detector can be mounted externally without
any holes in the transport duct itself.

This type of instrument is insensitive to build-up and is insensitive to air currents
and dust in the air stream (particularly important for pneumatic conveying).

The sensitivity response is adjustable and a continuous adjustment of switching
delay of up to 10 seconds is useful in some applications with intermittent short
breaks in material flow.

Fig. 13.25 Typical application of bulk material flow detectors (Endress and Hauser, South Africa)
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13.13.3 Bulk Solids Impact Flowmeter

This type of instrument can be used for measuring the mass flow of bulk solids at
transfer points between and/or after:

(a) Conveyors.
(b) Vibratory feeds.
(c) Rotary valves.
(d) Bucket elevators.
(e) Screw conveyors.
(f) Drag link conveyors.

The measuring principle is illustrated in Fig. 13.26. Instruments of this type are
available in measuring ranges of 0–40 kg/h to 0–1,000 t/h. The accuracy of such
installations is often dependent on the degree of expertise employed in engineering
and executing the installation, but typically accuracies of 1% are attainable.

(a) Physical principles
The solids flow for flow rate measurement is directed over the sensing plate of
the solids flowmeter.

The pulse generated on impact is processed by the flowmeter (Fig. 13.26).
The physics of the measurement is based on Newton’s law of dynamics,
whereby force F is equal to the time change of the pulse mv, or

F D �.mv/

�t
D m�v

�t
D ma (13.3)

Conveying system

Sensing plate

Horizontal force

(Measuring force)

Total force

Vertical force

Solids flow

Fig. 13.26 Measuring principle (Endress and Hauser, South Africa)
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The definition is as follows: ‘force = mass � change in velocity’, whereby
it is assumed that mass remains constant. Newton’s law can also be expressed
as follows:

F D �.msv/

�t
D ms�v

�t
D ms

t
�v (13.4)

F D Pms�v (13.5)

Pms D F
1

�v
D Fk (13.6)

where

Pms D flow rate, gravimetric
a D acceleration
�v D difference between impact velocity and fall-off velocity
F D force
t D time
m D mass
k D constant

This law shows that the flow rate Pms is proportional to impact force. The solids
flowmeter only evaluates the horizontal force. It is important that the other pa-
rameters are maintained constant; this can be achieved by selecting the optimum
installation conditions.

(b) The basic equation for the solids flowmeter
To calculate the horizontal measuring force, the following simplified formula
has been developed (Fig. 13.27):

FM D 100 Pmsh1=2 sin ’ sin ” (13.7)

Fig. 13.27 Basic calibration
(Endress and Hauser, South
Africa)

h

qm
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γ

α
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ms = 90 t/h

h 
=

 6
00

40°

75°

Fig. 13.28 Impact flowmeter (Endress and Hauser, South Africa)

FM D the horizontal force in cN (1 cN � 1 g) generated by the impact on the
sensing plate
Pms D flow rate in t/h
h D fall height in m

h is the vertical height between the point of impact on the sensing plate and
the point at which the material begins to fall by gravity. The formula is correct,
provided that the initial velocity is almost zero.

’ D sensing plate angle to the horizontal
” D angle of impact D angle between flow and sensing plate

Equation 13.7 contains Newton’s law of dynamics, whereby the factor �v
was divided by h1=2, sin ’, sin ” into simple measurable divisions, since
v D .h � 2 � g/1=2 D h1=2.2g/1=2. The constant factor 2g1=2 is contained in
the factor 100 in Eq. 13.7. The horizontal vector of velocity, i.e. impact force, is
calculated with the sine of the angle ’ of the sensing plate and the angle of impact ”.

Figure 13.28 shows the impact flowmeter geometry.

13.13.4 Mass Flow Measurement of Pneumatically
Conveyed Solids

A key measured variable in all conveying operations is the rate of solids flow. In the
case of pneumatic conveying this can be done directly by measuring the solids enter-
ing the conveying pipe gravimetrically with a bulk flowmeter such as an impact sens-
ing plate or a weighing container, or volumetrically with suitable metering systems.

Direct measurement in the pipe is possible using a cross-correlation and concen-
tration measuring technique. A system employing this technique is made up of four
components: two sensors in the line, a correlator, and a concentration transmitter.
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The need for two sensors becomes clear when one considers the basic equation
for flow measurement in pneumatic conveying:

Pms D PVs¡pCt D cA¡pCt (13.8)

where

Pms D mass flow rate
PVs D volume flow rate
¡p D solids density
Ct D volume concentration
A D pipe cross-sectional area
c D solids velocity

In contrast to measurement of single-phase flow, two-phase flow necessitates deter-
mination of a second independent variable in addition to the solids velocity, namely
volume concentration.

If it is assumed that the solids density ¡p remains constant, for a given pipe
diameter with cross-sectional area A one can combine the two factors A and ¡p

into a constant or a calibration factor K, thus arriving at the simplified equation

Pms D KcCt (13.9)

Figure 13.29 shows the general design of the measuring line. The concentration sen-
sor is coupled to the concentration transmitter to form an independent measuring
line for concentration. The correlator calculates the mean solids velocity from the
two signals received from the velocity sensor and combines it with the concentration
signal and the calibration factor to arrive at the mass flow rate.

(a) Velocity sensor
The correlation measuring principle is used to measure the velocity. The two sta-
tistical noise signals required for this are generated in two precision capacitors
as shown in Fig. 13.30.

The solid particles carried along in the gas produce a change in the non-
conductor in the precision capacitor, thus altering the capacitance. Since the
particles follow a random path as a result of collisions with each other and
the pipe wall rather than travelling along a straight line through the pipe, the
noise signals obtained through time tend to change randomly as shown dia-
grammatically in Fig. 13.30. If the distance L between the two capacitors is kept
reasonably short, the noise signal obtained at capacitor 2 will show a similar
pattern as the arrangement of the particles in the pipe does not change rapidly.
If the particle arrangement could be frozen on its journey from the first to the
second capacitor, the two signal patterns would be identical and the correla-
tion would be 100%. If the two capacitors are set too far apart for the flow in
question, the particles would mix so much along the distance L that there would
be no similarity between the noise signals. In this case the correlation would
be zero. With optimal capacitor spacing, which depends on the velocity range
and the scanning frequency of the correlator, correlations of the order of 60%
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Solids velocity sensor

S = signal

Solids concentration sensor

Correlator

Concentration

Concentration
transmitter

Mass
flow rate

S1

S

S2

Fig. 13.29 Arrangement of flowmeter in the conveying pipe (Endress and Hauser, South Africa)

Fig. 13.30 Correlation measurement of velocity (Endress and Hauser, South Africa)
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Fig. 13.31 Cross-correlation function (Endress and Hauser, South Africa)

to 80% are obtained in actual practice. The comparison of the two noise signals
with respect to similarity is a mathematical/statistical process. The signal from
capacitor 1 is delayed in the correlator until the similarity between the signals
reaches a maximum, or, in the ideal case, until they are identical.

The correlator calculates the necessary delay time £m, which corresponds
exactly to the time required for the particles to travel from capacitor 1 to ca-
pacitor 2, from the cross-correlation function (CCF) as shown in Fig. 13.31.
The CCF reaches a peak precisely at this interval �m. Along the ordinate of
Fig. 13.31, the correlation coefficient is derived from 0 to 100% as the measure-
ment of similarity of the two signals.

From the transit time �m the velocity is derived:

v D L=£m

This is an absolute measurement and the correlative velocity measurement need
not be calibrated. This system requires the selection of a location in the convey-
ing system that will provide a symmetrical flow profile and therefore a reliable
measurement of mean flow velocity. Depending on particular obstacles to reg-
ular flow, e.g. bends, constrictions or enlargements, inlet runs of about 10–20
times pipe diameter and outlet runs of about 5–10 times pipe diameter should
be maintained.

(b) Concentration sensor
The concentration sensor evaluates the absolute change in capacitance caused in
a precision capacitor by the solid particles as shown in Fig. 13.32. If gas alone,
without any solids, were flowing through the pipe, the capacitor would have a
certain basic capacitance, its so-called empty pipe capacitance C.

C0 depends on the geometry of the capacitor, the width of the capacitor plate,
the diameter, and on the non-conductor in the capacitor, as determined by the
wall thickness of the inside tube and the dielectric constants (DC) of the tube
material and the gas. If the solids are conveyed with the gas, the non-conductor
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Fig. 13.32 Principle of capacitive concentration (Endress and Hauser, South Africa)

and the capacitance C of the capacitor both change. The ratio of the capacitance
C with solids in the pipe to the empty pipe capacitance C0 is proportional to the
concentration Ct, which is required to calculate the mass flow rate.

Because this measurement is dependent on the dielectric constants of the gas
and solids as well as on the specific geometry of the measuring pipe, it requires
(unlike the velocity measurement) calibration with the particular material being
conveyed.

The capacitance change�C occurring with the solids in comparison with the
empty pipe capacitance .�C DC � C0/ is very small. Unless a certain mini-
mum solids loading 
 is present, the reliability of the capacitive measurement
cannot be guaranteed.

Empirically, it is found that:

� > 5.kg solids/kg gas/

is required for reliable measurement. Figure 13.33 illustrates what this loading
level represents in terms of different phases of pneumatic conveying.

As shown in Fig. 13.33 the minimum solids loading of � D 5 restricts the
use of capacitive concentration measurement to the low-load range of dilute
phase conveying. Otherwise this method covers the entire range of pneumatic
conveying right up to the clogging limit.

(c) Transmitters
Correlator The heart of the entire measuring line is the correlator, which cal-
culates the mean solids velocity from the two noise signals received from the
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Fig. 13.33 Conveying conditions showing the changes in solids loading

velocity sensor and combines this figure with the concentration signal and a cal-
ibration factor according to the concentration equation to arrive at the desired
mass flow rate.
Transmitter for concentration measurement This transmitter receives the signal
from the concentration sensor and supplies a standardized current input to the
correlator.

13.13.5 Level Detection

In many pneumatic conveying systems it is necessary to detect the levels or presence
of materials in charging hoppers, blow vessels, chutes (blocked chute detection) etc.
A variety of instrument types are available depending on the circumstances in each
application.
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Fig. 13.34 Arrangement of
capacitance probes in a
hopper (Endress and Hauser,
South Africa)

(a) Capacitance switches (Fig. 13.34)
The principle of operation is that a capacitance probe and the wall of the con-
tainer or vessel form the plates of a capacitor.

When the probe is covered with material, this material acts as a dielectric
between the capacitor plates changing the capacitance. Thus change is detected
electrically and a signal is obtained to indicate the presence of material at the
probe and/or actuate the mechanism filling or emptying the vessel.

Robust capacitance probes are available which can withstand high tempera-
tures (up to 25ıC) and abrasive dusts and powders such as fly ash.

If a capacitance probe is being used for low-level detection in a blow vessel,
the electronic switching unit should be fitted with an adjustable switching delay
to prevent the system switching when momentary ‘bridging’ of the material
occurs above the probe during discharge.

(b) Vibrating level limit switches (Fig. 13.35)
These consist of a probe which is constructed so that it can easily be vibrated
at its natural resonant frequency. They can either be of the ‘tuning fork’ type or
consist of a single tine.

The frequency of vibration of the probe is changed by the filling material in
a vessel, and this is detected by a piezo crystal and electrical circuitry.

These level switches can be adjusted to switch for either full or empty condi-
tions. They are suitable for use in fine grained solids and powders but should not
be positioned in the path of material flow streams which will result in the wear
of the probe over time. These probes need no adjustment and have no moving
parts. They are available for ‘zone 10’ hazardous areas which allows their use
for detecting levels of flammable dusts.



508 13 Instrumentation

Fig. 13.35 Vibrating prong level probe (Endress and Hauser, South Africa)

(c) Microwave barriers (Fig. 13.36)
A microwave system comprising a transmitter, receiver and electronic switching
unit can be used for detecting the presence of material at a point in a container.
The transmitter and receiver are mounted opposite each other on either side of
the container or vessel. When the filling material fills the space in between, the
microwave beam emitted is absorbed and this is detected by the receiver.

This is a non-contact non-intrusive model. It requires electrically non-
conductive walls for the vessel in order to operate. If the vessel is made of
conductive material, windows of suitable material such as glass, plexiglass or
basalt can be used.

Advantages of this type of system include:

(a) It is unaffected by light, sound, condensation, heat, wind, dust.
(b) With non-conductive vessels it is easy to retrofit, there are no sealing prob-

lems and it is simple to change the switch point.

13.13.6 Nuclear Level Measurement and Detection

If it is not possible to insert a level detecting device into a vessel, and the walls are
constructed of electrically conductive material (precluding the use of microwave
barriers) nuclear level sensing devices may provide a solution (Fig. 13.37).
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Fig. 13.36 Arrangement of
microwave level detectors in
typical industrial applications

(a) Level limit switches
An isotope (usually 60Co or 137Cs) emitting gamma radiation is mounted in a
shielded source container on one side of the vessel. The source container has
a window (which can be opened and shut) which beams a stream of radiation
across the vessel where it is detected, e.g. by a Geiger-Muller tube. When the
vessel is filled with material, the radiation is attenuated by the material and this
is detected.

An electronic switching unit coupled to the detector provides switching
signals to actuate alarms and/or filling and emptying mechanisms.

The use of nuclear level switches usually requires registration and certifica-
tion by relevant state authorities concerned with safe use and handling of atomic
energy.
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Fig. 13.37 Continuous level measurement using nuclear source (Endress and Hauser,
South Africa)

(b) Nuclear continuous level management
In such a system the source container has a window which beams a plane of
radiation across the vessel and down the length over which the level is to be
measured. A strip detector is placed on the other side of the vessel which, in
conjunction with an electronic transmitter, is able to determine the level of the
material in the vessel. These detectors are of the scintillation counter type.

The more advanced systems available offer simple calibrating procedures and
automatic compensation for decaying source strengths. As with nuclear level
limit switches state certification is usually required.

13.13.7 Pressure Drop Flowmeter

A differential pressure measuring device has been developed by Cabrejos and
Klinzing [31] to measure the solids mass flow rate. The specific pressure drop
defined as the ratio of the differential pressure drop across a straight section of pipe
for dilute phase pneumatic conveying divided by the pressure drop due to the flow-
ing gas alone is found to be linearly related to the solids loading, mass of solids/mass
of gas flowing. One can express this relationship as

’ D �Ptotal

�Pgas
D 1C K� D 1C œz

œL

c

v
�

Figure 13.38 shows the behaviour of an application of this relationship. From this
expression knowing the pressure drops gives one the loading and from this the solids
flow rate at a known gas flow rate. This unit has been developed into an automatic
measuring device shown in Fig. 13.39.
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Fig. 13.38 Specific pressure drop ratio versus solids loading

Fig. 13.39 Schematic of solids flowmeter based on specific pressure drop ratio behaviour with
loading

13.13.8 High-Temperature Velocity Meter

Klinzing et al. [32] have produced a patent for the measurement of particle velocities
at high temperatures. Using a non-conducting ceramic pipe, two metal sleeves were
inserted a given distance apart to serve as a sensor to pick up the electrostatic charges
that are produced by the particle interacting with the non-conducting wall. The sys-
tem has been up to 1;000ıC. The signals at the two electrodes are cross-correlated
to give the particle velocity.
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13.13.9 Pressure Fluctuations in Pneumatic Conveying:
A Source of Information

Pressure fluctuations are natural in all pneumatic conveying systems. The very
nature of the system with a large difference in the densities of the components
and the turbulent character of the flow produces pressure oscillations. Fluctuations
can also be generated from the air supply, feeder and collector systems. Over and
above these equipment-induced fluctuations the inherent fluctuations of the flow are
a source of great information in analysing the condition of the flow. Dhodapkar and
Klinzing [33] and Cabrejos and Klinzing [34] have performed a wide variety of
analyses on these pressure fluctuations and their ability to recognize different flow
regimes. Figure 13.40 shows the fingerprint of the pressure fluctuations for stratified
flow. Each flow pattern is unique and as such can be analysed and stored as a
library of information. In an analysis done by Cabrejos and Klinzing [34] a rescaling

Fig. 13.40 Fingerprint of the pressure fluctuations for stratified flow
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technique was employed on the pressure fluctuations. This technique develops the
dimensionless ratio of the range of pressure fluctuations divided by the standard
deviation of the fluctuations to form

Range

Std:Deviation
D .a£/H

where

£ D period of the record.

In this expression the exponent varies with the condition of the flow.
The unstable conveying zone has been recognized as a challenging region to un-

derstand. One technique to address this zone is to look at the pressure fluctuations
that exists in the dilute and strand flow regimes. Some simple statistics parameters
to analyze these signals present a tool to serve as an indicator for the onset of insta-
bilities which are not desired. Jama et al. [43] explored the Hurst’s exponent (H) as
an indicator of the onset of instability.

Using a pneumatic conveying system that contains a full complement of equip-
ment from a feeder, blower, conveying and cyclone, the pressure signal fluctuations
at various point in the system were analyzed by Pahk and Klinzing [44] using a se-
ries of different approaches to interpret the signals. The use of a wavelet analysis to
sub-divide the signal down into its component parts proved successful in identifying
the contributions to the pressure signal fluctuations that could be attributed to all the
equipment components individually including the turbulence of the flow.

13.14 Advances in Instrumentation

13.14.1 Tomography

Tomography has become highly developed in the last ten years so that this technique
can be utilized in a wide number of applications both in the research laboratory and
in industry.

Using pilot scale studies Dyakowski et al. [36] used on-line tomography to as-
sess the dynamic behavior of a circulating fluidized bed measuring the thickness of
the downflow of solids. This technique shows the utility of tomography in larger
installation.

Exploring a wide variety of solids processing equipment including pneumatic
conveying Dyakowski et al. [37] have given a comprehensive review of the use of
tomography in both research and industrial applications. It is important to note that
they have been able to capture the dynamic nature of particulate flow.

Tomography permit may novel and time dependent phenomena to be explored.
Jaworski and Dyakowski [38] address flow instabilities in plug flow showing the
internal structure of the flow instabilities and how they propagate and behave. This
information can help us construct more realistic models for such flows.
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McKee et al. [39] studied an industrial application of tomography to large scale
pneumatic conveying. Particle breakage was monitored with the images obtained
and followed throughout the flow. The conveying velocity and loading ratios were
key to the correlation of particle breakage.

13.14.2 Electromagnetic Field Applications

In probing pneumatic conveying fundamentals looking at novel techniques to
provide new data in new ways is of importance driving the researcher to explore
other fields for ideas and concepts. The use of a microstrip antenna to pick up
signals generated between particles and the particles and the wall during pneumatic
conveying is a novel idea that can use a piezoelectric actuation system to measure
mechanical displacements of what is term a parasitic element. Bernhard et al. [42]
are exploring this concept for a wide range of applications of which pneumatic
conveying just might be one.
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Chapter 14
System Design and Worked Examples

Abstract Putting all the former chapters together to design a pneumatic conveying
system is the aim of this chapter. Detailed calculations are presented in order to give
the reader a sense of the magnitude and proportion of the varying component contri-
bution. Both dilute and dense phase examples are provided as well as the calculation
of common terms and dimensionless numbers employed in the analysis.

Keywords System design � Dense phase � Dilute phase � Calculations

14.1 Introduction

In an attempt to illustrate the various concepts discussed in the preceding chapters,
a number of worked examples relating to pneumatic conveying systems will be pre-
sented in this chapter. Where possible each example has been structured so as to
illustrate a number of facets of the theory, whilst an attempt has also be made to
design each problem so that it relates to practical pneumatic conveying problems.

The authors have also included some system design procedures proposed by var-
ious researchers. Whilst each procedure has been evaluated for specific applications,
the reader is cautioned to note the limitations and boundary conditions of the various
techniques.

In some examples, a number of new concepts are presented as well as the intro-
duction of some useful charts to facilitate the quick acquisition of data.

14.2 Moisture Content in Air

It is required to convey a hygroscopic powder which when exposed to air above
a moisture content of 60% becomes cohesive. An existing blow vessel system is
available, complete with a screw compressor fitted with an aftercooler capable of
delivering air at 20ıC above ambient conditions. The compressor is coupled to

G.E. Klinzing et al., Pneumatic Conveying of Solids: A Theoretical and Practical
Approach, Particle Technology Series 8, DOI 10.1007/978-90-481-3609-4 14,
c� Springer Science+Business Media B.V. 2010
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518 14 System Design and Worked Examples

the blow vessel through a pressure reducing valve. The compressor is regulated to
operate between 10 bar and 9.5 bar. The blow vessel system is rated at 3 bar and
the maximum ambient temperature is 35ıC. The existing compressor/aftercooler
system should be investigated to determine whether an additional external drying
system is required.

Solution 14.1. The problem can be solved using two sets of curves and assuming
isothermal air expansion. The curves to be used are:

(a) The temperature of the exhaust gas as a function of the mass concentration of
water content (x) in air at different saturation degrees (® D 1 curve corresponds
to 100% relative humidity for p D 1 bar.) (Fig. 14.1).

(b) The temperature of the exhaust gas as a function of the mass concentration of
water content (x) in air at different pressures Fig. 14.2.

Taking an ambient temperature t D 26ıC for p D constant D 1 bar (i.e. ® D 100%)
(Fig. 14.2) yields a maximum moisture content in air of x D 22 g H2O=kg dry air.

In the compressor the ambient air will be compressed to a pressure of 10 bar
gauge (11 bar absolute) with a corresponding rise in temperature which can be
calculated using Eq. 2.23

T2 D T1

�
p2
p1

�..n�1/=n/

where n < 1:6 for compression with friction.

Fig. 14.1 Mass concentration of water in air. Temperature (t) versus concentration (x) in air with
the relative humidity (®) as a parameter
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Fig. 14.2 Mass
concentration of water
in air (100% p D 1 bar)

T1 D 26C 273:15 D 299:15K

p2 D 11 bar

p1 D 1 bar

T2 D 299:5

�
11

1

�.1:6�1/=1:6
D 735:21K

t2 D 462ıC

The air is cooled by the after-cooler. It should be noted that in Fig. 14.2 at 75ıC
the air at a pressure of 11 bar will be saturated (dew point). The after-cooler will
drop the air temperature further to t D 46ıC, (p D 3 bar), 20ıC above ambient.
This implies that water will drop out of the air stream being cooled to t D 46ıC. It
should be noted that the mass concentration of water in the air x D 6 g H2O=kg dry
air (Fig. 14.2) at 100% relative humidity at 27ıC (cooling at p D 3 bar D constant).
I.e. Reducing the temperature at p D 3 bar D const. down to t D 27ıC yields a
moisture content of x D 6 g/kg dry air.

The air is expanded from p D 11 bar absolute to the conveying condition p D 4

bar absolute. Moving along the x D 6 g H2O=kg dry air curve to the p D 4 bar
absolute curve, the new dew point will be t D 27ıC.
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The conveying process will involve the expansion of the air at p D 4 bar absolute
and x D 6 g H2O=kg dry air to p D 1 bar absolute. Referring to Fig. 14.1, air with
x D 6 g H2O=kg dry air would have a dew point temperature t D 6ıC at ® D 100%
at 1 bar.

However, the air entering the conveying system is t D 46ıC and based on isother-
mal conditions for conveying, it will leave the system at the same temperature.

Transposing the conditions of the conveying air, t D 46ıC, x D 6 g H2O=kg dry
air, to Fig. 14.1 we obtain an intersection point with the ® D 0:1 D 10% relative
humidity curve.

As such, the existing equipment will yield totally safe conveying conditions. No
additional drying equipment is required.

14.3 The Design of Industrial Vacuum Systems

14.3.1 Introduction

An increasing awareness of the importance of minimizing industrial health hazards
has resulted in an increasing interest in the use of industrial vacuum systems. These
systems are generally designed to handle intermittent loads such as spillages or the
cleaning of boilers and the like during scheduled maintenance periods.

There are a number of techniques for designing these systems; however, since
they operate under extremely dilute phase conditions, invariably, little cognizance is
taken of the presence of the solids. As such most industrial vacuum systems are
designed taking into consideration an air alone situation.

Since many of these systems involve a relatively complex network of pipes, inlet
ports, valves, cleaning tools, flexible hoses, etc., a set design procedure is recom-
mended [1] in order to take into account the various loss factors associated with such
systems. The design procedure, proposed in this text, has been tested and proved to
be extremely reliable. The procedure has been substantially simplified using some
basic assumptions some of which might not be totally acceptable to the purist.

14.3.2 Design Philosophy

Invariably, the greatest pressure loss in the system occurs within the cleaning tool
and the flexible hose used to connect the tool to the inlet port, which in turn is
connected to a branch pipe or to the main piping system. The first basic assumption
in the design procedure is to assume that the same volume of air enters each tool and
flexible hose assembly regardless of the location in the industrial vacuum system.

Under normal applications, the variations caused by the location of an inlet port
are minor and as such this assumption has been proved to be acceptable.
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Table 14.1 Maximum and minimum volume per hose/tool combination and corresponding
pressure drop for an industrial vacuum system

Minimum volume
and pressure drop

Maximum volume
and pressure drop

Application
Nominal size
of tools/hose

Volume,
PV .m3=min/

Pressure
drop (kPa)

Volume,
PV .m3=min/

Pressure drop
(kPa)

Bench use D D 25mm 1.13 8.43 2.27 27.5
L D 2:4m

Clean rooms D D 40mm 1.70 10.76 2.83 28.27
or areas with very L D 15:2m

low dust content
Usual industrial D D 40mm 2.27 18.4 2.83 28.27

L D 15:2m
High vacuum D D 40mm 2.55 12.73 4.25 32.87

industrial L D 7:6m
Heavy spills – D D 50mm 3.96 13.93 6.23 32.53

cleaning rail L D 15:2m
roadcars and ships

High vacuum D D 50mm 5.1 12.77 8.50 32.00
and heavy L D 7:6m
cleaning

The selection of a system is based on the assessment of the volume of air required
at two conditions:

(a) An assessment of the lowest possible volume of air entering each inlet port in
use. This value is dependent upon the envisaged applications, and is selected
according to Table 14.1. The quantity of air entering the exhauster at a lower
pressure loss is thus obtained.

(b) The second condition is obtained from the maximum volume of air at each inlet
port in use.

The two conditions thus obtained can be plotted as a load line on the performance
curves of a commercially available exhauster. The interaction between the load line
and the exhauster curve facilitates the selection of a suitable exhauster and motor.

14.3.3 Design Procedure

The evaluation of the air and vacuum required for a particular system can be simpli-
fied by following a set procedure:

(a) Determine the number of inlet ports and location of tubing, separator system
and exhauster.

(b) Prepare a sketch in sufficient detail to show inlet port locations, length of run for
each branch and main with fitting type and location, and location of separator
and exhauster unit.
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(c) Starting at the most remote inlet port, proceed systematically toward the ex-
hauster, tabulating for the most remote branch and each section of the main:

(i) The number of inlet valves in use served by the branch and main.
(ii) The number of 90ı bends and 45ı turns.

(iii) The measured length of pipe and corresponding pipe diameter.

(d) Starting at the most remote inlet port, size the branch and section of the mains
in accordance with the minimum volume found in Table 14.1 for the desired
system, and the minimum velocity in Table 14.2.

(e) Using Fig. 14.3, determine the pipe size for the branch and each section of main
and tabulate the pipe loss (Pa/m) of run.

(f) Using Table 2.8, determine the equivalent length of pipe and tabulate for each
90ı and 45ı bend in the air stream.

(g) Add actual measured length of run for the branch and each section of the main
to the equivalent length of pipe determined under (f) above and tabulate as total
length.

(h) Multiply the pipe loss from (e) above by the total length determined in (g)
above and tabulate.

(i) Using the maximum volume as shown in Table 14.1, repeat steps (d)–(h) and
tabulate. Ignore velocity.

(j) For the separator and interconnecting piping allow �p D 1:6 kPa pressure loss
for the lower volume and �p D 3:3 kPa pressure loss for the higher volume
and tabulate.

(k) Determine the total pressure loss for the lower and higher volumes taking all
components into consideration. This pressure loss is representative of condi-
tions at the exhauster inlet for both air flow conditions.

Table 14.2 Recommended conveying velocities for industrial vacuum systems

Horizontal runs of branches and mains
and vertical down flow risers Vertical upflow risers

Nominal pipe
diameter,
D(mm)

Minimum
velocity (m/s)

Recommended
maximum
velocity (m/s)

Minimum
velocity (m/s)

Recommended
maximum
velocity (m/s)

40 9 15 13 19
50 10 18 15 21
65 11 20 16 24
80 12 21 19 26

100 14 25 21 30
125 15 27 24 33
150 17 30 25 37

(a) For materials with bulk density in the range 400 kg=m3 � ¡b � 1;500 kg=m3 use lower
velocities

(b) For materials with bulk density in the range 2;000 kg=m3 � ¡b � 3;000 kg=m3 use higher
velocities
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Fig. 14.3 Friction loss characteristics for clean air in steel pipes

(l) The volume of air entering the exhauster inlet is under a negative pressure. As
such, the air will expand and a greater volume of free air will enter the various
nose nozzles. This is computed as follows:

PVc D
ˇ̌
ˇ̌ 101:325
po ��pT

ˇ̌
ˇ̌ PVa (14.1)

where

PVc D the volumetric air flow at exhauster inlet conditions to facilitate
exhauster selection using standard performance curves.

PVa D the actual total free air entering the inlet ports in use under atmospheric
conditions.

po D prevailing atmospheric pressure (kPa).
�pT D suction inlet pressure to exhauster determined from above technique.
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(m) If it is required to direct the discharge from the exhauster through a piping
system which could create an additional pressure loss, then this loss must be
calculated and added to the exhauster inlet pressure drop.

(n) Once the total pressure against which the exhauster must operate is known,
then a correction for altitude must be applied. For sea level conditions, the total
pressure drop is used with the standard performance curves. If the installation
is at an altitude, then the following correction must be made:

pf D
�
101:325

po

�
�pT (14.2)

where

pf D equivalent vacuum (kPa) which must be used with standard perfor-
mance curves for an exhauster

po D atmospheric pressure (site conditions)
�pT D total pressure drop against which the exhauster must operate on site.

Once the volumes entering the inlet to the exhauster and the pressures against which
the exhauster must operate are known, two points – one representing the lower vol-
ume and lower pressure drop and another representing the higher volume and greater
pressure drop – are plotted on a set of exhauster performance curves (Fig. 14.4).
These points are then connected with a straight line called the load line which
must interact with one or more standard exhauster performance curves. The ap-
propriate exhauster is selected at the intersection between the load line and the
performance curve. Select exhausters whose performance curve intersects the load
line near the greater volume for heavy materials, and near the point of the lower
volume for light dust and dirt.

Fig. 14.4 Exhauster performance curves
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Fig. 14.5 Layout of central vacuum system

Example 14.1. An industrial vacuum system is required for a medium industrial
application in which for operators must be able to operate at any one time. Each
operator must be equipped with a flexible hose and tools. The site condition is
2,000 meters above sea level. The piping layout is as shown in Fig. 14.5. The sys-
tem is to be designed taking into account the sizing of an appropriate exhauster and
specifying the diameter of the branch and main pipes.

Solution 14.2. Referring to Table 14.1, for a normal industrial application the fol-
lowing is recommended:

(a) Flexible hose, D D 40mm, L D 15:2m
(b) Minimum volume, PV D 2:27m3=min
(c) Minimum pressure loss, �p D 18:4 kPa
(d) Maximum volume, PV D 2:83m3=min
(e) Maximum pressure loss, �p D 28:27 kPa

The most remote point in the system is point A and this point will be used as the
datum for all calculations:

1. Starting with the D D 40mm hose at point A, it is known that the minimum
volume which must pass through this hose is PV D 2:27m3=min (Table 14.1).

2. From Fig. 14.3 and consulting Table 14.2 at a volume PV D 2:27m3=min it can
be seen that a pipe diameter D D 50mm will provide a safe velocity for a
vertical upflow riser.

3. Since the branch B–C is relatively long and since it is a horizontal pipe, consult-
ing Table 14.2 and Fig. 14.3, it can be seen that it is acceptable to select the pipe
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diameter for this section D D 65mm. A larger diameter is preferable in terms
of minimizing the pressure loss, as long as the recommended safe velocities as
per Table 14.2 are adhered to.

4. At point C, a second active inlet is introduced thus doubling the amount of air
entering the branch. As such, the volume of air is PV D 4:5m3=min.

5. Consulting Fig. 14.3 and Table 14.2 it can be seen that the selection of a pipe
diameter D D 80mm will meet all constraints.

6. The branch line C–D with two active inlet ports intersects a second branch line
with one active inlet at point D. It should be noted that by virtue of the argument
put forward in (3) above, since the second branch line is short, it is acceptable
to retain its diameter D D 50mm.

7. At point D, by virtue of three active inlet ports, the minimum air flow rate
increases to PV D 6:8m3=min. Once again, using the methods above, it will
be seen that a pipe diameter from point D onwards of D D 100mm will suffice.

8. At point F a fourth active inlet is introduced increasing the minimum air flow
rate PV D 9:1m3=min and once again a pipe diameter D D 100mm meets all
the requirements.

9. On the basis of the above analysis, Table 14.3 is drawn up using the schematic
layout of the system and Table 2.8 is used for equivalent lengths for the 90ı and
45ı bends.

10. Once the system has been sized in terms of the most suitable pipe diameters, it is
necessary to consider the pressure losses generated by virtue of the air flowing
through the system. A table is drawn up itemizing each component of the total
pressure loss.

11. The pressure losses in Table 14.4 must be adjusted to include the losses in the
separator and the additional loss created by the 38 meters of piping with D D
125mm attached to the discharge of the exhauster. Allowing 1.6 kPa for the
separator, and referring to Table 14.4, for the minimum volume condition

�p D 21:5C 1:6C 0:49 D 23:6 kPa

Table 14.3 Summary of the equivalent pipe lengths for a central vacuum system

Section

No. of
active inlet
ports

Pipe
diameter
(mm)

Bends Equivalent lossa

elbows (m)

Length
of pipe
(m)

Total equivalent
length of pipe
(m)90ı 45ı

40 mm hose 1
A–B 1 50 2 1 2.68 5 7.68
B–C 1 65 1 1.37 21 22.4
C–D 2 80 1 1.83 24 25.83
D–E 3 100 3 3
E–F 3 100 18 18
F–G 4 100 1 2 4.88 9 13.88
aFrom Table 2.8 and taking the loss in a 45ı elbow to be half that in a 90ı elbow, e.g. for section
A–B for a 50 mm pipe:
�L D 2.1:07/ C 0:5.1:07/ D 2:68m.
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(where �p D 13 Pa=m for the discharge pipe). From the maximum volume
condition

�p D 32:8C 1:6C 0:71 D 35:1 kPa

(where�p D 18:8 Pa=m for the discharge pipe).
12. To obtain the equivalent volumetric air flow rate entering the exhauster at stan-

dard conditions, it is necessary to obtain the local atmospheric pressure p0.
From Table 2.5, at an altitude of 200 m, p0 D 789mbar D 79:95 kPa.
For minimum volume conditions:

PVa D 9:1m3=min

�p D 23:6 kPa

PVc D 101:325

79:95� 23:6
� 9:1 D 16:36m3=min

For maximum volume conditions:

PVa D 11:3m3=min

�p D 35:1 kPa

PVc D 101:325

79:95� 35:1 � 11:3 D 25:53m3=min

13. In order to correct the inlet vacuum for altitude: for minimum volume

pf D 101:325

79:95
� 23:6 D 29:9 kPa

For maximum volume

pf D 101:325

79:95
� 35:1 D 44:5 kPa

14. The air flow rate and vacuum obtained for the minimum and maximum condi-
tions provide the load line for the selection of an appropriate exhauster.

14.4 Dilute Phase Pneumatic Conveying System Design
(Method 1)

14.4.1 Introduction

The following example will illustrate a design procedure to be adopted when calcu-
lating the parameters to specify a total dilute phase system. The procedure is based
on the technique described in Chapter 6.
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It must be emphasized that the techniques proposed in this text rely on the accu-
rate determination of the conditions prevailing at the pressure minimum. As such,
this example is based on the assumption that some basic tests have been conducted
to obtain the necessary information.

14.4.2 The Problem

You are required to design a dilute phase system to transport 3.9 t/h of polysty-
rol over a distance of 120 m which includes a 20 m vertical lift and two bends
(Fig. 14.6).

Polystyrol has the following characteristics:

d D 2:5mm .oval-cylindrical shape/
¡p D 1050 kg=m3

¡b D 520 kg=m3

You are required to convey the material in a carbon steel pipe using a rotary valve.
The system must operate as a positive pressure system and the design must also
include the sizing of a cyclone separator. The system is to be installed at sea level
conditions with an ambient temperature t D 20ıC.

14.4.3 Experimental Observations

From a series of tests conducted on the product the following information was
obtained from the pressure minimum curve:

Maximum load ratio, � D 5:5

Froude number, Frmin D 20

Additional pressure drop coefficient, œZ D 5 � 10�2.

Fig. 14.6 Layout of conveying system
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14.4.4 Estimation of Pipe Diameter

The pipe diameter can be estimated using conditions prevailing at the pressure min-
imum. Using � and Fr we obtain the following equation:

D D
�

4 Pms

  g1=2�Fr¡o

�0:4

D
�
113 � 10�6 Pms

�Fr¡o

�0:4
(14.3)

where

Fr D Frmin

Pms D solids mass flow rate (t/h)
¡0 D is the density of the air at ambient conditions, i.e. at the intake to a vacuum

system and the discharge from a pressure system (Fig. 6.22)

Using Eq. 14.3 to determine the pipe diameter:

D D
�
113 � 10�6 3900

5:5 � 20 � 1:2
�0:4

D 0:1022m D 102:3mm

There is a standard range of pipes available and in this case a 100 mm pipe is selected
as being the closest sized pipe, i.e. D D 100mm. The pipe diameter selected is based
on the first estimation and does not take into account the pressure loss. An iterative
approach will assist with the final selection of the pipe diameter.

14.4.5 Estimation of the Pressure Drop
�p D �pL C�pA C�pZ C�pG C�pB C�pC

where

�pL D pressure loss due to air (Eq. 2.44)
�pA D acceleration pressure loss (Eq. 6.71)
�pZ D additional pressure loss due to solids (Eq. 6.38) for both horizontal and

vertical sections. This assumes that �Z is identical for both horizontal and
vertical lines

�pG D lift pressure loss due to gravity (Eq. 6.72) and is considered for the vertical
line only

�pb D bend pressure loss (Eq. 4.83)
�pC D pressure loss in the cyclone (Chapter 10)

As a first approximation, the pressure loss in the system is estimated assuming a
cyclone pressure loss �pC D 10 mbar:
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(a) Air alone pressure loss, �pL

�pL D œL
¡o

2
v2
�L

D

where

œL D 0:316=Re0:25 .Eq: 2:44/

Re D vD=v .Eq: 2:40/

where

Kinematic viscosity � D ˜=¡ D 15:1 � 10�6 m2=s .Table 2:6/

The air mass flow rate

Pmf D Pms=� D 3900=5:5 D 709:1 kg=h

The air velocity

v D Pmf

A¡.3600/
D .709:1/.4/

 D2.1:2/.3600/

For D D 100mm, v D 20:9m=s

Re D 0:138 � 106
œL D 0:0164

L D 100C 20 D 120m .total length/

�pL D .0:0164/

�
1:2

2

�
.20:9/2

120

0:1

�pL D 5157:9 Pa

(b) Acceleration pressure loss, �pA

�pA D �v1¡1c .Eq: 6:71/

Note in this case, since v1 and ¡1 are not available, the system will be designed
using conditions prevailing at the end of the pipe line, i.e. assuming incompress-
ible flow in which v1 D v0 and ¡1 D ¡.

Using Fig. 6.26a for a particle size d D 2:5mm:

c=v D 0:5

using v D 20:9m=s; c D 10:45m=s:

�pa D .5:5/.1:2/.20:9/.10:45/D 1441:5 Pa
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(c) Additional pressure loss due to presence of solids
It should be noted that this example has been calculated assuming that œZv D
œZh, i.e. the additional pressure drop coefficient due to the solids is assumed to
be the same in both the vertical (v) and horizontal (h) pipe. To be on the safe
side œZh is taken since in practice œZh > œZv.

From Eq. 6.38:

�pZ D �œZ
¡o

2
v2
�L

D
D .5:5/.5 � 10�3/.20:9/2

120

0:1
D 8648:8 Pa

where
œZ D 5 � 10�3 is obtained from experimental observation.

(d) The lift pressure loss, �pG

From Eq. 6.72
�pG D ¡�g�Z

Now,

¡� D �¡0

c=v
D .5:5/.1:2/=.0:5/

D 13:2 .the conveying bulk density/

�pG D .13:2/.9:806/.20/

D 2588:9 Pa

(e) Bend pressure loss
From Eq. 4.83

�pb

�pz
D 210

�
2Rb

D

��1:15

Assume a bend radius Rb D 7D D 700mm. Now �pZ D 8;648:8 Pa for
120 meters (from (c) above)

�pZ D 72:1 Pa=m

The equivalent length of bend
for a 90ı bend

�Leq D 2 Rb=4 D 2 .0:7/=4 D 1:1m

�pz bend D .72:1/.1:1/ D 79:3 Pa

�pb D .79:3/.210/

�
2 � 0:7
0:1

��1:15
D 800:7 Pa
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Since there are two bends in the system:

�pb D 1;601:4 Pa

(f) Total pressure loss (first iteration)

�p D 5;157:9C 1;441:5C 8;648:8C 2;588:9C 1;601:4C 1;000

where
10mbar ' 1;000 Pa. Therefore�p D 20;438:5 Pa D 20:44 kPa.

(g) Estimation of Froude number
In order to verify whether the initial estimation at the pipe diameter conforms
with the minimum Froude number criterion:

Fr1 > Frmin

At the feed point:

p1 D p0 C�p D 100C 20:44 D 120:44 kPa

(Note: p0 has been assumed to be p0 D 100 kPa and not p0 D 101:325 kPa.)

¡1 D p1=RT

Assuming isothermal conditions t1 D 20ıC

¡1 D 120:44.100/=.287� 293:15/ D 1:43 kg=m3

Initial velocity v1:

v1 D Pmf

¡1A.3600/
D .709:1/.4/

 .0:1/2.1:43/.3600/
D 17:54m=s

Froude number Fr1:

Fr1 D v=.Dg/1=2 D 17:51=.0:1 � 9:806/1=2 D 17:51..0:1/.98:06//1=2 D 17:68

Since Fr1 < Frmin, the system cannot operate using this pipe diameter.
(h) Second iteration

The designer has two alternatives available to satisfy the Froude number rela-
tionship whilst retaining a solids mass flow rate D Pms D 3:9 t=h:

(a) Selection of a smaller pipe diameter, or
(b) Reducing the mass load ratio �.
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Both options will ensure an initial Froude number .Fr1/ such that Fr1 > Frmin. The
first iteration produced a Froude number about 12% below the minimum Froude
number. Allowing an additional 18% for uncertainty, the air mass flow rate will
be increased by 30%. The increase of 30% produces

Pmf D 922 kg=h

This leads to the following data:

vo D 27:27m=s

Fro D 27:44

� D 4:23

From experimental data:

œZ D 4 � 10�3

Using the above data the following was calculated:

œL D 0:0153

�pL D 8132:1 Pa

�pA D 1872:9 Pa

�pZ D 8993:2 Pa

�pGv D 1991:0 Pa

�pb D 1664:8 .2 bends/

�p D 23654:0 Pa

Using this information and the same procedures as above:

¡1 D 1:58 kg=m3

v1 D 20:64m=s

Fr1 D 20:84

Thus Fr1 > Frmin and hence the systems will operate.
It should be noted that the simplifying assumptions used in this example are ac-

ceptable for those situations in which there is a predominance of horizontal pipes. In
the case where the proportion of vertical piping is greater, it is essential to calculate
œZ� as per Eq. 6.54. The reader is advised to consider Figs. 6.7 and 6.26 in which the
state diagram and the velocity ratio for horizontal and vertical flow (for Styropor)
respectively are shown.
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14.4.6 Rotary Valve Leakage

The total air requirements for a system must take into consideration the leakage
through the rotary valve. In terms of Section 7.4.3 the following information is
relevant:

Assume conveying pressure 1:25 � 105 Pa.

Solids volume flow rate

PVp D Pms=¡b D 3900=520 D 7:5m3=h

From selection charts:

Valve diameter, Dv D 250mm
Valve length, Lv D 300mm
Valve speed, Vs D 15 rev=min.

Side and tip clearance, 0.13 mm.

Now

p’=p¨ D 1:25

k D 0:88 .by interpolation. See Example7:1/

Hence

k D 0:88 � 0:2 D 0:68

Rotor leakage area

A D 1.0:3/.0:13 � 10�3/C 2.0:25/.0:13� 10�3/

D 0:000078C 0:000655 D 0:143 � 10�3m2

Clearance leakage (Eq. 7.7)

PV�
c D .0:6/.0:68/.0:143� 10�3/Œ2.0:25 � 105/=1:45�1=2 � 60

D 0:66m3=min

where
¡’ D 1:45 kg=m3

Carry over leakage

PV�
p D  

4
.0:25/2.0:3/.15/ D 0:22m3=min
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The total air leakage

PV�
T D PVc

� C PVp
�

D 0:66C 0:22 D 0:88m3=min

at 1.25 bar
which is 1:1m3 free air

PV�
c D 66m3=h free air

Pmfleakage D .0:88/.1:45/.60/D 76:56 kg=h D 77 kg=h

Total air requirements

PmfT D Pmf C Pmfleakage D 922C 77 D 999 kg=h

14.4.7 Selection of Cyclone

Since the product consists essentially of large particles with no dust, gas–solid sep-
aration can be effected by means of a cyclone:

(a) Using Fig. 10.12 and selecting a geometrical size Z�=Di D 10, selecting cy-
clone type II a pressure loss �pc ' 10mbar.

(b) Using an air volumetric flow rate

PV D Pmf

¡o
D 922

1:2
D 768:3m3=min

(c) Using Fig. 10.10a for PV D 768:3m3=min and selecting size 4, the boundary
particle size d� D 6�m.

(d) From Fig. 10.14 for a pressure loss �pc D 10mbar, an entrance velocity v’ D
12:5m=s (Type II, size 4).

It should be noted that the cyclone selected using the procedures described in
Chapter 10 will provide a high efficiency. For the product with d D 2:5mm it can
be seen that the cyclone is overestimated.

14.5 Dilute Phase Pneumatic Conveying System Design
(Method 2)

14.5.1 Introduction

The design procedures described in Section 14.4 rely on the determination of ex-
perimental data prior to calculating the system pressure loss. Weber [2] describes a
method for dilute phase system design which makes use of a number of selection
charts to obtain certain fundamental conveying properties.
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The Weber [2] technique has been evaluated by the authors using experimen-
tal data obtained from dilute phase conveying of polyethylene pellets. Whilst the
method appears to provide good correlation for granular products, some discrepan-
cies have been observed for fine powders.

The technique, which relies on empirical data, must be used with circumspection.
The technique is useful inasmuch as it provides the designer with ballpark figures
which as a first approximation can be very useful.

14.5.2 The Problem

It is required to calculate the pressure drop for a dilute phase conveying sys-
tem transporting wheat in a positive pressure mode. The following information is
available:

Material Wheat

Desired solids mass flow rate Pms D 324 kg/h
D 0:09 kg=s

Particle density ¡p D 1;400 kg=m3

Particle size d D 2mm
Pipe diameter D D 40mm
Horizontal length L D 16m
Vertical lift Z D 6m
Solids loading � D 4:85

Pipe friction for air œL D 0:02

Pipe coefficients for solids œ�

Z D 0:002

Air density ¡ D 1:23 kg=m3

Bend constant B D 0:5

Number of bends 2

14.5.3 The Solution

(a) Transport velocity
From Eq. 6.13

� D Pms=.¡vA/

Thus,

v D Pms=.¡�A/ D .0:09/.4/=Œ .0:04/2.4:85/.1:23/� D 12m=s

(b) Settling velocity
In this technique, the settling velocity is obtained from charts in which the set-
tling velocity wfo is plotted as a function of the particle diameter d, with the
particle density ¡p as parameter.
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Fig. 14.7 Settling velocity in calm air for round particles

Figure 14.7a and b represents the settling velocity in calm air for round par-
ticles varying in size 1�m � d � 100�m and 100�m � d � 10;000�m
respectively. Clearly the settling velocity is also dependent upon particle shape
and of course for pneumatic conveying systems it is also necessary to take
particle–particle interaction into account.

The effect of particle shape is accounted for by using the sphericity fac-
tor § as per Eq. 3.13. Graphically, the influence of the sphericity factor
on settling velocity is illustrated in Fig. 14.8. It should be noted that for a
sphere § D 1.

From Fig. 14.7b, at a grain size d D 2mm and a particle density ¡p D
1;400 kg=m3: wfo D 8m=s



14.5 Dilute Phase Pneumatic Conveying System Design (Method 2) 539

101

102

50
00

60
00

80
00

70
00

40
00 30

00 25
00 20

00

100 100

1026 7
7

10 3

10 2

10 1

6

15
00

10
00

5
4

3

2

10−1
102 103 1042 3 4 5 6 7

d (μm) 

Wf0 (m/s)
b

air at atmospheric
pressure
t = 20°C

Re
∞ =10 4

=5
00

kg
/m

3

solid
density

Fig. 14.7 (continued) Continuation of settling velocity in calm air for round particles

Fig. 14.8 Effect of particle
shape on settling velocity
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To account for the influence of the pipe diameter, the free fall settling velocity
obtained in Fig. 14.7 must be corrected. In the case of a particle falling through a
pipe, the displacement of the gas due to the particle volume creates an additional
retarding effect.
The free fall velocity of the particle is reduced taking both the particle and pipe
diameter into account:

wf=wfo D 1 � .d=D/2 (14.4)

where
wf is the actual settling velocity of the particle.

wf D 8Œ1 � .3=40/2� Š 8m=s

(c) Friction coefficient, œZ

The additional pressure drop factor due to impact and friction œZ
� is obtained

from the relationship:

v=c D 1C wf oŒœ
�
z =2gD�1=2 (14.5)

where œ�
z is obtained from experimental observations. Typical values for œ�

z are
shown in Table 14.5 (The technique described above should be compared with
the method of obtaining œ�

Z in Section 6.7.6.)
From Table 14.5, œ�

z D 0:0024. Using Eq. 14.5

c

v
D
n
1C 8Œ0:0024=.2/.9:81/.0:040/�1=2

o�1 D 0:7

Now since

v D 12m=s

c D 8:4m=s

To obtain the additional pressure drop factor in a pipe, due to the solids flowing
in an air stream, œz, use is made of Fig. 14.9.

Table 14.5 Summary of œ�

z for materials flowing in pipes made of different materials

œ�

Z for pipes made of

Steel Steel

Material
(heat
treated)

(not
treated) Aluminium Copper

Glass balls (d D 4mm) 0.0025 0.0032 0.0051 0.0053
Wheat 0.0032 0.0024 0.0032 0.0030
Coal (3–5 mm) 0.0023 0.0019 0.0007 0.0012
Coke (cylinders 5 mm long, d D 4:5mm) 0.0014 0.0034 0.0040 0.0019
Quartz (3–5 mm) 0.0060 0.0072 0.0185 0.031
Silica carbide (3 mm) – �0.0360 –
Crushed glass balls (d D 2:5mm) – 0.0123 – –
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Fig. 14.9 Friction coefficient
�z for vertical and horizontal
pneumatic conveyance

10

3

3

0,1

0,01

0,001
0

3

3

1 3 3
Transport: Vertical Fr2.c/v

Fr2.c/bvHorizontal

3310 102 103 104

100

λz

λz • c /v

10–1

10–2

10–3

*

0,005

0,05

Figure 14.9 represents the variation of the effective friction coefficient œz due
to the presence of the solids, with the Froude number Fr with œ�

z as a parameter.
Both the horizontal and vertical conditions are catered for in Fig. 14.9.
Now the Froude number

Fr D v=.gD/1=2

Fr2 D v2=.gD/

D 144=.9:81/.0:004/ D 367

.c=“v/=Fr2 D .8:4=8/.367/D 385

From Fig. 14.9

œZ D 0:007
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(d) Pressure loss

(1) Acceleration pressure loss (see Eq. 6.70)

�pA D �pA gas C�pA solids

D ¡v2=2C �v¡c

D .1:23/.122/=2C .4:85/.12/.1:23/.8:4/

D 88C 601 D 689 Pa (14.6)

(2) Lift pressure loss In this case, the pressure loss due to elevation of solids

�pG D .1C �/¡gZ

D .1C 4:85/.1:23/.9:81/.6/ (14.7)

where Z D 6metres:Hence �pG D 423 Pa

(3) Frictional pressure loss The Weber [2] technique separates the contributions
due to gas and solid components

�p D �pL C�pZ

D ¡v2L.œL C �œz/=2D

D .1:23/.144/.16C 6/Œ0:02C 485.0:007/�=.2 � 0:04/
D 2627 Pa

(4) Pressure loss due to bends

�pb D B.1C �/¡v2=2 D .0:5/.1C 4:85/.1:23/.122/=2 D 259 Pa

(5) Total pressure loss

�pT D 689C 601C 423C 259 D 4599 Pa

14.6 Dilute Phase Pneumatic Conveying System Design
(Method 3)

14.6.1 Introduction

An alternative method of calculating the pressure drop in a dilute phase system
has been derived from several sources [3]. The technique initially developed by
Hinkle [4] is useful inasmuch as the various equations can be resolved to being
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pipe diameter dependent. As such, it is possible to resolve all equations to a form
in which the pipe diameter can be used as a final factor in the system design. This
approach is particularly useful for sizing a system according to the prime mover
which will be selected.

14.6.2 The Problem

It is required to convey polythene granules at a rate of 10 t=h over a route shown
in Fig. 14.10. A roots type blower will be used preferably without an air cooler.
To prevent streamers (angel hair formation), the maximum air velocity at discharge
in 28m=s and the maximum air temperature is 75ıC. Assume that the particles
are cylinders with diameter 2 mm and length 2 mm. The particle specific gravity is
0.92. The maximum air temperature is 30ıC and the air density is 0:96 kg=m3 at
75ıC and atmospheric pressure. Assume a rough pipe (able to prevent streamers)
with a roughness k D 0:25mm. Find the smallest pipe diameter which will give an
acceptable pressure drop. No additional air cooler is to be installed.

1

2

4

5

6

3

solids
feed

Length

Total

1–2=35m
2–3=25m
3–4=40m
4–5=10m
5–6=15m

125m

All bends
have radius = 70

Fig. 14.10 Layout of conveying system
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14.6.3 The Solution

(a) Maximum blower delivery pressure for 75ıC
From Eq. 2.23, for adiabatic compression

T2 D T1

�
p2
p1

�.n�1/=n

where

n D 1:4

T1 D 273C 30 D 303K

T2 D 273C 75 D 348K

348=303 D .p2=p1/
0:285

p2=p1 D .1:15/3:5 D 1:62

Since atmospheric pressure p0 D 101:3 kPa

Blower delivery pressure D 0:62.101:3/

D 62:8 kPa

(b) Data derived from particle properties

(1) Equivalent diameter The equivalent diameter for a cylindrical particle is
found by determining the diameter of a sphere having the same volume as
the cylindrical particle:

 d3s =6 D . d2c=4/h (14.8)

where

ds D diameter of sphere

dc D diameter of cylinder

h D height of cylinder

Hence

 d3s =6 D  .22=4/.2/ D ds D 2:29mm

(2) Shape factor From Section 3.3.2:

§ D surface area of sphere of diameter ds

surface area of cylinder of diameter dc and height h

D  .2:29/2

2 .22=4/C  .2/.2/
D 0:87
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(3) Drag coefficient For a cylindrical particle the drag coefficient (Pettyjohn
and Christiansen [5])

CD D 0:7.5:31� 4:88§/ D 0:7Œ5:31� 4:88.0:87/� D 0:69

(c) Particle velocity
The Hinkle technique uses the following expression for particle velocity:

c D v.1 � 0:008d0:3¡0:5p / (14.9)

c=v D 1 � 0:008.2:29/0:3.920/0:5 D 0:69

Note

d D mm

¡p D kg=m3

(d) Solids friction factor
The solids friction factor �Z

� (Hinkle) is defined as:

œ�
Z D 3¡CDD

2¡pd

�v � c

c

�2 D 3.0:96/.0:73/Dp.0:45/2

2.920/.2:2/.10�3/
D 0:10 p D

where p is the pressure in the atmosphere at the midpoint of the section under
consideration. Note that ¡ is proportional to the average pressure in each section
of the pipe network; as such p D p (0.96) in this example.

(e) Pressure drop relationship
To account for compressibility and to allow for the fact that the air density
decreases whilst the velocity increases on passing through the pipe, the pressure
drop is calculated separately for each pipe section. The various pressure drop
equations are all expressed in terms of the pipe diameter so as to simplify the
procedures to investigate the influence of pipe diameter.

Now the solids loading ratio can be expressed in terms of Eq. 6.13 as:

� D Pms

¡vA
D 2:78.4/

0:96.28/ D2
D 0:13=D2

(1) Total pressure drop for a section The pressure loss for each section is
defined as:

�p D œL¡v2L

2D

�
1C œ�

Zc

œLv
�

�
D œLp.0:96/.28/2L

2Dp 2

�
1C 0:1p

œL
.0:69/

0:13

D2

�

D 376
L

D

�
œL

p
C 0:01

D

�
(14.10)
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Note: neglecting gravity effects

œL D œ�
Zc=v

(2) Acceleration pressure loss The acceleration pressure loss is defined as:

�pA D Pmsc

A
D Pms.0:69/v

 D2=4
D 68:3=D2 (14.11)

(3) Lift pressure loss

�pG D PmsZg

Ac
D .2:78/.40/.9:81/

. D2=4/.0:69/v
D 71:8p=D2 (14.12)

(4) Bend loss
�pb D B.1C �/¡v2=2 (14.13)

(EEUA Handbook No. 15)
In this example B D 0:5

�pb D 0:25.1C �/¡v2 D 0:25

�
1

�
C 1

� Pms

A
v

Since� D 0:13=D2 and v D 28m=s

�pb D 0:25

�
D2 C 0:13

0:13

� Pms

 D2=4

�
2:8

p

�
D 190:4

p

�
D2 C 0:13

D2

�

For the average pressure p of each section, as a first approximation, assume that
the pressure drop varies linearly with the actual pipe length. Then, for an overall
system pressure drop of 0.62 atmospheres, referring to Fig. 14.10:

average pressure section 5 � 6 D 1C 7:5

125
.0:62/ D 1:037 bar

average pressure section 4 � 5 D 1C 20

125
.0:62/ D 1:099 bar

Thus for any section:

average pressurep D 1C x

125
.0:62/

where x is the distance in meters from discharge point 6.

average pressure in section 3 � 4 D 1:223 bar

average pressure in section 2 � 3 D 1:384 bar

average pressure in section 1 � 2 D 1:533 bar
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(f) Effect of changing pipe diameter
Starting with a 150 mm diameter pipe, the components of the pressure drop
can be tabulated (Tables 14.6, 14.7) and the total checked to see if it exceeds
60 kPa. Additional losses must be allowed for in filter, silencers and separation
equipment, etc., as well as a fluctuating mass solid flow.

Note the following points:

(1) Acceleration pressure drop is only accounted for once in the calculation.
(2) The D D 120mm pipe allows a generous margin .60� 42/ D 17:1 kPa.
(3) A 110 mm pipe also provides an acceptable pressure loss, but could result

in streamers.
(4) Apart from the acceleration pressure loss, all other losses take into consid-

eration the average pressure p (0.96) where 0.96 is the prevailing air density
term. Also all terms containing the air velocity v are replaced by v/ p.

Table 14.6 D D 150mm, œL D 0:014, � D 4:82, Re D 264;500

Section L(m) �Lx .m/ p.bar/
�p
(kPa)

�pA

(kPa)
�pG

(kPa)
�pb
(kPa)

†�p
(kPa)

1–2 35 107:5 1.533 3.6 2.0 5:6

Bend 90:0 1.446 1.05 1:05

2–3 25 77:5 1.384 3.0 3:0

Bend 65:0 1.322 1.15 1:15

3–4 40 45:0 1.223 6.3 3.58 9:80

Bend 25:0 1.124 1.35 1:35

4–5 10 20:0 1.099 1.7 1:7

Bend 15:0 1.074 1.42 1:42

5–6 15 7:5 1.037 2.9 2:9

Total 28:06

Table 14.7 D D 120mm, œL D 0:015, � D 7:53, Re D 211;600

Section L(m) �Lx (m) p.bar/
�p
(kPa)

�pA
(kPa)

�pG
(kPa)

�pb
(kPa)

†�p
(kPa)

1–2 35 107.5 1.546 5:4 3.1 8:5

Bend 90.0 1.459 1.65 1:65

2–3 25 77.5 1.397 4:5 4:5

Bend 65.0 1.335 1.80 1:8

3–4 40 45.0 1.236 9:5 5.6 15:1

Bend 25.0 1.137 2.11 2:11

4–5 10 20.0 1.112 2:6 2:6

Bend 15.0 1.087 2.21 2:21

5–6 15 7.5 1.05 4:4 4:4

Total 42:87
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14.7 Dense Phase Pneumatic Conveying System Design

14.7.1 Introduction

It has been pointed out that there is limited information on dense phase system
design procedures. The work reported by Weber [2] provides a method, which
appears to yield reasonable results when compared to actual operating systems. The
technique needs to be refined in terms of obtaining additional data to facilitate a
more accurate assessment of various correction factors.

14.7.2 The Problem

Determine the pressure loss in a dense phase pneumatic conveying system, required
to transport a powder over a distance of 150 m based on the following information:

Conveying rate, Pms D 1:2 t=h
Horizontal length, L D 150m
Available air flow rate at 100 kPa and 20ıC, PV D 19m3=h
Maximum pipe size, D D 36mm
Particle size, d D 75�m
Particle bulk density, ¡b D 500 kg=m3

Particle density, ¡p D 1;190 kg=m3

Air density, ¡ D 1:2 kg=m3

14.7.3 The Solution

(a) Free fall velocity
From Fig. 14.7a, for a particle size d D 75�m and a particle density ¡p D
1;190 kg=m3:

wf0 D 0:15m=s

Now

Fr�
fo D wfo=.gD/1=2 D .0:15/=.98:06 � 0:036/1=2 D 0:262

(b) Solids loading

� D Pms=¡ PV D .1:2/.1000/=.1:2/.19/ D 52:63
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(c) Conveying air velocity

v D PV=A

D .4/.19/=. .0:036/2.3600// D 5:2 m=s

(d) Froude number

Fr D v=.Dg/1=2 D 5:2=.9:806 � 0:036/1=2 D 8:8

(e) Density ratio, �
By definition, the density ratio is given as:

� D 0:5.¡1 C ¡2/=¡b

where 0.5.¡1 C ¡2/ is the mean air density and ¡b is the bulk density. Since the
air density ¡ D 1:2 kg=m3, relating the air density to the pressures .¡ D ¡2/

� D .0:5/.1:2/.1C p1=p2/=500 D 1:2 � 10�3.1C p1=p2/

Hence

�� D 0:064.1C p1=p2/

(f) The parameter �

� D 4œZ
� B.Fr/5�=. “Frf0�/

From experimental observations, it has been found that:

œ�
s ' 0:75I “ ' 0:6 and B D 10�3

From which

� ' 1:6 � 10�3.Fr/5�=Frf0�

Large values of — occur for the transport of fine powders with grain size from
10–100�m at normal pressure and at air velocities in the range 10 to 15 m/s.
Small values are encountered for the same products at the same pipe diameters
but operating at higher pressures (several atmospheres) and velocities in the
range 3 to 6 m/s.

Table 14.8 has been drawn up from data [2] representing a number of dense
phase conveying systems.

Now

— D 1:6 � 10�3.8:8/5.1:2 � 10�3/.1C p1=p2/=0:252 D 0:402.1C p1=p2/
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(g) Calculation of pressure loss
If p1 and p2 are the initial and final pressures then:

p1=p2 D exp.“�gLv=RTc/

p1=p2 D expŒ.0:6/.52:6/.9:806/.150/v=.287/.293/c�

D expŒ0:6=.c=v/�

Where

R D 0:287 kJ=kg K .universal gas constant/

T D 273C 20 D 293K

Now by trial and error, selecting values for p1=p2, where c/v is obtained from
values of �� from Fig. 14.11 we calculate quantities. It can be seen from
Table 14.9 that the closest approximation for p1=p2 is

p1=p2 D 2:7

Fig. 14.11 c=v as a
function ��

1.5

z = 10

m ⋅ Γ

1.0

0.5

0 0.2 0.4 0.6 0.8

0.01
0.1

c / v

1

Table 14.9 Dense phase
conveying calculation
parameters

p1=p2 �� — c/v exp[0.6/(c/v)]

2 0.189 0.011 0.485 3.2
2.2 0.202 0.012 0.497 3.1
2.3 0.218 0.013 0.506 3.0
2.4 0.215 0.013 0.514 3.0
2.6 0.227 0.014 0.52 2.9
2.7 0.234 0.014 0.56 2.7
2.8 0.24 0.014 0.6 2.5
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Table 14.10 Overall
pressure loss for dense phase
conveying comparing theory
and experiment

�p .MPa/ v (m/s) � .�/ c=v .�/
Theory 0.17 1.93 53 0.56
Experiment 0.17 1.85 53 0.88
(Compare Table 14.8; ex. 1 Cement)

Fig. 14.12 Pneumatic conveying costs for components as a function of pipe diameter (Hayes
and Reed with permission of editor)

Thus the pressure loss across the system is

�p D 0:17MPa D 170 kPa

Table 14.10 gives theoretical and experimental results for comparison.

14.8 Cost of Pneumatic Conveying

Pneumatic conveying is one of the most expensive modes of transport of solids while
being one of the most convenient. It is imperative to operate these systems as close
to the optimum condition for minimum energy consumption. Reed [6] has empha-
sized this point by indicating that reducing the conveying velocity is imperative for
reducing energy costs. Of course one must be careful not to reduce the velocity to
a point where operational difficulties arise. Often savings can amount to close to
one million kilowatts a year. Hayes and Reed [7] have further considered the cost of
pneumatic conveying indicating the cost of the components as a function of the pipe
diameter. Figure 14.12 shows these results. One notes how the pipe size dictates the
overall cost of the capital components.
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14.9 Design Considerations

There are certain basic design considerations to be taken into account in pneumatic
conveying systems that will permit the operation to be less troublesome. These are
generally not found in the normal literature but come from extensive experience in
the field. Solt [8] has contributed extensively to these design factors.

In designing a conveying system it is best to try to have the most direct route from
the feeder to the delivery point with as few bends as possible in the system. This
design concept defies our sense of natural geometry in following the contours of the
building or existing pipe racks. Inclined vertical piping can be used in pneumatic
conveying as long as the flow is dilute in character. For denser phase systems large
angles especially between 60ı and 80ı can be troublesome since refluxing can occur
in these sections. One finds that the pressure drop in these sections of pipe is larger
than those seen for a direct 90ı rise. Gradual slopes of less than 20ı usually do
not cause operational difficulties. On the topic of bends, the fewer the better is a
guiding principle but in addition the use of more than two bends in close sequence
is catastrophic to the smooth operation of the system. When piping is installed, it
is essential that the pipes are kept aligned. Misaligned pipes will develop erosion
patterns that can destroy the piping in a relatively short period of time. Any type
of wear-back bends including the common T-bend is advisable for durability of the
system.

Chambers et al. [9] have discussed scaling operations for pneumatic conveying
based on an empirical correlation developed by Weber [10]. The technique is appli-
cable for dilute and moving bed flows.

The loads that are experienced by pipelines under dense phase conveying opera-
tions can be sizeable. Hoppe [11] has commented on such loads particularly those
produced by particles impacting with a bend. If a piping system is not well tied down
such impacts can cause the pipeline to break at the connection as well as creating a
hazardous situation in the plant.

14.10 Gas–Solid Flow Examples

In this section a number of worked examples are provided in an attempt to illustrate
the use of equations presented in Chapters 3, 5 and 12. The examples relate to a
number of practical conveying situations, and should assist the reader to appreci-
ate more fully the practical implications of the various theories postulated in these
chapters.

Chapter 3
Example 14.2. Consider the vertical flow of particles having a diameter of 250�m
in a 0.05 m diameter pipe. The gas density is 1:2 kg=m3 and the particle density is
2;000 kg=m3. A solid loading of 10 is maintained at an air velocity of 20m=s.

Analyse this flow condition for the possibility of choking.
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Solution 14.3. The Doig and Roper equation states

log
v

.gD/0:5
D 0:03wf0 C 0:25 log �

where v is the gas choking velocity.

Using the dimensionless K parameter classification (Eq. 14.7)

K D d

�
g¡
¡p � ¡

˜2

�
D 250 � 10�6

�
9:8 � 1:2 � .2000/
.1:8 � 10�5/2

�
D 10:42

This indicates an intermediate range

wfo D 0:152.9:8/0:71.250 � 10�6/1:14.2000/0:71

.1:2/0:29.18:9 � 10�5/0:43
D 1:39m=s

Applying these results to the Doig and Roper equation

v D 1:3m=s

This indicates the present is well above choking.
Now apply the Yousfi and Gau, and Yang, criteria to see if choking will occur if

the gas velocity is low enough.

w2f0
gd

> 4:0 Yousfi and Gau

.1:30/2=Œ.9:8/.250� 10�6/� D 787:8

This indicates that choking will occur.

w2f0
gD

> 0:123 Yang

.1:39/2

.9:8/.0:05/
D 3:94

This also indicates that choking will occur [12].

Example 14.3. Find the relaxation time for the following particles:

Case d.�m/ ¡p.kg=m3/ £.s/

1 2,000 2,000 24.64
2 1,000 1,000 3.09
3 500 980 0.756
4 100 1,500 0.046
5 10 1,000 3.09 �10�4

ambient conditions, 20ıC and ˜ D 1:8 � 10�5 Pa s.
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Solution 14.4. The equation to calculate the relaxation time (Eq. 14.13) is

£ D d2¡p

18˜

for case 1

£ D .2000� 10�6/2.2000/
18.1:8 � 10�5/

D 24:7 s

Example 14.4. For the particles of the previous example determine the terminal
velocities.

Solution 14.5. Using the K factor format (Eq. 4.7)

K D d

�
g¡
¡p � ¡
˜2

�1=3

Case 1

K1 D 2000 � 10�6
�
9:8 � 1:2.2000� 1:2/

.1:8 � 10�5/2

�1:3

K1 D 82:53 Newton’s range
K2 D 32:75 intermediate range
K3 D 16:27 intermediate range
K4 D 3:75 intermediate range
K5 D 0:327 Stokes

Three different equations will be used:

wfo D 1:75

�
gd.¡p � ¡/

˜

�1=2
Newton’s range

wfo D 0:153
g0:71d1:14.¡p � ¡/0:71

¡0:29˜0:43
intermediate range

wfo D g.¡p � ¡/d2

18˜
Stokes

wf01 D 0:01m=s

wfo2 D 0:005m=s

wfo3 D 2:37m=s

wfo4 D 0:512m=s

wfo5 D 5:4 � 10�3m=s

Chapter 5

Example 14.5. A number of cases will be considered to assess if saltation can
be anticipated in a gas–solid flow system using the criteria of Owens. Consider a
0.0245 m pipe.
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Table 14.11 Parameters for
saltation velocity calculation

Material

Particle
density
.kg=m3/

Particle
diameter
.�m/

Mean
velocity
(m/s)

Gas
pressure
.kN=m2/

(a) Glass 2;240 150 20 101
(b) Lead 11;300 10 20 101
(c) Iron oxide 5;120 50 15 310
(d) Coal 1;200 100 14 690

The criteria state that if

X D ¡v2fL

2¡pgd
< 1

then saltation is of importance. Table 14.11 gives details of the cases.

p D 105 Pa; t D 20ıC

˜ D 1:8 � 10�5 Pas

(a) Using the Koo equation for fL

fL D 0:0014C 0:125Re�0:32

Re D .0:245/.20/.1:2/=10�5 D 5:8 � 104 .for glass and lead cases/

Therefore

fL D 0:0023

X D 1:2.20/2.0:0023/

2 � 2240 � 9:8 � 150 � 10�6 D 0:1675 Saltation is important

(b) X D 0:0023.20/2.1:2/

2.11300/.9:8/.10� 10�6/
D 0:498 Saltation may not be important

(c) fL D 0:00366

X D .3:68/.15/2.0:00366/

2.5120/.9:8/.50� 10�6/
D 0:6 Saltation is important

(d) fL D 0:00366

X D .8:2/.14/2.0:00366/

2.1200/.9:8/.100� 10�6/
D 2:5 Saltation may not be important
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Example 14.6. Use the method of Rizk and Matsumoto et al. to predict the gas
velocity at saltation for 1 mm diameter particles with

Pms D 1 kg=s

¡p D 1000 kg=m3

¡ D 1:2 kg=m3

D D 0:1m

Rizk’s equation states

� D 1

10•

�
vs

.gD/1=2

�¦

for 1 mm diameter particles • D 3:4; ¦ D 3:6

� D 1

103:4

�
vs

.9:8 � 0:1/1=2
�3:6

1

¡Avs
D 1

.1:2/.0:0078/vs
D 1

2512

� vs

0:9899

�3:6

vs D 15:01m=s

The Matsumoto et al. equation is (Eq. 5.42)

� D ’

�
¡p

¡

�a � wfo

10.gD/1=2

�b � vs

10.gD/1=2

�c

where

’ D 1:1

a D 0:55

b D �2:3
c D 3

For wf0 use the K factor:

K D d

�
gd.¡p � ¡/

˜2

�1=3
D 1100 � 10�6

�
9:8 � 1:2.1000/
.1:8 � 10�5/2

�1=3
D 36:4

Thus the Newton range is applicable

wfo D 1:75

�
gd.¡p � ¡/

˜

�1=2
D 1:75

�
9:8 � 1100 � 10�6.1000/

1:2

�1=2
D 5:24m=s
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Therefore the basic equation is

� D 1

v.1:2/.0:00785/
D 1:11

�
1000

1:2

�0:55 �
5:47

10.9:8/1=2

��2:3 � v

10.9:8/1=2

�3:0

Solving for v:

v D 4:92m=s

The difference in the two answers is not negligible thus one may want to be conser-
vative and employ 15.01 m/s to avoid saltation.

Chapter 12

Example 14.7. In attempting to place controls on a pneumatic transport system the
time constant and gain factor of the transport line are essential parameters. Both
these parameters depend on the solid friction factor. Using the solid friction factor
as a constant of 0.012 and the Konno and Saito frictional term determine these
parameters. The pipe diameter is 5 cm with the length of 100 m. The solids flow
is 3,000 kg/h. The particle velocity for a system can be estimated from empirical
expressions. The time constant is (Eq. 12.26)

£ D D

œ�
Zc

and the gain factor is (Eq. 12.27)

K D 4

 œ�
Z¡cLD.1 � ©/

Assume c D 5m=s and ¡p D 1,500 kg=m3

1 � © D Pms

A¡pc
D 3000=3600

. =4/.0:05/2.1500/.5/
D 0:0565

Case (a):

œ�
Z D 0:003 � 4 D 0:012� Stermerding

£ D :05

4.0:012/.5/
D 0:833 s

K D 1

 .0:003/.1500/.5/.100/.0:05/.0:0565/
D 0:0501 kg=s
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Case (b):

œ�
Z

4
D 0:028.gD/1=2=c

£ D D

4Œ0:0285.gD/1=2=c�c
D D

4.0:0285/.gD/1=2

D 0:05

4.0:0285/.9:8� 0:05/1=2
D 0:626 s

K D 1

 .0:0285/Œ.gD/1=2=c�¡pcLD.1 � ©/

D 1

 .0:0285/.9:8� 0:05/1=2.1300/.100/.0:05/.0:0565/
D 0:019 kg=s

Example 14.8. Consider a volume expansion in a pipeline used in order to damp
concentration oscillations in the solids. For a 0.0254 m diameter line consider a
0.05 m expansion section. In order to damp out 75% of the concentration oscilla-
tions, what length of the expansion section is needed? The basic equation is given as

amplitudeout

amplitudein
D
�
1C ¨2V2.¡p � ¡/2

c2¡2A2

��1=2

The basic parameters are

f D 10 cps D 2 .10/rad=sI¨ D 2 f
¡p D 1;200 kg=m3

¡ D 1:2 kg=m3

A D . =4/.0:05/2

c D 15m=s
V D volume of expansion section

Thus

0:75 D
�
1C .20 /2V2.1200� 1:2/2

.15/2.1200/2.0:00196/

��1=2

V D 4:137 � 10�4m3

L D V=A D 0:21m
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14.11 Conclusions

In this chapter, a number of design techniques have been illustrated in an attempt to
provide the reader with an insight into the development of a ‘design’ philosophy.

The reader is cautioned to use these correlations with care and rather to resort to
the use of experimental techniques to obtain reliable data.
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Index

A
Acceleration, 7, 8, 18, 21, 55, 57, 63–64, 81,

90–92, 94, 100–102, 108, 113, 116,
143, 207, 209, 219–220, 231, 264,
268, 334, 350, 351, 362, 363, 500,
530, 531, 542, 546, 547

Acoustic measurements, 489–491
Activated bin discharge, 416–418
Adiabatic compression, 40, 41, 43, 52, 544
Adiabatic power (air), 43
Advantages, 2
After cooling, 37–38
Agglomeration, 85
Air activated gravity conveyor, 323–329, 498
Air assisted flow aid devices, 414–415
Air cannon, 415
Air data, 44, 45
Air density, 42, 132, 230, 234, 247, 266, 286,

346, 349, 351, 359, 362, 380, 389,
537, 543, 545, 547–549

Air lock (rotary), 245–258, 263
Air slide, 303, 323–329
Air velocity, 14, 15, 17, 66, 72, 159, 195, 197,

200, 201, 206, 207, 216, 227, 230,
233, 235, 240, 265, 266, 284, 325,
342, 345, 346, 349, 351, 424, 437,
531, 543, 547, 549, 553

Altitude (effect), 43, 44, 50
AMD valve, 252
Artificial intelligence, 472–474
Atmospheric pressure, 10, 18, 36, 49, 52, 69,

233, 305, 315, 523, 524, 528, 538,
539, 543, 544

Attrition, 82, 117, 136, 139, 158, 168, 186,
323, 352, 425, 436–441, 477

Attrition (avoidance), 438–440
Auburn meter, 479–482, 484, 486

B
Ball valves, 445, 447, 448
Barth and Gunther, 170
Barth’s equation, 93, 171, 377–378
Barth’s equation (cyclones), 366
Bed formation, 14, 20–21, 178

moving, 15, 157, 159, 175, 314–315
sliding, 20, 21
stationary, 15–16, 21, 194, 288

Bends, 2, 49, 77, 100, 174, 298, 350, 421, 462,
479, 522

Bends (gamma), 434, 435
Bends (novel designs), 435
Beverloo equation, 315
Bi et al., 174
Bifurcation instability, 317, 318
Big blaster, 415
Bin design, 402–412
Blasius equation, 47, 48, 53, 54, 99, 216
Blowers, 6, 12, 13, 37–39, 41–42, 50–52,

159–160, 174, 204–206, 209, 215,
221, 229, 234, 235, 258, 259, 265,
268, 299, 327, 346, 393, 413,
464–466, 513, 543, 544

Blow vessel, 258, 269–300, 332, 336, 342,
389, 390, 443, 449, 497, 506, 507,
517, 518

bottom discharge, 270
configuration, 277–287
operation, 269–271
performance, 274–277
top discharge, 270

Bohnet equation, 214
Boundary layer, 19, 44, 57, 89
Boundary particle, 93, 361–362, 365, 370,

372–376, 380, 382
Bourgeois and Grenier equation, 75
Branching of pipes, 110–111
Bridge breaker, 416–417

561
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Bridging (hoppers), 402, 403
Bridging stress, 405, 406
Butterfly valves, 280, 443–445

C
Cabrejos and Klinzing, 184
Capacitance level probes, 507
Cartridge filter, 394
Case studies – standpipe, 319–323
Centrifugal flow, 91–92, 111
Centrifugal separation, 363–365
Choking point, 16, 159–179
Circulating fluid bed, 190, 513
Classification, 8, 13–14, 77, 86, 138, 174

dense phase, 333
feeders, 238
standpipe flow, 308–311
standpipe system, 303–308

Cleaning by sound, 399
Closed loop. See Systems
Cloud settling velocity, 229
Coarse particles, 16, 19, 20, 120, 133, 156,

160, 182, 183, 195, 197, 198, 314,
395, 404

Compressibility effect, 103–106, 217–219
Compression

adiabatic, 40
isothermal, 39
process, 39
reversible adiabatic, 41

Compressor, 6, 13, 37–39, 41–44, 52, 204,
259, 285, 286, 299, 517, 518

Concentration, 15, 22, 60–63, 103, 123, 130,
138, 155, 159–161, 181, 190, 300,
312, 503

Cone dosing system, 279, 280
Continuity, 52, 55–56, 105–107, 179, 242, 468
Control of pneumatic transport, 459–474
Conveying zone, 8, 513
Cooling system (air), 38
Coriolis force meter, 479–480
Costs – gas solids separation, 359
Costs of pneumatic conveying, 552
Critical length, 300, 335, 345–347
Cross-correlation technique, 478–479, 488,

501
Cross-section area, 15, 52, 56, 108–109, 128,

135, 212, 314, 326, 371, 502
Cyclonaire feeder, 258–259
Cyclone, 23, 91, 92, 298, 303, 306, 307, 357,

358, 395, 399, 400, 490, 513, 529,
530, 536

Cyclone separation, 360–384

D
Dense phase, 8–10, 14, 15, 20, 75, 77, 99, 106,

117–120, 123–127, 133, 135, 138,
139, 145, 155–159, 161, 164–166,
175–179, 185, 190, 194, 200, 215,
269, 297, 308, 321–323, 331–353,
454, 465, 466, 472, 548–553

Dense phase (influence on pipeline), 299–300
Dense phase (slugging), 120–122
Density

air, 35, 42, 233
bulk, 18

Depositing chambers
counter current, 361
horizontal, 360–361

Design considerations, 320, 345–351, 553
Dew point, 38, 519, 520
Dhodapkar et al., 102
Diameter (particle), 58, 59, 73, 76, 77, 82–86,

102, 103, 133, 148, 162, 182, 183,
187, 188, 207, 208, 315, 328, 556,
557

Diameter ratio, 23, 103, 349
Dielectric meter, 479–484
Dilute phase, 8–10, 14–16, 20, 21, 24, 60, 95,

99, 105, 114, 115, 117, 118, 122,
123, 128, 146, 155, 156, 158, 159,
164–168, 174–179, 190, 193, 199,
215, 222, 264, 285, 290, 297, 299,
320, 322, 344, 347, 432, 443, 466,
485, 492, 510, 520, 528–537,
542–547

Dimensionless pressure minimum curve,
201–202

Dimensionless state diagram, 196, 198
Disadvantages, 2
Disk valve, 280, 449, 451
Diverter valve, 8, 10, 11, 447–448
Doig and Roper, 171, 554
Dome valve, 448–449
Double gate lock feeder, 268–269
Downward flow (sloping), 116–117
Drag, 9, 14, 19, 56–66, 70, 76, 77, 81, 82, 84,

88, 89, 91–93, 125, 138, 161,
210–211, 214, 228, 229, 289, 299,
314, 315, 336, 360, 363, 365, 366,
378, 447, 499, 545

Drag reduction, 19
Drop-pressure (gas), 8, 46–48, 72, 95, 98,

120–127, 215–221, 332, 438, 439,
510–511

Drying of compressed air, 37–38
Dust explosion, 398
Dynamic air system, 289–291
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E
Efficiency

blower, 39
compressor, 41
dust collector, 358–359
feeder (rotary), 245

Electrostatic effect, 24, 64, 65, 82, 90, 93–95,
103, 147, 399, 462, 469

Electrostatic meters, 486–489
Equivalent length, 48, 49, 112, 113, 522, 526,

527, 532
Ergun equation, 61, 70, 71, 73, 130, 314
Erosion mechanism, 420
Extremely low velocity conveying, 298–299
Extruded flow, 297–298

F
Fabric filter, 23, 385–399
Face velocity, 388, 390, 396
Fan, 6, 13, 38, 39, 42, 43, 204, 450
Fanning factor, 47, 94
FEEDER, 11–13, 472
Feeding classification, 238
Feeding – zone, 7, 18, 237–300
Feret diameter, 84
Filters (fabric), 385–399
Filters (low emission), 398–399
Fine particles, 16, 19, 197–199
Fittings (pipe) table, 48–49
Flap controller, 280
Flexible piping, 454–455
Flow

bend, 21–22
centrifugal, 91–92
choking, 16, 158–177
double vortex, 21
downward sloping, 116–117
electrostatic, 95
fluidized, 309–310, 312–314
horizontal, 9, 14, 16, 20, 93, 94, 102, 104,

127, 130–133, 135, 139, 166,
199–203, 231, 342, 360

laminar, 44, 46, 210, 211
non choking, 159–167, 177–179
packed bed, 157, 158, 175, 177, 179, 309,

310, 312
pattern, 9, 10, 20, 65, 81, 104, 158, 159,

194, 197, 306, 308, 322, 323, 334,
422, 474, 480, 512

plug, 127–135, 139, 292, 333–337, 342,
344, 513

roping phenomena, 21

single phase, 21, 35–54, 81, 99, 100, 111,
113, 142, 184, 502

slug, 16, 103, 122, 139
slugging, 120–123, 156–157
solids bins and hopper, 402–419
splitting, 21, 149, 285
standpipe, 303–329
suspended, 20, 136, 215
turbulent, 44–46, 70, 111, 181, 211
vertical, 16, 93, 99, 102, 104, 108, 116,

127, 135–137, 140, 142, 155,
159–180, 190, 199–203, 333, 342,
480, 497, 534, 553

Flow aid and devices (hoppers), 412–419
Flow detector, 498
Flow factor, 409–412
Flow regimes

horizontal, 180–190
stable, 9
unstable, 9
vertical, 155–180

Fluidization (fast), 103, 117, 123, 166, 174,
178

Fluidization discharge devices, 413–414
Fluidization of powders, 75–78
Fluidized, 299, 306, 307, 309–310, 312–314,

321, 326
Fluid-Schub system, 296, 339
Fluid-solids pump, 259–261
Fluidstat, 119, 288–289
Forces

acting on single particle, 81–82
cohesive, 19, 78, 188, 292
impact and friction, 211–212
lift, 94, 181
static electrical, 19
van der Waals, 21

Fractal dimension, 86–87, 89, 427, 428
Francis equation, 64
Free air, 35–36, 43, 49, 52, 248, 523, 536
Free-fall velocity. See Velocity, terminal

(particle)
Friction factor, 46–47, 53–54, 94, 97, 99–100,

120, 140, 173, 180, 214, 222, 224,
228–229, 231, 300, 372, 408, 464,
468, 545, 558

Froude number, 99, 100, 161, 162, 183, 185,
196, 198, 201–204, 207–208,
214–215, 222, 223, 225, 229, 230,
235, 342, 345, 346, 348–351, 380,
529, 533, 534, 541, 549

Fuller Kinyon pump, 259–260
Functional relationships, 222–229
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Funnel flow, 402–403
Fuzzy logic, 473–474

G
Galileo number, 67, 75, 176
Gas/cloth ratio, 388–390, 396
Gas constant, 35–44, 55, 56, 164, 218, 374,

551
Gas flow through pipes, 44–54
Gas laws, 37, 40, 105
Gas–solids separation, 8, 18, 23, 287, 297,

357–400
Gattys systems, 288
Geldart classification, 76–78, 118–120, 122
Govier and Aziz equation, 285
Gravity effects, 212–213, 546
Gravity flow, 303–329

H
High pressure feeding devices, 269–300
High pressure systems, 13, 261, 269, 331–353,

448
High temperature velocity meter, 511
Hopper devices, 412–419
Horizontal flow, 9, 14, 16, 20, 93, 94, 102,

104, 127, 130–133, 135, 139, 166,
185–186, 199–203, 231, 342, 360

I
Impact flow meter, 499–501
Inclined conveying, 136–137
Industrial standpipes, 313, 319–323
Instability (standpipes), 317–319, 321
Instrumentation, 475–514
Iris valve, 446–447
Isentropic process, 41, 105
Isothermal compression, 39, 42–43, 52, 105
Isothermal expansion, 218

J
Jackson linear stability analysis, 319, 468–469
Jenike shear cell and theory, 406–412
Judd and Dixon equation, 314

K
Kaskas equation, 58, 211
Knowlton and Bachovchin, 173
Konrad, 130–131, 334
Koo equation, 47, 53, 54, 99, 556

L
Ladenburg’s equation, 64
Laminar flow, 44, 46, 210, 211
Laser Doppler velocimeter, 181, 478, 492–494
Law of continuity. See Continuity
Leakage (rotary valve), 246–250
Lean phase. See Dilute phase
Ledinegg instability, 317, 319
Leung, 171–172, 315
Level detection, 506–508
Liapunov analysis, 470–472
Lift force (particles), 94, 181
Light/charge flow meter, 488
Light measuring devices, 492–494
Liners (hopper), 413, 418–419
Load cells, 407, 454, 484–485, 492
Long distance, 23, 24, 108, 114, 269, 279,

331–353
Low velocity conveying systems, 287–300,

339

M
Macawber, 276, 448
Major consolidation stress, 405, 408
Mass concentration, 38, 208, 224, 225, 227,

518, 519
Mass flow bins, 402–403
Mass flow measurement, 501–506
Mass flow nozzle, 284–287
Mass load ratio, 14, 198, 202, 208, 215,

222–227, 229, 230, 235, 267, 277,
292, 298, 299, 346–351, 369, 371,
378–382, 533

Materials suitable for transportation, 3–6
Matsen, 164–166, 317–318
Matsumoto, 182–183
Maximum particle size rule of thumb, 6
Mechanical shaking filters, 357, 391, 393–394
Medium pressure feeders, 259–269
Micro-Motion meter, 479–482
Microwave flow detector, 495–497, 508–509
Microwave meter, 495–497
Minimum fluidization velocity, 72–74
Minimum transport velocity, 16, 171, 183
Mini-pot, 293, 295
Mixing zone, 7
Modes, 8–10, 194
Modulode system, 280, 283
Mohno pump, 261–263
Moller pump, 260, 265
Momentum change, 7, 18, 138, 237
Morikawa equation, 113
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Multiple particle systems, 92–95
Muschelknautz equation (cyclone), 371

N
Nakamura and Capes, 126–127
Natural plug formation, 297, 334
Negative pressure system. See Systems
Neural networks, 473
Newton’s Law (drag), 56, 57, 138
Non-choking flow (vertical), 177–179
Non-fluidized flow, 176, 177, 308–309,

311–312, 314–315, 322, 323
Non-return valve, 443
Normalized state diagram, 194–197
Nuclear level detector, 508–510
NUSELECT, 472

O
Operation of pneumatic conveying system, 7,

11, 14–18, 237, 402, 455
Overflow standpipe, 307, 319, 321–323

P
Packed bed flow (PACFLO), 157, 158, 175,

177, 179, 309, 310, 312
PANACEA, 472
Particle

agglomeration, 85
clustering, 81, 124, 139
coarse, 16, 19–20, 120, 133, 156, 160, 182,

183, 195, 197, 198, 314, 395, 404
diameter, 73, 76, 77, 82, 103, 133, 148,

162, 182, 188, 207, 321, 328, 537,
556, 557

fine, 19–20, 197–199
lift force, 9, 93, 94, 181, 212, 360
multiple systems, 92–95
rotation, 64
segregation, 22, 159, 179–180, 357
separation

centrifugal field, 363–365
deposition chambers, 360–363

shape, 58–59, 69, 82, 85–87, 187, 207,
226, 337, 404, 424, 538, 539

shape factor, 58, 69, 70, 73, 544
size, 2, 72, 82, 169, 200, 238, 334, 365,

404, 471, 477, 531
size distribution, 72, 73, 81–84, 170, 334,

336–338, 358, 404
tagging, 485–486

velocity, 14, 66–70, 90–92, 96, 97, 99, 101,
116, 132, 133, 138, 140, 141, 143,
145, 147, 149, 159, 207, 214, 222,
226, 227, 231, 266, 298, 348, 353,
422, 441, 442, 463, 468, 478,
484–487, 492, 493, 495, 511, 545,
558

Particle–particle interaction, 19, 92, 96, 97,
138, 538

Particle–wall interaction, 14, 17, 19, 92, 96,
97, 425–427, 441, 487

Perfect gas laws, 37
Phase diagrams, 97–98, 117–118, 167,

197–199, 465
Pick-up velocities, 184, 186–187
Pinch valve, 293, 446, 448
Pipe

fittings, 48–49
layout, 48–49, 197
roughness, 10, 46, 437
size, 10, 47, 49, 414, 522, 548, 552
stepped, 23, 344, 347–350

Pipe couplings, 449–450, 452–454
Pipe diameter, 20, 44, 103, 161, 202, 262, 322,

332, 389, 477, 522
Pipe resistance (gas), 48–49
Piping, 8, 22, 23, 44, 46, 52, 100, 229, 289,

342, 344, 349, 353, 430, 431, 442,
449–455, 486, 495, 520, 522,
524–526, 534, 553

Plug phase, 120, 127–135, 295, 333, 339
Pneumosplit, 119, 295–296, 339, 438
Polytropic conditions, 105, 107, 219–220
Power

adiabatic compression, 40, 41, 43, 52
compressed air (table), 38–39
isothermal compression, 39, 42–43, 52

Power consumption, 2, 6, 203, 234, 268, 323,
344

Pressure
additional factor, 18–19
atmospheric, 10, 18, 36, 49, 50, 52, 69,

233, 305, 315, 523, 524, 528, 538,
539, 543, 544

gradient, 14, 48, 70, 72, 81, 133, 134, 155,
178, 183, 196, 268, 295, 314, 335,
336, 523

minimum, 16, 65, 99, 117, 189, 195, 196,
198–203, 205, 206, 215–221, 227,
230, 235, 266, 272, 525, 529

negative pressure system, 11–12
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non-slugging, 123–127
positive pressure system, 10–13, 16–18,

219, 221, 234, 235, 258–259, 529,
537

Pressure drop, 8, 46, 61, 94, 159, 194, 332,
366, 438, 462, 476, 521

gas, 46–48
non slugging, 123–126
slugging, 120–122

Pressure drop flow meter, 510–511
Pressure fluctuations, 120, 123, 159, 205, 480,

496, 512–513
Pressure loss, 18, 47, 102, 159, 215, 237, 338,

357, 427, 462, 481, 520
Pressure sensing plug system, 295–296
Primary wear point, 23, 421
Prime mover, 6–7, 18, 35, 38, 39, 203–206,

543
Principle stress (silo), 405–406
Pump

fluid solids, 259–261
vertical lift, 263–268

Punwani, 173–174

R
Radial particle velocity, 91
Rangachari and Jackson stability, 317, 319
Ratholing, 274, 402, 403
Rayleigh’s criterion, 46
Relative roughness, 46, 47
Relaxation time, 90, 554, 555
Reverse flow filter, 392–393
Reverse jet filters, 357, 358, 391–392, 394
Reynolds number, 46–47, 53, 56–58, 60,

63–65, 68, 70, 88, 99, 125, 129,
143, 163, 207, 208, 211, 216, 228,
229, 231

Reynolds number (modified), 113–114
Richardson and Zaki equation, 125, 163, 313
Rizk, 182, 556
Roots type blower. See Blowers
Roping phenomenon, 21–22
Rose and Duckworth, 171
Rotary valve (airlock), 245–258, 263, 279, 281
Rotation. See Particle
Roughness (pipe), 10, 46, 437

S
Safe operation, 15, 17, 55
Saltation velocity point, 10, 14–16, 108, 117,

168, 181–185, 187, 188, 195, 196,
198–199, 202, 333, 556, 557

Scale-up methods, 206–208
Schuchart equation, 113
Screw conveyors, 462, 491–492, 499
Sea level. See Altitude (effect)
Segregation, 22, 136, 159, 179–180, 299, 357
Separation zone, 8, 23, 364
Shape. See Particle
Shear cell, 406–409, 411
Sieve analysis, 84–85
Silo and hopper design, 412–419
Similarity

dynamic, 207–208
flow, 208
geometric, 207

Simulations, 137–139, 441
Single phase flow, 35–54, 81, 99, 100, 111,

113, 142, 184, 502
Size distribution, 72, 73, 82–84, 170, 334,

336–338, 358, 380, 404
Sizing, 84–85, 261, 286, 344, 388, 414, 525,

529, 543
Slide valve, 304, 307, 313, 315, 317, 320, 322,

449, 450
Slip (blower), 42, 50
Slip velocity, 92, 93, 95–100, 121, 123, 128,

130, 164, 166, 175, 178, 179, 181,
208, 308, 309, 310, 312, 340, 466,
468, 485

Slug flow, 16, 103, 122, 139
Slugging dense phase, 120–122, 156, 157,

159, 164, 166, 176–179
Smith, 162–163
Solids concentration, 15, 22, 60–63, 103, 123,

130, 138, 155, 159–161, 181, 190,
300, 312, 503

Solids friction factor, 97, 99, 100, 120, 173,
180, 468, 545, 558

Sonic nozzle, 275, 285
Speed of sound, 106–108
Sphericity, 57–59, 68, 71, 72, 86, 148, 312,

538
Splitting, 21, 149, 285, 289, 291
Stability analysis, 319, 466–472
Stable flow, 8, 9
Standard reference conditions (SRC), 36, 49,

50
Standard temperature and pressure (STP), 36,

37, 50, 146, 148
Stand pipes, 303–329
State diagram

dimensionalized, 196–198
fine particles, 197–199
normalized, 194–197
velocity, 14–15
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Stationary bed. See Bed formation
Stepped piping, 23, 344, 347–349
Stokes’ law, 56, 64, 68, 69, 90, 92, 146, 208,

360
Stress distribution in a silo, 405–406
Systems

closed loop, 13
combined negative pressure, 12, 258–259
negative pressure, 11–12, 17, 258–259, 357
positive pressure, 10–11, 16–18, 219,

258–259, 529, 537
vacuum, 16–18, 186, 219, 220, 242,

520–528

T
Tagging, 485–486
Takt-Schub system, 292–294
Tandem blow vessels, 277–279, 342
Tangential particle velocity, 91
Taylor series linearization, 466–468
T-bend, 114, 116, 430, 438, 553
T-branch, 110–111
Telescopic pipe. See Long distance
Temperature, 41–42
Thomas equation, 183–184
Trace air system, 290–292
Transfer function analysis, 462–464
Transitional packed bed flow

(TRANPACFLO), 309, 310, 312,
321

Transport lag (controls), 461–462
Turboflow, 288–289, 338
Turbulent flow, 44–46, 59–60, 70, 111–112,

181, 211, 512

U
Unconfined yield stress, 405–406
Underflow standpipe, 319–321
Unstable flow, 8

V
Vacuum nozzles, 241–244
Vacuum pump, 6
Vacuum system, 16–18, 186, 219, 220, 242,

520–528
Valve (rotary), 245–258, 263, 264, 279, 281,

299, 371, 499, 529
Valve flow

J valve, 315–317
L valve, 315–317

slide valve, 304, 307, 313, 315, 317, 320,
322, 449, 450

V valve, 315–317
Valves (control), 279, 292, 443–449, 466
Velocity

air, 14, 15, 66, 72, 159, 195, 197, 201, 206,
207, 216, 227, 230, 233, 235, 240,
265, 266, 284, 325, 342, 345, 346,
349, 351, 424, 437, 531, 543, 547,
549, 553

free fall, 59, 66–70, 171, 172, 178, 179,
540, 548

minimum fluidization, 72–74
minimum safe, 16, 17
pressure and vacuum systems, 18
radial (particle), 91, 364, 365, 380
relative, 56, 60, 88, 138, 157, 163, 171,

173, 212, 308, 314, 315, 436
saltation, 10, 14–16, 117, 168, 181–185,

188, 196, 198, 199, 202, 333, 556
slip, 92, 93, 95–100, 121, 123, 128, 130,

164, 166, 175, 178, 179, 181, 208,
308–310, 312, 340, 466, 468, 485

superficial gas, 14, 15, 61, 62, 96, 167, 242,
308, 493

tangential (particle), 91, 367, 378, 380, 382
terminal (particle), 39, 55, 59, 66–69, 75,

89–90, 96, 146, 161, 169, 173, 180,
183, 233

transport, 16, 17, 171, 174, 183, 537
Venturi feeder, 240–241
Venturi meter, 476–477
Vertical flow, 16, 93, 99, 104, 108, 127,

135–137, 140, 142, 159–180, 190,
199–203, 333, 342, 480, 497, 534,
553

Vertical lift pump, 263–268
Vessel. See Blow vessel
Vibrating level probe, 507–508
Vibratory flow aids, 417
Viscosity (gas), 44
Voidage, 60, 93, 161, 222, 306, 380, 482
Vortex (double), 21

W
Waeschle valve, 263, 264
Wall effect, 64–65, 161, 180
Wear, 2, 23, 114, 298, 315, 347, 401–455

depth of penetration, 429
effect of particle hardness, 424
effect of solids loading, 425
influence of particle size, 422, 423
influence of particle velocity, 422, 424
minimizing, 429–432
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Wear – primary wear point, 23
Weber, 106, 128–129, 264, 339–340
Work, 29, 39, 41, 51, 107, 213, 275

Y
Yang, 161–162, 173

Y-branch, 110
Yerushalmi and Cankurt, 124–126
Yousfi and Gau, 160–161, 172

Z
Zenz and Othmer, 171
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