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ABSTRACT

The feasibility of using a shock tube for quantitative investi-
gations of hypersonic flow phenomena at temperatures simulating free
flight conditions is studied theoretically and experimentally, In the
theoretical part, various aspects of the hypersonic shock tube problem
are treated in logical order, Methods of producing high Mach numbers,
limitations on the test section Mach number, methods of geﬁemting
strong shock waves, flows with variable specific heats and dissociation,
types of problems amenable to study with the hypersonic shock tube are
discussed, _

To verify and supplement some of the theoretical results, a shock
tube' of a somewhat unconventional design has been built, The bulk of
the experimental investigations undertaken to date have dealt with
pressure studies using piezoelectric gages, and schlieren studies of the
flow, The results obtained so far with flow Mach nmumbers in excess of
six, sté,gnation temperatures up to 9000°R and stagnation:pressures up to
200 psi, have not only contributed to a much greater understanding of
this relatively new fieid_ of application of the shock tube, but have
iﬁdicated a well defined course along which future i.rxvestigations will

continue,



TABIE OF CONTENIS

Acknowledgments

Abstract

Table of Contents

List of Figures

List of Plates

Symbols

I, Introduction

II, Ideal Shock Tube Theory

A, The Uniform Shock Tube

B. Hypersonic Shock Tubes (Tubes with Diverging Sections)

1. The D-Nozzle Vs, the CD-Nozzle
ae The D-Nozzle
be The CD-Nozzle

2, Establishment of the Flow
ae The D-Nozzle
b. The CD-Nozzle

3, Maximum Test Section Mach Number
aes The Double-Wedge Nozzle
be The Busemann Nozzle

C. Methods of Producing Strong Shock Waves

l, High Pressure Ratiocs

2. Gas Combinations

3. Mechanical or Electrical Heating

e GCombustion or Explosion Processes

iv

13
13

15

16
19
19
20



Se High Voltage Discharge
6, Non-Uniform Tubes (Refs. 3 and 10)
7« The Multiple-Diaphragm Method
D. Hypersonic Shock Tube Flow with Variable Specific Heats
l. The Uniformm Shock Tube
2+ Relaxation Time
3e Diverging Section
11X, The Hypersonic Shock Tube Problem
Ae Deviations from the Ideal Shock Tube Theory
Be Quantitative Investigations with a Hypersonic Shock Tube
1., Instrumentation
ae Temperature
be Density
ce Flow Velocity
de Sound Velocity
e. Mach Number
2+ Pressure Studies
3+ HNoz2le Performance ‘
i, Problems Amenable to Quantitative Study with the
Hypersoniec Shock Tube
IV. The GALCIT Hypersonie Shock Tube
A, Structural Features
le Compression Chamber
2. Transition Section
3+ Diaphragm Section
he Diaphragm Materials

v

PAGE

22

23
28

29
29
31
3l

35

38
38
39
Lo
L2
L7

L9
52
52
53
5l
5k
55



S5e¢ Diaphragm Rupture Mechanisms
- 64 Uniform Expansion Chamber
7« Divergent Section
8, Nozzles
as Nozzle Noe 1 (Fige 2a)
be Nozzle No, 2 (Fig. 2b)
c. Nozzle No. 3
9« Pressure Sysitem
10 Vacuum System
Be Instrumentation
1, Trigger Group
2o Shock Wave Propagation
3¢ Piezoelectric Gages
o Pressure Recording
5. Delay Chasis
6e Flow Photography
7. Optical System
V. Experimental Investigations
A. Calibration of the Apparatus
1. Piezoelectric Gages
2. Oscilloscope
3¢ Delay Chassis
he Amplifiers
B. Pressure and Flow Studies
1. Shock Wave Propagation
2¢ Pressure Studies in the Uniform Tube

vi

PAGE

56
57
58
58
59
59
59
60
60
61
61
61
62
62
62
63
él
65
65
68
68
68
69
69
70



3.
Lo

Se
6

ae Studies with Np - Air
be Studies with He - Air
Luminescence Behind the Shock Wave
Flow Studies at the Test Section: Nozzle Noe 1
ae Studies with N, - Air
be Studies with He - Air
Pressure Studies at the Test Section

Studies with Nozzles No. 2 and Noe 3

VI. Summary and Conclusions

References

Figures and Plates

PAGE

71
13
h
75
78
19
80
82
85
87



Theoretical
Figure Noe

~N O U FwWwoN =

10

12

13

15

16
17

18

LIST OF FIGURES

Idedl Flow Model in Uniform Shock Tube
Flow Establishment in a D-Nozzle

Flow Establishment in a CD-Nozzle

Flow Establishment in a Busemann Nozzle
The CD-Nozzle Vs, the D-Nozzle (¥ = 7/5)
The CD-Nozzle vs. the D-Nozzle ( ¥ = 5/3)

Maximum attainable Test Section Mach Number as a
Function of Initial Shock Wave Strength Mg for Air

Strengths Mg, and Mg, of the Two Shock Waves in a
Busemann Noz%le as a Fuanction of Test Section Mach
Number MI'

Initial Pressure Ratio p)/p; vs. Speed of Shock Wave
Propagation
p,/Py V8. PafDy

Initial Pressure Ratio ph/pl va. Temperature Ratio
Across Shogk Wave '

Initial Pressure Ratio p)/py vs. Mach Number M, of the

Flow Behind the Shock Wave ;
Expansion Ratio A/Ag vse. Mach Number of Steady Flow
Gain Factor G vs. Area Ratio A./Ap for My 1.0

Gain Factor G vs. Initial Pressure Ratio p)/py for
the Case A /Ag = 2.80 | |

Time History of Delayed Double Diaphragm Flow

Initial Pressure Ratio vs, Strength Mg of Shock Wave
for Different Th/Tl (N, = Air)

Initial Pressure Ratio vs, Strength Mg of Shock Wave
for Different Th/Tl (He - Air)

viii

92
93
ok
95

96

N

98
99

100

101
102
103

10k
105

106

107



19

20

22

23

25

27

28

29
‘30
31
32

33

35

Double Diaphragm Method Strength MS of the Resultant
Shock vs. py/py for p)/p; = 100

- Double Diaphragm Method Strength Mg of the Resultant

Shock vs. py/py for p,/py = 1000

Double Diaphragm Method Strength Ms of the Resultant
Shock vs. py/py for ph/pl = 10,000 ,

Double Diaphragm Method Strength of the Resultant
Shock vs. py/p; for py/p, = 100,00

ph/pl VS, Th/Tl for the Condition M, = Mg in Air - Air

Initial Pressure Ratio ph/pl vse Strength of Shock
Wave

p’_‘/pl VS, '1‘2/‘1‘1 with Variable Specific Heats

pY/py s. ?’2/?1 with Variable Specific Heats

p)/py VSe M, with Variable Specific Heats
vs. Area Ratio for Different M

Area Ratio vs, Mach No. for Isentropic Flow of Air
with Variable Specific Heats

Area Ratio vs. T#/T for Isentropic Flow of Air with
Variable Specific Heats

Area Ratio vs, p/p for Isentropic Flow of Air with
Variable Specific Heats . '

Optimum Test Section Mach Number Mp for Nozzle Static
Pressure Studies for Air with VariaBle Specific Heats

Optimum Test Section Mach Number My for Nozzle
Pressure Studies - %= 5/3 ° '

]
pofPr, vs. My

1
Mp = vse Mg for pTof/pl =1

108

109

1.0

112

113

15

116
117

118

119

120

121

122
123
12,



erimental

Figure Noe Page
Ie The GALCIT Hypersonic Shock Tube 125
II, (a) Nozzle Noe 13 (b) Nozzle No. 3 130
III, Initial Pressure Ratio ph/pl vs, Shock Strength Mg 132
Iv, Calibration Curve for the Barium-Titanate Pressure '
Pickup 13h
Ve Calibration for Quartz Crystal Pressure Pickup 135
VI, Initial Pressure Ratio p)/p; vs. Strength of Shock
Wave, Nz - AT 136
VI, Pressure Studies at the Entrance to the Diverging
Section (N, - Air) 140
ViiI. Pressure Studies at the Entrance to the Diverging
_ Section (He - Air) U1
X, Duration of Steady Flow Between the Shock and the
Contact Surface 10 Ft, from the Diaphragm Section U2
X Theoretical Time Duration of Steady Flow at the
Entrance to the Divergent Section as a Function of Mg 143
XI.  Test Section Mach Number Historys: Ph/Pl = 2500,
. No - Air : _ 148
XII. Test Section Mach Number History: ph/pl = 6800~-9000,
Ny = Air 19
. XIII, Test Section Mach Number History: ph/pl = 7000,
_ He - Air _ 153
XIV,  Test Section Mach Number History: ph/pl = 9500,
He - Air 15k
XV. Flow Establishment in the Divergent Nozzle for N, - Air 160
b AT AN Variation of the Strength M? of the First Shock Wave
at the Test Section vs, Initdal Pressure Ratio Ph/Pl
for N, = Air 161
XVil. Variation of the Strength Mg, of the First Shock Wave
at the Test Section vss Initial Pressure Ratio ph/pl
for He - Air 162
XVIIT. Pressures on a 35° Wedge 163



Plate No,

2a

3a
3b

. ha
Ub

-

(- I -

E & Rk P

LIST OF PLATES

Page
High Pressure System Showing the End Flange of the
Compression Chamber 126
Overall View Looking Downstream from the Compression
Chamber End 126
The Diverging Section with Partially Open Sidewalls 127
Over-4ll View Looking Upstream from the Diverging
Section End 127
The Diverging Section Sidewalls : : 128
The Test Section Showing the Model and the Pressure
Pickup Mounted on the Window 128
The Diaphragm Section ‘ 129

The Inlet to Nozzle Noe. 2 with the Sidewalls Removed 129

Electronic Instrumentation 131
Quartz Pressure Pickup Mounted on the Uniform Expansion

Tube 131
Typical Calibration Traces : 133

Effect of Damping on the Piezoelectric Gage Response 137
Effect of Electronic Time-Constant on the Gage Response 138

Pressure Traces at the Nozzle Inlet (Quartz Pickup,

Ny - Air) 139
Establishment of Flow at the Test Section Around a 10°

Wedge Uy
Flow In Plate 10 Continued | s
Flow in Plate 11 Continued W6
Flow in Plate 12 Continued : W7

Establishment of Flows at the Test Section Around a
259 Wedge 150



15

16
17a
17bed
18

19

22
23

25

26

Flow in Plate 1lli Continued

Flow in Plate 15 Continued

Flow over a 35° Wedge

Flow over a 413° Wedge

Flow over a 423° Wedge

Flow over a lﬂ.;o Wedge

Static Pressure Traces at the Test Section (Nz‘- Air)
Static Pressure Traces at the Test Section (He - Air)
Pressure Traces on a 35° Wedge at the Test Section

Flow Establishment at the Test Section with Nozzle
Noe 3 (He =~ Air)

Flow In Plate 2ii Continued

Establishment of Flow at the Test Section with
Nozzle Nos 3 (Np = Air)

Flow in Plate 25 Continued

xii

15
152
155
155
156
157
158
159
16h

165

167
168



-—?rr?’n”"’m

td

SYMBOLS

speed of sound, ft./sec,

cross sectional area

cross sectional area of the compression chamber
cross sectional area of the uniform expansion tube

cross sectional area at the test section

cross sectional area at the throat corresponding to M = 1

rear of the rarefaction wave

mixing zone in the unifom expansion tube
interface in the diverging section

mixing zone in the intermediate chamber
specific heat at constant pressure, BTU/1lb.-°R
specific heat at constant volume, BTU/1b.-°R
ratio of specific heats, Cp/Cy

overall error, per cent

experimental error, per cent

front of the rarefaction wave

reflected front of the rarefaction wave
gain factor

Mach number

flow Mach number with respect to the local speed of sound

shock wave propagation Mach number with respect to the speed of

sound in the flow ahead of the shock front
pressure, psi or mm. Hge

density, 1lbe/cue £t

xiii



Re

tas

Reynolds number

the shock reflected at the end of the uniform expansion tube

the .shock reflected from the second diaphragm

shock propagating into the intemmediate chamber

shock wave propagating in the uniform expansion tube

first shock in the diverging section

second shock in the diverging section

absolute temperature, °R

time, seconds or micro~seconds

velocity, ft./sece

space variable along the tube, with origin at the diaphragm section

duration of flow at the inlet to the diverging section between the

- shock S and the mixing zone C, psecs.

duration of flow between the shock 8 and the reflected front F!' of
the rarefaction wave, psecs.

duration of flow between the shock S and the rear B of the

rarefaction wave, M secse

Superseripts

( )* conditions at the throat, corresponding to M = 1

Subscripts

() o Stagnation conditions

( )1 initial conditions in the expansion chamber (except for Sq)

( )2 properties of the flow between the shock wave S and the mixing

zone C (except for Sz)



.( Jou properties of the flow behind the reflected shock R before
interaction with C

( )3 pro?erties of the uniform flow behind the mixing zone C

( )h initial conditions in the compreséion chamber

( )I initial conditions in the intermediate chamber (except for Cy)

( )II properties of the flow between s and Oy

( )III properties of the uniform flow behind Cp

( )yy properties of the flow behind r before interaction with Gy

( )( )u}imiting conditions corresponding to ph/p1==>-06

( )c conditions at the mixing zone ¢ (except for A.)

( )c' conditions at the interface c!

( )CI conditions at the mixing zone er

( )y conditions at the test section

( )( )o optimum conditions

()g conditions at the shock front S

( )Sl conditions at the shock front Sl

( )S conditions at the shock front S,

( )S2 conditions at the shock front s

() conditions at the reflected shock front R

{ )r- conditions at the reflected shock front r



I. INTRODUCTION

The theoretical and experimental work reported herein deals with
the feasibility of the use of shock tubes for guantitative investi-
gations of aerodynamic phenomena associated with hypersocnic flows at
stagnation temperatures simulating the conditions encountered in free
flighte

When a body is flying through air at a Mach number §f six, the
temperatures on some parts of the body may reach three or four thousand
degrees Rankine, At these temperatures, air can no longer be trea£ed
as a gas with constant specific heats. At even greater speeds, tem~
peratures will be such as to cause dissociation and, later, ionization
of air. Secarcely anything more than speculative remarks can be put
forth yet as to the possible effects of these conditions on the forces
exerted on a bodye Other aspects of aerodynamics gaining rapidly in
importance are concerned with viscous interaction problems a‘h low
Reynolds numbers and rarefied gas flow phenomena.

Aithough continuous wind tunnels producing highly;uniform flows
within a wide fange of hypersonic Mach numbers are in existence, one
with a stagnation temperature in excess of 1700°E does not existe For
hypérsonic flow investigations at low stagnation temperatures, the wind
tunnel has no equale, For high stagnation temperatures, however, other
techniques must be exploreds To date, three methods sﬁggest possibilities:

(1) The ballistic-range (Cf, Refs. 30 and 43)
(2) The free flight of missiles

(3) The shock tube



In the first method, since the model is not stationary, little
if any instrumentation can be attached te the model., The measurements
are mostly ‘external, and the duration of each test is of the order of a
few milliseconds, Although the data and information obtained by the
second method are very realistic, the expense involved in this ’éf;pe of
e;cper:inien‘bal work puts it beyond the reach of all but a few investigators.

In view of the serious drawbacks assoclated with the first two
nethods, the third, the shock tube, holds encouraging possibilities. As
with the ballistic range, the great disadvantage of the shock tube is
the extremely-short duration of unifom flow, Unlike in the‘ ballistic
range, however, the model is at rest with respect to the earth, and
the necessary instrumentation can be attached to ite Another important
advantage is the flexibility with which it can be used for studying many
types of problems.

Shock tubes have, in the past few years, gained immensely in
popularity and importance for studying many special problems ar::.s:mg in
diverse fields such as chemistry, physics, fluid dynamicé s structures,
and cosmologye* For the particular application with which this investi-
gation is concerned, it has become popular to describe fhe shoek tube as
Han intermittent wind twnel of very short duration", This é.pplication
of the shock tube has been utilized by a number of investigators-s:—* in
~ studies which have dealt primarily with unsteady flow phenomena in
chanmnels and around models, However, the shock tube has not yet been

given the attention it deserves for the quantitative study of aeronautical

# Refs, 5, 6, 10, 11, 13, 15, 17, 25, 27, 29, 30, and 32,

s Refs, 5, 6, 11, 12, 13, and a number of U.T.I.Ae reports on wave
interactions,



problems, and particularly so in the generation of hypersonic flows and
studies in this field,

The bproblem is very challenging: it is proposed to measure a
quantity of pressure with sufficient accuracy to distinguish the
deviations caused by incremental contributions resulting from viscous
effects and/or non-ideal gas conditions, as compared with the corresponding
.results (theoretical and/or experimental) in flows in which these
conditions camnot be produced.

The work reported herein has not answered the problem completely.
However, it has not only led to a much better understanding_bf this
relatively new field of application of the shock tube but has shed
much valuable light on the course along which future work in this field
at GALCIT will continue,

The theoretical and experimental studies undertaken to date are
preséntéd in the following four sections in a rather condensed form, in
order to prevent the main results and important concepts from getting
obscured by a bulk of details, Electronic circuit diagrams, simple
equations derivable from well-known relations of fluid dynamics, etce
are omitteds In many instances, the resulis of the anaiyses are given
with only a brief mention of the method of treatment, The works of
other investigators are indicated by references to published papers
~ except in those cases where a brief survey of certain studies reported
in the literature has been considered necessary for an understanding of
the contents of this thesis,

Following a brief réview of the well known ideal theory of uni-
form shock tubes, Section II presents a study of the methods of producing

uniform hypersonic flows in shock tubes with diverging sections, A



comparative analysis of the flows produced by different types of
nozzles and the maximum test section Mach numbers associated with each
type Mdicétes the necessity for generating strong shock waves. This
leads to a study of the various methods of producing strong shock waves,
The high temperatures produced in the flow behind a strong shock wave
lead, in tum, to the analysis of the effects of variable specific
heats, dissociation, and deviations from thermal equilibrium,

It is a well-confimed fact that the quantitative agreement
between theoretical and experimental results becomes increasingly poor
for shock tube flows produced by strong shock waves, A survey of the
magnitudes and the probable causes of these deviations has led to the
conclusion reached in Section III: namely, for hypersonic flow studies
of a quantitative nature with a shock tube, the quantities of interest
must be measured directly whenever possibles Theory is useful only for
rough analyses and for comparative studies between gross effecis.

In line with this assertion, the remainder of Section III is
devoted to a brief study of the possible types of instruﬁzentation which
can be used for studies with a hypersoniec shock tube. It is concluded
that pressure measurements hold the greatest possibility for fairly
accurate quantitative investigationse Finally, in the light of this
conclusion, the types of problems which are of current interest and are
~ amenable to study with hypersonic shock tubes are sunmarizeds

The hypersonic shock tube with which the experimental investi-
gations have been carried out is described in Section IV, Since this
tube has been constructed for basic studies of an explbmt.ory nature,
simplicity and economy in both the structural features and the

electronic instrumentation have been a major consideration,



Section V contains outline of the method of calibration of the
various pieces of instrumentation and/ :&:ix.e main topics of investigations
undertaken to date with the GALCIT hypersonic shock tube. The bulk of
the experimental work consists of pressure studies with piezoelectric
gages and flow studies by shadow and schlieren techniques. - |

Finally, the important conclusions drawn from the results of the

investigations reported in this thesis are summarized in Section VI.



II. IDEAL SHOCK TUBE THEORY

Ae. The Uniform Shock Tube

The ideal theory of the unifom shock tube has been treated in
great detail by a number of authors (Refs. 2, 3, L, 5, and 10), - This
theory, worked out on the basis of experimentally-observed facts, assumes
that upon completely and instantaneously removing a diaphragm separating
two uniform chambers . which may hold, in general, different
gases at different temperatures and pressures, a shock wave propagates
into the expansion chamber (Cf, Fig. 2) initially at pressuré py and a
centered rarefaction wave into the compression chamber at pressure Pl
(py/py > 1)e

The shock wave propagates with the speed M, = %% R and.behind
it starts a flow at Mach number M,= %;i » temperature To, (’1‘2/5['1 > 1),
and pressure Pps (p2/p1> 1)e The flow behind the shock wave
is assumed isentropice

At the instant of the diaphragm removal, the centered rarefaction
wave moves towards the compression chamber at the local speed of sound
with respect to the flow, Hence, the front of the wavev F moves at the
speed a), with respect to the fluid at rest, and the rear wave B travels
with the speed ag with respect to the gas which, at that point, the wave
~ has cooled down to the temperature '].‘3 < Th and expanded to the pressure
Py < Ph-

Since, in the one-dimensional flow between the rarefaction wave
and the shock wave, there is no mechanism which can support a pressure

gradient, Py = Pg = constant throughout, Then, assuming that no mixing
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takes place at thé interface "C", up = uge All the particles originally
in the expansion chamber are heated by the shock wave from Ty to Tg
éhereas the particles originally in the compression chamber are cooled
by the expansion wave from Th down to '1‘3. Thus, the plane "C", which
originally separated the two chambers and which, after the disphragm
removal, propagates behind the shock wave with particle velocity u3 = uo,
represents é. "contact surface, in other words, a temperature and an
entropy discohtinuity.

It has already been mentioned that the rear, "B", of the rarefac-
tion wave (Cf, Fige 1) propagates upstream with the local speed of sound
ag with respect to the flow propagating dounstream with particle velocity
u3e Hence, depending on whether M, = 1).3/3,3 > 1 or My< 1, the igar of
the rarefaction wave moves into the expansion chamber or the compression
chamber, respectively,

o Now, to formulate the model thus set up, the usual procedure is
as follows: although in general the energy equation is not invariant
under a Galilean transformation, for particular cases, such as the one-
dimensional propagation of a shock wave, the energy equation, as well
as the equations of continuity and momentum, is invariant (Ref, 1).
Hence, Mg, P> and T, being given, the stationary shock wave relations ’
the perfect gas law, and a simple Galilean transformation to let uy =0
. determine u,, Ty, P, a8 a function of Mg Similarly, for a given Ph/Pa’
and Th’ the well known relations for an unsteady isentropic expansion
wave (Ref, 1) determine the variables in Region 3, Finally, to get a
unique relation between ph/pl and Mg, the condition ug = u, and p3 = p,

is used, Then all other quantities of interest are easily derivable,



For a given gas combination and an initial temperature ratio Th/Tl’
the strength of the shock wave (M or po/py) reaches a finite limit as
the initial pressure ratio ph/pl tends to infinity, This limit is

Ms =5t Q¢
= Xg, - ’ G‘

For example, if Th/Tl = 1.0, for N, = Air this limit is six; for

He = Air it is very close to ten. The Mach number M_ of the flow in

2
Region 2 similarly tends to a finite value given by

.
M [??zx_o] z

independent of M, o For Kl = 7/5, with air or nitrogen in the expansion
chamber, M, == 1.89, For monatomic gases Xl = 5/3, with helim or

argon in the expansion chamber, this limit is M, = 1.3ke Contrary to
the rather severe limitations on the Mach mumbers in Region 2,

MB =M, (az/aB) can grow indefinitely, since aa/a.2 tends_to %er0 2s

ph/pl tends to infinity,.

A real shock tube is necessarily finite; hence, the rarefaction
wave and the shock wave eventually get reflected from the two ends of
the tube, The duration of testing time is determined by the appearance
of such effects in the flowe Most tubes are designed in such a way
_ that the duration of steady flow test time for Region 2 is ended by the
arrival of the contact surface at the test section and for Region 3 by
the arrival at the test section of either the rear B or the reflected
front F' of the rarefaction wavee

Hence, there are two regions of uniform flow, in either one of

# A detailed treatment of this problem can be found in Ref, Te



which aerodynamic studies can be made. The particular problem under
consideration is the generation of hypersonic flows at high stagnation
temperaturés. The flow behind the shock wave has the desired property
of high stagnation temperatures, but in a uniform tube the maximum
Mach number which can be obtained in this flow is, for most gaseé,
limited to a rather low supersonic value.

Theoretically, the Mach number of the flow in Region 3 can be
made as high as necessary. Whether this is possible to achieve experi-
mentally is still a controversial point (Cf. Refs, 6, 1h, and 2L),
Furthermore, the stagnation temperatures in present day hypersonic wind
turmels are higher than those which could be obtained in this flow
unless the gas in the compression chamber is preheated, Moreover, not
only is it necessary to preheat the gas in the compression chamber to
very high temperatures, but it is an experimental fact that the flow
in this region is extremely turbulent and not suited for even qualitative
studies at high initial pressure ratios, This subject will be considered
in more detail in Section III, The flow in Region 2 suffers fram no
such drawbackse.

The main reason for the limitation on the Mach nﬁmber attainable
in the flow behind the shock wave in Reglon 2 is the high speed of sound
(i.ces high static temperature), Hence, the Mach number of the flow in
, Region 2 can be increased if, with a relatively small or no change in
the stagnation temperature, some of the themal energy is converted into
kinetic energy. The well known method of accomplishing this is to expand
the flow in a nozzle, This leads to the topic treated in the next

section,
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B, Hypersonic Shock Tubes (Tubes with Diverging Sections)

By expanding the flow in Region 2 in a suitable nozzle, the flow
Mach number can be increased, Herice, in this approach, a steady flow of
reasonable duration is accumuwlated in a uniform expansion chamber and
then fed into a nozzle, If the flow behind the shock S is supersonic,
then a divergent nozzle is necessary., If, however, this flow is subsonic,
a convergent-divergent nozzle is required.i

The problem of the establishment of flow following the propagation
of a non-stationary shock wave down the nozzle is complicated due to the
shock-diffraction at the inlet, the appearance of a second shock wave
behind the first, and a region containing both entropy disconti_miities
and smooth gradients in between, Finally, depending on the type of
nozzle design, the steady flow at the test section is either a source
flow, as in a simple double wedge nozzle, or unifom parallel flow, as in
a Busemarm~type nozzle, With each type is associated a maximﬁm test
section Mach number which depends on Po/pl (or MS).

In the follow:j.ng three sections these topics will be treated
separatelys The general pictures and the notations are illustrated in

Figs. 2, 3, and Le

le The D-Nozzle Vs, the CD-Nozzle

" In Section IT.B.3 it is shown that the maximum test section Mach
nunber which can be obtained in the nozzle is detemined by the magnitude

of p,/py, vhere P, is the stagnation pressure of the flow, Hence, a

4 For convenience, a divergent nozzle will be referred to as a
D-nozzle, and a convergent~-divergent nozzle as a CD-nozzle (Cf, Figs. 2
and 3)e
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comparative study of the stagnation conditions produced by a D-nozzle
and a CD-nozzle, for identieal initial conditioms, will now be under-
_ ;baken.

ae 7The D«Nozzle

For M,>1 the flow in Region 2 is fed into a divergiﬁg nozzle for
further ‘e:qaansion (Cf, Fige 2)e The duration of steady flow at the test
section is detemined by the arrival at the test section of the contact
surface C, The stagnation conditions of the flow in Region 2 are also
the stagnation conditions of the steady flow at the test section if
isentropic expansion is assumed, This assumption is probabfly very
closely realized in view of the very great speed of the gas in fohe
nozzle, and the relatively short distance between the inlet to the nozzle

and the test section,

be The CDeNozzle

If the flow in Region 2 is subsonic, then a CD-nozzle must be
used (Cfe Fige 3)e However, the pressure ratio pe/pl in‘ such cases
is too low to aftain high Mach numbers at the test section (see Section
I]f.B.\E). The CD-nozzle can be used to advantage with strong sﬁocks S
and MZ > 1 if the subsonic flow behind the reflected shock R is used,
For a given set of initial conditions, the stagnation quantities in
the Region 2 depend on the area ratio Ap/A% of the exp#nsien chamber
to the throat, However, it is possible to draw upper and lower bounds
to tﬁe problem, Clearly, the upper bound corresponds to the condition
Ap/A* =o6, Then the problem is essentially that of a normal reflection

of a shock wave, and the static conditions in Region 2'are the stagnation
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conditionse, The lower limit is reached when MR = M2’ since then the
reflected shock becomes a stationary shock, and a smaller area ratio
makes it move dounstream toward the throate

For these upper and lower limits, the comparisons between a D=
nrozzle and a CD-nozzle for the stagnation conditions p o/pl and Toﬁl
and the strengtﬁ Mslof the shocks* at the inlet to the diverging section
are given in Figse. 5 and 6, The interesting result is that at the lower
limit, the stagnation conditions produced by the CD-nozzle are almost
identical to those for a D-nozzle, At the upper limit, the CD-nozzle
produces somewhat larger stagnation conditions, and the gain‘ factor is
almost constant for a wide range of Mge

If the length of the uniform expansion chamber is much greater
than the length of the nozzle, then the duration of flow for the two
cases is almost the same,

Hence, in view of this analysis, a CD-nozzle seems to be the
preferable typee However, certain practical considerations may over-
balance the theoretical advantages of the CD-nozzle in fé.vor of the D-
nozzles

(1) If the area ratio AE/A* is too small, then considerable
time may be required for the formation of the reflected shock R, during
which period the flow conditions at the test section will not remain
constant, |

(2) For large area ratios Ap/A¥, a large uniform expansion chamber
is required for a reasonable-sized section at the throat.

(3) Broken diaphragm particles will tend to collect ahead of the

throat and may have to be removed before every shote

% For a D=nozzle, at the inlet Ms = M%:
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2 Establismnent of the Flow

ae The D-Nozzle

In the uniform expansion éhamber the gas in Region 2 flows with
the velocity Uy behind the shock wave S of strength MS' As the shock
wave enters into the diverging section, it is cancelled gradually by
expansion waves initiating at the walls, The velocity immediately
behind the decaying shock must be less than U3 but if isentropic super-
sonic flow in the nozzle is to be ultimately established, then the
particle velocity in the nozzle must increase and will tend,. in the
limit, to V'Z_G;-T; o The decay of the shock wave and the increase of
particle velocity in the isentropic flow behind it are incompatible
unless some phenomenon takes place to remove the discrepancy. A. study
of the static pressures will reveal a similar incompatibility,.

It has been observed experimentally, and shown theoretically,
that the compatibility is achieved by the appearance of a second shock
wave 82 which ¥splits" from ..‘31 at the inlet to the nozzlé and faces
upstream, Its strength is such as to bring the veloeities and pressures
in Region T into an agreement with those behind 31 (Fige 2)e

If there is no discontinuity in the slope of the walls at the
inlet, then clearly this second shock will start as an acoustic wave
 propagating upstream with respect to the flow, Since the flow itself
is supersonic, however, this wave will be swept downstream with respect
to the walls, As the expansion waves from the walls continuously cancel
Sl’ the signals reflected from the shock wave form an envelope, the
result of which is a gradually-strengthening second shock 52. If the
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walls have a discontinucus slope at the inlet, there will be a Prandtl-
Meyer expan_sion at the corner, Hence, in the close vicinity of the
corner, the strength of S, must jump discontinuouslys. The result is
that adjacent to the wall, immediately downstream of the expansion fan,
there will form a second shock 52 of finite strength, which wi.ll» decay
to an acoustic wave at the centerline, The necessary consequence of
this is the appearance of a contact discontinuity right next to the wall,
between Sl and Sz, and propagating downstream with particle velocitye
It is important to note that this contact discontinuity will diffuse
out to become a smooth entropy gradient away from the wall and that,

in the case of an inlet with no discontinuities in slope, there will be
no entropy discontinuities but entropy gradients between the tio shocks ’
the strengths of which are changing continuously.

The cancellation of the first shock wave starts near the walls,
where the second shock is the strongest, Hence, the establislment of
the flow is described qualitatively, as shoun in Fig, 2, with the central
portions bulging oute Ihis picture is in agreement with:expeﬁmentally-
observed facts (Cf, Ref, 11)e

be The CD=Nozzle

The qualitative picture for the CD=-nozzle is very much the same

. as that discussed in the previous section, with one exception: when

the area ratio Ag/A% is large, and if it is assumed that a reflected,
one-dimensional shock wave R is formed instantaneously, then the strength
of S propagating downstream as Sl will increase discontinuously. Simple
calculations will also show that there may be an unsteady expansion

(rarefaction) wave starting at the throat, which will interact in some



15

complicated manner with the steady expansion waves issuing from the walls
of the divergent section, Ultimately, however, the picture will be

very much the same as before,

3o Maximum Test Section Mach Number

It is clear that as the flow keeps on expanding, Sl will contin-
uously lose its strength and tend, in the limit, to become an acoustic
wave, The second shock 52, on the other hand, will gain in strength
until a po:mt is reached at which M‘l‘ Ms = (us /aT). At this point,
the second shock will become stationary m.th respect to the walls s and
the test section Mach number will reach a limit, The analytical treat-
ment of this nonlinear, two-dimensional, unsteady flow problem with two
shock waves separated by a region of non-isentropic flow is i.ux;:oésible,
and its numerical solution impracticals®* The flow some distance away
from the immediate vicinity of the nozzle inlet may be assumed to be
one~dimensionale Even then, the non~isentropic region between the two
shocks requires simultaneous analysis in the r-t plane as well as the
u~-a plane, If, at the expense of much time and labor, an approximate
solution is obtained, this may not shed much light on the general problem.
Furthemore, for real, viscous flows, it has been observed that the flow
separates at the inlet upsiream of 52, and this region is later swept
~ downstreame Steady flow is established only after the two shock waves
and the region of separation are swept past the test section (Refs. 11
and 12).

It was felt that considerably more insight into the problem
would be gained if, instead of following it in all its details, the

# Cf, Refs, 33, 3)4; 35, 36’ 37, and 39,
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problem was treated in the limite

as _The Double-Wedge Nozzle

It is assumed that the simple double-wedge nozzle expands to a
very large area ratio or that the nozzle is attached to a huge Settling
chamber in which the state of the gas is initially identical with that
in the expansion chamber, This settling chamber is so large that not
only does the inflow of gas through the nozzle cause a negligible change
in its pressure and temperature, but it is brought to rest isentropically.
Hence, if the flow in Region 2 is of a sufficiently-long duration, the
ultinmate steady flow will be that of an underexpanded flow in a channel
and, beyond a certain expansion ratio, a standing shock must forme The
value of the Mach number just ahead of this shock is a function of
Po/Pye In Fige 7 the maximum test section Mach number is shown plotted

as a function of Mg for air in the expansion chamber,

be The Busemamm Nozzle

In the analysis discussed in the previous section, a great deal
of information has been sacrificed, The first shock was completely
ignored and assumed to have decayed to an acoustic wave, The second

shock S, then became the standing shock which determined the maximum

2
~ test section Mach number attainable for a given Po/pl‘

To get a rough idea as .to the mamner in which the transfer of
strength from Sl to 32
f£inally made parallel by expanding isentropically through a Busemann-

takes place, it is supposed that the flow is

type nozzle (Cf. Fige U4)e In the final uniform chamnel the pressure
between the shocks must be constant, Since the strengths Msl and Mg 5
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of the two shocks will eventually have reached a constant value, the
particle velocity between the two shocks will also have become constant,
Then, given' the state of the gas in Region 1 and in Region T (from isen-
tropic channel flow relations), the Rankine-Hugoniot relations across
the two shocks, and the condition of identical pressure and velocity
for the region in between, a system of equations may be set up to determine
uniquely Msl and Msz. Note that the results are not affected by the
mamer in which the eniropy varies in a small non-isentropic region in
the flow between the two shocks; hence, the Ms and MS thus determined
must be very realistice Of course, ignoring the entropy var:x.ation
makes it impossible to determine the distance between the two shocks,
even though their strengths can be accurately predicted, This approach
yields more infomation than the one undertaken in the previous section,
but at the expense of increased labore A complete sebt of caleculations
must be carried out for each Mse

Figure 8 presents the results of calculations for Th/Tl = 1 and
Ph/pl = oé for the two cases He - Air and N, - Air, It is seen that
with increasing My the strength of 82 is inecreased wntil a point is
reached where My = MS2. The analysis cannot be carried further, since
at that point there will ultimately be a standing shock and the maximun
value of My is reacheds Figure 8 indicates that this occurs at My = 645
| for Nz = Alr and at Mg = 7.0 for He ~ Air,

For Ny - Air at ph/pl =0, Mg , = 6.0, For He - Air, Mg = 100,
Now, comparing the maximum MI. corresponding to these two values of Mg
for a Busemann nozzle with those attainable for the same Mg in a double-
wedge nozzle, one important conclusion derivable from the foregoing

simple analyses is that the maximum Mp which can be obtained in a double
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wedge nozzle is considerably higher than that which can be obtained in a
Busemann nozzle, That this is so is evident from the fact that for a
given MT and P, the pressure behind the standing shock in the double
wedge nozzle is less than Pys since Py is the stagnation pressure of the
flow behind 82. On the other hand, for the Busemamn nozzle, the pressure
behind S, must be higher than p since S; is finite in strength and the
pressure between Sl and 82 is constante

Thus, for a given set of initial conditions the strength of S5
versus expansion ratio increases faster in a Busemann nozzle, However,
. the test section flow has the advantage of being parallel inétead of
source flow, It is important to note that the degree to which the
maximum ¥, discussed in the last two sections can be realized depends
on whether or not the two shocks and the region of separation a.ré swept
down the test section before the contact surface C' arrives., This
qﬁes’oion has been one of the main topics of study in the experimental
program reported in Section W, The signals which are reflected frum
the first shock and which fomm an envelope at the second:shock take a
finite amount of time to travelletween these shocks. Hence, another
interesting question is whether or not the second shock‘ “overshoots®
the maximum test section Mach number position and then gfaduany
approaches it from the other side, It is not impossible for a con-
~ siderable overshoot to itake place, allowing, for a short duration, the
atbaimment of Mach numbers higher than the ultimate limiting values,

The foregoing analyses hawie also made clear the importance of a
high po/pl in obtaining high Mach numbers, 4n egually importan‘b point
which makes it desirable to have p o/pl as high as possible is the

criterim for accurate pressure measurements, to be treated in detail

in Section III.Be2. Since Po/pl is closely related to Mg, it becomes
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necessary to consider next the methods of producing strong shock waves,

C. Methods of Producing Strong Shock Waves

A great many methods of producing strong shock waves have been
and are still being analyzed and tried experimentally.# This section
presents a very brief discussion of the known methods of producing strong
shock waves "and also suggests a few possibilities not so far treated in
the literature,

The methods of producing strong shock waves are the following:

(1) High pressure ratios across the diapgragm

(2) Gas combinations

(3) Mechanical or electrical heating of the compression chamber gas

(L) Combustion or explosion processes -

(5) High voltage discharge techniques

(6) Non-uniform tubes

(7) Multiple diaphragms

le High Pressure Ratios

The use of high pressure ratios across the diaphi'agm has been
the most commonly used method for producing strong shockse. Unfortunately,
as the pressure ratio ph/pl is increased, Mg tends asymptotically to a
‘ finite value so that beyond a certain range little can be gained by
increasing the pressure ratios, Furthemore, the limitations on the
sensitivity of the optical apparatus and the pressure gages used for

studying the flow make it desirable to operate at high expansion chamber pres-

sures at hypersonic Mach numbers, Hence, the pressure of the compression

* R9£s. 10’ 22, 25, 28, 29’ and 38.
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chamber becomes uneconomically and undesirably large,

2. Gas Combinations

For a given initial pressure and temperature ratioc across the
diaphragm, from the point of view of producing strong shock waves it
is desirable to have a/ay >>1 and xh/*l < 1, The influence of the
last parameter is of much less importance than the firste, It follows that
for a uniformn tube the main requirement is to have a light gas in the
compression chamber and a gas as heavy as possible in the expansion
chamber, In this respect hydrogen, helium, and nitrogen havé been
the most popularly used compression chamber gases, For the expansion
chamber many complex gases of high molecular weights have been suggested
and tried, Figures 9 to 12 give the comparative studies for a number of
gas combinations.

For hypersonic shock tubes, however, the basis on which the merits
of performance of expansion chamber gases must be judged is quite
different. The value of ¥, of little consequence in the unifom tube,
assunes a great importance. A small change in the value of ¥y leads to
a large change in the amount of expansion required to attain a certain
Mach numbsr, Hence, gases with complex molecules are undesirable, unless
the phenomenon of dissociation is the main topic of investigation, In
~ the order of desirability, monatomic and diatomic gases are the best,
These facts are strikingly illustrated in Fige 13

Unfortunately, the most common monatomic gas, helium, when used
in the expansion chamber, is too light for the production of strong

shock waves, In the order of increasing desirability follow neon, argon,
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krypton, and xenon, However, unless the gas is indispensable for the
outcome of a certain project, the economical limitations alone rule out
the use of 21l but argon, Argon seems to be an excellent gas for both
the unifom and the diverging tube for high temperature, high Mach number
work, However, aerodynamics is ultimately interested in air more than
in any other gas., If used with a light gas such as helium in the com~-
pression chamber, the He -~ Air combination appears to be quite satis=-
factory for hypersonic flow applications, Unfortunately, at relatively
low temperatures the specific heat of air undergoes marked changes, and
at higher temperatures dissociation sets in. Under these eximme
conditions it becomes necessary to study the deviations from ideal shock
tube flow assumptions. The possibility of a violent reaction has so far
made the hydrogen-air combination unpopular, unless the explosion method

is utilized on purpose to produce the shock wave,

3. Mechanical or Eleetrical Heating

The main consequence of this method is to increase ah/al. The
relative complexity of the mechanical details and the i'elatively long
heating time which would be required have led to the almost complete
abandonment of this method, However, an interesting method of com=-
pression and heating which is being planned for an intemittent tumnel

~ is worthy of note (Cfe Ref. 20).

s Combustion or Explosion Processes

This technique and the method of high wvoltage discharge are

relatively recent in application. Indeed, these are as yet pioneering



22

projects, The meager data so far published on the shocks produced by
the ignition of a combustible mixture in the compression chamber show
that very étrong shock waves can be produced, but the uncertainty of the
initial conditions may cause poor reproducibility, In any case, a
decision on the suitability of this technique for a quantitative',
reproducible type of studies must wait for further confimation, The
explosion of solid detonants has been tried and recamended for the
production of strong shocks in large shock tubes (Cfe Ref, 28)e Inter-

esting observations have been reported in Ref. L2,

Se High Voltage Discharge

Among the methods of increasing the intermal energy of the com-
pression chamb_er gas to produce strong shocks, this method holds great
promise, The initial conditions are believed to be highly controllable,
and hence f.he flow conditions reproducible, However, the data and infor-
mation published so far in the literature are extremely meager (Cf,

Ref, 22). .

6. Non-Uniform Tubes (Refs, 3 and 10)

In a unifom tube the gas in the compression chamber is accelerated
from a state of rest to u3 through an unsteady expansion (rarefaction)
- wave, If the cross sectional areas of the two uniform chambers are
differerit, then the acceleration will take place partly through a
steady isentropic expansion and partly through a rarefaction wave,
Since a steady expansion is somewhat more efficient than the expansion
through a rarefaction wave, stronger shocks can be produced for a given

initial pressure ratio ph/pl when A /A, > 1o The "Gain Factor", denoted
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by G, will be defined by

G = (ph-u/th)Pl

na.mel_y, the compression chamber pressure for a uniform tube divided by
that for a non-unifom tube at a given value of pie If A./Ag = 1, then
G > 1, and to produce a given Mg, the ph_/pl for the wnifom tube will be
larger than that for a non-tniform tube, Beyond a certain pressure ratio
and area ratio, the Mach number at the diaphragm section is unity (M3 = 1)
and G remains constant, Otherwise (H3< 1) it varies with pj/pqe

| Figure 1h shows the values of G as a function of Mg when My is
supersonic, In Fige 15 G is shown plotted versus ph/pl for M3 < 1 for
the case AG/AE = 2,80, A tube of this type with A4 /A; = 2.80 has been

used in the experiments to be discussed later in this report.

7« The Multiple~Diaphragm Method

Consider the shock tube shown in Fig. 16, The over-all pressure
ratio between the compression and the expansion chambers :is ph/pl. How=
ever, an intermediate chamber at pressure Pr has been inserted between
the two, The gases in the three chambers are initially separsted by
two diaphragmse

When the first diaphragm is exploded, a shock wave of strength

‘Mg propagates into the intermediate chamber, heating and compressing

the gas from state I to state II, The shock wave § hits the second
diaphragm and gets reflected nommally. The gas in state II is further
heated and compressed to state IV behind the reflected shock "r%, The
second diaphragm may be exploded by some mechanism which is txiggered by
A and after a suitable delay actuates a mechanieal, electricﬂ, or
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| spark discharge unit when the reflected wave "r* reaches a predetermined
point, Thus, the final shock 5 propagating into the expansion chamber
is now produced by a shock tube with initial conditions pry/p; and
Try/Tpe

The flow in Region IV is subsonic relative to "ri; hence,I follow=
ing the bursting of the second diaphragm, the rarefaction wave will
eventually catch up with #r#, As "r" is canceled, the reflections of
the rarefaction wave w'j.ll'pi'opaga'bé downstrean with the local speeds
of sound and will catch up with O, and later with S, The "delay time"
for the bursting of the second diaphragm is determined by ’ahé desired
duration of uniform flow at the test section before the reflected waves
arrive, On the other hand, following the break of the first diaphragm,
a contact surface GI propagates dounstream and must eventually interact
with "r", Depending oxi the initial conditions, either a shock wave or
a rarefaction wave propagates downstream following the interactione
Again, these waves eventually appear at the test section, and this
condition determines the necessary length of the intemmediate chamber,

Equivalent conditions may be achieved if, instead of delaying
the breaking of the second diaphragm, the shock impact is made to hreek
the second diaphragm as soon as the shock hits it, provided that there
is a large contraction of area from the intermediate chamber to the
~ expansion chamber. Otherwise, assuming S to be stronger than 4 , there
will be a simple rarefaction wave issuing from the break of the second
fiiaphmgrno

In the following section, only the method in which there is a

delay in the breaking of the second diaphragm (or a large contraction
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following the automatic break by the impact of 4 ) will ve treated in
some detail for the following itwo reasons:

| (1) At high pressure ratios for a giwen Th/Tl’ Mg
tends asymptotically to a limiting value, Hence, at high
pressure ratios, large increases in pb'/p1 produce little
gain in MS' Under these conditions a small increase in
Th/TI is advantageous even if a considerable sacrifice is
made in ph/pl (Cf. Figse 17 and 18), For a given ph/pl and
Th/Tl’ the double~diaphragm method essentially sacrifices
pressure ratio in favor of increased temperature ratié.
If Th/Tl = 1 and if the gases in the three chambers are
identical, then always va/plé ph/pl and Tpy/T, 2 Th/T‘.
The net result is that for a given gas combination and over-
all initial conditions ph/pl and '.rh/wl it is possible to
produce stronger shocks in the expansion chamber with the
double~diaphragm method than with the usual single-diaphragm
technique. The results are presented in Figs, 19: to 22,
for various gas combinations, In all cases Th/Tl = 1,0,
ph/pl has a given value for each figure, while the variations
of Mg with respect to pI/pl are studied, Of course, the
case pI/pl = ph/Pl would correspond to the usual single-
diaphragm method, It is interesting to note that for each
gas combination and over-all pressure ratio there is an
optimum value of pI/pl which will produce the strongest

shock ®S%", For the case Air -~ Air - Air, this condition

occurs when ph/PI = PI/pl is roughly satisfied,
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Another advantage of the method is that since the
pressure ratio across each diaphragm is smaller than the
ovex;-all pressure ratio, the temperatures behind the
contact surfaces may be prevented from reaching the
extremely-low theoretical iempera'bures which are acpected:
in a simple diaphragn tube with the same oVer-all conditions.¥
As a matter of fact, these temperatures can be made as
high as those behind the shock wave S, This point is con-
sidered in the following section,

(2) It has been mentioned previously that, gi\}en
the rarefaction wave cools the compression

T)4 and Tl’

chanber gas from Th to T3 in Region 3, whereas the shock
wave heats the expansion chamber gas from T1 to T2 in
Region 2, Furthemore, in Regions 2 and 3 the velocities are

identical, Hence, it should be possible to choose Th and

Tl so that T3 = Tz, and if the two gases are the same,
then M2 = M3 and Rta'2 = Re3. In short, the state of the

gas remains wniform throughout the region between the shock
front S and the rarefaction wave and, theoretically, no
discontinuity appears at the contact zone. Theoretically,
this method may be used to increase the duration of test
flow with a given length of tube, For air, the initial
conditions on Th/Tl VSe ph/pl which satisfy the condition

H2 = M3 are shown on Fige 23.

# These very low temperatures behind the contact surface at high
pressure ratios with the single-diaphragm tube are reported to have a
negligible effect on the flow shead of the contact surface, (Cf. Ref. 1lli)e
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Unfortunately, it is seen that it is necessary to heat the com-
pression chamber gas (or cool the expansion chamber) to a very high valuve
in order to produce strong shocks. To achieve this heating externally
is a very difficult problem, The double-diaphragm method, however,
accomplishes this heating as a part of the shock tube flow proceés s and
strong shocks can be produced which satisfy the conditions M2 = MB,

Re2 = Re3. In Figse 19 to 22, the points indicated by P on each curve
give the necessary initial conditions and the strength MS of the
resulting shock wave which will make the states of flow in the Regions

2 and 3~ identical, when air is the test mediume The interesting re-

sult is that, for all the cases considered, this condition is realized
when. pI/pl is very nearly equal to 1.0, Hence, for practical purposes

it is sufficient to insert a second diaphragm into the expansion chamber
and evacuate both sections to the same pressure without detailed
calculation, It may be argued that this suggestion is in contradiction
to a discussion given earlier, namely, the unsuitability of the highly
turbulent flow behind a diaphragm for testing purposes, The double
diaphragm method which matches the flows in the Regions 2 and 3 certainly
does not eliminate the turtulence in Region 3, However, in hypersonic
flow applications, this flow is eventually expanded in a nozzle, It

is felt that when the flow is expanded through an area ratio of fifty

_ or more, the existing turbulent fluctuations may tend to decrease to a
low level, Although this argument is not conclusive, the method suggested
is believed to be worthwhile investigating experimentallye.

The very high temperatures which can be produced behind a strong
shock wave necessarily lead to the subject treated in the following

section,
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D. Hypersonic Shock Tube Flow with Variable Specific Heals

1, The Uniform Shock Tube

The shock wave relations for gases with temperature dependent
specific heats have undergone considerable theoretical treatment follow-
ing the fundamental work of Bethe and Teller (Refs 21).% These relations,
as worked out originally, were for a frame of reference stationary with
respect to the shock wave, The shock tube relations for a gas with
variable specific heats can then be derived by a simple Galilean trans-
formation to make Uy = 0 (Cfe Refse 8 and 2k), Figures 2 ‘t«é 27 show
the state of flow behind the shock wave Vse p)/py for He - Air and Air -
Air with and without the variations in specific heats and dissociation.

For a diatomic gas, or a fluid made up mostly of diatomic gases
(such as air), the rotational energy of the molecules is very small
compared with the energy required to excite the vibrational modes,
Furthermore, the rotational mode can be assumed to have reached thermal
equilibrium instantaneously, The vibrational mode, however, requires a
mﬁch larger number of collisions to reach themal equilibrium, Hence,
for air, the state of the fluid immediately behind the shock wave is
very nearly that calculated by assuming ¥ = l.lie As thermal equilibrium
is gradually established, the flow variables tend in an exponential
 manmer to the values shown by tte dotted curves (Figs. 2l to 27)e

For air, dissociation is not important below 5500°R. Further-
more, even for relatively strong shocks (MS = 740), the relaxation time
is of the order of a few milliseconds. Hence, for low hypersonic Mach
numbers simulating free flight stagnation temperatures, and for all

the experiments that have been undertaken so far om this project,

# Considerable data and valuable references on the subject may
be found in Ref. L1,
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dissociation is not very important, However, because of the high
sensitivity of isentropic chamel flow conditions to changes in ¥qs
the variations of the specific heats must be carefully considered,

In the uniform tube, the pressure ratio and the speed of propa-
gation of the shock wave are little affected by temperature, On | the
other hand, for strong shock waves, the temperature and density ratios
across, and the Mach number in the flow behind, the shock wave deviate

considerably from the constant specific heat resultse

2. Relaxation Time

The time which it takes for themal equilibrium to be established
in the flow behind the shock wave is known as the relaxation time, The
magnitude of this duration canbe estimated theoretically, but with the
exception of a wery few gases, such as oxygen, little accuracy can be
expected £ rom the results, Tis is due to the lack of experimental
data on the values of certain parameters (such as the mean free paths),
In general, the relaxation time is fairly long at low tax@emtnres but

rapidly decreases with increasing temperature,

‘3. Diverging Section

In view of the uncertainties concerning the relaxation time, one
camot be very sure of the value of ¥ unless the relaxation time is
either very long or very short compared with the duration of unifomm
flow in the tube, In the diverging nozzle, the decay of the shock wave
and the expansion of the flow to lower temperatures take pllace smoothly
and gradually., Hence, it may be reasonable to assume zero relaxation

time for this phase of the flowe In other words, the gas is in thermal
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equilibrium at all points of the expansion, If this assumption is made,
then the nozzle can be divided into a number of sections, and the expan-
sion through each section may be assumed to take place isentropically,
with the local value of ¥ remaining constant within the strip. The
procedure in this simple step-by-step numerical method is as foliows:
Given the state of the fluid at the beginning of a strip, the variables
at the end of the stirip are calculated by assuming that the & at the
beginning of the strip remains constant, Then, corresponding to the
temperature calculated at the end of the strip, a new ¥ is found,
If necessary, an iteration is carried out by assuming the avérage of the
two values of ¥ o It is found that if the strips are reasonably small,
such an iteration is hardly necessary.® ‘

Figures 29 to 31 illustrate the Mach number, pressure, and temperature
Vs, expansion area ratio for various inlet conditions, with air as the
expansion chamber gase (Note that on these logarithmic plots, all
curves become parallel to the ¥= 1.4 curves for temperatures below
SOOOR.) For conditions easily attainable in the shock tuf)e with shock
waves of moderate strength, the results show serious deviations from
the corresponding values for & = l.ie For example, Wwith an srea mtio
A/A% = 100, isentropic expansion with &= 1.l would prediet My = 7,
p#/p = 2100, T%/T = 9 For the same inlet conditions, and for the flow
~initiated by a shock S of strength My = 7.5, the results with variable
specific heats are M, = 6, p#/p = 1300, T%/T = 5,3,

In general, for a given area ratio, the gas with variable specific
heats is not cooled and not expanded as much as a gas with constant specific
heats, HNaturally, for monatomic gases below their ionization temperatures,

no such problem exists,

# This is not the only method of treating the variable specific heat
expansion in the nozzle, Enthalpy charts can be used to treat the problem
— rrd b mnie) paes .
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III, THE HYPERSONIC SHOCK TUBE PROBLEM

A. Deviations from the Ideal Shock Tube Theory

At low pressure ratios across the diaphragm, the agreement between
the theoretical and the experimental results in shock tubes is, i.ndeed,
very remarkablee As the pressure ratio is increased and as stronger
shock waves are produced, the correlation becomes increasingly poor,
These deviations are, no doublt, caused by the violation of the assumptions
under which the ideal shock tube theory has been worked outs By treating
separately the effects of violating each of these assumptioné s it should
be possible to fommulate theoretically the necessary corrections to the
ideal theory when these assumptions are violated singularly or in come
bination (Cfe Refs, 8, 9, and 2L),

Unfortunately, not only are the theories which are aimed at
fomﬁlating corrections for the non~ideal conditions themselves
necessarily idealized to a high degree, but most of the parameters
which assume importance at high pressure raties and with: strong shock
waves are random in nature, The influence of factors such as the
dimensions of the tube, the surface roughness, the geometrical shape
of the tube cross section, the diaphragm material, the stress on the
diaphragm at the time of rupture, the manner in which it breaks, the
~ 4nitial mixing in the contact zone, separation at the inlet to the
divergent section, the degree of realization of one~-dimensional,
isentropic chamnel flow in the nozzle, etce, are not amenable to the-
oretical analysis, even if qualitative estimates can be made concerning
the possible effects of such facltorse

For hypersonic shock tube applications, the desirability of
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producing flows with high Po/p], (hence, high Mg) has already been

emphasized and will become more evident latere In order to produce

miform flows of reascnable duration at the test section with streng

shocks and at static pressures high enough to permit flow studies, the

wmiform tube must be relatively long and small in cross section, - These

conditions aggravate the situation by giving rise to strong viscous

effects, bad mixing, and shock wave attenuation.

The resulting deviations from the ideal shock tube flow model

are almost too many to enumerate.,#* Some of the more important effects

are the following:

)
2)
)
W)
®)
6)
s

(8)

(9)

Noneinstantaneous formation of the shock wave. and the
rarefaction wave at the time of diaphragm rupture

A series of Mach reflections and weak rarefaction waves
produced during the formation of the shock front

A system of transverse waves trailing behind the shock wave
Shock wave attenuation

Pressure rise behind the shock wave following the sudden
jump across it

Luminescence at the shock front and at shock strengths

below the theoretically~expected ionization temperatures

Bad mixing at the contact zone, and the increase of the speed
of the contact front beyond the theoretically expected values
Sharp, monotonic increase of pressure behind the contact
surface, instead of the constant state of pressure
Condensation and the generally bad flow conditions behind

the contact surface

* RefSC 6’ ll’ 15’ 16’ 19’ 22, a-nd 2&.
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(10) Uncertainties involved in the assumption of one-dimensional,

isentropic expansion in the nozzle

The .severity of the contributions due to such deviations from the
ideal shock tube flow model is open to argumente IV is felt that the
results may vary a great deal from one tube to another, In any 'ca.se,
one camnot, for quantita.tive studies, assume that the conditions at the
test section will be those calculated on the basis of the methods
discussed in Part II, unless this fact is first verified experimentally.
A pessimistic view is taken on the generality and the accuracy with which
these theories can be used for guantitative purposes, Horeoﬁer, the very
nature of the hypersonic flow problems which pemit any justification
for the use of the shock tube instead of the wind tunnel for quantitative
investigations is such that theoretical analyses are usually very
difficult, Hence, instrumentation must be developed which will make
possible the direct measurement of the variables necessary for the study
of such problems,

In this thesis, the stand taken on the hypez'sonic:shock tube
problem is the following: The shock tube theory is very valuable for
the rough analysis of gross effects, for comparative purposes, and for
rough caleculations of the expected state of the flow in the various
regions of the tubee Each tube must be calibrated individually.
~ The important variables of a particular problem must be measured
directly whenever possible or calculated from other quantities which
have been measured directlys | |

With this approach to the problem, it becomes necessary to
review the possible methods of measuring the flow variables in a shock
tubes |
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Be Quantitative Investigations with a Hypersonic Shock Tube

In the hypersonic shock tube the ultimate interest lies in the
study of a hypersonic flow problem associated with the flow around a
model at the test section, Hence, the best approach to the problem
would be to measure directly, if possible, the state of the free;-stream
flow at the test section and around the model, Unfortunately, the flow
stagnation pressures which can be obtained in a shock tube have somewhat
restricted practical and theoretical limits, Moreover, some of the
instruments most suited for measurements in very highly transient flows
depend not on absolute values but on their ratios for accurate measure-
mentse

At high Mach numbers, with shock waves the strengths of which are
limited to those which can be produced without great difficulty, the
test section static free stream pressures and densities become very low,
Although very small quantities can be measured in a wind tunnél ora
blow-down tumnel, such is not the case for the highly-transient shock
tubes flows, Fast response techniques such as interferometry, spectro-
photography, ultrasonic waves, piezoelectric gages, and hot wires have
definite lower limits below which they cannot be used to yield reliable
data, A't-k high Mach numbers these limits mgy be approached and surpassede
It then becomes necessary to look into the possibility of deriving the
' test section variables from measurements made elsewhere in the tube
where conditions are more favorable,

The best place for such measurements is the immediate vicinity
of the entrance into the diverging section, For most tubes the distance

from the inlet to the test section in the nozzle will be very short, a
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few feet at the most, certainly much smaller than the length of the
wniform tube if a reasonably long duration of steady flow is to be
produced, In the nozzle, because of the large expansion required to
attain high Mach numbers, irregularities such as turbulence will
smooth out, and the boundary layer effects will become less serious.
Moreover, a simple method of bleeding the boundary layer at the inlet
to _thé nozzle and starting a fresh flow at the throat has been iried
and found successfule¥

For strong shock waves, the quantities such as pressure, density,
and temperature can be measured at the inlet to the divergen£ nezzle.
Hence, if, in addition to there being a fairly-accurate knowledge of the
inlet conditions, the performance of the nozzle is determined, the test
section conditions may be calculated with a degree of accuracy sufficient
for certain problems, which are to be discussed later,

Finally, it would be worthwhile to consider the existence of
interesting hypersonic problems for which a very accurate knowledge of
the free stream conditions is not absolutely necessarye :These topics

will now be treated in some detail in the following sections.

1le Instrumentation

In order to detemine the s tate of the uniform flow at any point

~ in the shock tube, it is necessary to determine, with the highest possible
accuracy, two independent flow variables and the Mach number, In the
following paragraphs, the possible methods of measurement are discussed

very briefly for the following quantities:

# This method is discussed in detail in Sections Y and IV,



(1) Temperature

(2) Density

(3) Pressure

(4) Velocity

(5) Speed of Sound

(6) Mach Number

It is by no means implied that the techniques considered below are
the only possible ones, although it is believed that the list is fairly

representative of the present field of shock tube instrumentation,

as__Temperature

The measurement of temperatures may be accomplished by the
following devices:

(1) Themocouples

(2) Spectrometers

(3) Radiation Transducers
Very fine thermocouples with response times below 100 microseconds can be
developed.* Although the response time is fast enough for shock tube
work, the temperature limitations on these instruments #re as yet too
low (below 1000°F) to make them useful for hypersonic shock tube work
at high temperatures,

| Temperature measurements with spectrophotometers of high

resolution has been shown to be possible when the gas is highly
luminescent (Refs, 29, 30, and 42), For iemperatures at which the

luminescence is faint, multiple exposures can be taken, For even lower

# Such thermocouples are reported to have been developed by the
Midwest Research Institute in Kansas City, Missouri.
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temperatures, 1’& becomes necessary to use a foreign additive, such as
iron carbonyl . A small film of this liquid spread on the wall of the
iube becomes luminescent at mueh lower temperatures when the shock wave
passes over it, Then the shift of the iron bands may be measurede
However, because of the small shift, the a ccuracy becomes poor at low
temperaturess

Shock waves of sufficient strength to cause intense luminescence
in air are difficult to produce although the spectrometric method may
be used to advantage with a gas such as argon in the expansion chambere
Ordinary glass absorbs considerable ultraviolet light, and it may be
necessary to use quartz windows and quartz lenses,

The last method to be considered here consists simply of ‘using a
photomultiplier to sense the radiation from the flow, This methéd has
been tried successfully for measuring the duration and the intensity of
luminescence (Cf. Refs, 10 and 25).

' For quantitative work, some method of calibration is necessary to
correlate the intensity with the temperature, Again, for air the
luminescence is too low for the successful application of this methods
However, water vapor radiates considerable infrared light, and it may be
possible to pick up the radiations by means of an infrared sensitive
photormultiplier, Ordinary glass absorbs infrared radiation as well;
 hence, salt crystals, instead of plain glass windows, have been used for
infrared transmission, Unfortunately, in all of the above methods, the

measured temperature is an average value across the width of the tube,
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bg DenSitz

At the present time, the interferometer is believed to be the
enly instrument which is suitable for density studies in the shock tubes
However, the measured density is again an average, rather than a local,
quantity, Assuming the use of mercury green light, with the expénsion
chamber initially at room temperature and the density jump across the
shock wave between four and six, the shift across the shock.wave will
be three to four fringes, per psi initial pressure in the expansion
chamber, per inch of width of flow, Hence, for hypersonic shock tube
work the usefulness of the interferometer at the test section is
limited to very strong shock waves, At the entrance to the nozzle,
however, the density may be measured to ¥10% accuracy for shock waves

which can be produced without difficulty. (For a new techmique, see Ref, Lé6.)

ce Flow Velocitg

Two methods have so far been reported in the literature, The
first is the hot-wire (Cf, Ref. 23), which, although holding promise
for weak shock wéves and low pressure ratios across the diaphragm, is
certainly out of question for hypersonic shock tube work. The high
‘bempe‘ratures inirolved and the great damage done by broken diaphragnm
particles are alone sufficient reasons to justify this statements

The second technique is the photographic determination of the
streamwise speed of propagation of weak disturbances produced in the flow
behind the shock wave, These sonic disturbances have, in the past, been
produced by the following techniques:

(1) A piece of scobch tape or thin metallic foil spamning one

wall of the tube (Ref, 13)
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(2) A weak spark discharge from one wall (Ref. 9)
(3) A narrow stream of ultrasonic waves produced by a piezo=
electric crystal spanning flush one wall of the tube (Ref, 31).

A11 of these methods depend on either schlieren or shadow photography
of the weak disturbance, which limits their use to mlatively—high
densities, With the static pressures and temperatures encountered in
hypersonic shock tube work, the chances of utilizing these techniques
are slight, Moreover, three-dimensional effects, boundary layers, wave
diffraction, turbulence, etc, have reportedly restricted the usefulness
of these methods very seriously, even at high densitiese In-some cases,
attempts have been reported as "singularly unsuccessful® (Refe 9)e

Finally, for the sake of completeness, §low anemometry may be
mentioned (Refe Lh), Unfortunately, this technique is sensitive .not
only to velocity, but pressure, density, and other mechanical details
as well, A practical method of calibrating the instrument for use in
supersonic flows has not yet been developed, The usefulness of glow
anemometry in hypersonic shock tube work is believed to 5e extremely
limiteds

de, Sound Veloci’gz

One possible method of deducing the temperature is to measure
 the speed of propagation of a very weak disturbance normal to the
direction of flow, However, the techniques used are identical to the
ones considered in the previous section and suffer from the same

limitations,
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€, lMach Number

.One of the two methods used so far for determining the flow Mach
number in a shock tube is to measure the wave angle caused by a dis-
turbance placed in the flowe In order that the wave be well defined
and not distorted by turbulent fluctuations, it is desirable to xﬁake it
relatively strong, The disturbances used are either wedges or cones of
nown geomeltry,. |

If a two-dimensional model (i.e., a wedge) is used, then it must
span the tunnel with close tolerance since gaps at the ends may tend to
change the wave angles considerablye. The interaction of thé boundary
layers on the side walls with the shock wave from the leading edge may
also introduce errors (Cf. Ref. 9)e A simple method of eliminating this
interaction is to use a cone instead of a wedge, with the base at
sufficient clearance from the walls, The magnitude of the effects
caused by the growth of boundary layer on the cone itself caﬁ be deter=
mined by uéing widely-different cone anglese It is believed that the
boundary layer on the cone will change the wave angle by a negligible
amount, The other method is to detemine the angle of detachment of the
sh§¢ wave and, for low supersonic flows, the distance from the tip of
the model to the detached shock (Refse 5 and L5).

Unfortunately, at high flow Mach numbers, the Mach number is
' extremely sensitive to small errors in either the angle of attack or
the measured wave angies s hence, the accuracy of the Mach number measured
by this method becomes very poor at hypersonic Mach nmumbers, The angle
of detachment suffers from a similar drawbacke Thus, the measurement

of the Mach number by these methods must be limited to supersonic
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regimes (M€ L)e It is gratifying that the Mach number corresponding to
a given wave angle is very insensitive to ¥ ; hence, supersonic Mach
numbers can be measured with accuracy without a knowledge of the flow
temperature, even for gases with variable specific heats, In fact,

this suggests a possibility for detemining the temperature in a gas
with variable specific heats: The pressure ratio (the static pressure
on a wedge divided by the free s tream static pressure) is somewhat
sensitive to ¥, whereas the wave angle is not, Assuming that pressures
can be measured with great accuracy, the simultaneous measurement of
the pressure ratio and the wave angle detemines & , and hence the
temperature, Practically, this method is almost impossible since a
small change in & (and consequently in the pressure ratio) corresponds
to a relatively very large change in temperature, Thus, a small experi=
mental error leads to a large error in tempemtm'e;

If nothing else, the brief survey given above has served to
illustrate the difficulties associated with the use of any of the instru-
ments listed so far in the test section of a hypersonic éhock tube,
although most of them should perform satisfactorily at the inlet to the
nozzlee Hence, unless extremely strong shock waves are produced, these
measurements can be made only at or near the inlet to the nozzlse It
appears that the most :Eeasible method of detemining the test section
~ conditions is to survey the nozzle perfomance ito enable the extension
of the measurements made at the nozzle inlet to the test section.
Pressure is the one quantity which is sensitive enough to the changes
in Mach number and which can be measured with sufficient accuracy to
make the realization of such a program possible, The study presented

in the next section will reveal some interesting and rather unexpected
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criteria which must be satisfied if accurate pressure studies are hoped
for, In view of the great importance of pressure studies, the problem

will be considered at considerable length in the next sectione

2. Pressure Studies

As a fair analysis of the experiments reported in Section IV is
difficult without a clear understanding of the principles presented in
this section, the problem of pressure measurement is treated here in
considerable detail.

For shock tube work, the desirable properties of a préssure gage
are as followss:

(1) Fast response

(2) High output

(3) Linearity

(4) Sufficient damping
Linearity is almost essential since otherwise the task of data reduction
becomes unduly complicated., In general, the faster the i'esponse, the
lower the outputes Damping further tends to reduce the sensitivity,
For certain problems it may be sufficient to use a gage‘fast enough only
with respect to the duration of test flow,

To date, the common types of pressure gages which satisfy these
 requirements are: (1) High~-frequency metallic membranes stretched flush
on a wally (2) Metallic tubes constructed so as to twist when the
pressure in the tube fluctuates by a small amount; (3) Piezoelectric gages.

Te minute changes in the amplitudes, caused by small pressure

# Tt is assumed that the input is not a periodic function of high
frequency, since such is rarely the case in the shock tube,
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variations, of the metallic membranes or tubes are converied to electrical
outputs by _(l) Changes in resistance; (2) Changes in reactance; (3) Changes
in inductance of a unit attached to the pressure sensing element, The
most common example of the first type is a strain gage attached to a
membrane (Ref. 28), Various companies have developed gages whicﬁ make

use of the last two methods, In all these cases, the output is amplified

at a bridge circuit, then fed into a scopes The knoun voliage amplitudes

on the scope can then be calibrated to yield the corresponding pressure
differences on the gage. |

In the case of piszoelectric gages, the charge put out by the
crystal is proportional to the defommation of the crystale If the load
on the crystal has a very high input impedance, then the amplifiéd
voltage, which is eventually traced on the scope, gives a faithful
reproduction of the deformation. Hence, the principle of measurement
with .all the gages is the sames: A voltage proportional to a deformation
is photographed on a scopes If the gage is linear, the deformation,
hence the voltage, is proportional tc the pressure difference on the
gagee

In the shock tube, the “reference pressure® (the éero amplitude
sweep on the scope) cornespondé to py, the initial expansion chamber
pressure, It is important to keep in mind the fact that all the other
_pressures in the transient shock tube flow are measured with respect
to this pressure, With this assumption, a simple error analysis will
now be made,

Consider an arbitrary trace on the scope corfeSponding to a

proportional pressure fluctuation in the shock tube,



From the point of view of error analysis, the three conditions of

interest aress

(a) % >> |

(b) _,ﬁ.f_l_- << |
P

(e) _‘%’L—_-_Hex (e« — o)

Thé first case occurs hehind a strong shock in the unifom section.
~The last case occurs in the uniform flow at the test section at high
Mach numbers,

The Yexperimental error" will be defined as the combined error due

to the uncertainties in the calibration of the pressure gage, the scope

# Ap is assumed positive for —% 21
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amplitude calibration, insufficient time constants or parasitic leaks
in the electmnic cirecuits, the errors in measuring the scope trace on
the photographic film, noise, drift in the electronic apparatus, and
similar effects., It is now proposed to show that the final over-all
error Me¥ made in the determination of the quantity of interest, : namely,
v/pq or Py/P, 18 Dot necessarily equal to the experimental error, "€ ",
let Ap = Actual pressure difference on the gage
Apt = Ap(l2€) = measured pressure difference

€ = Experimental error in per cent of Ap

Case A
- A Pq > (APa = P“)
P
ey = APa(12€)+p _ pPateApa
/Pl P P‘

| e = _&Z-&zlif_éﬁg—z li.E
Po/p, Pa

As Ap/pl tends to infinity, the over-all error tends to the

experimental error,

Case B
Lol (p=rp)

pe/p: - JtE—I—A—Eil—= 1z €ct = 1+ O()
Pe/p: °

where €, o¢, and 7] are small quantities with respect to unity. Hence,
as ‘API/P, tends to zero, over-all error tends to a small quantity of the

second order,
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Case C

AP |+ oL (0 <ot << 1)
P
Pe/pr _ jre AP I—“r('”"‘)ef'_c
pe /p: Pe
/ P
P"/Pr,% l+€ Fe

but _%c>>l

As Ap/pl tends to (-1), the over-all error tends to infinity,

The validity of these conclusions is illustrated by the following
numerical exampless

Suppose € = = 10%, |

Consider the initial conditions N, = Air with Ph/pl = 10,000 and
Th/Tl = 1,0, For simplicity, assume the ideal theory is valide Con-
sider a test section Mach number HT = 7.0, Then

pT/po « 242 x 10"6

pl/po = 1/61.4
Pl/PT = 67.3
Apf = (p, =~ pp)Q z.1)
[ ]
oo 597 pp = py=pp' S T30pg
=086 < ppt/p, = 112

whereas

pT/pl = .0:”49
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Thus, in this case, with only a 10% experimental error, the cal~
culated pT/p'1 can be as high as 7.5 times its true value (1 + € py/py)
or one gets the absurd result of negative pressure ratios (1 = € Pl/PT)‘

Consider now another case with He = Air at ph/pl = 13500,

Tthl s 1,0 Iet MT = 5, Then

= "5
pT/po 190 x 10
" py/p, = 1/303
p:,_/pT = 1.7k
053 = pr/pl < 618
whereas

PT/ Pl = o575

Hence now, corresponding to a 10% experimental error, the maximum overw
all error is 8%, The improvement of the accuracy over the previous case

is evident,

3e Nozzle Perfomance

The results of the foregoing analysis will now be tied into the
general hypersonic shock tube problem, Given the initiai conditions
(ie8s, the gas combination, pressure ratioc, temperature ratio) the values
of Mg, M, pzlpl (hence p o/pl) can be detemined by direct measurements
within experimental error. Next, for a desired Mach number M, p,r/p o
and hence PT/PI depend on po/pl (since 8 is kmown for the given gas);
but the analysis just carried out indicates that the over-all error
depends on pT/pl. Hence, raising the absolute value of py or of p, is
of 1little help as far as the error is concermed, The error analysis

has indicated roughly the manner in which the over-all error varies as a
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function of pT/pl. Given the
initial conditions (or Mg and
0 ), reliable pressure studies

in the nozzle can be carried out

only up to & Mach number Over-all
Error

h‘T £ MOT, 'Hhel‘e MOT (the “e"
optimum Mach number) corresponds

€
to x:v.r/pl = 1400

In Figse. 32 and 33, MOT

o

is shown plotted against MS for

the cases Xl = 7/5 and 81 = 5/3

on the basis of ideal theory, The dependence on temperature of the
specific heats of all gases, except the monatomic gases below their
ionization temperatures, makes them undesirable for the purpose of
detemining the nozzle performance,

Hence, the following procedure may be suggested: A monatomic gas
suitable for the production of strong shock waves in the ﬁniform tube is
to be used as the "standard gas" for the determination of nozzle per=-
formance, If, 'bhexi, the results of the pressure studies along the
nozzle with this gas are found to be in agreement with the corresponding
one-dimensional, isentropic chamnel flow relations, the same conclusion
might be assumed to hold for other gases, From previous arguments, the
most practical gas combination which fulfills the desired requirements
geems to be He = A, but even with this combination the accuracy limits
are reached at around Ml‘ = 5 for shock waves which can be produced within
practical limits,

However, one need not necessarily depend on static free stream
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pressures for nozzle survey, Although less sensitive than pl/po to
changes in Mach number, p‘l’o'/po (vhere pTo' is the Rayleigh~Pitot total
head) is amply sensitive for survey purposes. With this quantity, very
high free stream Mach numbers can be surveyed within the accuracy criteria
for pressure gagese pTo' can be measured by mounting the gage oﬁ a
sphere or cylinder nomal to the flow, Figure 35 shows the optimum

Mach numbers, HoT', which correspond to pTo'/pl = 1, plotted against

Mg for ¥, = 7/5 and ¥; = 5/3, The difference between M, and Moy for

a given Mg is quite remarkable, For a monatomic gas, the Mach numbers
(MT 215) can probably be most satisfactorily determined by total head
suivey, Figure 34 shows the variation of p o/pTo' versus M, for ‘51 = 5/3
and ¥y = 7/5 | |

4o Problems Amenable to Quantitative Study with the Hypersonic

Shock Tube

I'E is now assumed that the test section conditions are known
fairly accurately by means of the methods discussed in .
the previous sections, It is further believed that densities and
pressures are the two variables which are best suited to measurement in
the test section, The use of the interferometer for density studies is
limited to relatively-high pressures and pressure gradients in the
expansion chamber, For pressure studies, the restrictions are less
severe, The only criterion in quantitative pressure studies is that the
pressure to be measured should not be much lower than the zero reference
of the gage (pl in the shock tube), Hence, it is perfectly permissible
to study preséures on an inclined surface even if the free stream test

section pressure is much lower than Ppe
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The bulk of the quantitative studies with a hypersonic shock tube
will consist of pressure measurements. Of all the gages which can be
used for suéh purposes, it is believed that the piezoelectric gage is the
most suitable, While most other types of gages are bulky, piezoelectric
gages as small as 1/16 inch in diameter and 1/32 inch high are commere
cially available; henée, such pickups can be installed on any part of a
model for local measurements and, in particular, close to the leading
edge, The mechanical details of the support mechanism are simpler
than those of most other types, and the electronic circuit is not un=-
conventional, With some care, piezcelectric gages can be calibrated to
within 5% (Figs.IV and ¥)s A 10% accuracy can be achieved without
difficulty.

A highly interesting hypersonic flow problem, for the studjr of
which the hypersonic shock tube and piezoelectric gages are particularly
suitable, is concerned with viscous interaction at the leading edge.

In continuously~operating hypersonic wind tummels appreciable effects
have been noted at Mach numbers as low as six, With the éxt.zemely high
temperatures, low densities, low Reynolds numbers, and relatively high
Mach numbers which can be produced with the shock tube, very pronounced
effects and interactions may take place near the leading edge, Factors
such as dissociation, ionization, variable specific heats, and bow wave
_curvatures caused by relaxation time effects may well lead to important
 contributions of which almost nothing is known so far, Even for

MS = 745 in air, luminescence has been observed on those parts of the
model most nearly normal to the flow at the test section, Moreover, in

the problems of this type the interest lies in the difference between
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the pressures measured at the leading edge (i.e., of a wedge) and some
distance downstream, where the interaction effects will have died oute

If one of ﬁhe pressures is taken for reference, the other deviates fromit
by a small amount, On the basis of the error studies carried out in -
Section ITI.Be2, it is concluded that such investigations can be under-

taken with a sa:bisfac'bory degree of accuracyse
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IV, THE GAICIT HYPERSONIC SHOCK TUBE

With the aim of verifying and supplementing the studies briefly
outlined in the previous sections, work was started on the design and
construction of a hypersonic shock tube. The tube has been in operation
for a year, In this new field of application of the shock tube, where
very little experience and data were available, it was decided to adept
as simple and as cheap a design as possible, one which could be realized
with the use of commercially-available products but without great
sacrifices as to its desired properties:

(1) The tube must operate at high pressure ratios to produce

gtrong shockse

(2) Because of the limitations on the sensitivity of shadow

| and schlieren apparatus, the tube must operate at relatively-
high expansion chamber pressures py (hence ph)

(3) Flexibility of design to permits

(a) Pressg.re and flow studies at various positions along
the wniform chamber and the nozzle

(b) Pressure and flow studies on models at the test section

(c) Installation of different nozzle shapes and #ariation
of throat openings to allow the study of problems
associated with flow establishment, boundary layer
removal, Mach number limitations, and steady flow

durations with different test section flow properties.

Aes Structural Featbures

The main external features of the tube are shown in Fig. I and
Plates 1 to 4 . The over-all length of the tube was dictated completely
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by the a_.vailabili'by of space in the laboratory. After much consideration
as to possible locations for the shock tube, available space in the
laboratory being extremely limited, the tube was finally installed in a
very narrow aisle between one wall of the building and a row of compressors
which feed the GALCIT hypersonic. wind tunnels., With the noise and the
heat from the rumning compressors, the conditions under which the tests
had to be carried out were far from comfortable and were distractinge.

The same unavoidable limitations in space also dictated the rather
unorthodox a.rranganeni; of the instrumentation and optical systemse

Plans are in progress to remove the tube to a more suitable .ioca'bion.

The over-all length of the present tube is twenty-six feets The main
sections of the tube are the compression chamber, the uniform expansion
section, and the divergent section, Each one of these three main
sections is supported by welded tubular structures mounted on wheels

in such a way that the shock tube, as a whole and in parts, is mobile,

l, Compression Chamber

In order for the compression chamber to withstand the high pressures,
a circular section was almost imperative. The compress:i.on chamber is a
six-foot long SAE=h135 alloy steel pipe of 3 inch inside diameter and
3/L inch wall thickness., Pressures in excess of 2000 psi can safely
 be contained in this chamber, No machining was done on the imner surface
of the pipe since (because of the non-uniform tube to be discussed in
the next section) the maximum flow speed in this tube is below 220 ft./secs
ASME standard 2000 1b, flanges at the two ends join the pipe to the
transition section at one end to a blind flange at the other, The blind

flange has various openings and inserts for the pressure leads, kgages ’
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and diaphragm rupture mechanisms., Plain O-ring seals were adequate to

seal the coupled faces,

2. Transition Section

From the standpoint both of studying the flow in the uniform
seétion and of mounting flush pressure gages without disturbing the flow,
the uniform expansion chamber was made rectangular in cross sectione
To join the circular compression chamber to this rectangular itube, a
transition section was used., For ease of accurate machining, the
transition section was made out of two pieces, which form the upper and
the lower halves of the nozzle, A smooth contbur was ‘then machined on
each piece by the GAICIT electronic contour machine, Then the two pieces
were soldered together, and the outside was machined to a pipe thread.
This unit was then screwed inioc the tapered pipe-thread fitting in an
ASME standard 2000 1b, flange. When a considerable torque is applied,
the tapered fitting exerts a large radial force which helps relieve the
loé,d from the relatively-weak solder joint holding the two pieces of the
transition section together. The transition nozzle changes from a 3 inch
dismeter eircular section bolted to the compression chamber faceto a
7/8" x 2-7/8% rectangular section at the uniform expansion chamber
end, in a length of 3% inches, The two parts are made of plain carbon
steels The compression chamber to expansion chamber area=-ratio is
A/Ag = 2.80.

3. Diaphragm Section

The diaphragm is inserted between the expansion chamber and the
transition section, The cross-sectional dimensions at that point (and
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throughout the rest of the wnifom expansion chamber) are 7/8 in. x
2-7/8 in, Only two alloy steel bolts join the transition section to
the unifoml chamber, A one-inch tumbuckle is used to move the com=
pression chamber with respect to the uniform expansion tube. When the
tWo bolts are loosened, the turnbuckle, which is easily operated by
hand, rolls the compression tube away from the expansion chamber, The
diaphragm, a two-inch wide ribbon of plastic or metallic foil, is
replaced. The turnbuckle is used to bring the two sections together
which are bolted again to seal the jointe, The alignment of the two
sections is automatically accomplished by guide-bars £astened to the
transition section flange., No gaskets or other sealing methods are used

since the diaphragm itself acts as an excellent gasket,

i, Diaphragm Materials

A1l the investigations with Nozzle Noe 1 were done with celloe
phane and acetate plastic diaphragmse A 010 inch acetate plastic
ribvbon could stand a little over 100 psi, across the diaphragme For
higher pressures, thicker diaphragms or a series of thin diaphragms
were used, The calibration runs for the piezoelectric gages were done at
very low pressure ratios with cellophane diaphragmse.

The acetate plastic diaphragms shattered Ainto small, sand-like
particles with occasional large pieces, The damage done by these small
diaphragm pieces (pitting, chipping, denting metallic surfaces and
nozzles; breaking the leading edges of the models; seratching the
windows, etcs) was surprisingly serious. Because of this, the work with
Nozzles Noe, 2 and 3 was done with metallic diaphragms, However, when

used alone, the sharp edges of the uniform expansion and transition
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sections tended to tear and weaken the diaphragmes Hence, the metallic
foils were sandwiched between two pieces of ,0l" plastic ribbons which
acted as gaskets and gave additional strengthe A 4005 inch copper foil

used in this way could support 550 to 600 psi.

5. Diaphragm Rupture Mechanisms

Two methods of breaking the diaphragm were used, In the first
method, a very small, streamlined pneumatic cylinder was mounted into
the compression chamber, a few inches behind the transition section,

A piston with two sharp prongs was pushed cut of the cyl:i.nde.f' when a
small amount of high pressure air was admitted into it, After the
diaphragm was broken, a spring pulled the piston back. The over-all
diameter of the piston-cylinder assembly was 3/8%,

The second methed is manual and consists simply of a pointed
1/L4% rod laid inside the tube and protruding out of one end, When this
end is pushed into the tube, the other end punctures the stressed
diaphragme For thick plastic diaphragms and for metallié foils the
pneumatic system was not strong enough to perfomm satisfactorily; hence,

the manval method is being used.

6, Unifomm Expansion Chamber

The unifom expansion chamber is 7/8% x 2-7/8% in cross section
and eleven feet longe The simple assembly consists of two 1/2" x
5=1/2" cold rolled steel plates and two 7/8" x 1-1/h% cold rolled steel
bars bolted together and sealed by O-rings, Dowel pins, five on each

side along the length, keep the two machined end faces in accurate
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alignment, None of the other faces were machined because of the bad
tendency of cold rolled steel to warp when the internal stresses are
relieved, Only the surfaces wetted by the flow were finished with
emery-cloth, Two 3 inch diameter observation windows are located at

68" and 116" from the diaphragm section, These holes are used to
inStall either windows for flow studies or various electmnic trigger
mechanisme and pressure pickup assemblies, The unifom expansion chamber
is joined to the nozzle inlet by two alloy steel bolts, Tapped holes
close to the diaphragm section are used to drive out the air and admit

gases other than air into the expansion chamber,

7. _Divergent Section

The divergent section consists of a steel frame 2-7/8" wide and
1/2% thick and two big steel plates forming the side walls, The frame
diverges from 6" to LSM at a distance of 60" from the end of the uniform
expansion chamber, with a total divergence angle of 45% The height of
the frame then remains at 45" for another Wi, to the end of the nozzle,
The two side walls have contours similar to the inner frame bubt with a
few inches larger dimensions, The two side walls are made out of 1 inch
thick hot rolled steel plates, rough-ground on the inside faces and
stiffened by ribs welded on the outside surfaces. Normmally, with the
“expansion chamber evacuated, each plate carries a total load of
50,000 pounds distributed wniformly,

At the test section, located 62" from the end of the unifomm
expansion chamber, is a 7% diameter uiﬁdow. The models are mounted

directly on the windows in such a way that any desired angles of attack
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can be set by rotating the windows in their seats, Commercial plate
glass, check_ed for flaws by schlieren beams, was used for the windows.

The central frame (sandwiched between the side walls) is bolted
rigidly to the uniform expansion tube, while the two side plates are
supported on a separate tubular structure mounted on wheels, He:ice,
when this dolly is pulled away, the two side walls slide with respect
to the central frame, and the inside of the divergent section becomes
accessible for changing of the nozzle and other alterations,

The nozzle blocks are bolted onto the frame, Bolts all around
the frame squeeze the two side plates tightly against the frame,

Sealing is again accomplished by O~-rings,

At the far downstream, vertical end of the frame are five 2-1/k
inch diameter holes, Wen the exparsion chamber is evacuated, five light,
aluminmn valves are sucked into these holes, and O=-rings seal the cracks.
when »the tube is exploded, these valves pop open and relieve the internal

pressure as soon as it exceeds the ambient atmospheric pressure,
8e Nozzles

The nozzle blocks are bolted inside the diverging portions of the
upper and lower walls of the central frame, Three nozzles have been

used so far,

a. Nozzle Nos, 1 !Fig. IIa!

This is a simple, double wedge nozzle which takes the 7/8" x
2-7/8% flow at the end of the uniform tube and expands it to LO* x
2-7/85’ at the test section, The total angle of divergence is h5° .
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The nozzle blocks are made out of wood and are polished along the surfaces
wetted by the flow, O=-rings close to the flow surfaces seal the blocks
from the steel side walls,

be Nozzle No, 2 (Fig. 1b)

After a few months' operation, the wooden blocks were badly
chipped and damageds To increase the Mach number and to study the
feasibility of bleeding the bonhdary layer at the inlet to the nozzle,
Nozzle No, 2 was designed, The wedge angle of the {wo steel throat
pieces was made small enough %o produce attached shocks above My = 1.L0,
The position of the leading edges was such as to admit the flow ahead
of the first expansion wave from the end of the unifom expansion
chambe‘r. The height "d"™ of the nozzle was set at 3/16%, Different
nozzle expansion ratios were achieved simply by moving the nozzle blocks

%o vary the throat height,

cs Nozzle Nos 3

This nozzle was identical to Nozzle No. 2, except that the throat

opening was set at 1/2",

9. Pressure System

Only the He = Air and the N, = Air combinations have so far been
used, The pressurized gases are available commercially in 2200 lb,
bot-tles; A 3000 psi full scale gage indicates the line pressure, and a

1000 1b, full scale laboratory gage is used for the compression ¢ hamber,
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.The maximum compression chamber pressure was limited to 900 psi for
economical reasons, The greatest part of the tests was done with LOO -
600 psi in the compression chambers At 2000 psi, one bobtle of pressur-
ized gas is necessary for each shot, whereas more than fifteen runs can
be made per bottle at 500 psi, For calibrat:iné the piezoelectric gages
at very low pressure ratios, mercury colums are used to measure the

pressures in the two chambers,

10, Vacuum System

The power plant of a small supersonic tunnel in the laboratory
was used as a pump discharging to the atmosphere to evacuate rapidly
the expansion chamber, With the inlet dead-ended, the compressor can
pump a vacuum of 3 mm, Hge abs, It is possible to evacuate the éxpan-
sion chamber to this pressure within a few minutes, The pressures in
the éxpansion chamber were measured by mercury manometers or 20 mm,
and 10 mm, full scale 'Wa]lace-Tiemah gages calibrated by Alphatron

ionization gages.

B. Instrumentation

The apparatus used on the shock tube (Cf. Fig. I and Plate 5)
is conventional and is comercially available, The great emphasis has
been laid on pressure studies and photographic flow studies, The various
pieces of equipment are briefly discussed belows The use of an

interferometer is being plamned for future worke
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1., Trigeer Group

The triggering of the equipment is accomplished entirely by the
piezoelectric gages which, at the same time, are used for quantitative
study of the ensuing flowe The pulses from the gages are fed to cathode
followers with sufficiently large time constants and then to amplifiers
on the instrument racke Bach amplifier has two circuits, one of which
leads to thyratron tubes for triggering, The other branch .is used for
direct voltage amplification,

2¢__Shock Wave Propagation

The thyratron ou'bputs triggered by itwo crystal gages spaced a
known distance apart along the tube are fed to the "start" and "stop"
terminals of an electronic counter, Ihe interval of time registered
on the counter indicates the time it takes the shock wave to travel
between the two stations, The Potter counter in use measures 100,000

j4 secs. full range in intervals of 0.625 r\sec,

3e Piezoelectric Gages

Very high statiec temperatures are produced in the uniform expansion
chamber for a very short duration. Hence, it was considered advisable
to use quartz pickups in this section, Each of the two quartz pickups
now in use consists of a stack of six crystals 1/L inch. wide by 1-1/L
inch long and 1/32 inch thicke The 1-1/k inch side is put nomal to the
flow to reduce the response time and partially span the walls The
outputs of these gages were calibrated at 80 (mve/psi) & 10%.

For measuring the pressures at the test section and around the

models, a smaller pickup was used, This unit consisted of a 3/8" dia-
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meter barium titenate crystale The natural frequency of the crystal
was found by measurement to be around 50 KC. The output was calibrated

at 52 MV mv. ( 13170 ) tlo%.

L, Pressure Recording

The output from a cryst-al (after impedance matching and amplification)
was fed to a delay unit, After a predetemmined delay interval, the pulse
triggered the X sweep on a 512 Tektronix scopees The output from a
second gage, placed downstream from the first gage, was fed directly
to the Y sweep on the scope, The trace on the scope was photographed by

a 1lo5 fo lens Leica camera,

5, Delay Chasis

The electronic delay chassis used provided a maximum delay of

10,000 (isece, Conirollable to intervals of 1 Lisec,
p K

6e Flow Photography

The shadow and schlieren time histories of the flow were obtained
by feeding a suitably~delayed trigger pulse to a spark unit, The spark
assembly and its power supply were designed and built by Marvin E.
Jessey of the Guggenheim Aeronautical Laboratory of the California
- Institute vvof Technologye The estimated duration of the spark is less
than 1 Jsece A point spark was used for shadow photography, and a
slit spark gap for schlieren photographye The intensity of the light
was adequate for any fast £ilm, such as Du Pont 428 or Kodak Ponatomic-Xe
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7. Optical System.

The schlieren system used consisted essentially of a lens-mirror
a;-rangemant. The light from the spark was made parallel by means of a
lens, The beam was passed through the test section and focused on a
knife edge by means of a spherical mirror. Shadow photographs wére'
obtained by removing the knife edge and letting the beam fall directly
on photographic film, (Actually, three mirrors are used in. the present
set wp in order to fit the system inte the extremely-limited spaces)
The whole system was made out of parts which were already available in

the laboratorye
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V. EXPERIMENTAL INVESTIGATIONS

The main topics of investigation and the resulis of the work done
to date with the GALCIT hypersonic shock tube discussed in Section IV.
are outlined in the following sections.

The experiments so far have been of mexploratory character aﬁd were
undertaken in order to get as many data as possible on the possibilities
of the shock tube described in the previous sections, On the basis of
these experiments, it is now possible to undertake a well defined program
of aerodynamic research,

In view of the many uncertainties and limitations i.nvolired in the
properties of hypersonic flows which can be generated by the shock tube
and the great importance of pressure studies for quantitative work (as
analyzed. in Sections X and II), the bulk of the investigations have been
concentrated on flow studies and pressure measurements. The following
are the main questions to which answers were sought:

(1) How closely can the theoretical maximum Mach numbers be realized

at thg test section?

(2) How soon after the péssage of the first shock wave dq the
second shock wave and the zone of separation get swept past
the test section?

(3) Vvhat is the lowef limit of Mg for flow to be established in
the nozzle?

(L) How long and how wniform is the steady flow?

(5) What order of experimental error is to be expected from
pressure studies, and what are the over-all errors for

different pl/pl.?
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(6) How serious are the deviations from ideal shock tube flow
in the uniform tube at high initial pressures and pressure
lra'bios?

(7) 1Is it possible to remove the boundary layer and establish
hypersonic flow at the test section with the use of nozzles
similar to Nozzle No. 2 and Nozzle Nos 37

Unless specifically noted otherwise, the experiments to be discussed

were perfomed with Th/Tl = 1,0, In those cases where the results are
shown plotted against pu/pl, it is to be understood that this ratio is
the equivalent pressure ratio in a uniform tube, Specifica]iy, if the

actual chamber pressures (as indicated by the gages) are ph' and py's then
/Py = Glp,'/pp")
where G is the gain factor for A /Ap = 2,80 as shown in Fige. 15,

Ae Calibration of the Apparatus

1. Piezoelectric Gages

The same shock tube in which quantitative pressure studies are
subsequently made is also the best instrument for initially calibrating
the pressure gages, The principle is as follows:

At very low pressure ratios the flow produced in a shock tube is

" in extremely good agreement with theory. Before calibrating the gages,
this fact should be verified for the given shock tube by measuring the
speed of propagation of the shock wave and comparing it with the initial
pressure ratio to see if the theoretical relations are satisfied,

Once the strength Mg of the shock wave is thus determined very
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accurately, the amplitude of the step

Pp =Py = [(pglpl) - 1] P

is accurately known, since both py (from the manometer or other vacuum
gage) and p2/pl (from Mg) are known to a high degree of accuracy. The
flow behind a weak shock in the shock tube is very uniform and gives a
well defined step function in pressure, By making p,/p; very low and
wsing various values of Py, the gages can be calibrated over a wide range
of (p2 - pl). These gages may then be used for the study of flows with
very strong shocks (large pz/pl) so long as P is sui‘ficientiy low to
make (p2 - pl) £21l within the range of calibration,

In calibrating the gages used in this project, the expansion
chamber was held at or near aitmospheric pressure, with the compression
chamber either at or slightly above atmospheric pressures The temper~
atures were given a minute or more to equalize, Very thin cellophane
diaphragms were used to keep the disturbance to the flow at a minimum,
Upon rupturing the diaphragm, the speed of propagation of the shock wave
could be determined from the time interval registered on the electronic
couhter. |

In calculating MS, the value of "al" rust be calculated from an
accurate reading of the local temperature, The effect of humidity on a
- was found to be negligible,

These series of calibration runs have also afforded the opportunity
to check the theory of non-unifom tubes, On Fig, 15 is shown the gain
factor G as a function of Mg for A /A; = 2,80, Then, on Figs I is shown
plotted the experimental values of Mg against ph/p:l-' The cireled points

are not corrected for G, whereas the plain points are corrected for G
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corresponding to each ph/p1 by the values given on Fige 15, The scatter
of the corrected points from the theoretical curve is less than 1/2%
wp to p/p; = 3.0.

Hence, for all the calibration runs, p)/p, Was kept below 3.0,
The results are given on Figs, I and ¥, and typical traces of the cali~
bration curves are to be found on Plate © , These calibration runs
have been carried out quite frequently (every few weeks) to correct for
long~time drift in the electronic cireuit, but no noticeable shift in
the gage outputs has been observed, The maximum scatter on these figures
is below %5%, It is believed that the experimental error in.i)ressure
measurements can be kept below 10% without great difficultys The
.linearity of the output within the calibration range is seen to be
very" satisfactory,

The gage=outpuis are fed to suitable cathode followers for
impedance matchinge The circuit time constant must be much larger than
the expected duration of uniform flows in order to allow faithful
reproduction of the pressure pulse with negligible e:q:onehtial decaye
The amplified voltage is then measured either from the scope trace or
by means of electronic peak-measuring instruments which have recently
become commercially available,

If the scope is used, the photographed trace is emnlarged by as
.much as ten times, and its amplitude and time scale detemined by com-
paring it to a corresponding calibration trace which consists of square

waves of known frequency and amplitude,
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2+ Oscilloscope

The calibration dials of the oscilloscope were frequently calibrated
by feeding square or harmonic waves of known amplitude and frequency
from a reliable external source, such as the Hewlett-Packard oscillators

and square-wave generators,

3e Delay Chassis

Although the delay chassis used in the experimenis showed high
reproducibility over short periods of time (i.e., 2 few hours), the
absolute values of the time delay drifted by large amounts o*éer a period
of days, or from one test periocd to another, A very simple method of
calibrating the delay before and after every test period is {to wire the
counter across the delay chassis terminals; upon feeding a pulse to the
chassis, the counter registers the accurate delay period, If the
counter is not being used for measuring the shock wave propagation
speed, then this method can be used to obtain the correctl delay period

for every shot,

Lo Amplifiers

The frequency response, noise, and drift characteristics of the
amplifiers can be studied by ordinary methpds in elecirical engineering
practices The amplifiers used in the project showed a flat response up
to frequencies in excess of 100 KC, It was found, however, that the
noise introduced by A, C. power supplies made it difficult to work at
high sensitivities., For such work, it becomes necessary to supply

power from a De Cs source,
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Be Pressure and Flow Studies

1, Shock Wave Propagation

Figure VI shows the experimental points for the Mach number of
propagation, MS, of the shock waves in the wniform chamber for Np - Air,
as compared with the theoretical curve for different initial pressure
ratios.

Although no difficulty was experienced at low pressure ratios,
at high pressure ratios, with relatively high p;, the time readings suddenly
became very erratic, The source of this behavior was discovered to be
the disturbances propagated along the metallic walls of the tube
triggering the instruments permaturely, A small weight dropped on the
tube from a height of a few inches produced signals of considerable
amplitude at the pickupse Efforts to stiffen the tube and cut down the
sensitivity of the pickup circuit have corrected this difficulty to some
extent, but occasionally the instruments do get triggered prematurely
for a series of runs, and some of the scatter shown in Fié;. VI may have
been caused by this fact, Unless the pickups are carefully shock-
mounted, it is believed that for high pressure work a trigger re chanism
completely independent of the tube, such as the lightescreen method
discussed in Ref, 5, is very desirable.

Although the subject of shock wave attenuation still remains a
controversial topic (Refs. 9, 1L, and 24), it is believed that Fige VI
gives a fairly good indication of the speed of propagation of the shock

waves generated in this tube, It appears that the conditions at the



70

shock front do not deviate a great deal from theory up to fairly high
pressure ratios and that the shock speeds appear to approach the the-
oi'etieal cux;ve at high pressure ratiose. This behavior is in agreement
with the results of the pressure studies analyzed in the next section,
but this may be accounted for as being due to the faster fomatidﬁ of

the shock wave at high pressure ratios,

2+ Pressure Studies in the Uniform Tube

These series of tests were carried out to study the uniformity,
magnitude, and duration of the pressures in Regions 2 and 3, .és a function
of time, at a station a few inches upstream of the inlet to the diverging
section, Both the quartz and the barium~titanate pickups Were used to
obtain pressure data from 2 large number of runs, The driver gas 'wask
either nitrogen or helium with air in the expansion chamber in all cases,

o Before discussing the resulits in detail, some general remarks
showld be made, In Plates 7 and 8 are shown some typical pressure
traces from the quartz and the barium~titanate crystals, ':A s tudy of
these traces shown the greal importance of having satisfactory damping
with a carefully-matched cireuit, If the erystals are nﬁder-damped,
the response is fast, but there is a large overshoot and tfanéient
vibrations, For large pressure ratios and long durations of uniform
flows, these effects are not objectionable (Plate7a); but for low
pressure jumps and short durations, the overshoot amplitude and the
transient duration may be of the same magnitude as the amplitude and the
duration of the step pulse (PlateTcd)e This makes it very diffieult to

measure and study the pressure traces accurately, Some damping eliminates
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i-,his difficulty (Plateli ), but care must be taken that the pickup is
not over-damped, éince s unless the flow duration is sufficiently long,
a i‘ictitieué pressure rise is indicated on the scope behind the shock
front,* and a great deal of response sensitivity is sacrificed,
Plates 8a and 8b illustrate the great importance of the tme v
constant of the follower-cii'cuit. Particularly for large pressure
Jjumps, due to the exponential decay, a small amount of electronic

leakage may lead to a large drop in amplitude during a given period,

a. Studies with Ny = Air

The study of a large nmnﬁer of tmces obtained from runs with
widely-varying initial conditions leads to the following eoncluéiqns:

At low pressure ratios the flow behind ﬂg shock wave is in |
excellent agreement with theory in all respects (i.e., the duration of
flvow,. arrival of the rarefaction wave, magnitude of the jump, unifomity
of £1low, etce)e |

For strong shock waves, the first noticeable characteristics in
the pressure traces are as follows (Cf, Plate 9 ): The pressure behind
the shoek wave exhibits a gradual riset which tends to ievel off,
There follows a small but distinct dip in pressure preceding an abrupt
change in slope éaused by rising pressure, The underdamped crystals
afford a very good means of qualitatively detecting the turbulence level

in the various flow regions,

# Theoretically, the pressures behind strong shocks in gases
with variable specific heats do rise by a slight amounit, but at high
temperatures the relaxation time is usually much smaller than the duration
of uniform flow, '

#% This is not due to damping in the crystal, since it is observed
even when the crystal is slightly under-damped,
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Following a slight tendency to level off, the first change in
pressure gives way to a second abrupt change and a rapid turbulent rise,
This rather. unexpected behavior is actually in good agreement with con=
clusions reached in Ref, 6, on the basis of flow Mach number studies.

In this report, a pressure dip just ahead of the contact surface is
predicted as being caused by the formation of weak rarefaction waves

due to shock interactions during the initial formation of the plane
shoek wave, Again, on the gasis of the studies reported in Ref, 6, a
rise in pressure is expected behind the contact surface, It is also
expected that this region should approach the contact surfacé front with
inereasing pressure ratio, It is observed that this rise is due to

the appearance of a “mgion of transient shock waves" behind the contact
surface, ;.he causes of which are not clearly understoods |

Hence, it is strongly believed that the rear of the small pressure
dip indicates the front of the contact zonee The pressure rises through
the contact zone, then tends to level off, The second abrupt dis-
continuity in slope is caused by the arrival of the rarefaction wave,
since the pressure exhibits a monotonic, rapid rise,

The gradual rise in pressure behind the shéck frént and ahead of
the eontact surface becomes more pronounced with increasing Shock wave
strength, This behavior may be atiributed to two main causes:

(1) The initial shock wave has not had sufficient time to form;

hence, it is followed by a region of weaker compression
waves and transverse waves (Refs, 6 and 21).

(2) The growth of boundary layer along the walls of the tube

tends to reduce the effective section of the chamber, Hence,

the situation is similar to that of supersonic flow into a
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slightly converging chamnel, with the accompanying compression
waves which form along the walls propagating into the flow,
| The qualitative shape of the pressure rise compared with the
usually assumed geometry of the displacement thickness
behind the shock supports this point of view, '

If the gradual rise is due to the insufficient time of formation
of the shock wave, then the maximum pressure in the flow ahead of the
contact surface must be lower than that predicted by the ideal theory,
The resuits of the runs with both Ny - Air and He - Air contradict this
viewe In Figs, VI and Y}, the lower end of each run indicates | the
pressure ratio immediately behind the shock, whereas the upper end
corresponds to an average pressure in the flow ahead of the contact
surfaces At high pressure ratios, the deviation of the upper end £rom
the theoretical curve is believed to be beyond experimental errore
Thus, one is tempted to believe that this rise is due mainly to a
boundary layer growth or a similar disturbance in the flow,

be Studies with He - Air

The tests with helium were undertaken mainly to investigate the
region It £ Mg € 745 The main difference between the traces obtained
in this series of tests and the ones discussed in the previous section
~is that the beginning of the rarefaction wave is indistinguishable,
Following the relatively-smooth flow in Region 2 and a slight dip, the
pressure starts rising abruptly and monotonically.

From Fige. YNl it is observed that the pressure behind the shock
front tends to increase beyond the theoretical values at high pressure

ratios, This tendency was observed for Np - Air in Fig,Vlland is in
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agreement with the shock wave propagation studies given in Fige¥l.
Although a conclusive explanation cannot be presented, it is felt that a
much larger tube may greatly reduce the discrepancies noted,s In addition
to the pdssible boundary layer growth effect, the pressure rise in Regions
2 and 3 may, in some way, also be related to mixing at the contac.t zone,
With a gas as diffusive as helium at a few hundred pounds of pressure

in one chamber and air at a few millimeters of mercury in the other,

with a relaiively-‘bhick diaphragm in between, a great deal of mass
transport should take place following the rupture of the diaphragm,

and the purely wave phenomenon assumed in the ideal theory should be
seriously violated,

In concluding this section, it must be emphasized that alf-hough
the results to which attention has been drawn are believed to ve balid
beyond experimental error, it is doubiful that a satisfactory explana-
tion can ever be given, Fig.IX shows roughly the measured duration between

the shock wave and the front of the mixing zone following the pressure dip.

3. _ILuminescence Behind the Shock Wave

With helium-air operation around ph/pl = 6000, a noticeable
luminescence appears at the uniform section, At higher pressure ratios
this luminescence becomes more striking and bluish~white in color.
Moreover, at the test section there appears a faint blue background and
stronger whitish luminescence around those sections of the model at high
angles of attack with respect to the flow,

On the basis of existing theories, the stagnation temperatures
at which luminescence has been cbserved are too low for ionization in aire

Three explanations may be suggested:
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(1) Burning of diaphragm particles
(2) Combustion of the impurities in air and/or dirt and dust
.along the walls of the tube

(3) A phenomenbn which the existing theories fail to account for

The first possibility is eliminated by the fact that no detectable
change in the intensity of the glow takes place whether the diaphragm
is plastic (which shatters to small pieces), or copper or aluminum foil
(uhich fold out without breaking), Instead of the third, one would
rather believe the second alternative, even though it seems improbable
that dirt and dust should remain on the walls after a great mémy shots
with metallic diaphrégms.

It has not so far been possible to devote the attention and time
which this phenomenon deserves, but future investigations to disciose the
nature of the causes producing the luminescence observed in the flow are -
being plamned, Other investigators in this field have, reportedly,
been puzzled by similar observations (Refs, 10 and 22),

Lhe Flow Studies at the Test Section: Nozzle Noeo 1

The structural features and the dimensions of this nozzle have
been discussed in Section IV.A.8 and illustrated in Fige Id. The cross
section of this simple double wedge nozzle is 7/8% x 2~7/8" at the inlet
‘and diverges out to LO x 2-7/8" at the test section, with a total
divergence angle of 45°. The reasons for choosing e particular
geometry and dimensions are sumarized below:

(1) From Figs. 7 and 8, it can be seen that the maximum test
section Mach number is between 64,5 and 7.5 for Ny = Air or He - Air

operation at high pressure ratios, Hence, it was decided to try first
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a nozzle which would be expected to produce 2z Mach number of six, to

find out if a Mach number so close to the maximum value could be obtained
with this tﬁbe. It will be seen from Fige 32 that this was an unfortunate
choice from the point of view of quantitative pressure studies, pare
ticularly with N, = Ar. For He = Alr, the situstion is somewhat
improved, but not a great deal, Nevertheless, the pressure traces

could still be used to determine the time it took for the zone of
separation to get swept past the test section and the duration and
uniformity of the subsequent steady flow,

(2) If a Busemann type nozzle were chosen, with the -éame inlet
dimensions and the same expansion ratio, either the distance to the
test section would have to be very great, or the maximum divergénce
angle, already of a rather unusual magnitude, would be extremely steep.

(3) Since the height of the nozzle at the test section is LO
inches , and since only one or two inches of the eentral portion was
occupied by the model and used for measurements, it was hoped that
the divergence of the sireamlines at the test section would be negligibly
small,

(L) A simple double-wedge nozzle is much easier to machine and
replace in case of damage than a parallel-flow nozzle of the Busemamn
type. |

Hence, for the purpose of these exploratory investigations it
was decided to use a double-wedge nozzle to get rapid, e ven if not very
accurate, data, The flow studies were made around two-dimensional
wedges, at various angles of attack, which spanned the tunnel with a

clearance of less than 003 inches before the tube was evacuated, It is
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believed that with the expansion chamber under vacwum, the side walls
actually pressed against the ends of the model, The reasons for using
two dimensional models were the following:

(1) The mounting problem was very greatly simplified by mounting
the model rigidly on the test section window, (Plate 3 b), and the
angle of attack of the model could be changed by rotating the window,

(2) The schlieren and shadow photographs are much better defined
for two-dimensional flows at low densities than for three-dimensional
flows.

The flow Mach numbers were measured fram the wave anglés and the
angles of detachment, In order to check for the possible eifects of
boundary layer growth on the shock wave angles, measurements were taken
over a wide range of angles of attack and different pressures, while
the pressure ratio was kept unchanged (i.e., diffezent Reynolds numbers)e
411 the models had fram +002 to o005 inch diameter bluntness at the
leading edge in order to prevent chipping.

At hypersonic Mach numbers, a small error in the angle of attack
or the measured shock wave angles lead to large errors in the measured
Mach number, To reduce the errors due to the human elemént, each
photograph was re asured by more than one individual, and more than once
in cases which showed large scatter. In some of the clear photographs
with well-established flows, the total scatter between t hree or four
measurements was not more than five minutes of a degree, Near the start
and the break-down of the flow, however, the scatter was more than a
degree, The lower limit on experimental error was set at plus or minus

fifteen ninutes of a degree, The angle of attack could not be controlled
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closer than ten or fifteen minutes., The maximum scatter was used for

all cases above fifteen minutes,

ae Studies with No = Alr

A typical flow history is shown on Plates 10 to 13, 'I‘he.passage
of a very weak shock wave (Plate 10 ) is followed by a region of subsonic
flowe A very simple and convenient means of detecting this flow is to
sprinkle some fine powder on the model, A cloud rising over the model
indicates the start of flow at the test section even when the shock wave
is not caught on the photographs, This flow is followed by the appearance
of small shock waves at the leading edge, which gradually grow and fom
a well=defined flow pattern, Meanwhile, the boundary layer gmwé, as
can be detected from the downstream shift of the shock wave starting
at the bottom corner (Plates i,1%,1%)s Following a noticeable darkening
of the waves, the flow becomes very turbulent, and the shock waves take
an irregular patiern, _

The times at which these evenis, as well as similar disturbances
observed in the pressure traces, take place make it strongly probable
that the darkening of the shock waves is a rough indication of the arrival
of the cool contact zone, Some time after the observed ii'regularities
in the shock wave patiern, small diaphragm particles, and then larger
- ones, appear in the flow, In some of the photographs, the shock wave
seems to have more than one branch, This is due mainly to the chipping
of the leading edge which uswally took place after about a dozen shots.
The sidewall boundary layer interaction with the shock wave may be the
cause of the grayish band around the shock wave, which was observed in

some shots (Plates I2,13).



79

It was not possible to establish steady hypersonic flow in the
nozzle for ph/p1< 2500, It is doubtful that the flow got well established
at Ph/Pl = 2500. This may account for the consistent failure to reach
Mach number six, as shown in Fige X[, Unfortunately, the experimental
uncertainty in the measured values okaT is large enough o obscure the
possible detection of effects such as reproducibility, boundary-layer

~growth, Mach number uniformity for each run, etc, Nevertheless, Fig, Xl
shows that the theoretical Mach number is closely attained at sufficiently

high pressure ratios,

be Studies with He - Air

The results of the runs with He - Air are shown in Figs Yl and I,
and a flow history is presented in Plates 14 to 16¢ The very shoft
duration of steady flow in the wniform tube with He - Air at high
préssure ratios makes it quite impossible 1o derive definite conclusions
from these figures, Although one is strongly tempted to say that Figs,
Xl and XIV indicate that the important deviations due to vé.riable specifie
heats, as analized in Section II,D, are verified, it may well be argued
that due to the very short duration of the flow, it is by no means
clear whether or not steady flow was established at the test section.
Here again, one is faced with the great need for a much longer tube in
order to be able to differentiate, with certainty, the various flow
regions,

The pressure studies discussed in the next section will contribute
considerably towards a better understanding of the general behavior showm

in these figures,
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5« Pressure Studies at the Test Section

A quelitative study of the pressure traces obtained at the test
section mgy help towards a betier understanding of the contents of the
previous section. Plates 20and 2| show a number of pressure traces for
Ny = Air and He - Air, presented in order of increasing pressure ratio
ph/Pl’ The first sharp jump from the reference trigger ILing indicates
the first shock wave, The highly-noisy trace which follows the first
shock is due mainly to the transient vibrations of the pickup and does
not indicate pressure fluctuatons alone, The second shock wave is not
well defined, Instead of a sharp discontinuity at the second shock wave,
there is an abrupt change in slope, followed by a turbulent decrease
in pressure, This region corresponds to what has previocusly been called
the "zone of separation®, The pressure eventually goes below the
trigger pressure level, corresponding to Py> and wmiform flow is
established at the test section, |

With Ny - Air, at low pressure mtios (Cf. Plates 20a to 20d)
the duration between the shocks is relatively long, and below a
pressure ratio of around 2000, uniform flow is never established at the
test sections As the pressure ratio is increased, the duration between
the shocks gets smaller, the zone of separation is swept by the test
section faster, and an increasing duration of uniform flow is obtained,

" At high pressure ratios, the smooth flow is teminated by a turbulent
zone, This breakdown of the smooth flow indicates either the arrival
of the contact zone or some disturbances, which are reflected from the
end of the tube, feeding from behind, The fact that the pressure does

not keep increasing monotonically but falls back after each sharp rise
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seems to favor the first altemative., Fig. XV shows the various
regions of test section flow with Ny - Air, as measured from a large
number of traces,

As expected, the traces with He - Air operation are relatively
irregular, Although the zone of separation is swept by just as fé.st,
the duration of smooth flow is not only much shorter, but the pressure
reaches a minimum and rises up again (Plates 2| a to d ). At lower
pressure ratios, the uniform flow breaks down almost as soon as the
zone of separation is swept past the test section. These general
features of the pressure traces are in agreement with the variation of
Mach numbers‘\ shown in Figs Xl and JIV,

Although an accurate measurement of the strength of the second
shock wave is impossible from these traces, the pressure ratio across
the first shock wave can be detemined, FiguresXVl and XVIl show the
variation of Mg, as a function of p/p) for N, = Air and He - Air, For
the sake of interest, on the same figures are shown the vg,lues for Msl
in a Busemann nozzle corresponding to ph/pl I.='<>6 and MT = 5,0,

The absolute values of the test section Mach numbers measured
from the pressure traces were found to be very erratic; For the strengths
of the shock waves produced in these experiments, these results were
expected to hdve large intrinsic errors (Cf, Section IIL,B.2) at the
test section Mach nmumber of six, In order to improve the over-all
error, it was decided to measure the pressures on a 35° wedge surface.
Since the flow for He - Air operation has already been found to be
unsatisfactory, the runs were made with N2 - Air only.

The expected theoretical pressures themselves cannot be stabted
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accurately due to the uncertainty in the measured test section Mach
number, Hence, in Fig.XVil, the theoretical results are represented by a
band rathef than a line, The lower limit of the band represents the
values of Prp which would be calculated by assuming ideal theory, with

X = 1.k, to be valid throughout, The upper limit indicates the con-
ditions with variable specific heats, using the lower limits of the
experimental Mach numbers, Thus, the band indicates a fairly-conservative
envelope for the expected pressures,

The spread shown in Fig IVl for the measured pressure mtios is
caused by the noise level indicat.ed in the pressure traces (Plate 22 ).
Undoubtedly, the vibrations of the model when hit by the shock, and the
unsteady establishment of the hypersonic flow are mainly responsible
for this noises Although a stiifer méun‘bing with a symetrical wedge
may help a great deal towards reducing the noise, it is believed that a
much longer duration of steady i‘léw is necessary to allow the transients
at the pickup to settle downe

6. Studies with Nozzles No. 2 and Noe 3

The geometric details of these nozzles have been given in Fig IIb,
One of the main reasons for this set of a:ﬁexﬁments was to find oub
the followings
(1) If unifom hypersonic flows at the test section could be
obtained with this type oi‘ nozzle which, besides affording
a very simple means of changing the expansion ratio, removes
a very large portion of the boundary layer at the inlet to
the nozzle

(2) If it is possiblé» to obtain flows with Mach numbers in
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excess of the maximum values shown in Figse 7 and 8; and
if so, how much in excess,

The wéoden nozzle blocks were very badly chipped and damaged by
the end of the experiments with Nozzle Noe 1, so it was decided to use
aluminum blocks (for lightness) with steel tips at the inlet. Ixperience
with the chipping and deformation of the leading edges of the models at
the test section also made it evident that metallic diaphragms would
have to be used if the tips of the new nozzles were to be saved from
getting damaged after a few sholse

The throat of Nozzle No. 2 was set at 3/16". The series of tests
for N, = Air indicated subsonic but no supersonic flowe For He - Air
operation, detached shock waves appeared ahead of the model for a short
duration of time (Plates 23,24). |

The throat opening was then increased to 1/2%, Corresponding to
this area ratio Ap/Ag = 80, the section Mach number is expected to be
around 648 = 7,0, and hence, just about the expected maximum Mach number
for N, = Air operation. | .

For He = Air operation, detached shock waves for a short duration
were again all that appeareds For N, - Air, however, there was a
relatively-long period of subsonic flow, followed by the appearance of
obligue waves at the leading edge, The waves were much fainter than
those which appeared with Nozzle No, 1, because of the lower densities.
The first measurable Mach number was around five, but increased rapidly
ﬁntil, for a duration of 100 to 200 microseconds, it reached a value
between 6,5 and 8,0 Then the Mach number dropped very rapidly, and the

smooth flow broke down, The whole duration of the observable supersonic
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flow was less than 500 psece The situations described are illustirated
in Plates 25, 26.

It is believed that tne reason for the failure of flow establishmnt
with He - Air is the extremely-short duration of the flow, which made

it difficult to get a uniform flow even with Nozzle Noe le
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VI. SUMMARY AND CONCLUSIONS

Following the tests with Nozzle Noe 3 reported in the previous
section, it was decided that further experimentation with the present
fube would be of 1ittle consequence due to the extreme shortness of the
flow duration for values of Mg above five or six, A great néed was
felt to undertake important improvements in the tube structure, electronic
:i.nst.nmentation, and the pressure gages, Work is now in progréss to
enlarge the cross sectional area of the uniform expansion chamber by a
factor of three and lengthen the tube by an equal factor, TWO addditional
test section windows and a number of pressure gage stations Wlll be
machined on the two sidewalls to allow a much more complete survey of
the £low through the nozzle.

dx the‘ basis of the investigations carried out so far, the
following conclusions may Be stateds

It is possible to produce hypersonic flows with very high stag=
nation tempera’bures with a shock tubee Such flows can be produced by
accunulating a desired length of uniform supersonic flow behind a strong
shock wave, and 7féeding it to a diverging, or a converging-diverging
noizle. As the first shock propagates down the nozzle, it is éon'binuously
décayed, and tends to an acoustic wave, A second shock wave "splits®
from the first at the nozzle inlet, and propagates lqast;'eam with reséect
" to the flow (but, initially, downsiream with respect to the tube) with
increasing strength, The strength of this shock wave is such as to
bring to agreement 'bhe‘velocity and pressure of the flow immediately
behind the first shock with that of the isentropic channel flow ahead

of the second shocke Eventually the strength of the second shock
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becomes such as to make it stationary with respect to the tube, This
condition sets the maximum attainable test section Mach number uwhich, for
a given gas, is a function of Mg, Steady flow at the test sectien is
established following the passage of the two shock waves and a zone of
separation by the test section. ‘

At the relatively h:;.gh pressure ratios required for hyperson:.c
shock tube work the actual flow exhibits serious deviations fram the
ideal shock tube flow model, Hence it becomes necessary to determine
the flow conditions at the test section by direct measurements either
at the test section, or at another station along the tube Whére flow
conditions are more favorable o measurements, At high Mach numbers,
the quantities determined at this station may be related to the test
section conditions by static or total head surveys of the flow région
between the two stations,

" From the points of view of availability and sultabilrby of
instrumentation, and semsitivity to changes in the flow cond:.tlons,
pressure is by far the most convenient variable to work ﬁith. To
measure pressures within experimental accuracy, the quantity o0 be
measured must ‘be at least as large as the initial pressime sensed by
the gage, Wherever conditions warrant its use, interfer@etiy offers a
second possibility for quantitative studies, The restrictions on the
~ possible types of instrumentation which can be used with the shock tube
impose, in turn, definite limitations on the nature of the problems

vhich can be investigated on a quantitative basis using a shock tube,
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FIG. 3 — FLOW ESTABLISHMENT IN A CD-NOZZLE
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