| ELEMENTS o




11
1.2
1.3
1.4
1.5
1.6
17
18
19
L0
Li1
112
1.13*
1.14%
1.15*
1.16*
Lre
118

21
22
2.3
24
2.5
25
27
2.8
29
2,10
211
2.12
213

3l
5.2

Contents

CHAPTER 1. CONCEPTS FROM THERMODYNAMICS

INTRODUCTION

THERMODYNAMIC SYSTEMS

VARIABLES OF STATE

Tue FirsT Princrpar Law

TRREVERSIBLE AND REVERSIBLE PROCESSES

Pesrrct Gases

Tug Fiist LAW APPLIED TO TREVERSIBLE PROCESSFS. SPRECIFIC LIEATS
Tre FiRST Law AppLIED TO IRREVERSIELE PROCESSES

Tue Conceer 0F EnTROPY. THE SECcOND Law

THE CANGNICAL EQuaTion OF STATE. FrEE ENERGY ano Frey ENTHALPY
REcrprECITY RELATIONS

ExtRorY AND TRANSPORT PROCESSES

EqurLieriuM ConpiTIONS

MmxrurEs OF Prrruct Gases

Tug LAW 0F Mass AcTion

Diss0CIATION

CONDENSATION

ReaL (7ASES IN GASDYNAMICS

CHAPTER 2. ONE-DIMENSIONAL GASDYNAMICS

INTRODUCTION

Tre CONTINUITY EQUATION

Tur FENERCY EQUATION

Reservoir CONDITIONS

EvLer’s EQUATION

THE WMOMERTUN TYoaTIoN

IsenTrROPIC CONDITIONS

Spezp OF SouND; Maca NUMBER

THE AREA-VELOCITY RELATION

REsuLTS FROM THE ENERGY EQUATION
BervoULLl EquaTion; DyNamic Pressure
Frow AT CoNSTANT AREA

Trz NormaL SHOocK RELAmiows ror A PrrrEcr Gas

CHAPTER 3. ONE-DIMENSIONAL WAVE MOTION

INTRODUCTION
Tuz ProracaTING SHOoCK Wave
OnE-DIMENSIONAL IsEnTROPIC FQUATIONS

39
40
41
43
45
43
49
50
51
53
35
56
57

62
62
65



3.4
3.5
3.6

3.8
3.5
3.10
31l
312

4.3
4.2
4.3
44
4.5
4.6
4.7
4.8
4.9
4.10
4.11
412
4.13
4.14
4.15
4.16
4.37
4.18%
4.19*
4,20*
4.21

5.1
52
5.3
5.4
55
5.6
3.7
5.8
5.9
5.10
5.11
212

6.1

Tue Acoustic EQUaTIONS

PROPAGATION OF ACOUSTIC WAVES

THE SPEED oF SouUND

PressURE AND PARTICLE VELOCITY iN A Sounp WavE
“LINEARIZED” SHock TUBE

FsunTROPIC WAVES OF FINITE AMPLITUDE
Provacation orF Finite Waves

CENTERED EXPANSION WavE

Tur Suwock Tusk

CHAPTER 4. WAVES IN SUPERSONIC FLOW

INTRODUCTION

OBLIQUE SHOCK Waves

RELATION BETWEEN 8 AND ¢
SurErsoNiC FrLow oVER & WEnGE
Macu LiNes

Prsron AnALGeY

WeAk OBLIQUE SHOCKS

Surersonic ComrressioN BY TurNING
SvrersoNIc Exransion gy Turninvg
Tue Prawori-Mryrr Funcrion
SiMpLE aND Nowsimrre Rrclows
REFLECTION AND INTERSECTION OF OBLIQUE SHOCKS
INTERSECTION OF SHOCKS OF THE SAME FaMILY
DetacHEDd SHOCKS

Macu REFLECTION

Snock-Expansioy Tueory

Trin AIRFOIL THEORY

Frar Lirtive Wivcs

Drac Rebpucrion

Tae: HopoGRAPH PLane

Coxe 18 Suvversonic Frow

CHAPTER 5. FLOW IN DUCTS AND WIND TUNNELS

INTRODUCTION

Frow 1N CHANNEL OoF VARYING AREA

Anrea RELATIONS

Nozzie Frow

NorMal SHock REGCOVERY

Errects oF SEconp TIROAT

Actuar. PerrorMaNCcE oF Winp Tusner Dirrusers
Winp TusNiL Pressure Ratio

SupEnsonic Winn TunNNELS

Winp Tunwer CHARACTERISTICS

CoMPRESSOR MATCHING

Otuner Wino Tuwners ann Testing METHODS”

CHAPTER 6. METHODS OF MEASUREMENT

INTRODUCTION

67
68
69
71
72
T4
76
8
79

84
85
86
88
89
91
42
93
97
98
100
101
102
103
106
107
109
113
115
118
120

124
124
125
127
130
131
133
133
136
137
139
142

144



6.2
6.3
6.4
6.5

6.7

6.8

6.9

6.10
611
6,12
6,13
6,14
615
6.16
6.17
6.18
6.19
6.20

7.1
7.2
1.3
74
5
7.6
7
7.8
1.9
7.10
711
712
7.13

8.1
8.2
8.3
8.4
83
8.6
8.7
838

CHAPTER 9. BOIMES OF REVOLUTION.

21
9.2
9.3

SrATIC PRESSURE

Toral PRESSURE

Mace NUMSBER FrROM PRESSURE MEASUREMENTS
WEDGE AND CoNE MEASUREMENTS

VELOCITY

TeEMPERATURE AND HEAT TRANSFER MEASUREMENTS
DeNsiTY MEASUREMENTS

InpEx oF REFRACTION

SCHLIEREN SYSTEM

Tur Knire Epce

Some Practical. CONSIDERATIONS

Tae Saabow MrTiHoD

INTERFERENCE METHOD

MACH-ZRHNDER [NTERFEROMETER
INTERFEROMETER TECHNIQUES

X-Ray Assorprion anp Orner MeETHODS
DmECT MEASUREMENT OF SKIN FRICTION
Hor-Wire ProBE

$ro0cK Tupz INSTRUMENTATION

CHAPTER 1. THE EQUATIONS OF FRICTIONLESS FLOW

IxTRODUCTION

NoraTion

Tue Equation or ConTINUITY

Tar MomentyMm EqQUATion

Tue Enercy LQuartion

Tue Euierian DERIVATIVE

Seurrmive THE EnErcY EQuariox

Tue Torar ENTHALPY

Narurar CoospiNatzs. Crocco’s THEOREM
Revation or VORTICITY 10 CIRCULATION AND RoTATION
Tux Vevocry PoTEnTIAL

IeroTaTIONAL FLOW

Rrmargs on ¥HE Eguations oF MoTiow

CHAPTER 8. SMALL.-PERTURBATION THEORY

INTRODUCTION

DERIVATION OF THE PERTUBATION EQuations
PrEssure CORFFICIENT

Bounpary CONDITIONS

Two-DimensioNal Frow Past A Wave-Smapep WaLL
Wavy Warr v SupERsoNIG Frow

Svrzrsonic THIN Amrrom. THEORY

Prawvar Frows

INTRODUCTION
CxrinpRicAl, COORDINATES
Bounpary ConnITIONS

SLENDER BODY THEORY

144
147
148
149
150
151
153
153
157
159
161
162
164
165
168
170
171
172
177

178
178
180
182
185
186
188
190
191
194
196
197
200

202
203
206
206
208
212
215
216

218
219
221



9.4
9.5
9.6
2.7
2.8
9.9

Pressure COEFFICIENT

Axiarny SyMmMEeTRIC Frow

Sumsoni¢ Frow

SUPERSONIC Frow

VELOCITIES IN THE Surkrsonic FIELD
SoLUTION FOR A COXNE

910 O7HER MERIDIAN SHAPES

o211
9.12

SoruTioN ror SLenpEr CoNE
Srexoer Bopy Deac

9.13% Yawen Bopy or RevoLurtion N Supersonic FrLow
9,14* Cross-FLow Bounsany Conbitions
9.15*% Cross-FLow SOLUTIONS

9.16
9.17
9.18

Cross FLow ror Suenper Bopies or Revorution
Lirt or Sienorr Bopies oF RevoLrution
StEnpeEr Bopy THEORY

6.19* Ravikicu's FormuLA

CHAPTER 10. THE SIMILARITY RULES OF HIGH-SPEED FLOW

10.1
10.2

10.3
10.4
10.5
106
10.7

111
11.2
11.3
11.4
1L5

11.6%*

12.1
12.2
12.3
124
12,5
12.6%
12.7%
12.8
12.9
12.10
12.11
12,12

INTRODUCTION

Two-DiMENsioNaL LINEARIZED Frow, PRANDTL-GLAUERT AND GOTHERT
Ruies

Two-Dimensionar Trawsowic Frow., von KinmAn’s Ruies
LinEarIZED AX1aLry Symmersie FLow

Pranar Frow

SUMMARY AND AVPLICATION OF THE SIMILARITY Laws

Hicu Macy NUMBERS, HIYPERSONIC SIMILARITY

CHAPTER 11. TRANSONIC FLOW

INTRODUCTION

DrrmNITION OF THE TRANSONIC RANGE

Transowrc Frow Past Wence Sections

Transonic Frow Past 4 Cone

Transonic FLow Pasr Smoors Two-DIMENSIONAL SHares. THE QuEs-
TION OF SHoCK-FrRe: Frow

Tur HopocraPH TRANSFORMATION OF THE EQUATIONS

CHAPTER 12. THE METHOD OF CHARACTERISTICS

INTRODUCTION

HyvrerpoLie EQuaTIiONS

Tuae CowmraTiBiLITY RELATION

Tue Compuration MeTHOD

InTERIOR AND Bounpary PoIints

Axiairy Symmernic Frow

Nomsentroric Frow

Turorems Asout Prane Frow
CoMpuraTION WiTH WEAK, FiNite Waves
INTERACTION OF WAVES

Dzrsien or Svrersonic NozzLes
ComPARISON OF CHARACTERISTICS AND WAVES

224
224
226
226
229
230
232
233
235
239
241
242
242
243
246
247

252

253
256
258
260
262
263

270
270
271
276

278
280

284
285
285
288
291
292
295
296
298
299
301
304



CHAPTER 13, EFFECTS OF VISCOSITY AND CONDUCTIVITY

i3.1 INTRODUCTION 305
132 Courrte FLow 306
13.3 RecovERY TEMPERATURE 310
134 Verocary Distripution 1w Couerre Frow 311
185 Ravieww’s Propiem. TrE Dwrruston or Vorricery 313
136 Tur Bounpanry-Laver Conceer 316
13,7 Pranprl’s Eouarions ¥or A Frar Prate 310
13.8  CHARACTERSTIC REsuLTs FroM vHE Bounpary-Lavir Lguarion 320
13.6  TwE DispLacEMENT ErrecT OF THE Bounpary Laver. MOMENTUM AND
EnErGY [NTEGRALS 303
13.10 CHANGE OF VARIABLES 3985
13.11 Bouwpary Lavexs on ProriLps OrHER THAN a4 Frar Pratk 226
13.12 FLow THROUGH A Smocx WAVE 390
13.13% Tur NAVIER-3T0KES KQUATIONS 332
1314 Tsae TursvuLENT Bounpary Laver 338
13.15 Bounpsary-Layea EFrects oN THE Exrterwal Frow FimLp 340
13.16 SHOCK-WAVE BounpARY-LAYER INTERACTION 342
18.17 TURBULENCE 246
1418 Couverre FLow or A Drssocraring Gas 348

CHAPTER 14. CONCEPTS FROM GASKINETICS

141 INTRODUCTION 253
14.2  ProBaBILITY CONCEPTS 355
14.3  Disrripumion Funerions 359
44 Tre ViiarL TaEorEM or Crausius 361
14,5 Tue EqQuarion or STaTE OF A Purrsct Gas 362
4.6 TrE MaxweLl-Bortzmany DISTRIBUTION 363
14.7% Tuz Seearie Heats or Gasks 366
148 MorecuLar Corusiows, MEan Free PaTH anp Reraxation TiMES 369
14.9  Swuzar Viscosiry anp Hear CoNpucrion 378
1410 CouerrE FLow oF 4 Hicury Rareriep Gas 373
1431 Tue CoNCEPTS OF SLIP AND ACCOMMODATION 376
1412 Reraxation EFrecrs or tag INTERNAL DEGREES oF FREEDOM 378
14,13 Tuar Lot or ContinuoM THEoRY 380
EXERCISES 383
SELECTED REFERENCES 403
TABLES
I. Crivicar DaTa aANp CHARACTERISTIC TEMPERATURES FOR SEVERAL
GAsES 405
Il. Frow ParAMETERS vERsus M ror Sumsowic Frow 406
ITl. Frow ParaMETsrs vERsus M ror SUPERsONIE FLow 409
IV. Parameress vor Suock Frow 418
V. Macu Nomeer anp Maca Ancrr versyus Pranpri-Mever FumcTion 425
CHARTS
1. OsuiQue Suock CHART 428

2. OBLIQUE SHock Cuarr 430



APPENDIX 433

INDEX 437



