SCIENCE/PHYSICS

Physics of Shock Waves
and
High-Temperature

Hydrodynamic Phenomena
Ya. B. Zel'dovich and Yu. P. Raizer

igh temperatures elicit a variety of reactions in gases, including

increased molecular vibrations, dissociation, chemical reactions,

ionization, and radiation of light. In addition to affecting the
motion of the gas, these processes can lead to changes of composition and
electrical properties, as well as optical phenomena.

These and other processes of extreme conditions—such as occur in
explosions, in supersonic flight, in very strong electrical discharges, and
in other cases—are the focus of this outstanding text by two leading
physicists of the former Soviet Union. The authors deal thoroughly with
all the essential physical influences on the dynamics and thermodynamics
of continuous media, weaving together material from such disciplines as
gas dynamics, shock-wave theory, thermodynamics and statistical physics,
molecular physics, spectroscopy, radiation theory, astrophysics, solid-state
physics, and other fields.

This volume, uniquely comprehensive in the field of high-temperature gas
physics and gas dynamics, was edited and annotated by Wallace D. Hayes
and Ronald F. Probstein, leading authorities on the flow of gases at very high
speeds. It is exceptionally well suited to the needs of graduate students in
physics, as well as professors, engineers, and researchers.

Dover unabridged republication in one volume of the English translation originally published in two volumes
by Academic Press Inc.. New York. 1966-1967.

$44.95 USA PRINTED IN THE USA

ISBN-13: 978-0-486-42002-8
ISBN-10: 0-486-42002-7

WWW.DOVERPUBLICATIONS.COM


http://WWW.DOVERPUBLICATIONS.COM

PREFACE TO THE DOVER EDITION......coiiii e e Vi

EDITORS’ FOREWORD........cciiiiieiie ittt sttt ta et teenaesneeneesna e nenreens Vi
PREFACE TO THE ENGLISH EDITION.....ccoiiiiieit et sie et Xi
PREFACE TO THE FIRST RUSSUN EDITION. .....cciiiieiieiiesiieie e eie e e iesreesee e XL
PREFACE TO THE SECOND RUSSIAN EDITION.....c.ciiiiictiiie ettt XVU
. Elements of gasdynamics and the classical theory of shock
waves
1. Continuous flow of an inviscid nonconducting gas 1
§1. The equations Of gasAdYNaAMICS.........cccccveiiiiiie i l
§2.  Lagrangian COOFAINALES..........ccoiiiiiiiii e 4
83, SOUNA WVAVES.......ciitiieieiistee ettt sttt et ettt b et e sttt sn et n et e be e 7
84. Spherical SOUNA WWAVES........c.ccocvciiiiiicicee e 13
85,  CArACTErISTICS.......ccuiiii e e 15
86. Plane isentropic flow. Riemann invariants.............ieeenns 19
§7. Plane isentropic gas flow in a bounded region...........ccocviiiiiiiiciiciinnn, 24
§8. Simple waves.........cccccceenennee, I e 27
§9. Distortion of the wave form in a traveling wave of finite amplitude.
Some properties Of SIMPle WAVES.........ccoiiiiii e 29
810. The rarefaCtion VVAWVE..........c.ocooiiiiii e 33
§11. The centered rarefaction wave as an example of self-similar gas
[ 1@ 1 o @ 1 o TSSO ‘38
§12. On the impossibility of the existence of a centered compression wave . . 43
2. Shock waves 45
§13. Introduction to the gasdynamics of shock waves.............cccoceviiiiiiiiicinci, 45
814, HUQONIOT CUIVES......iiciiiiii ettt e e sbe et sbe e ane e s neeaeeaneenreesreas 49
815. Shock waves in a perfect gas with constant specificheats...............ccoc.e.... 50
§16. Geometric interpretation of the laws governing compression shocks - - - 55
§817. Impossibility of rarefaction shock waves in a fluid with normal
thermodynNamiC PrOPEITIES........ccoiie e 59
§18. WeaK ShOCK WWAVES........ccocociicicecc et 63
§19. Shock waves in a fluid with anomalous thermodynamicproperties - - - 67



3. Viscosity and heat conduction in gasdynamics 69

820. Equations of one-dimensional gas FIOWWV........ccccoiiiiiiiicnc e, 69
821. Remarks on the second viscosity coefficient...........cccccvvviiviiiiie e, 73
822. Remarks on the absorption of SOUNd.............ccooiiiiiiiii 74
§23. The structure and thickness of a weak shock front.............cococviiiinnnn 75
4. Various problems 84
824. Propagation of an arbitrary diSCONTINUILY.........ccccoviiiiiiiiiiieee 84
§25. Strong explosion in a homogeneous atmoOSPNEre.........cccocviieiinienecienee 93
§26. Approximate treatment of a strong exXploSioN........cccccvvviiiiiiiiieicenieee 97
§27. Remarks on the point explosion with counterpressure..........c.cccccooeeennnne. 99

§28. Sudden isentropic expansion of a spherical gas cloud into vacuum . . .101
§29. Conditions for the self-similar sudden expansion of a gas cloud into
AV 2= T B 15 1 o o TSSOSO PSRRI 104

II. Thermal radiation and radiant heat exchange in a medium
§81. Introduction and DasiC CONCEPLS.......ccciiiiiiiii i, 107

§2. Mechanisms of emission, absorption, and scattering of light in gases . . .111
§3. Equilibrium radiation and the concept of a perfect black body . . . .115

7/ 0o [ Tor=To =T 0 0 T 1STS] 1@ 1 o TSP SP TR 118
84a. Induced emission of radiation in the classical and quantum theories

aNd the 1aSer EFFECT.........cci s 122

85. The radiative transfer eqUAatION...........ccooiiiiiiiiiiee e 128

86. Integral expressions for the radiationiNteNSITY ........ccooovviiiiiiiiiie i 130

87. Radiation from a plane laY er ... 133
88. The brightness temperature of the surface of a nonuniformly heated

@ 7 X @ |V 138

§89. Motion of a fluid taking into accountradiantheat exchange . S I

810. The diffusion apPProXiMatiON...........ccccociiiiie e 144

811. The “forward-reverse” appProXimatiON..........ccccivviiieiiieiieeiienie e, 149

812. Local equilibrium and the approximation of radiation heat conduction . .151
813. Relationship between the diffusion approximation and the radiation

heat conduction apPProXiMAatION..........cccciiiiiiieeiee e 154
814. Radiative equilibrium in stellar photospheres.......cccccooviiiiiiiicicinnen, 157
815. Solution to the plane photosphere problem........cccciiiiiiiiicn 161
816. Radiation energy losses of a heated bOdYy ... 164
817. Hydrodynamic equations accounting for radiation energy and

pressure and radiant heat exchange..........ccoiii e, 168
818. The number of photons as an invariant of the classical

electromagnetic TIEld..........ooiiiii 172

LLI. Thermodynamic properties of gases at high temperatures

I. Gas of noninteracting particles 176

§1. Perfect gas with constant specific heats and invariant number of
PAFTICIES. ...t e e ne e 176



§2.
§3.
84.

85.
86.

§7.

88.
89.
§10.

§11.

§12.
§13.

§14.

V.

§1.
§2.

§3.
84.

85.

§1.

l.
§2.

§2a.

§3.
84.

85.

86.
§7.

§8.

Calculation of thermodynamic functions using partition functions . . .179
Dissociation of diatomic molecCules...........ccocvviiiiiiiiiinn e Ig3
Chemical reACTIONS............ci i e e
lonization and electronic eXCItatioN.........ccoccvviii e 192
The electronic partition function and the role of the excitation

ENEIJY OF ALOMIS.....iiiiiiii e ae e
Approximate methods of calculation in the region of multiple

L0] 0] = 14 [0 o PSSR 201
Interpolation formulas and the effective adiabatic exponent........................ 207
The Hugoniot curve with dissociation and 1onization..............cccceeveenee. 209
The Hugoniot relations with equilibrium radiation...............ccccovevvevienne, 213
Gases with Coulomb interactions 215
Rarefied 10NIZE0 QASES.....cccci i 215
Dense gases. Elements of Fermi—Dirac statistics for an electron gas . 218
The Thomas-Fermi model of an atom and highly compressed cold

MNATEITAIS. ... e 222
Calculation of thermodynamic functions of a hot dense gas by the

Thomas—Fermi MEetNOd............ccoo i 229

Shock tubes
The use of shock tubes for studying kinetics in chemical physics . . .233
Principle Of OPeratioN..........ccccociiiiiii i 234
Elementary shock tube theory ... 236
Electromagnetic shock tUBbES ™ ..o 239
Methods of measurement for various quUaNtIties...........ccocceveiinenciecienee, 243
Absorption and emission of radiation in gases at high
temperatures
Introduction. Types of electronic tranNSItIONS..........ccccevieiieiiniin s, 246
Continuous spectra 248
Bremsstrahlung emission from an electron in the Coulomb field of
0 T @ ) o PSR 248
Bremsstrahlung emission from an electron scattered by a neutral
at’m 255
Free-free transitions in a high-temperature ionized gas..........ccoccevvvvvivereene. 258
Cross section for the capture of an electron by an ion with the
emission Of @ PROTON.........coo 261
Cross section for the bound-free absorption of light by atoms
AN TONIS ..o e e e e e et e e te e be e ae e reere s 264
Continuous absorption coefficient in a gas of hydrogen-like atoms . 269
Continuous absorption of light in a monatomic gas in the singly
IONIZEA FEOTON ..ot et b e e b s 272
Radiation mean free paths for multiply ionized gas atoms............ccccueneee. 277



88a. Absorption of light in a weakly ionized gas 281

2.

§9.
§810.
§11.

§12.
813.

3.

§14.
§15.

§16.

§17.
818.
§19.
§20.

§21.

§22.
§23.

V1.

§1.
§2.

83.
84.
85.

86.
§7.

§8.
§9.

§10.
§11.

Atomic line spectra 283
Classical theory of spectral HNEeS........cccccoe i 283
Quantum theory of spectral lines. Oscillator strength.............ccccccoeen. 288
The absorption spectrum of hydrogen-like atoms. Remarks on the
effect of spectral lines on the Rosseland mean free path............c...cccooee. 293
Oscillator strengths for the continuum. The sum rule............cccocoveiiiiiiinenen, 298
Radiative emission in spectral HNEeS.........cccociiiiii e 300

Molecular band spectra 303
Energy levels of diatomic molecules............cocooiiii e 303
Structure Of MOIECUIAr SPECIIA........ccoiiiieii e 308
The Frank-Condon PrinCIple........e e 313
Probability of molecular transitions with the emission of light . . . .316
Light absorption coefficient in HHTNES.......c.ccov i 321
Molecular absorption at high temperatures.............cccocevveiieiiesievie e 323
More exact calculation of the molecular absorption coefficient at
high temperatures . . . 326

Air 331
Radiative properties of high-temperature air........ccccooieiiiiieiiinie e 331

Breakdown and heating of a gas under the action of a

concentrated laser beam 338
BreaKAOWN.. ...t 338
Absorption of a laser beam and heating of a gas after initial
PreakKAOWN... ... e 343

Rates of relaxation processes in gases

Molecular gases 349
Establishment of thermodynamic equilibrium..........c.cccoiiii 349
Excitation of molecular rotatioNS............cccceve i 352

Rate equations for the relaxation of molecular vibrational energy . . .353
Probability of vibrational excitation and the relaxation time _ - _ _ 356
Rate equation for dissocation of diatomic molecules and the

FElaXatiON THINIC ..ot b e 362
Atom recombination rates and dissociation rates for diatomic

MOIECUIES. ... ettt eesne s 364
Chemical reactions and the activated complex method............c..ccccceeinennn 368
OXIdation OF NITFOGEN......ooiiiiiie e s 374
Rate of formation of nitrogen dioxide at high temperatures..............cc.ccuo...... 378
lonisation and recombination. Electronic
excitation and deexcitation 382
BasiC MECNANISIMS........co o 382

lonization of unexcited atoms by electron impact...........ccccceviiiiiiiienen, 386



8§12.

Excitation of atoms from the ground state by electron impact.

(D TCTC) o | = 1 £ o] o O S 390
813. lonization of excited atoms by electron impact - - - k - - - . 392
814. Impact transitions between excited states of an atomM..........ccceeviirin. 396
815. lonization and excitation by heavy particle collisions...........cccococnien 398
§16. Photoionizationandphotorecombination............c.ccocviiiiiiiineie s 402
817. Electron-ion recombination by three-body collisions (elementary
1121=70] 7/ 1SRRI 406
818. A more rigorous theory of recombination by three-body collisions . . .408
819. lonization and recombination IN @B ... 413
3. Plasma 416
§20. Relaxation in aplaSmIa. ... 416
The Cited References, Author Index, and Subject Index
listed on this page relate to chapters | -VI only. All three
items for the entire work are listed at the end of the Contents.
(088 7=Yo I GI=0 L=) B=) 8 L= =TT TTTTrUR 422
Appendix. Some often used constants, relations between
UNITS, AND FORMULAS.....ccctiiitierieiestesientessessessesseeseessessessessessesseeseens 441
AUTNOr TNAEX 447
STU oY T=Y o) S 1 T (=5 TP 452
VII. Shock wave structure in gases
8L, INErOAUCTION ..o 465
1. The shock front 468
§2.  Viscous shock Front...........cccceeveiviiinicnine, 468
§3.  The role of viscosity and heat conduction in the formation of a shock front . 477
84.  Diffusion in a binary gas MIXEUFE.........ccooeiiiiiiiiice s 482
85.  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
87. Excitation of molecular vibrations............cccoocovviiiiieiccc e 494
§8.  Dissociation of diatomic MOIECUIES............ccoiiiiiiiiiii e 498
89, ShOCK WAVES IN @M K et 502
§10. lonization in @ MONAOMIC GAS......cccciuirieiiieieerie e 505
) o] a1 =1 (o] o I T = T 1N OSSR 513
§12.  Shock waves in @ Plasmi@.. ... 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
§814.  QUAlItAtIVE PICTUNE......ooiiiii e 526
§15. Approximate formulation of the problem of the front structure - - _ _ 531
§16. The subcritical SNOCK WaWVe...........cccooiiiii s 535
§17.  The supercritical ShOCK MWaNe...........ccooiiii e 539
§18. Shock waves at high energy densities and radiation pressures...........c........ 543



M.

1. Dynamics ofa nonequilibrium gas

8L,
82.
§3.
84.

The gasdynamic equations in the absence of thermodynamic equilibrium .
ENIrOPY INCIEASE. .......eee ettt e s 551
Anomalous dispersion and absorption of ultrasound............ccccceevviiverinenne. 553

The dispersion law and the absorption coefficient for ultrasound - - - -

2. Chemical reactions

85.

Oxidation of nitrogen in strong explosions iN @lr.........cccccceevveveecieeceecveene. 564

3. Disturbance of thermodynamic equilibrium in the sudden

§6.
§7.
88.
89.

810.
§11.

expansion ofa gas into vacuum

Sudden expansion of a gas CloUud...........ccccoiiiiiiiiiiiei 571
Freezing EFFECT.......ccoi e 573
Disturbance of ionization equilibrium..........cccccooiiiiii 577
The kinetics of recombination and cooling of the gas following the

disturbance of ionization equilibrium............cccooiiiii 579

4. Vapor condensation in an isentropic expansion

Saturated vapor and the origin of condensation centers............cc.cceeeruennene. 585
The thermodynamics and kinetics of the condensation process................... 588
Condensation in a cloud of evaporated fluid suddenly expanding into vacuum

§12.
§13.

On the problem of the mechanism of formation of cosmic dust. Remarks on
laboratory investigations of condensation............cccoccvvivirinniinniene e, 595

Physical and chemical kinetics in hydrodynamic processes

547
547

559

564

571

585

591

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 @l . ....cccveiiiiiiie e 603
83. Maximum brightness temperature for air ... 606
84. Limiting luminosity of very strong waves in @i .........cccocceevvevieieeiee e 609
2. Optical phenomena observed in strong explosions and the
cooling of the air by radiation 611

§5. General description of luminous phenomena..........cccccvveniiiinicie e, 611
§6. Breakaway of the shock front from the boundary of the fireball . 618
§7.  Minimum luminosity effect of the fireball..............ccooooiiii e, 621
§8. Radiation cooling Of @il ........ccccciiiiiiieccic s 626
§9. Origin of the temperature drop—the cooling wave............cccocevcvviiniiennnnn 628



810. Energy balance and propagation velocity of the cooling wave....................... 630
§11. Contraction of the cooling wave toward the center...........c.ccccoeevevvcienene 634
§12. The spark discharge in air

................................................................................ 636
3. Structure of cooling wave fronts 638
§13. Statement of the problem...........cccccccvvvvrevvevererennnnn, . . 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.............ccc.cc.ce...... . . 648
X. Thermal waves
§1. The thermal conductivity 0f @ FIUIG............cooveeeeeeeeeeeeeeeeeeeeeeee e 652
§2.  Nonlinear (radiation) heat CONAUCTION...........cccooiiiiiiiiiens e 654
§3. Characteristic features of heat propagation by linear and nonlinear heat
CONAUCTION. ...t eee e ees s 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..........ccccoovveuan... 668
§7.  Some self-similar plane ProblemsS..........cccoiiiiin i 672
§8. Remarks on the penetration of heat into moving media...........c..ccoccvvvrvernenee. 676
§9. Self-similar solutions as limiting solutions of nonself-similar problems . . 679
§10. Heat transfer by nonequilibrium radiation..........cccccccoeveevreeeinicsseneennenne, 681

XI. Shock waves in solids

§1. Introduction

I. Thermodynamic properties ofsolids at high pressures and

temperatures 638

§2. Compression of a cold MAterial..........ccc.ccocoeeveeuerecerveeieeeeeee e, 688
§3. Thermal motion of AatOMIS........c.ccoiiviiirce | £ 693
84. Equation of state for a material whose atoms undergo small vibrations . 697
§5.  Thermal excitation Of €l€CIIrONS.........cccviiiiiiii i, /01
§6. A three-term equation OF STALE..........c.ccocvivieeeeeeeeeeeeeee e, 704
2. The Hugoniot curve 705
§7. Hugoniot curve for a condensed substance.............ccccccoueunnne.. 705
§8. Analytical representation of HUgONIOt CUNVES............ccovvvvevverireenne, 709
§9.  WeaK SNOCK VWAVES.........ooovoeeieeeeeeeeeeeeeeeeeee e 710
§10. Shock compression of porous materials...........cc.ccccocveeeveveeneane. 712
§11. Emergence of weak shock waves from the free surface of a solid . 716
§12. Experimental methods of determining Hugoniot curves for solids . . . 122

§13. Determination of cold compression curves from the results of shock
COMPIESSION EXPEITMENTS. ......overveeeveeeeeeeeeeeeeeeseeeeeseeesseeeeeeesseeses 730



3, Acoustic waves and splitting of waves 732

§14. Static deformation of @ SOITA..........ocoveiiiiiii e
§15. Transition of a solid medium into the plastic state
§16. Propagation speed Of aCOUSLIC WAVES.........cccccvcieiiiiii e

817. Splitting of compression and unloading WawVes..........cccoveviiiiinn e e,

§18. Measurement of the speed of sound in a material compressed by a shock wave
§19. Phase transitions and splitting of shock Wawves...........ccccoceviieiiiieiiciiie i,

§20. Rarefaction shock waves in a medium undergoing a phase transition .

4. Phenomena associated with the emergence ofa very strong

shock wave at the free surface ofa 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 - - - - 166
§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........cccccocvviiiiinininieiecee s 773
§25. Remarks on the basic possibility of measuring the entropy behind a shock

wave from the luminosity during unloading.........cccccccevvevieiieciicccce e, 777
5. Some other phenomena 778
§26. Electrical conductivity of nonmetals behind shock waves............ccccccueennnnne. 778

§27. Measuring the index of refraction of a material compressed by a shock wave 781

XIl. Some self-similar processes in gasdynamics

1. Introduction 785
§1. Transformation groups admissible by the gasdynamic equations - - - - 785
82, Self-SImilar MOTIONS........ccii e 787
83.  Conditions for self-similar MOTION..........ccccoiiiiei 790
84. Two types of self-similarsolUtions............cccoviiiiii 792

2. Implosion ofa spherical shock wave and the collapse of

bubbles in a liquid y 794
85. Statement of the problem of an imploding shock wave.............ccccccoovvivninnnn. 794
86.  BaSIC EQUATLIONS........ceicviiciciiectee ettt bbb b 796
§87, Analysis Of the @QUATIONS.........ccoiiiiiii e 799
88.  Numerical results for the SOIULIONS............ccocov i 803
§89. Collapse of bubbles. The Rayleigh problem...........ccoooiiii, 807

§10. Collapse of bubbles. Effect of compressibility and viscosity — .....cccocvveveveiienne 810
3. The emergence of a shock wave at the surface ofa star 812
811. Propagation of a shock wave for a power-law decrease in density . . . . 812

§12.  On explosions of supemovae and the origin of COSMIC rays........c.cceceverierenennn 817



4. Motion ofagas under the action ofan impulsive load

§13.

flr
815.

§16.
§17.

818.
§19.

§20.
§21.

Statement of the problem and general character of the motion .

?2clf'similar solutions and the energy and momentum conservation laws

Solution of the equations

Limitations on the similarity exponent imposed by conservation of

momentum and energy

Passage of the nonself-similar motion into the limiting regime and the
infinite ” energy in the self-similar solution.............c..cccceeveene,

Concentrated impact on the surface of a gas (explosion at the surface) .

Results from simplified considerations of the self-similar motions for

concentrated and line IMpacts.........cccccevcvevieennenne,

Impact of a very high-speed meteorite on the surface of a planet

Strong explosion in an infinite porous medium - - _ _

820

820
823
827

833

834
839

842
844
846

5. Propagation of shock waves in an inhomogeneous atmosphere

§22.

§23.
§24.

§25.

with an exponential density distribution

Strong point explosion...........ccccevveennn,

Self-similar motion of a shock wave in the direction of increasing density

Application of the self-similar solution to an explosion - - - -

Self-similar motion of a shock wave in the direction of decreasing density

Application to an explosion - - - _

Cited references .

Appendix. Some often used constants, relations between

UNITS, AND FORMULAS
Author index

Subject index

849

849
852
858

859

864

881
887

896



