


Handbook
of Pneumatic
Conveying
Engineering

David Mills
University of Newcastle
Callaghan, New South Wales, Australia

Mark G. Jones
University of Newcastle
Callaghan, New South Wales, Australia

Vijay K. Agarwal
Indian Institute of Technology
Hauz Khaas, New Delhi, India

M A R C E L

MARCEL DEKKER, INC. NEW YORK • BASEL

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



Although great care has been taken to provide accurate and current information, neither the
author(s) nor the publisher, nor anyone else associated with this publication, shall be liable
for any loss, damage, or liability directly or indirectly caused or alleged to be caused by this
book. The material contained herein is not intended to provide specific advice or recom-
mendations for any specific situation.

Trademark notice: Product or corporate names may be trademarks or registered trademarks
and are used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress.

ISBN: 0-8247-4790-9

This book is printed on acid-free paper.

Headquarters
Marcel Dekker, Inc., 270 Madison Avenue, New York, NY 10016, U.S.A.
tel: 212-696-9000; fax: 212-685-4540

Distribution and Customer Service
Marcel Dekker, Inc., Cimarron Road, Monticello, New York 12701, U.S.A.
tel: 800-228-1160; fax: 845-796-1772

Eastern Hemisphere Distribution
Marcel Dekker AG, Hutgasse 4, Postfach 812, CH-4001 Basel, Switzerland
tel: 41-61-260-6300; fax: 41-61-260-6333

World Wide Web
http://www.dekker.com

The publisher offers discounts on this book when ordered in bulk quantities. For more infor-
mation, write to Special Sales/Professional Marketing at the headquarters address above.

Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved.

Neither this book nor any part may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopying, microfilming, and recording, or
by any information storage and retrieval system, without permission in writing from the
publisher.

Current printing (last digit):

1 0 9 8 7 6 5 4 3 2 1

PRINTED IN THE UNITED STATES OF AMERICA

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



MECHANICAL ENGINEERING
A Series of Textbooks and Reference Books

Founding Editor

L. L. Faulkner

Columbus Division, Battelle Memorial Institute
and Department of Mechanical Engineering

The Ohio State University
Columbus, Ohio

1. Spring Designer's Handbook, Harold Carlson
2. Computer-Aided Graphics and Design, Daniel L. Ryan
3. Lubrication Fundamentals, J. George Wills
4. Solar Engineering for Domestic Buildings, William A. Himmelman
5. Applied Engineering Mechanics: Statics and Dynamics, G. Boothroyd and

C. Poli
6. Centrifugal Pump Clinic, Igor J. Karassik
7. Computer-Aided Kinetics for Machine Design, Daniel L. Ryan
8. Plastics Products Design Handbook, Part A: Materials and Components; Part

B: Processes and Design for Processes, edited by Edward Miller
9. Turbomachinery: Basic Theory and Applications, Earl Logan, Jr.

10. Vibrations of Shells and Plates, Werner Soedel
11. Flat and Corrugated Diaphragm Design Handbook, Mario Di Giovanni
12. Practical Stress Analysis in Engineering Design, Alexander Blake
13. An Introduction to the Design and Behavior of Bolted Joints, John H.

Bickford
14. Optimal Engineering Design: Principles and Applications, James N. Siddall
15. Spring Manufacturing Handbook, Harold Carlson
16. Industrial Noise Control: Fundamentals and Applications, edited by Lewis H.

Bell
17. Gears and Their Vibration: A Basic Approach to Understanding Gear Noise,

J. Derek Smith
18. Chains for Power Transmission and Material Handling: Design and Appli-

cations Handbook, American Chain Association
19. Corrosion and Corrosion Protection Handbook, edited by Philip A.

Schweitzer
20. Gear Drive Systems: Design and Application, Peter Lynwander
21. Controlling In-Plant Airborne Contaminants: Systems Design and Cal-

culations, John D. Constance
22. CAD/CAM Systems Planning and Implementation, Charles S. Knox
23. Probabilistic Engineering Design: Principles and Applications, James N.

Siddall
24. Traction Drives: Selection and Application, Frederick W. Heilich III and

Eugene E. Shube
25. Finite Element Methods: An Introduction, Ronald L. Huston and Chris E.

Passerello

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



26. Mechanical Fastening of Plastics: An Engineering Handbook, Brayton Lincoln,
Kenneth J. Gomes, and James F. Braden

27. Lubrication in Practice: Second Edition, edited by W. S. Robertson
28. Principles of Automated Drafting, Daniel L. Ryan
29. Practical Seal Design, edited by Leonard J. Martini
30. Engineering Documentation for CAD/CAM Applications, Charles S. Knox
31. Design Dimensioning with Computer Graphics Applications, Jerome C.

Lange
32. Mechanism Analysis: Simplified Graphical and Analytical Techniques, Lyndon

O. Barton
33. CAD/CAM Systems: Justification, Implementation, Productivity Measurement,

Edward J. Preston, George W. Crawford, and Mark E. Coticchia
34. Sfeam Plant Calculations Manual, V. Ganapathy
35. Design Assurance for Engineers and Managers, John A. Burgess
36. Heat Transfer Fluids and Systems for Process and Energy Applications,

Jasbir Singh
37. Potential Flows: Computer Graphic Solutions, Robert H. Kirchhoff
38. Computer-Aided Graphics and Design: Second Edition, Daniel L. Ryan
39. Electronically Controlled Proportional Valves: Selection and Application,

Michael J. Tonyan, edited by Tobi Goldoftas
40. Pressure Gauge Handbook, AMETEK, U.S. Gauge Division, edited by Philip

W. Harland
41. Fabric Filtration for Combustion Sources: Fundamentals and Basic Tech-

nology, R. P. Donovan
42. Design of Mechanical Joints, Alexander Blake
43. CAD/CAM Dictionary, Edward J. Preston, George W. Crawford, and Mark E.

Coticchia
44. Machinery Adhesives for Locking, Retaining, and Sealing, Girard S. Haviland
45. Couplings and Joints: Design, Selection, and Application, Jon R. Mancuso
46. Shaft Alignment Handbook, John Piotrowski
47. BASIC Programs for Steam Plant Engineers: Boilers, Combustion, Fluid

Flow, and Heat Transfer, V. Ganapathy
48. Solving Mechanical Design Problems with Computer Graphics, Jerome C.

Lange
49. Plastics Gearing: Selection and Application, Clifford E. Adams
50. Clutches and Brakes: Design and Selection, William C. Orthwein
51. Transducers in Mechanical and Electronic Design, Harry L. Trietley
52. Metallurgical Applications of Shock-Wave and High-Strain-Rate Phenom-

ena, edited by Lawrence E. Murr, Karl P. Staudhammer, and Marc A.
Meyers

53. Magnesium Products Design, Robert S. Busk
54. How to Integrate CAD/CAM Systems: Management and Technology, William

D. Engelke
55. Cam Design and Manufacture: Second Edition; with cam design software

for the IBM PC and compatibles, disk included, Preben W. Jensen
56. Solid-State AC Motor Controls: Selection and Application, Sylvester Campbell
57. Fundamentals of Robotics, David D. Ardayfio
58. Belt Selection and Application for Engineers, edited by Wallace D. Erickson
59. Developing Three-Dimensional CAD Software with the IBM PC, C. Stan Wei
60. Organizing Data for CIM Applications, Charles S. Knox, with contributions

by Thomas C. Boos, Ross S. Culverhouse, and Paul F. Muchnicki

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



61. Computer-Aided Simulation in Railway Dynamics, by Rao V. Dukkipati and
Joseph R. Amyot

62. Fiber-Reinforced Composites: Materials, Manufacturing, and Design, P. K.
Mallick

63. Photoelectric Sensors and Controls: Selection and Application, Scott M.
Juds

64. Finite Element Analysis with Personal Computers, Edward R. Champion,
Jr., and J. Michael Ensminger

65. Ultrasonics: Fundamentals, Technology, Applications: Second Edition,
Revised and Expanded, Dale Ensminger

66. Applied Finite Element Modeling: Practical Problem Solving for Engineers,
Jeffrey M. Steele

67. Measurement and Instrumentation in Engineering: Principles and Basic
Laboratory Experiments, Francis S. Tse and Ivan E. Morse

68. Centrifugal Pump Clinic: Second Edition, Revised and Expanded, Igor J.
Karassik

69. Practical Stress Analysis in Engineering Design: Second Edition, Revised
and Expanded, Alexander Blake

70. An Introduction to the Design and Behavior of Bolted Joints: Second
Edition, Revised and Expanded, John H. Bickford

71. High Vacuum Technology: A Practical Guide, Marsbed H. Hablanian
72. Pressure Sensors: Selection and Application, Duane Tandeske
73. Zinc Handbook: Properties, Processing, and Use in Design, Frank Porter
74. Thermal Fatigue of Metals, Andrzej Weronski and Tadeusz Hejwowski
75. Classical and Modern Mechanisms for Engineers and Inventors, Preben W.

Jensen
76. Handbook of Electronic Package Design, edited by Michael Pecht
77. Shock-Wave and High-Strain-Rate Phenomena in Materials, edited by Marc

A. Meyers, Lawrence E. Murr, and Karl P. Staudhammer
78. Industrial Refrigeration: Principles, Design and Applications, P. C. Koelet
79. Applied Combustion, Eugene L. Keating
80. Engine Oils and Automotive Lubrication, edited by Wilfried J. Bartz
81. Mechanism Analysis: Simplified and Graphical Techniques, Second Edition,

Revised and Expanded, Lyndon O. Barton
82. Fundamental Fluid Mechanics for the Practicing Engineer, James W.

Murdock
83. Fiber-Reinforced Composites: Materials, Manufacturing, and Design, Second

Edition, Revised and Expanded, P. K. Mallick
84. Numerical Methods for Engineering Applications, Edward R. Champion, Jr.
85. Turbomachinery: Basic Theory and Applications, Second Edition, Revised

and Expanded, Earl Logan, Jr.
86. Vibrations of Shells and Plates: Second Edition, Revised and Expanded,

Werner Soedel
87. Steam Plant Calculations Manual: Second Edition, Revised and Expanded,

V. Ganapathy
88. Industrial Noise Control: Fundamentals and Applications, Second Edition,

Revised and Expanded, Lewis H. Bell and Douglas H. Bell
89. Finite Elements: Their Design and Performance, Richard H. MacNeal
90. Mechanical Properties of Polymers and Composites: Second Edition, Re-

vised and Expanded, Lawrence E. Nielsen and Robert F. Landel
91. Mechanical Wear Prediction and Prevention, Raymond G. Bayer

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



92. Mechanical Power Transmission Components, edited by David W. South
and Jon R. Mancuso

93. Handbook of Turbomachinery, edited by Earl Logan, Jr.
94. Engineering Documentation Control Practices and Procedures, Ray E.

Monahan
95. Refractory Linings Thermomechanical Design and Applications, Charles A.

Schacht
96. Geometric Dimensioning and Tolerancing: Applications and Techniques for

Use in Design, Manufacturing, and Inspection, James D. Meadows
97. An Introduction to the Design and Behavior of Bolted Joints: Third Edition,

Revised and Expanded, John H. Bickford
98. Shaft Alignment Handbook: Second Edition, Revised and Expanded, John

Piotrowski
99. Computer-Aided Design of Polymer-Matrix Composite Structures, edited by

Suong Van Hoa
100. Friction Science and Technology, Peter J. Blau
101. Introduction to Plastics and Composites: Mechanical Properties and Engi-

neering Applications, Edward Miller
102. Practical Fracture Mechanics in Design, Alexander Blake
103. Pump Characteristics and Applications, Michael W. Volk
104. Optical Principles and Technology for Engineers, James E. Stewart
105. Optimizing the Shape of Mechanical Elements and Structures, A. A. Seireg

and Jorge Rodriguez
106. Kinematics and Dynamics of Machinery, Vladimir Stejskal and Michael

Valasek
107. Shaft Seals for Dynamic Applications, Les Horve
108. Reliability-Based Mechanical Design, edited by Thomas A. Cruse
109. Mechanical Fastening, Joining, and Assembly, James A. Speck
110. Turbomachinery Fluid Dynamics and Heat Transfer, edited by Chunill Hah
111. High-Vacuum Technology: A Practical Guide, Second Edition, Revised and

Expanded, Marsbed H. Hablanian
112. Geometric Dimensioning and Tolerancing: Workbook and Answerbook,

James D. Meadows
113. Handbook of Materials Selection for Engineering Applications, edited by G.

T. Murray
114. Handbook of Thermoplastic Piping System Design, Thomas Sixsmith and

Reinhard Hanselka
115. Practical Guide to Finite Elements: A Solid Mechanics Approach, Steven M.

Lepi
116. Applied Computational Fluid Dynamics, edited by Vijay K. Garg
117. Fluid Sealing Technology, Heinz K. Muller and Bernard S. Nau
118. Friction and Lubrication in Mechanical Design, A. A. Seireg
119. Influence Functions and Matrices, Yuri A. Melnikov
120. Mechanical Analysis of Electronic Packaging Systems, Stephen A.

McKeown
121. Couplings and Joints: Design, Selection, and Application, Second Edition,

Revised and Expanded, Jon R. Mancuso
122. Thermodynamics: Processes and Applications, Earl Logan, Jr.
123. Gear Noise and Vibration, J. Derek Smith
124. Practical Fluid Mechanics for Engineering Applications, John J. Bloomer
125. Handbook of Hydraulic Fluid Technology, edited by George E. Totten
126. Heat Exchanger Design Handbook, T. Kuppan

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



127. Designing for Product Sound Quality, Richard H. Lyon
128. Probability Applications in Mechanical Design, Franklin E. Fisher and Joy R.

Fisher
129. Nickel Alloys, edited by Ulrich Heubner
130. Rotating Machinery Vibration: Problem Analysis and Troubleshooting,

Maurice L. Adams, Jr.
131. Formulas for Dynamic Analysis, Ronald L. Huston and C. Q. Liu
132. Handbook of Machinery Dynamics, Lynn L. Faulkner and Earl Logan, Jr.
133. Rapid Prototyping Technology. Selection and Application, Kenneth G.

Cooper
134. Reciprocating Machinery Dynamics: Design and Analysis, Abdulla S.

Rangwala
135. Maintenance Excellence: Optimizing Equipment Life-Cycle Decisions, edi-

ted by John D. Campbell and Andrew K. S. Jardine
136. Practical Guide to Industrial Boiler Systems, Ralph L. Vandagriff
137. Lubrication Fundamentals: Second Edition, Revised and Expanded, D. M.

Pirro and A. A. Wessol
138. Mechanical Life Cycle Handbook: Good Environmental Design and Manu-

facturing, edited by Mahendra S. Hundal
139. Micromachining of Engineering Materials, edited by Joseph McGeough
140. Control Strategies for Dynamic Systems: Design and Implementation, John

H. Lumkes, Jr.
141. Practical Guide to Pressure Vessel Manufacturing, Sunil Pullarcot
142. Nondestructive Evaluation: Theory, Techniques, and Applications, edited by

Peter J.Shull
143. D;'ese/ Engine Engineering: Thermodynamics, Dynamics, Design, and

Control, Andrei Makartchouk
144. Handbook of Machine Tool Analysis, loan D. Marinescu, Constantin Ispas,

and Dan Boboc
145. Implementing Concurrent Engineering in Small Companies, Susan Carlson

Skalak
146. Practical Guide to the Packaging of Electronics: Thermal and Mechanical

Design and Analysis, All Jamnia
147. Bearing Design in Machinery: Engineering Tribology and Lubrication,

Avraham Harnoy
148. Mechanical Reliability Improvement: Probability and Statistics for Experi-

mental Testing, R. E. Little
149. Industrial Boilers and Heat Recovery Steam Generators: Design, Ap-

plications, and Calculations, V. Ganapathy
150. The CAD Guidebook: A Basic Manual for Understanding and Improving

Computer-Aided Design, Stephen J. Schoonmaker
151. Industrial Noise Control and Acoustics, Randall F. Barren
152. Mechanical Properties of Engineered Materials, Wole Soboyejo
153. Reliability Verification, Testing, and Analysis in Engineering Design, Gary S.

Wasserman
154. Fundamental Mechanics of Fluids: Third Edition, I. G. Currie
155. Intermediate Heat Transfer, Kau-Fui Vincent Wong
156. HVAC Water Chillers and Cooling Towers: Fundamentals, Application, and

Operation, Herbert W. Stanford III
157. Gear Noise and Vibration: Second Edition, Revised and Expanded, J.

Derek Smith

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



158. Handbook of Turbomachinery: Second Edition, Revised and Expanded,
edited by Earl Logan, Jr., and Ramendra Roy

159. Piping and Pipeline Engineering: Design, Construction, Maintenance, Integ-
rity, and Repair, George A. Antaki

160. Turbomachinery: Design and Theory, Rama S. R. Gorla and Aijaz Ahmed
Khan

161. Target Costing: Market-Driven Product Design, M. Bradford Clifton, Henry
M. B. Bird, Robert E. Albano, and Wesley P. Townsend

162. Fluidized Bed Combustion, Simeon N. Oka
163. Theory of Dimensioning: An Introduction to Parameterizing Geometric

Models, Vijay Srinivasan
164. Handbook of Mechanical Alloy Design, edited by George E. Totten, Lin Xie,

and Kiyoshi Funatani
165. Structural Analysis of Polymeric Composite Materials, Mark E. Turtle
166. Modeling and Simulation for Material Selection and Mechanical Design,

edited by George E. Totten, Lin Xie, and Kiyoshi Funatani
167. Handbook of Pneumatic Conveying Engineering, David Mills, Mark G.

Jones, and Vijay K. Agarwal

Additional Volumes in Preparation

Mechanical Wear Fundamentals and Testing: Second Edition, Revised and
Expanded, Raymond G. Bayer

Engineering Design for Wear: Second Edition, Revised and Expanded,
Raymond G. Bayer

Clutches and Brakes: Design and Selection, Second Edition, William C.
Orthwein

Progressing Cavity Pumps, Downhole Pumps, and Mudmotors, Lev Nelik

Mechanical Engineering Software

Spring Design with an IBM PC, Al Dietrich

Mechanical Design Failure Analysis: With Failure Analysis System Software
for the IBM PC, David G. Ullman

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



To the memory of our colleague
Predrag Marjanovic

who died suddenly in September 2001

Copyright  2004 by Marcel Dekker, Inc. All Rights Reserved.



Preface

Pneumatic conveying is widely used for the transport of dry bulk particulate materials.
However, there is considerable misunderstanding on exactly how materials are con-
veyed and what velocity is required to prevent pipeline blockage. In this handbook
dilute and dense phase conveying are discussed and a detailed review is given of vari-
ous positive pressure and vacuum systems. Extensive consideration has also been
given to the numerous means available for feeding materials into pipelines for high,
low, and negative pressure systems, as well as to evaluation of major components such
as blowers, compressors, exhausters, filters, and the multitude of valves employed.

Specification of air requirements is critical to the successful operation of any
system. Air, or any other gas used, is compressible and so great care must be taken
in evaluating velocities. All the models required for system specification have
been developed using U.S. engineering units. Chapter 9 is entirely devoted to
stepped pipelines and includes a number of first approximation design methods.
This material should be invaluable in feasibility studies where a quick check on
power requirements and operating costs may be required.

Many industries have processes that involve the transport of a wide variety
of materials conveyed in powdered and granular form. Bulk materials are con-
veyed in the food, chemical, mining, agriculture, pharmaceutical, metals, paint and
rubber industries, among others. A number of chapters are therefore devoted spe-
cifically to different industries and typical conveying data for various materials
conveyed. Those materials include coal and fly ash, polyethylene and soda ash,
flour and sugar, iron powder, cement, alumina, and drilling mud powders.

The issue of bends in pipelines has been addressed with extensive informa-
tion on pressure and velocity profiles, equivalent length, location and geometry,
and the influence of bends on material degradation and their vulnerability to ero-
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vi Preface

sive wear. Similar consideration is given to flows in vertical pipelines, both up and
down, and the use of flexible hose. System capabilities in terms of maximum op-
erating pressure, conveying distance, and material flow rates are also discussed.

Engineers who commission, operate, and maintain pneumatic conveying sys-
tems will find this book to be a valuable resource. Pipeline blockages and systems
not capable of achieving the desired material flow rate are common. Step-by-step
procedures are presented to identify problems and which operating parameters need
to be adjusted to optimize system performance. The conveying of friable and abra-
sive materials is particularly problematic in pneumatic conveying systems, but there
are numerous ways these problems can be minimized.

Pneumatic conveying is a subject that tends to be neglected in educational
provision. Engineers required to design, operate, and maintain these complex sys-
tems may have received little more than an hour or two of lectures on the subject
during a three- or four-year engineering degree course. Nevertheless, they are ex-
pected to take on the responsibility for these systems when working in industry.
There is clearly a need for a book on this subject and it is hoped that this text will
help to fill the curriculum gap in this very important branch of engineering.

A vast amount of personal hands-on experience is required to address this
subject, and I have asked my former students, Mark Jones and Vijay Agarwal,
who are actively involved in the field, to join me. The point of reference for us all
was Thames Polytechnic in London, where Stan Mason was head of the Depart-
ment of Mechanical Engineering. He had the foresight to establish pneumatic con-
veying as a major research area in the department.

The authors would have included Predrag Marjanovic, who also studied
pneumatic conveying with me at Thames Polytechnic and was later appointed
Professor at Glasgow Caledonian University. Sadly, Predrag died a few weeks
before work was started on this book and it is dedicated to his memory.

A practical book, by necessity, has many diagrams and graphs, and we ac-
knowledge Neeti Rajput for her excellent work in preparing the material. I would
like to thank my wife, Philippa, who contributed her IT expertise and enabled me to
process this work. We also thank Vijay's wife, Sangeeta, Mark's wife, Jane, and our
families for their forbearance.

David Mills
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