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Editors5 foreword 

The lack of a comprehensive book on high-temperature physical gasdy­
namics has been felt for a long time. Since we wrote the first edition of 
"Hypersonic Flow Theory" we have particularly felt the need for a comple­
mentary text covering this field. A few books in the field have appeared, 
treating some of the pertinent topics. The brilliant text of Zel'dovich and 
Raizer first appeared early in 1964, and was not only outstanding but com­
pletely unique. The revised and updated second edition of this text is pre­
sented here in English, shortly after the Russian version. We hope that these 
two volumes together with the second edition of our own "Hypersonic Flow 
Theory" will serve to present a comprehensive picture of high-temperature 
high-speed flows in both their physical and hydrodynamical aspects. Our 
second edition will be in two volumes, the first on Inviscid Flows already 
published, and the second on Viscous and Rarefied Flows planned for 1969. 

Zel'dovich and Raizer's text is truly comprehensive in the field of high-
temperature gasdynamics, dealing thoroughly with all the essential physical 
aspects and their influence on the dynamics and thermodynamics of continu­
ous media. The authors bring a deep physical insight to bear in explaining 
the nature of seemingly most complicated phenomena. Mathematical and 
formal treatments are kept to a minimum, while the results of such treat­
ments are reported and compared with those of simplified approaches. The 
actual scope of the text is discussed in the authors' prefaces. 

The standard approach of the theoretical physicist for many of the sub­
jects treated here is quite formal, and not readily connected in the student's 
mind with physical ideas. Relatively rare are approaches which are correct 
in essentials and which are based upon sound physical reasoning from funda­
mental concepts. It is here that this text excels and is unduplicated. The 
authors consistently explain the physical phenomena of interest on the sim­
plest correct physical basis, using classical instead of quantum physics where 
this is possible. 

As an inevitable consequence of the comprehensive nature of the text, 
it is a large one. In the English version we have been forced to split the work 
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into two volumes. This split is a fairly natural one, however, as the first 
volume covers primarily the fundamental hydrodynamic, physical, and 
chemical processes involved; the second volume covers primarily the appli­
cation and interaction of these processes in a multitude of important prob­
lems. However, the two volumes together certainly constitute a fully 
integrated and interrelated work. 

ft is truly difficult to qualify the audience to which this work is directed. 
Our physicist colleagues who have used parts of the book in class have found 
it exceptionally well adapted to teaching in graduate courses. At the same 
time, they, like the editors, have learned from the book and have obtained 
a better appreciation for the subject as a whole. The book is also ideally 
suited for engineers, presenting for them not only the basis for acquiring the 
physical understanding they need, but also specific formulas, methods, and 
experimental results for use in making practical calculations. Thus, without 
exaggeration, we can say that it is well suited to researchers, engineers, stu­
dents, and professors, in a word, the authors have succeeded in the aims 
set forth in their original preface. 

The authors are thoroughly acquainted with the world literature, and the 
references cited are comprehensive. The Soviet journals cited are mostly 
those now regularly translated into English, so that very few of the refer­
ences cited in this edition are to be found only in Russian. 

The editors are grateful for the close and friendly cooperation of the 
authors. We have exchanged comments, clarifications, and lists of errata. 
Some editorial changes have been incorporated with the authors' consent. 
Where it was thought helpful to indicate a different point of view on a topic, 
to discuss terminology, or occasionally to amplify a statement, we have 
added an editors' footnote. Subject and author indexes have been added, 
covering Volume I at the end of that volume, and covering both volumes 
at the end of Volume II . 

The editors gratefully acknowledge the financial support and assistance 
of the Advanced Research Projects Agency through a contract technically 
administered by the Fluid Dynamics Branch of the Office of Naval Research 
with the Massachusetts Institute of Technology. Without this support the 
editors would not have been able to carry out this project. For the main part 
of the translating we are indebted to Scripta Technica, Inc. We wish to 
thank Miss Margaret Gazan for her skillful handling of the secretarial work 
and of many editorial details. A number of our colleagues have given us valu­
able comments and corrections, for which we express our sincere thanks. 
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We also wish to thank Mezhdunarodnaya Kniga for furnishing us the figures. 
We express our most sincere appreciation to our publishers for their coopera­
tive attitude in this endeavor. 

Our warmest thanks go to the authors for their wholehearted cooperation 
in this undertaking. 

September, 1966 WALLACE D . HAYES 

RONALD F. PROBSTEIN 
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Preface to the English edition 

This book considers a large variety of problems of modern physics and 
engineering, which deal with shock waves, high temperatures and pressures, 
plasmas, strong explosions, very strong electrical discharges, interaction of 
intense laser radiation with a medium, etc. We have attempted not only to 
present the clearest possible interpretation of the physical bases of the phe­
nomena arising in these fields, but also to give practical guidance to those 
who work with these subjects in science and modern technology. 

The content of this book is determined to a large extent by the tastes of 
the authors. In particular, we have considered in more detail those phenom­
ena and problems which were investigated by us personally. Naturally, more 
attention has been given to the work of Soviet authors. However, we have 
attempted to reflect in a sufficiently complete manner the work of American 
and British scientists, which has led to important advances in the solutions 
of the problems considered. 

The text prepared by us for the English edition is almost identical with 
that of the second Russian edition, which is to be published in 1966. It 
contains important additions (and corrections) not contained in the first 
Russian edition of 1963. 

We are very glad that this book has been translated into English and will 
become accessible to many foreign scientists and engineers. We are grateful 
to the translators for their work and value most highly the initiative of 
Professors Hayes and Probstein, who have undertaken the editorship of the 
translation, have shown great care and thoroughness, and have made a 
number of valuable comments. 

October, 1965 Y a . B . Z e l ' d o v i c h 

Yu. P . RAIZER 
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Preface to the first Russian edition 

The requirements of modern technology have made it necessary for scien­
tific research to penetrate into the domain of very high values of the state 
variables, such as with high concentrations of energy, very high tempera­
tures and pressures, and extreme velocities. In practice, such conditions are 
encountered in strong shock waves, in explosions, in hypersonic flight of 
bodies in the atmosphere, in very strong electrical discharges, etc. 

A great variety of physical and physical-chemical processes can occur in 
gases at high temperatures: excitation of molecular vibrations, dissociation, 
chemical reactions, ionization, and radiation of light. These processes affect 
the thermodynamic properties of gases, while at high velocities and with 
sufficiently rapid changes in the state of the fluid the rates of these processes 
also affect the motion of the fluid. Of special importance at very high tem­
peratures are processes related to the emission and absorption of light and 
radiative heat transfer. The enumerated processes are of interest not only 
from the point of view of their energetic effect on the motion of the gas, but 
also frequently lead to changes in the composition of the gas and its electrical 
properties, to the emission of radiation from the gas and many optical 
phenomena, etc. An appreciable portion of this book is devoted to the study 
of all of these problems, comprising the newly-arisen branch of science 
termed "physical gasdynamics." 

Of great scientific and practical interest is the study of strong shocks in 
solids. Recent achievements, which have permitted the compression of solid 
bodies by means of shock waves to pressures of millions of atmospheres, 
have opened new paths for the investigation of solid media at ultra-high 
pressures. Considerable attention has, therefore, been devoted to these prob­
lems in the present book. 

Many scientific disciplines are interwoven here, including gasdynamics, 
shock wave theory, thermodynamics and statistical physics, molecular 
physics, physical and chemical kinetics, physical chemistry, spectroscopy, 
the general theory of radiation, the elements of astrophysics, and solid state 
physics. Many of the physical processes and phenomena considered are of 
differing character and are not directly related to each other. The result of 
such diversity in the material is the absence of obvious continuity in the 
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contents of the book. Certain chapters are quite independent, and deal with 
completely different areas of physics or mechanics, so that not all chapters 
are related to each other. Hence, the reader interested in one or another 
particular topic will find it sufficient to become acquainted only with the cor­
responding chapters. 

In examining the most diverse problems, even those of mathematical 
character, we endeavored primarily to explain the physical essence of the 
phenomena using the simplest mathematical tools, frequently resorting to 
estimates and semiqualitative analysis. At the same time, we attempted to 
help those physicists, fluid mechanicians, and engineers who work in the 
corresponding areas of applied physics and engineering, and to supply them 
with practical tools for independent analysis of many different and complex 
physical phenomena. For this purpose, the treatment of the majority of the 
phenomena examined is carried through to specific numerical results, the 
formulas for the calculation and evaluation of various quantities are pre­
sented in a convenient form for practical work, a large amount of useful 
experimental data and reference material is cited, etc. 

The book is of a theoretical character and the description of experimental 
apparatus and methods is kept to a minimum. However, the presentation 
and comparison of experimental results with theoretically predicted values 
has been given an appropriate amount of attention. 

The journal literature in "physical gasdynamics" is immense. As far as 
we know, however, no attempt has been made, either in the Soviet Union 
or elsewhere in the world, to present a systematic and generalized exposition 
— in a single book and from a single point of view — of the material in this 
new area of science. Apparently this book is the first attempt in this direction. 

The literature cited in the text reflects the fact that the book was written 
during 1960 and 1961. However, references to more recent works and brief 
additions were added in those sections dealing with problems which are 
being developed at an especially rapid pace. This refers primarily to Chapters 
V, VI and VII. 

The great variety of the phenomena and the large scope of the material 
forced us to limit the presentation to far from all the problems related to the 
vast area under consideration. We have not considered the more mathemati­
cal aspects of hydrodynamics, nor such problems as that of supersonic flow 
past bodies. We have only barely touched upon electromagnetic phenomena, 
and have not dealt at all with thermonuclear fusion, behavior of a plasma 
in a magnetic field, nor magnetohydrodynamics and magnetogasdynamics, 
combustion, detonation, etc. A great many books dealing with such problems 
are already available. 
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The selection of the material for the book has been to some extent a 
subjective one. A significant place in the text is devoted to phenomena which 
were investigated by the authors in their own studies. Thus, the authors' 
original works have served as a basis for part of the text — almost com­
pletely in Chapters VII I and IX, to a considerable extent in Chapters VII , 
X and XII , and partially in Chapter XI . Chapter I represents a complete 
revision of an earlier book by one of the authors, 'Theo ry of Shock Waves 
and Introduction to Gasdynamics," published by the Academy of Sciences 
of the USSR in 1946. 

We should like to express our especial gratitude to A. S. Kompaneets, 
who is responsible for working out a number of problems dealt with in the 
book and for many useful criticisms and remarks on the manuscript. We 
are grateful to L. B. Altshuler and S. B. Kormer for their remarks on the 
manuscript for Chapter XI , which is based on their work to a large extent. 
We are also grateful to M. A. El'yashevich who read the manuscript carefully 
and made valuable comments. 

Y A . B . ZEL'DOVICH 

Y u . P . RAIZER 
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Preface to the second Russian edition 

The general structure of the book and the major part of the text in this 
second edition were retained without change. At the same time, certain 
chapters were thoroughly revised and a considerable amount of new material 
was added. Chapter V now contains a part devoted to breakdown (high-
intensity ionization) processes and to the heating of gases by a focused laser 
beam. This is one of the most interesting phenomena connected with the 
interaction between an intense light beam and a medium. It was discovered 
experimentally several years ago, shortly after the development of lasers, 
which produce high pulse intensities measured in tens of megawatts and 
higher, and immediately attracted the attention of many physicists (including 
the authors of this book, who have published works on the theory of this 
phenomenon) . 

In connection with problems of gas ionization by laser radiation we have 
added sections to Chapter V in which emission and absorption of light by 
free electrons on collision with neutral atoms is considered. The lively inter­
est which is now shown toward lasers has induced us to write a special 
section (in Chapter I I ) devoted to the semiclassical treatment of induced 
emission and of the laser effect. 

Extensive changes were made in Part 3 of Chapter VI, in which we 
consider problems of ionization, recombination, and electronic excitation. 
This part has been virtually rewritten and extensively expanded in order to 
take into account modern views on these processes. According to these views 
an important role is played by stepwise ionization of atoms (first excited and 
then ionized) and electron capture into upper atomic levels through three-
body collisions with subsequent deexcitation of the excited atoms through 
electron impact and radiative transition. Ionization in air has been consid­
ered in more detail. The presentation of the closely related problem of 
ionization of a gas in a shock wave (in Chapter VI I ) was also changed. 

Sections of Chapter VIII , pertaining to the rate of change in the degree 
of ionization and of the "freezing" accompanying a sudden expansion of an 
ionized gas into a vacuum have been rewritten. This problem has been 
recently reexamined with account taken of electron capture into upper 
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atomic levels as a result of recombination through three-body collisions. 

On the basis of material which was contained in the first edition and of 
more recent results we have added in Chapter XI I a part dealing with the 
propagation of shock waves in an inhomogeneous atmosphere with an expo­
nential density distribution. We have added an appendix wherein are col­
lected certain constants, relations between atomic constants, and relations 
between units and formulas which are frequently encountered in practice 
when dealing with the subject matter of this book. 

We have here mentioned only the principal, but by far not all of the 
changes and additions which were made (we also note that mistakes and 
printing errors which were found in the first edition have been corrected). 

Topics of physics and mechanics which were touched upon in the book 
are developing at an extremely rapid rate, with the consequent discovery of 
more and more new fields of application (an example of this is the phe­
nomenon of breakdown and heating of gases in the focus of a laser b e a m ) . 

As an evidence of the interest shown toward these scientific disciplines 
we cite the fact that immediately after publication of this book, an English 
translation was undertaken in the United States, and a need for a new edition 
very soon arose. We hope that this second revised and supplemented edition 
will be of use to specialists already working in the above fields of science and 
engineering and to those who are about to enter these fields. 

Y A . B . ZEL'DOVICH 

Y u . P . RAIZER 



Contents 

EDITORS' FOREWORD V 

PREFACE TO THE ENGLISH EDITION IX 

PREFACE TO THE FIRST RUSSIAN EDITION XI 

PREFACE TO THE SECOND RUSSIAN EDITION XV 

CONDENSED CONTENTS OF VOLUME I XXUi 

VII. Shock wave structure in gases 

§1. Introduction 465 

J . The shock front 468 

§2. Viscous shock front 468 
§3. The role of viscosity and heat conduction in the formation of a shock front . 477 
§4. Diffusion in a binary gas mixture 482 
§5. Diffusion in a shock wave propagating through a binary mixture . . . . 485 

2. The relaxation layer 489 

§6. Shock waves in a gas with slow excitation of some degrees of freedom . 489 
§7. Excitation of molecular vibrations 494 
§8. Dissociation of diatomic molecules 498 
§9. Shock waves in air 502 

§10. Ionization in a monatomic gas 505 
§11. Ionization in air 513 
§12. Shock waves in a plasma 515 
§13. Polarization of a plasma and the creation of an electric field in a shock wave . 522 

3, Radiant heat exchange in a shock front 526 

§14. Qualitative picture 526 
§15. Approximate formulation of the problem of the front structure . 5 3 1 
§16. The subcritical shock wave 535 
§17. The supercritical shock wave 539 
§18. Shock waves at high energy densities and radiation pressures 543 

xvii 



xviii Contents 

VIII. Physical and chemical kinetics in hydrodynamic processes 

1. Dynamics of a nonequilibrium gas 547 

§1. The gasdynamic equations in the absence of thermodynamic equilibrium . 547 
§2. Entropy increase 551 
§3. Anomalous dispersion and absorption of ultrasound 553 
§4. The dispersion law and the absorption coefficient for ultrasound . . . . 559 

2. Chemical reactions 564 

§5. Oxidation of nitrogen in strong explosions in air 564 

3. Disturbance of thermodynamic equilibrium in the sudden 
expansion of a gas into vacuum 571 

§6. Sudden expansion of a gas cloud 571 
§7. Freezing effect 573 
§8. Disturbance of ionization equilibrium 577 
§9. The kinetics of recombination and cooling of the gas following the 

disturbance of ionization equilibrium 579 

4. Vapor condensation in an isentropic expansion 585 

§10. Saturated vapor and the origin of condensation centers 585 
§11. The thermodynamics and kinetics of the condensation process 588 
§12. Condensation in a cloud of evaporated fluid suddenly expanding into vacuum 591 
§13. On the problem of the mechanism of formation of cosmic dust. Remarks on 

laboratory investigations of condensation 595 

IX. Radiative phenomena in shock waves and in strong explo­
sions in air 

1. Luminosity of strong shock fronts in gases 598 

§1. Qualitative dependence of the brightness temperature on the true 
temperature behind the front 598 

§2. Photon absorption in cold air 603 
§3. Maximum brightness temperature for air 606 
§4. Limiting luminosity of very strong waves in air 609 

2. Optical phenomena observed in strong explosions and the 
cooling of the air by radiation 611 

§5. General description of luminous phenomena 611 
§6. Breakaway of the shock front from the boundary of the fireball . . . . 618 
§7. Minimum luminosity effect of the fireball 621 
§8. Radiation cooling of air 626 
§9. Origin of the temperature drop—the cooling wave 628 



Contents x i x 

§10. Energy balance and propagation velocity of the cool ing wave 630 
§11. Contraction of the cooling wave toward the center 634 
§12. The spark discharge in air 636 

3. Structure of cooling wave fronts 638 

§13. Statement of the problem 638 
§14. Radiation flux from the surface of the wave front 642 
§15. Temperature distribution in the front of a strong wave 645 
§16. Consideration of adiabatic cooling 648 

X. Thermal waves 

§1. The thermal conductivity of a fluid 652 
§2. Nonlinear (radiation) heat conduction 654 
§3. Characteristic features of heat propagation by linear and nonlinear heat 

conduction 657 
§4. The law of propagation of thermal waves from an instantaneous plane source 663 
§5. Self-similar thermal waves from an instantaneous plane source 664 
§6. Propagation of heat from an instantaneous point source 668 
§7. S o m e self-similar plane problems 672 
§8. Remarks on the penetration of heat into moving media 676 
§9. Self-similar solutions as limiting solutions of nonself-similar problems . 679 

§10. Heat transfer by nonequilibrium radiation 681 

XL Shock waves in solids 

§1. Introduction 685 

1. Thermodynamic properties of solids at high pressures and 
temperatures 688 

§2. Compression of a cold material 688 
§3. Thermal motion of atoms 693 
§4. Equation of state for a material whose atoms undergo small vibrations . 697 
§5. Thermal excitation of electrons 701 
§6. A three-term equation of state 704 

2. The Hugoniot curve 705 

§7. Hugoniot curve for a condensed substance 705 
§8. Analytical representation of Hugoniot curves 709 
§9. Weak shock waves 710 

§10. Shock compression of porous materials 712 
§11. Emergence of weak shock waves from the free surface of a solid . 716 
§12. Experimental methods of determining Hugonio t curves for solids . . . . 722 
§13. Determination of cold compression curves from the results of shock 

compression experiments 730 



x x Contents 

3 . Acoustic waves and splitting of waves 732 

§14. Static deformation of a solid 732 
§15. Transition of a solid medium into the plastic state 737 
§16. Propagation speed of acoustic waves 741 
§17. Splitting of compression and unloading waves 744 
§18. Measurement of the speed of sound in a material compressed by a shock wave 746 
§19. Phase transitions and splitting of shock waves 750 
§20. Rarefaction shock waves in a medium undergoing a phase transition . . . 757 

4. Phenomena associated with the emergence of a very strong 
shock wave at the free surface of a body 762 

§21. Limiting cases of the solid and gaseous states of an unloaded material 762 
§22. Criterion for complete vaporization of a material on unloading . . . . 766 
§23. Experimental determination of temperature and entropy behind a very strong 

shock by investigating the unloaded material in the gas phase 770 
§24. Luminosity of metallic vapors in unloading 773 
§25. Remarks on the basic possibility of measuring the entropy behind a shock 

wave from the luminosity during unloading 777 

5. Some other phenomena 778 

§26. Electrical conductivity of nonmetals behind shock waves 778 
§27. Measuring the index of refraction of a material compressed by a shock wave 781 

XII. Some self-similar processes in gasdynamics 

I . Introduction 785 
§1. Transformation groups admissible by the gasdynamic equations . . . . 785 
§2. Self-similar motions 787 
§3. Conditions for self-similar motion 790 
§4. T w o types of self-similar solutions 792 

2· Implosion of a spherical shock wave and the collapse of 
bubbles in a liquid 794 

§5. Statement of the problem of an imploding shock wave 794 
§6. Basic equations 796 
§7. Analysis of the equations 799 
§8. Numerical results for the solutions 803 
§9. Collapse of bubbles. The Rayleigh problem 807 

§10. Collapse of bubbles. Effect of compressibility and viscosity 810 

3. The emergence of a shock wave at the surface of a star 812 

§11. Propagation of a shock wave for a power-law decrease in density . . . . 812 
§12. On explosions of supernovae and the origin of cosmic rays 817 



Contents xx i 

4. Motion of a gas under the action of an impulsive load 820 

§13. Statement of the problem and general character of the mot ion 820 
§14. Self-similar solutions and the energy and momentum conservation laws 823 
§15. Solution of the equations 827 
§16. Limitations on the similarity exponent imposed by conservation of 

momentum and energy 833 
§17. Passage of the nonself-similar mot ion into the limiting regime and the 

"inf ini te" energy in the self-similar solution 834 
§18. Concentrated impact on the surface of a gas (explosion at the surface) . . 839 
§19. Results from simplified considerations of the self-similar motions for 

concentrated and line impacts 842 
§20. Impact of a very high-speed meteorite o n the surface of a planet . . . . 844 
§21. Strong explosion in an infinite porous medium 846 

5 . Propagation of shock waves in an inhomogeneous atmosphere 
with an exponential density distribution 849 

§22. Strong point explosion 849 
§23. Self-similar mot ion of a shock wave in the direction of increasing density 852 
§24. Applicat ion o f the self-similar solution to an explosion 858 
§25. Self-similar mot ion of a shock wave in the direction of decreasing density 

Application to an explosion 859 

CITED REFERENCES 864 

A P P E N D I X : SOME OFTEN USED CONSTANTS, RELATIONS BETWEEN 
UNITS, A N D FORMULAS 881 

A U T H O R INDEX 887 

SUBJECT INDEX 896 



This page intentionally left blank



Condensed Contents of Volume I 

Chapter I 

Elements of gasdynamics and the classical theory of shock waves 

1. Continuous flow of an inviscid nonconducting gas 
2. Shock waves 
3. Viscosity and heat conduction in gasdynamics 
4. Various problems 

Chapter II 

Thermal radiation and radiant heat exchange in a medium 

Chapter III 

Thermodynamic properties of gases at high temperatures 

1. Gas of noninteracting particles 
2. Gases with Coulomb interactions 

Chapter IV 

Shock tubes 

Chapter V 

Absorption and emission of radiation in gases at high temperatures 

1 . Continuous spectra 
2. Atomic line spectra 
3. Molecular band spectra 
4. Air 
5. Breakdown and heating of a gas under the action of a concentrated laser beam 

xxii i 


