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ROCKET PROPULSION

A modern pedagogical treatment of the latest industry trends in rocket propul-
sion, developed from the authors’ extensive experience in both industry and
academia.

Students are guided along a step-by-step journey through modern rocket
propulsion, beginning with the historical context and an introduction to top-level
performance measures, and progressing to in-depth discussions of the chemical
aspects of fluid flow combustion thermochemistry and chemical equilibrium,
solid, liquid, and hybrid rocket propellants, mission requirements, and finally to
an overview of electric propulsion.

Key features include:

e A wealth of homework problems, with a solutions manual for
instructors online.

o Numerous real-life case studies and examples.

e An appendix detailing key numerical methods, and links to addi-
tional online resources.

e Design approaches for all types of chemical rockets (including
solid, liquid, and hybrid propellants) and electric propulsion.

o Techniques for analysis of engine and motor operation, and system

and vehicle level performance.

This is a must-have book for senior and first-year graduate students
looking to gain a thorough understanding of the topic along with practical tools
that can be applied in industry.

Stephen D. Heister is the Raisbeck Distinguished Professor of Aeronautics and
Astronautics at Purdue University and has previously worked in industry. He has
served as an Associate Editor of The AIAA Journal of Propulsion & Power and is
an elected Fellow of the AIAA.

William E. Anderson is a Professor of Aeronautics and Astronautics at Purdue
University and is former Associate Head of the Undergraduate Program. He is an
Associate Fellow of the AIAA.

Timothée Pourpoint is an Associate Professor of Aeronautics and Astronautics at
Purdue University. He is an Associate Fellow of the AIAA.

R. Joseph Cassady is the Executive Director for Space in Aerojet Rocketdyne
Washington Operations. He is an Associate Fellow of the AIAA and former
Chair of the Electric Propulsion Technical Committee. He serves as Vice
President of the Electric Rocket Propulsion Society, and Executive Vice
President of ExploreMars Inc.

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781108422277
www.cambridge.org

Cambridge University Press & Assessment

978-1-108-42227-7 — Rocket Propulsion

Stephen D. Heister , William E. Anderson , Timothée L. Pourpoint , R. Joseph Cassady
Frontmatter

More Information

ROCKET PROPULSION

STEPHEN D. HEISTER
Purdue University, Indiana

WILLIAM E. ANDERSON
Purdue University, Indiana

TIMOTHEE POURPOINT
Purdue University, Indiana

R. JOSEPH CASSADY
Aerojet Rocketdyne

AMBRIDGE
NIVERSITY PRESS

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781108422277
www.cambridge.org

Cambridge University Press & Assessment

978-1-108-42227-7 — Rocket Propulsion

Stephen D. Heister , William E. Anderson , Timothée L. Pourpoint , R. Joseph Cassady
Frontmatter

More Information

CAMBRIDGE

UNIVERSITY PRESS

Shaftesbury Road, Cambridge CB2 8EA, United Kingdom
One Liberty Plaza, 20th Floor, New York, NY 10006, USA
477 Williamstown Road, Port Melbourne, VIC 3207, Australia
314-321, 3rd Floor, Plot 3, Splendor Forum, Jasola District Centre, New Delhi — 110025, India
103 Penang Road, #05-06/07, Visioncrest Commercial, Singapore 238467

Cambridge University Press is part of Cambridge University Press & Assessment,
a department of the University of Cambridge.

We share the University’s mission to contribute to society through the pursuit of
education, learning and research at the highest international levels of excellence.

www.cambridge.org
Information on this title: www.cambridge.org/9781108422277

DOI: 10.1017/9781108381376
© Stephen D. Heister, William E. Anderson, Timothée Pourpoint and R. Joseph Cassady 2019

This publication is in copyright. Subject to statutory exception and to the provisions
of relevant collective licensing agreements, no reproduction of any part may take
place without the written permission of Cambridge University Press & Assessment.

First published 2019
A catalogue record for this publication is available from the British Library

Library of Congress Cataloging-in-Publication data
Names: Heister, Stephen D., author. | Anderson, William E. (William Edward), author. | Pourpoint, Timothee
(Timothee Louis), author. | Cassady, R. Joseph, (Joe), author.

Title: Rocket propulsion / Stephen D. Heister (Purdue University, Indiana), William E. Anderson (Purdue
University, Indiana), Timothee Pourpoint (Purdue University, Indiana), Joseph Cassady (Aerojet Rocketdyne).
Description: First edition. | New York : Cambridge University Press, [2018] | Includes bibliographical
references.

Identifiers: LCCN 2018036914 | ISBN 9781108422277
Subjects: LCSH: Rockets (Aeronautics) | Jet propulsion. | Rocket engines.

Classification: LCC TL782 .H45 2018 | DDC 621.43/56—dc23
LC record available at https://Iccn.loc.gov/2018036914

ISBN  978-1-108-42227-7  Hardback
Additional resources for this publication at www.cambridge.org/heister.

Cambridge University Press & Assessment has no responsibility for the persistence
or accuracy of URLSs for external or third-party internet websites referred to in this
publication and does not guarantee that any content on such websites is, or will
remain, accurate or appropriate.

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781108422277
www.cambridge.org

Cambridge University Press & Assessment

978-1-108-42227-7 — Rocket Propulsion

Stephen D. Heister , William E. Anderson , Timothée L. Pourpoint , R. Joseph Cassady
Frontmatter

More Information

CONTENTS

Preface page ix
Acknowledgments xii
1 Classification of Rocket Propulsion Systems and Historical
Perspective 1
1.1 Introduction 1
1.2 A Brief History of Rocketry 1
1.3 Classification of Rocket Propulsion Systems 10
Further Reading 19
2 Mission Analysis Fundamentals 20
2.1 Classification of Rocket-Propelled Vehicles 20
2.2 Mission Requirements for Launch Vehicles 23
2.3 Mission Requirements for Upper-Stage or Orbital
Transfer Vehicles 28
2.4 Mission Requirements for Ballistic Missiles 34
2.5 Mission Requirements for Interceptors 37
2.6 Summary 40
Further Reading 40
Homework Problems 40
3 Trajectory Analysis and Rocket Design 47
3.1 Vertical Trajectories — The Rocket Equation 47
3.2 Burning Time and Acceleration Effects 56
3.3 Multistage Rockets 60
3.4 Generalized Trajectories 64
Homework Problems 69
4 Rocket Nozzle Performance 81
4.1 Review of Compressible Flow of a Perfect Gas 81
4.2 Rocket Performance Fundamentals 85
4.3 Designing Nozzle Aerodynamic Contours 97
4.4 Non-Conventional Nozzles 100
4.5 Two-Dimensional Flow Effects 102
4.6 Nozzle Shocks and Separation 105
4.7 Two-Phase Flow Losses 107
4.8 Boundary Layer Losses 109

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781108422277
www.cambridge.org

Cambridge University Press & Assessment

978-1-108-42227-7 — Rocket Propulsion

Stephen D. Heister , William E. Anderson , Timothée L. Pourpoint , R. Joseph Cassady
Frontmatter

More Information

vi Contents

4.9 Method of Characteristics for Axisymmetric Flows
Further Reading
Homework Problems
5 Combustion and Thermochemistry
5.1 Review of Perfect Gases
5.2 Thermodynamics Review
5.3 Chemical Equilibrium
5.4 Calculating the Adiabatic Flame Temperature
5.5 Rocket Nozzle Thermochemistry
5.6 Computer Codes for Chemical Equilibrium Computations
Further Reading
Homework Problems
6 Heat Transfer in Chemical Rockets
6.1 Introduction
6.2 Cooling Techniques Used in Rockets
6.3 Heat Transfer Fundamentals
6.4 Scaling of Convective Heat Transfer Processes
6.5 Regenerative Cooling System Analysis
Further Reading
Homework Problems
7 Solid Rocket Motors
7.1 Introduction
7.2 SRM Internal Ballistics
7.3 Specific Impulse, Mass Flow, and Thrust Predictions
7.4 Solid Rocket Motor Components
7.5 Solid Rocket Propellants
7.6 Thrust Vector Control and Throttleable Systems
Further Reading
Homework Problems
8 Liquid Rocket Engines
8.1 Introduction: Basic Elements of an LRE
8.2 Monopropellant Systems
8.3 Bipropellant Systems and Engine Cycles
8.4 LRE Propellant Tanks
8.5 LRE Thrust Chambers
8.6 LRE Injectors
8.7 LRE Combustor/Injector Design and Analysis
8.8 LRE Unsteady Systems Analysis Using Lumped Parameter
Methods

110
113
114
134
134
138
143
149
153
154
157
158
177
178
182
188
202
203
213
214
229
229
230
236
237
247
257
261
262
282
282
286
289
298
304
309
327

330

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781108422277
www.cambridge.org

Cambridge University Press & Assessment
978-1-108-42227-7 — Rocket Propulsion

Stephen D. Heister , William E. Anderson , Timothée L. Pourpoint , R. Joseph Cassady

Frontmatter
More Information

Contents
8.9 A Note on Additive Manufacturing
Further Reading
Homework Problems
9 Liquid Rocket Propellants
9.1 Introduction: Classification of Liquid Propellants and Historical
Perspective
9.2 What is a Fuel? And What is an Oxidizer?
9.3 Desirable Properties in Liquid Propellants
9.4 Monopropellants
9.5 Storable and Hypergolic Propellants
9.6 Gelled Propellants
9.7 Cryogenic Propellants
9.8 Final Considerations
Further Reading
10 Rocket Turbomachinery Fundamentals

10.1 Introduction: Elements of Rocket Turbopumps and Historical

10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9
10.10

Perspective

Pump Design Fundamentals

Inducer Design

Impeller Design

Thrust Balance

Pump Operating Envelope and CFD Analysis
Turbine Fundamentals

Shafts, Bearings, and Seals

Rotordynamics

A Note on Additive Manufacturing

Further Reading
11 Hybrid Rocket Engines

1.1
11.2
11.3
11.4
11.5
11.6
11.7

Introduction: General Arrangement and History
HRE Combustion Fundamentals

HRE Lumped Parameter Ballistics

HRE Ballistic Element Analysis

HRE Combustion Theory

HRE Propellants

HRE Design

Further Reading

Homework Problems

12 Combustion Instability

12.1

Introduction: Overview and History

vii

334
336
337
348

348
351
353
357
374
388
389
396
397
401

401
409
416
419
421
422
424
428
434
436
438
439
439
442
443
450
454
458
460
463
464
479
479

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781108422277
www.cambridge.org

Cambridge University Press & Assessment

978-1-108-42227-7 — Rocket Propulsion

Stephen D. Heister , William E. Anderson , Timothée L. Pourpoint , R. Joseph Cassady
Frontmatter

More Information

viii Contents
12.2 Background 483
12.3  Analysis 493
12.4 Test Methods 508
Further Reading 521
13 Electric Propulsion Fundamentals 526
13.1 Introduction 526
13.2 Background: Historical Developments 528
13.3 Fundamentals of Operation for EP Devices 528
13.4 Types of Electric Propulsion Devices 539
13.5 Electric Propulsion Applications 545
13.6 System Design and Spacecraft Interactions 550
Further Reading 553
Homework Problems 553
Appendix 555
A.1 Numerical Methods 555
A.2 Fluid Properties and Other Resources 563
Index 570

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781108422277
www.cambridge.org

Cambridge University Press & Assessment

978-1-108-42227-7 — Rocket Propulsion

Stephen D. Heister , William E. Anderson , Timothée L. Pourpoint , R. Joseph Cassady
Frontmatter

More Information

PREFACE

BACKGROUND

While its roots extend back centuries, the modern foundations of chemical propulsion were
developed in the World War 1II era and in a bit more than two short decades later these systems
pushed American astronauts to the moon. The engineering challenges for the development of these
systems are numerous because the volumetric energy release is perhaps the highest of any device
constructed by humans. This factor, combined with the need to minimize weight for devices that are
being flown, leads to a demanding set of requirements for engineers. As a result, the knowledge set
required to contribute in this field demands a broad set of considerations including combustion,
single and multiphase fluid flow, material properties and compatibility, structural analysis, and
design as important considerations.

This textbook grew out of course notes I developed over a 20-plus year period after joining
Purdue in 1990. Purdue already had had two chemical rocket propulsion courses on its books at that
time: a senior-level course (AAE439) that parallels those taught in other aerospace engineering
schools around the globe, and a more unique graduate-level treatment (AAE539). The AAE439
notes have been published locally on an informal basis and have provided an opportunity to correct
the many errors that inevitably creep in in a document of this size. The graduate course was initially
developed by my predecessor, Professor Robert Osborn. This course delved heavily into solid
rocket propellant combustion — Osborn’s main area of research over his storied career. Given the
broader needs of the community, I set out to include liquid and hybrid propulsion as well.
At present, about half of the graduate-level material from AAE539 is included in the book.
Perhaps my colleagues and I will add more of this material in future editions if market interest
and energy of the authors so warrant. Other than this limitation, I believe that the text is up to date at
this point with the latest information on new vehicles under development and the role that additive

manufacturing is playing in our industry.
MaIN FeaTURES OF THis Book

This text was developed for propulsion students and the tone of the book emphasizes the tutorial
nature of this task. I strongly believe that engineering students learn material by working problems;
nearly 300 are included in the book for this purpose. Many of these problems are analogous to
a cursory analysis that might be done by a practicing engineer in industry and many are motivated
by the authors’ collective experience of issues and studies performed in industry. The abundance of

practice material distinguishes this text from those that are currently available or have been
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X Preface

published over the years. Chapters 9, 10 and 12 are exceptions in this regard. It is difficult to assign
homework problems on liquid propellants and the combustion instability topic is more advanced
and not typically something we would assign students in coursework. The turbomachinery chapter
came together over the last year or so and we are currently building up the problem database in that
area.

My co-authors and I made another conscious decision to emphasize analytic approaches to
problems in order to arm students with tools that they might apply in an industrial career. Even in
this modern computer age with numerous multidimensional computer codes, it is often useful to
check results against a simpler zero or one-dimensional result and in doing so gain insight into the

complexity of the problem at hand.

COURSE PREREQUISITES AND THEIR RATIONALE

A student in a course that uses this book should already have taken thermodynamics and compres-
sible fluid flow courses that are typically taught in sophomore and junior years in aerospace
engineering curricula. Knowledge of sophomore-level calculus is also assumed. While many
students in mechanical engineering or combined ME/AE programs gain background in heat
transfer, this subject is absent from many AE schools and for that reason a focused attempt is
made to provide top-level principles in Chapter 6 of the book. This material is not intended to
replace a full semester course in heat transfer, but to motivate for more formal coursework in the
area and to provide some background on rocket-related analyses that are commonplace in our
industry. Because heat transfer is an integral performance element in a staged combustion rocket
engine, it is really necessary to provide a sufficient level of detail such that students understand the
fundamentals of this broad area. The broad topic of combustion is addressed similarly and focuses
on specific approaches that are used in the rocket industry. Here at Purdue, we encourage all our
propulsion students to try to get additional coursework in the combustion and heat transfer fields

due to their importance in our profession.

STRUCTURE OF THE BOOK

As I formulated a plan toward manuscript development, it became apparent that my colleagues here
could strengthen the work substantially. I engaged Bill Anderson and Tim Pourpoint early on, to
improve the book and specifically to add material in combustion instability and liquid rocket
propellants per their extensive expertise in these areas. Bill helped in many other ways and made
suggestions/improvements to numerous chapters. We also engaged long-time friend and Purdue
alumnus Joe Cassady to provide valuable input on electric propulsion. With a 30-plus year career at
Aerojet Rocketdyne, and substantial experience developing educational materials, he was a natural

choice.
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Preface Xi

We open with a brief history of rocketry and introduce the types of rocket propulsion
systems commonly in use today. Chapters 2 and 3 contain material on mission requirements and
trajectory analyses that are not strictly germane to the propulsion student, but we like to have the
student have an understanding of how the propulsion analyst works with mission/trajectory
designers in a real-world application. This approach also allows one to conduct simple sizing
exercises without running to mission design experts, thereby providing a comprehensive capability
for the student.

Chapter 4 provides fundamentals of compressible flow through nozzles with a review of
nozzle design alternatives and treatment of flow separation, two-phase flow, and a brief discussion
of method of characteristics. Chapter 5 provides classical introduction to combustion thermochem-
istry with a large number of examples to work out chemical equilibrium by hand in order to gain
perspective for use of our standard industry computer codes. Chapter 6 provides introductory
background on heat transfer and a focused discussion on some of the more important problems
facing the rocket propulsion analyst.

Chapters 7-11 provide in-depth discussion of solid, liquid, and hybrid rocket propulsion
systems. An entire chapter (Chapter 9) is dedicated to liquid propellants for liquid rocket or hybrid
propulsion systems. Turbomachinery discussions are also broken out into a dedicated chapter
(Chapter 10). Once again, the emphasis in these chapters is to provide students with analytic
approaches to computing behaviors of a given design and propellant selection. Particular emphasis
is placed on problems that we still struggle with as a community in order to provide students with
a glimpse of the issues they will face as they enter the field.

Chapter 12 is Bill’s extended discussion on one of our most vexing topics: combustion
instability. In addition to providing overviews of the problem, design guidelines for achieving
stability, and methods for measurement and rating, an introduction to linear analysis necessary to
understand the most common techniques in use today is covered in some detail. Admittedly, this is
higher-level material and would certainly be omitted in a first course in most instances.

Finally, we close out the book with Joe’s perspectives on electric propulsion in Chapter 13.
As with the chemical propulsion discussion, he provides perspective on the “hard problems” faced
by the EP community.

A single appendix is included in the text. We defer to our modern age by including a list of
website links rather than reams of paper that regurgitate the compressible flow and thrust coeffi-
cients typically seen in a text of this nature. We believe this is a superior way to access these things
in today’s highly connected environment. Numerous other links are also included and the entire list
of links is provided on our Purdue Propulsion Web Page (https://engineering.purdue.edu/~propulsi/
propulsion/). In addition, substantial background is provided on numerical methods that are
required to solve some of the homework problems in the text. We wanted the book to stand on
its own in this regard as many of our students have little or no experience in these methods when

they enter our classroom.
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