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ABSTRACT
A system for recording the trajectories of non-planar shocks

and particle tracers within a shock tube flow has been developed.

The optics consists of a double-pass schlieren system with a
multiply pulsed ruby laser as light source. The laser is synchronized
with a high speed framing camera. A grid of ammonium chloride tracers
is injected into the flow field, and the motion of the tracers behind

the Mach reflection of intermediate strength shocks has been recorded.

Analysis of the trajectories has yielded the space and time

variation of the physical properties within the flow field.



TABLE OF CONTENTS

ABSTRACT .

LIST OF TABLES .

LIST OF FIGURES

LIST OF SYMBOLS

ACKNOWLEDGEMENTS « « « & o o o o o o o o o o o

CHAPTER 1 INTRODUCTION .

CHAPTER 2 SHOCK INTERACTION STUDIES
2.1 One-dimensional interactions . . . . .
2.2 Oblique interaction

CHAPTER 3 PARTICLE TRAJECTORY ANALYSIS .
3.1 INTRODUCTION . . ¢ v ¢« & ¢ o o o o o o o o =
3.2 Theory .
3.3 Applications .
3.4 Expefimental methods .

CHAPTER 4 EXPERIMENTAL PROCEDURES

L,1 The optical system .

4.2 The light source . . « « « « & « o ¢« ¢ o o o -
. 63

4.3 The Pockels cell driver . . . .
L. 4 The test section mirror . . . « « « « « « &«
4L.5 The particle tracers .

4.6 Synchronization and monitoring .

Page

20
20
20
25
30
35

35
45

64
69
72



CHAPTER 5

CHAPTER 6

ol A

ANALYSIS OF DATA .
5.1 Digitization .
5.2 Reduction of digitized data

5.3 Determination of density .

5.4 Determination of particle velocity .

5.5 Pressure and temperature .

DISCUSSION AND CONCLUSIONS . . . . . . .

Page
77
77
79
83
84
90
96



Table

No.

>
E A T o o o V]
w

-y -

LIST OF TABLES

Determination of areas from digitized data . .

Density values for Fig. 5.3.1
Density values for Fig. 5.3.2

Velocity values for Fig. 5.4.1

Density values, 30°, Mach 1.34, 190 us . .

Density values, 30°, Mach 1.34, 289 us

Density values, 30°, Mach 1.34, 387 us .

Velocity values, 30°, Mach 1.34, 190 -

Velocity values, 30°, Mach 1.34, 289 -

289
387

Density values, 10°, Mach 1.35, 349 us .

Density values, 10°, Mach 1.35, 442 us . .

Velocity values, 10°, Mach 1.35, 349 -

L2

Density values, 10°, Mach 1.21, 345 us .

Density values, 10°, Mach 1.21, 437 us . .

Density values, 10°, Mach 1.21, 532 us .

Velocity values, 10°, Mach 1.21, 345 -

Velocity values, 10°, Mach 1.21, 437 -

437
532

Density values, 30°, Mach 1.20, 232 ps .

Density values, 30°, Mach 1.20, 328 us . .

Density values, 30°, Mach 1.20, 423 us .

Velocity values, 30°, Mach 1.20, 232 -

Velocity values, 30°, Mach 1.20, 328 -

328
423

HS

US

S

us

uSs

uS

HS

Page

85
87
89
92

. 108
. 110
112
. 114

116

< V&
- ¥23

< 125

129
131
133
135

. 137

142
144

. 146
. 148

150



LIST OF FIGURES

Figure

No. g Page

2. 1,1 Wave diagram illustrating a shock interaction . . . . . . 6
2.2.1 Interaction of a shock wave Qith.a T e AR SR P s
2.2,2 Comparison of theory and experiment in regular

and Mach reflection . . . . . 1]
2,2.3 Interaction of a strong shock with a wedge . . . . . . . 13
2.2.4 The results of Ludloff and Friedmann (1955) . . . . . . . 14
3x3:1,  Copmetry.of two. oas FIows i & v iidis vt eon-n i BB
3.3.2 Element of air at two different times

in a two-dimensional shock tube flow . . . . . . . . . . 28

A Cigarette smoke tracers behind a reflected shock . . . . 32
4.2 Schlieren photographs of spot heated elements of air . . 33
el Schlieren system using lenses . . . « « « « « ¢« « « « « « 37
o JaZi Lenans SERIIOTRE. il o hah B i A e
13, - Double ppss. SChlICrBn SYSEOM “sop oo’ ¢ wiois .o o s e« R

.2.1 Laser shadowgraph of Mach reflection . . . . . S L6
.2.2 Optical components within the modified laser cavity . . . 47
.2.3  Flash tube and conventional lasing output . . . . . . . . 49
.2.4.  Conventional 1asing. QULPML . «; asw siimns samis o o o o o -2 D0
.2.5 Double crystal transve}se Pockels cell components . . . . 53

.2.6  Pockels cell assembly . & . v ¢ ¢ o0 is s 6 oo 0 e o0 58

S e e e W W

.2.7 Crystal cut and crystal axes . « « + ¢ « o o « « o o+ « 56



= wii -

Figure

No. _ : Page

4,2.8 Experimental testing of Pockels cell modulator . . . . . 57
4.2.9 Laser Q-switched pulse . . . . « . « « « . . ... FECPRP RS
4.2.10 A series of Q-switched pulses . . . . . « « . « . . . . 62
R:5:1 - POEKats BT G108y EYrauTe" . 20 o W TS
8:5:2 - PBERGTSTcBYIT 4FTVRr NIt oS i T T T e
4.3.3 Pockels cell and driver within the laser cavity . . . . 67
_h.S.I FOPlationof particte’traddes” 'S 7. it ot 00 e 0
B:6:1  SABREP pUYse’'Butplf) . 772 S e R T NIl T TR
4.6.2 Laser light detector 07y Mach 1.8, 303 88 i wivise o8
G:1:t - HIGh'SpBed Pl Im Peeord : JOT L IR IR LTS T Y8
5.2.1. PROJAELTORCEF ‘TP M retord v s ot t 2 e L T 80
5.3.1 Particle positions, 30°, Mach 1.20, 214 us . . . . . . . 86
5.3.2 Particle positions, 30°, Mach 1.20, 326 uys . . . . . . . 88
5.4.1 Velocity vectors, 30°, Mach 1.20, 214 - 326 us . . . . . 91
5.5.1 Mean ratios, 30°, Mach 1.20; 2th ps . . . . .. . . . . 94
5:8.2 : RESR fat10s; 30°; MEEN 1.20 SEO 8 ', ', . "o v it e 98
A.1.1 Particle positions, 30°, Mach 1.34, 190 pus . . . . . . . 107
A.1.2 Particle positions, 30°, Mach 1.34, 289 us . . . . . . . 109
A.1.3 Particle positions, 30°, Mach 1.34, 387 us . . . . . . . 111
A.1.4  Velocity vectors, 30°, Mach 1.34, 190 - 289 pus . . . . . 113

A.1.5 Velocity vectors, 30°, Mach 1.34, 289 - 387 us . . . . . 115



- viii -

Figure

No. Page

A.1.6 Mean ratios, 30°, Mach 1.34, 190 ps . . . . . . « . . . 117
A.1.7 Mean ratios, 30°, Mach 1.34, 289 us . . . . . . . . . . 118
A.1.8 Mean ratios, 30°, Mach 1.34, 387 pus . . . . . . . . .. 119
A.2.1 Particle positions, 10°, Mach 1.35, 349 us . . . . . . 120
A.2.2 Particle positions, 10°, Mach 1.35, 442 pys . . . . . . 122
A.2.3 Velocity vectors, 10°, Mach 1.35, 349 - 4h2 us . . . . 124
A.2.4 Mean ratios, 10°, Mach 1.35, 349 us . . . . . . . . . . 126
A.2.5 Mean ratios, 10°, Mach 1.35, 442 uys . . . . ... . . . . 127
A.3.1 Particle positions, 10°, Mach 1.21, 345 us . . . . . . 128
A.3.2 Particle positions, 10°, Mach 1.21, 437 BS e . e e 130
A.3.3 Particle positions, 10°, Mach 1.21, 532 ps . . . . . . 132
A.3.4 Velocity vectors, 10°, Mach 1.21, 345 - 437 us . . . . 134
A.3.5 Velocity vectors, 10°, Mach 1.21, 437 - 532 us . . . . 136
A.3.6 Mean ratios, 10°, Mach 1.21, 345 pus . . . . . .« « .« . . 138
A.3.7 Mean ratios, 10°, Mach 1.21,. 437 us . . . « « « « .« « . 139
A.3.8 Mean ratios, 10°, Mach 1.21, 532 us . . . . « « « « « . 140
A.L.1 Particle positions, 30°, Mach 1.20, 232 ys . . . . . . 141
A.4.2 Particle positions, 30°, Mach 1.20, 328 ps . . . . . . 143
A.4.3 Particle positions, 30°, Mach 1.20, 423 us . . . . . . 145
A.b.4  Velocity vectors, 30°, Mach 1.20, 232 - 328 us . . . . 147
A.4.5 Velocity vectors, 30°, Mach 1.20, 328 - 423 us . . . . 149
A.4L.6 Mean ratios, 30°, Mach 1.20, 232 us . . . . « « « « . =« 151
A.L.7 Mean ratios, 30°, Mach 1.20, 328 us . . ... .« . . . . . 152

A.4.8 Mean ratios, 30°, Mach 1.20, 423 ps . . . . .« . . . . 153



LIST OF SYMBOLS

General notation

a sound speed

c_ specific heat at constant pressure

c. specific heat at constant volume

D density ratio

d density

M  shock Mach number (shock speed/speed of sound ahead of shock)
P pressure ratio

p pressure

R universal gas constant (gas constant per mole)

t time

T absolute temperature or temperature ratio

u longitudinal to free stream component of particle velocity
v  transverse to free stream component of particle velocity

x longitudinal co-ordinate (parallel to incident flow)

y transverse co-ordinate (perpendicular to incident flow)

y ratio of specific heats (cp / cv)



- X -

ACKNOWLEDGEMENTS

| wish to thank Dr. J.M. Dewey for his guidance and encourage-
ment in the supervision of this project. | also wish to thank Mr. L.N.

Scotten for his technical assistance.

The University of Victoria, the National Research Council, and

the Defence Research Board are gratefully acknowledged for their finan-

cial support.



CHAPTER 1

INTRODUCTION

When a disturbance moves through a medium at a velocity greater
than the velocity of sound within that medium, so-called shock waves
develop, characterized by extremely rapid changes in the physical pro-
perties of the medium. Supersonic aircraft, spacecraft re-entering the
atmosphere, the flight of a bullet, and the bursting of a balloon are
all familiar examples of phenomena which produce shock waves. When
these shock waves encounter obstacles, or density changes in the medium
through which they are travelling, reflection and refréction occur.
Theoretical prediction of the behaviour of shock waves upon réflection
and refraction has proved to be difficult, other than in very simple
configurations, because of the non-linear nature of the equations

describing shock wave motion.

The process of shock reflection and refraction has been studied
experimentally both in the laboratory and in large scale field experi-
ments. The shocks may reflect off solid obstacles, or off each other.
[f the shocks are arranged to reflect off each other then the reflection
process may be studied in a situation uninfluenced by boundary layer

effects.

The first experimental work on shock wave reflection was carried
out by Mach and his associates (1878). In this work it was observed

that in certain cases a single incident shock in oblique reflection



could produce not one but two reflected shocks. This phenomena where
three shocks intersect at one point has since been named Mach reflec-
tion. Subsequently, Gvozdeva et al. (1969) have discovered that in
the oblique reflection of strong shocks a double Mach configuration

may result from a single incident shock.

In the laboratory, reflection of shock waves off solid
obstacles is convéniently studied in a shock tube, an instrument first
used by Vieille (1899). It was not until the 1940's that experimental
studies of shock reflection were systematically undertaken. Today the
subject continues to provide problems for both the theoretical and
experimental worker. Even for the comparatively simple case of normal
reflection of‘a shock at the end of a shock tube, Dumitrescu and
Popescu (1970) can write that the problem is far from settled. The
interaction processes between the reflected shock, the boundary layer,
and the contact surface affects the duration and uniformity of the
hot region in the shock tube in a way not yet fully understood. When
the shock is obliquely incident the complexity of the process is in-
creased, and a number of interesting phenomena are observed. It is
found, for instance, that oblique reflection sometimes résults in a
higher peak pressure at the reflecting surface than does normal re-
flection as reported by Von Neumann (1943). This phenomena was of
importance to the early investigators who were interested in assessing

the damage caused by blast waves.

In the next chapter a survey of the theoretical and experi-

mental work done on shock reflection and refraction will be given.



The mathematical problem involves the solution of a system of differen-
tial equations with appropriate boundary conditions. There has been no
analytical solution of the general problem. In order that the analysis
should become tractable, various simplifying assumptions have been made.
The analyses generally have as their basis equations expressing conser-
vation of mass, momentum and energy. In some cases experimental meas-
urements have indicated what assumptions may be made, and have been able
to resolve ambiguities occurring in the mathematics. Experimental
measurements have also been used to check various analyses, and to
supply information which will help in the integration of a system of
differential equations. It will be seen in the next chapter that there
has sometimes been marked divergence between theory and experiment in

the development of this subject.

Much of the experimental and theoretical work has been concerned
with the behaviour of the shock fronts, and has dealt with the flow
field between shocks only inasmuch as it directly affects the movement
of the shocks. Theoretical calculations of the flow field have been
made for some few specific cases, and comparison made with experimental
data. Apart from interferometric determinations of the density field
there is very little experimental data recording properties throughout

the flow field.

In the present experimental work, which can be applied to a
number of interaction processes, a method is employed which is capable

of determining all of the physical properties within the whole field



in a two-dimensional shock tube flow. This method uses a technique of
particle trajectory analysis which will be described in Chapter 3. In
this technique both shocks and particle trajectories can be followed
on the same photographic record so that considerably more information
about the flow can be obtained than would be possible from pictures
recording shocks alone. Many shock tube workers have gathered data
about a particular shock tube flow by using repeated firings with the
same initial conditions. |In this way the spatial and time resolution
of recording instruments can be extended with the assumption that each
firing produces exactly the same shock tube flow. The validity of
this assumption will be referred to later in this thesis. Using the
present experimental technique, all data about a particular flow is
collected during a single shock tube firing. Hence any doubt about
the reproducibility of repeated firings is removed. To the author's
knowledge this is the first time shock and particle trajectories in

a shock tube flow have been recorded simultaneously.



CHAPTER 2

SHOCK INTERACTION STUDIES

2.1 One-dimensional interactions

The simplest type of shock interaction is that of a normal
collision. This may be the interaction of a shock with the interfaee
between two media, with another shock, or with a rarefaction wave. A
wave diagram illustrating the interaction of a shock wave with a con-
tact surface in a shock tube is shown in Fig. 2.1.1. The dashed line
denoting the contact surface separates the gas which was originally at
the diaphragm of the shock tube from that which has been compressed
and heated by the shock wave. Across a contact surface there is, in
general, a change in type, temperature, and density.of the gas, whereas
velocity is unchanged. The trajectories of shock waves are shown in
the distance-time plane where distance is measured along the shock
tube. In all cases of a one-dimensional flow for which the boundary
layer effects are ignored, a solution of the interaction within a
perfect gas is made by use of the Rénkine-Hugoniot equations. These
equations relate the conditions on either side of an entropy change
and are derived using conservation of mass, momentum and energy. For
normal shock reflection at the end wall of a shock tube, the boundary
condition used is that the particle velocity at the wall be zero.
Bradley (1962), and Gaydon and Hurle (1963) give a treatment of this
interaction process. The modification of this idealized interaction
behaviour by imperfect gas effects, boundary‘layers, rarefaction

waves, and contact surfaces is a subject yet to be fully explored.
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The region behind the reflected shock in a closed shock tube
has been used for the experimental study of the properties of gases
at high temperatures. Calculations of the flow have been aimed at
optimizing performance of the shock tube with respect to temperature
and observation time. The shock reflection at the end walj has been
used by Strehlow and Cohen (1962) to initiate detonation, by Hertzberg
(1957) to create hypersonic nozzle flow, and has been referred to by
Glasstone and Lovberg (1960) as a ﬁossible means of initiating nuclear

fusion.

2.2 O0Oblique interaction

The case of normal incidence or head-on reflection referred to
above is, of course, a special one. The phenomena of oblique reflection
is that most likely to be encountered in physical situations. In the
work of Mach (1878) on supersonic jets the interaction pattern he ob-
served was a stationary one. Lean (1946) studied the stationary pattern
of shock waves produced between wedges placed in a wind tunnel and

measured the angles between the shocks.

In an effort to understand the interaction of blast waves with
structures, Von Neumann (1943), Polachek and Seeger (1943), and Bleakney
and Taub (1949) made calculations on the interaction of a shock with a
wedge. Smith (1945) made extensive experimental measurements of the
reflection process in a shock tube. Some of the shock configurations
which have been studied are shown in Fig. 2.2.1. |In regular reflection

the incident and reflected shocks meet at a point on the wedge.
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Fig. 2.2.1 Some possible configurations for the interaction of a shock
wave with a wedge.

(a) Regular reflection, (b) Mach reflection with detached bow shock,
(c) Mach reflection with attached bow shock. |

l==incident shock, R-- reflected shock, T--triple point, S--slip stream



The reflected shock may be partly straight and the flow behind it sub-
sonic or supersonic. In the interaction of a sHock with a wedge two
separate processes are occurring simultaneously. Firstly the incident
shock is reflected by the wedge, and secondly the flow moving behind
the reflected shock is deflected by the wedge. When the incident shock
is weak and wedge angle small, signals originating from the wedge corner
"are able to catch up with the incident shock. This is because they are
travelling in a gas which is hotter and hence has a higher velocity of
sound than the gas ahead pf the incident shock. This gives rise to the
phenomena of Mach reflection. In this configuration the incident and
reflected shocks meet at a point away from the wall called the triple
point, and are joined to the wall by a third shock called the Mach
stem. Another discontinuity passes through the triple point. This

is the slip stream which separates the gas which has passed through

the Mach stem from that which has passed through the reflected shock.
The gases on the two sides of the slip stream are equal in pressure,

but have different entropies, temperatures, densities, and velocities.

In the theoretical analyses of shock reflection made by Von
Neumann (1943) it was assumed that the shocks were straight, and that
the regions between the shocks were uniform. The extent to which these
assumptions are valid has subsequently been clarified by interferometric
studies. The Rankine-Hugoniot equations were applied across shocks, and
it was required that behind the reflected wave the flow should be paral-
lel to the wall. In the caée of Mach reflection, use was made of the

experimental observation that the shock configurations remain geometric-
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ally similar at all times. Such a flow is termed pseudo-stationary.
The analysis was successful in predicting the angles of incidence and
reflection for the case of regular reflection, but for Mach reflection
serious discrepancies were encountered which have yet to be fully re-
solved (Fig. 2.2.2). Firstly, the theoretically calculated angle at
which the regular reflection pattern goes over into Mach reflection
did not agree with experiment, and secondly the theory was clearly
inadequate for predicting the angles between sho;ks in the case of
Mach reflection of weak shocks. These discrepancies are pointed out

by Bleakney and Taub (1949) in a review article.

Several attempts were made to resolve the discrepancies referred
to above. Bargmann (1945), by assuming the regions above and below the
reflected shock were uniformly of the same entropy, and by restricting
his analysis to weak shocks at glancing incidence, was able to obtain
solutions for the entire flow field. Guderley (1947) developed an
analysis restricted to weak incident shock waves which placed a centered

isentropic flow expansion at the triple point.

Lighthill (1949, 1950) treated the problem of the diffraction
of shocks of arbitrary strength at convex and concave corners of small
angle. He calculated the pressure distribution on the rigid boundary.
Ting and Ludloff (1950) outlined a method in which they treat the
interaction as a time-dependent perturbation problem. Again the analysis
is for shocks of arbitrary strength at glancing incidence, and in this

case both the pressure and density fields were determined. In a review
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article Fletcher et al. (1951) compared the above approximate treatment
with interferograms showing density contours for Mach reflection at a
10° wedge, and concluded that the fundamental problem of Mach reflection

of weak shocks was not yet solved.

At Princeton, Fletcher (1950) and White (1951) made theoretical
and experimental studies of Mach reflection and reconfirmed that there
were discrepancies between theory and experiment. From his interfero-
metric records for strong shocks, White noticed that the slip stream
curls at the wedge surface, and that there is an inflection in the
reflected shock curvature (Fig. 2.2.3). Jones et al. (]951) made use
of the pseudo-stationary nature of the flow in an examination of the

problem of a strong shock being diffracted or reflected at a corner.

In tackling the problem of Mach reflection at wedges of finite
angle, Ludloff and Friedmann (1955) used a numerical difference scheme
to compute the isentrops throughout the flow field from the experi-
mentally determined isopycnics. Their results for a 38° wedge are

shown in Fig. 2.2.4.

Jahn (1956) made extensive studies in a shock tube of the’
refraction of a shock wave at the interface between two media. The
theoretical analysis of this situation closely parallels the analysis
for Mach reflection. His measurements found similar discrepancies to
those reported earlier for the shock reflection problem. Sternberg
(1959), by using the analogy between the flow of.a current in an

electric tank and compressible flow, finds that for Mach reflection
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Fig. 2.2.3 Some possible configurations for the interaction of a
strong shock with a wedge. -

(a) Irregular Mach reflection with kinked reflected shock.

(b) Irregular Mach reflection with second triple shock system

(Gvozdeva et al. 1969).

I--incident shock, R--reflected shock, T--triple point, S--slip stream.
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Fig. 2.2.4 The results of Ludloff and Friedmann (1955) for the flow

over a 38° wedge.
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the shock waves are so strongly curved near the triple point that angles
between shocks would not be able to be determinéd accurately in the lab-
oratory. Smith (1959, 1962) deals with the experimental difficulties
involved in determining the transition from regular to ﬂach reflection,
and in measuring angles between shocks. Sakurai (1964) has pointed out
that allowance must be made for the pressure and density gradients along
a curved shock since these can possibly become large compared with

gradients normal to the shock front.

Several workers have used the technique of shock polars in
order to determine shock configurations. Kawamura and Saito (1956)
‘compared experimental investigations of shock reflection within a
shock tﬁﬁe with thééretica] investigations using shock polars; In
the region of regular reflection they found good agreement between
theory and experiment except that regular reflection continued beyond
the theoretical limit predicted. For Mach reflection, their analysis
was able to correctly predict shock angles for the case of a weak in-
cident shock, whgre the flow behind the reflected shock was subsonic.
Previous theories had failed in this region. Henderson (1966) and
Law (1970) have also made use of shock polars. The latter investi-
gated theoretically and experimentally the diffractipn of strong
shock waves in oxygen in dissociation equilibrium, for wedge angles
from 25° to 60°. He was able to successfully predict from usual
gas-dynamic considerations without requirements from chemical kinetics
the appearance of a second triple shock system in irregular Mach re-

flection. He also obtained an approximate solution for the first



I

triple point trajectory angle as a function of incident shock Mach
number and the wedge angle for dissociated oxygen. An analysis was

also made for oblique shock wave relations with imperfect gas effects.

Whitham (1957) developed a new method for the solution of the
problem of the propagation of shocks by considering their movement in
individual ray tubes using a relationship between area and shock
strength developed by Chisnell (1957). Whitham (1959) applied this
technique to the diffraction of a plane shock by a cone. Skews (1971)
used Whitham's method to examine the problem of the reflection of a
triple point at a wall. He also used the simple three-shock theory
and examined the interactions in the wave train following the reflection.
He found the three-shock theory and the interaction.analysis gave similar
results for small corner anales, but differed considerably from the
results of Whitham's theory. He found the experimental values lay
between these two predictions, and tended toward the theoretical pre-
diction for the limiting case of zero wall angle. Molder (1960) re-
ports theoretical and experimental work on the interaction of unequal
oblique shock waves in a steady flow at a free stream Mach number of
2.48. He found the theory, based on the Rankine-Hugoniot equations,
well substantiated by the experimental results. Heilig (1970) reports
extensive theoretical and experimental studies of the reflection of a
shock wave at a curved surface, and makes use of the approximate method
of Whitham (1957) referred to previously. Ter-Minassiants (1969) has
extended the method of Lighthill (1950) to the case of regular reflection

at a wedge of finite angle. He considers the motion as a small pertur-
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bation of the uniform flow of the gas, moving with a constant velocity
behind the plane reflected shock front. Prasse (1972) has also examined
the problem of Mach reflection with particular emphasis on the curvature
of the reflected shock. He gives an analytic description of the curved
part of the reflected shock from which the particle velocities below the
reflected shock can be calculated. He also investigated the affect of

the wedge corner upon the shape of the reflected shock.

Some workers have applied numerical integration techniques to
the shock interaction problem. Von Neumann (1950) introduced an arti-
ficial viscosity term so that the difference equations corresponding to
the differential equations of the exact formulation could be used
throughout the entire calculation, even across shocks. The work of
Ludloff and Friedmann (1955) using a numerical difference scheme has
been referred to previously. Recently Yagla (1973) determined the
properties throughout the flow field for the cases of Mach reflection
and Prandtl-Meyer expansion. In this method a transformation of the
governing equations is made so that the boundary conditions might
become amenable to numerical computation. The results are compared
with the experimental results of Dewey (1973) for the casé of Mach
reflection at a 10° wedge, and with the exact analytic solution for

the Prandtl-Meyer expansion problem.

From this review it can be seen that in shock interaction
studies emphasis has been on determining shock configurations rather

than the properties throughout the flow field. There have been exact
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analytic solutions of the shock interaction problem for specialized
cases, and approximate solutions for more general cases, but there
has been no exact solution for the general case. Few experimental
measurements of the properties throughout the flow field have been

reported except for the measurement of density by interferometry.

vMale and Chelsom (1968) used pressure gauges to determine the
pressure on the surface of a wedge in Mach reflection, and concluded
that accurate measurement of the peak wall pressure must await the
development of considerably smaller gauges. Gvozdeva et al. (1969)
report using one millimetre diameter pressure gauges, and platinum

resistance thermometers.

Interferometry has been used by several workers to determine
the density contours in the flow. As far as the author is aware there
have been no experimental measurements of either temperature or particle
velocity in the flow field associated with Mach reflection. Bleakney
(1950) has determined pressure from density interferograms by making
the assumption that all changes are isentropic and adiabatic after the
incident shock has passed. For his work, this approximation produces
an error of no more than a few percent. In general, however, the flow
field associated with shock waves is of varying entropy. This means
that the measurement of one physical property of a‘gas element does
not lead directly to knowledge of any other property when the entropy
of the gas elemenf is unknown. The entropy history of a gas element
can be determined, however, if the trajectory of a gas element is

followed. This is the method used in the ‘particle trajectory analysis
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technique. The work of this thesis, thefefore, has been aimed at
measurement of all of the physical properties within a two-dimensional
shock tube flow. How this has been achieved will be detailed in the

succeeding chapters.
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CHAPTER 3

PARTICLE TRAJECTORY ANALYSIS

3.1 lntroduction

In this chapter, the theory and the experimental technique of
particle trajectory analysis will be described. The basis of the method
is that in some way individual particles within a gas should be>marked
so that partfcle trajectories may be followed. Then in theory, as will
be explained in the next section, the macroscopic properties of the gas
at any time and any place in the flow may be determined. Section 3.3
will indicate some of the flow visualization techniques that have been

used in gas flows.

3.2 The theory of particle trajectory analysis

There are two ways in which a fluid flow may be conveniently
described. Using the method attributed to Euler, the whole flow field
is described by giving the properties as a function of space and time
coordinates. Using the method of Lagrange, the state of an individual
element within the fluid is given as a function of time,Athe element
being identified by its space coordinates at a particular arbitrary

time, usually time zero.

In particular trajectory analysis we take the Lagrangian view-
point and follow the history of individual elements of gas, these ele-
ments being marked by inertialess tracers of the gas flow. Suppose that

at time ty the physical properties of an element of gas having position
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coordinates (xg, yg, zg) and volume v( are known. At some later time
t after the element has been moved and deformed by the gas flow it has
volume v and coordinates (x, y, z). Using the principle of the conser-
vation of mass, we can then say that the density of the.element at time
t is given by

v

d = dy =
Vo

where dg is the density at time ty. Hence by following elements of gas
within the flow the density at any time and any position can be deter-

mined if the volume of the gas element is known.

The pressure of the element at that time may now be determined
brovided its entropy change from its ambient value is known. This can
be determined from the strength of any shock through which it may have
passed. The Rankine-Hugoniot relations are used for this determination.
These.relate the pressure ratio to the density ratio across a shock,
and the entropy change to the pressure and density ratios. They are
derived using conservation of mass, momentum,»and energy across a shock.
If P and D are the pressure and density ratios across a shock, and S

is the entropy jump across a shock then these relations are

~ipfEdY]
b 1 -0 H)
-1
" {Y'H)
]Y
and S=c¢c In|Pl=
v \Y D

where y is the ratio of specific heat at constant pressure (cp) to that

at constant volume (cv)."
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Alternatively, the ratios across a shock may be written as a function

of the shock Mach number, defined as the ratio of the speed of the shock
to the speed of sound in the gas into which the shock is travelling.

The equations giving the ratios across a shock as a function of its Mach

number are now commonly called the Rankine-Hugoniot equations. They are

P.= ZLMZ . ('Y"])
YY)
D = (y+1)M2
(y=1)M2 + 2
e st -

()

where M is the shock Mach number, and P, D, T the pressure, density,

and temperature ratios across the shock.

In the region between shocks we may use the isentropic equation
of state to give the pressure of the gas element at any time. |If dS and
p, are the density and pressure of a gas element just after it has passed
through a shock, then assuming perfect gas behaviour, the pressure at any

point in the region between shocks is given by

dY
- e ]
oo, ()

Here y is the ratio of specific heats for the gas. The densities d and

dS are determined as previously described.
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In this way, using the Rankine-Hugoniot equations across shocks
and the isentropic equation of state in the regions between shocks, the

pressure of all gas elements within the flow field can be determined.

It should be noted that, in order to detefmine the pressure field
from the density, we need to follow the history of individual elements of
gas. The interferometric method is capable of giving an accurate Eulerian
picture of the density field, but the pressure cannot be determined from
this without a knowledge of the entropy field. For shocks of constant
strength, commonly called steady shocks, the entropy field is known in
terms of the shock Mach number. BRleakney (1950) has used the isentropic
equation of state throughout the whole flow field, but for shocks of
intermediate strength and unsteady shocks, this approximation is not

valid.

Once the pressure and density of a gas element are known, its
temperature may then be determined. Assuming that we are dealing with
flows of Mach number such that the perfect gas equation is applicable,

we may use the thermal equation of state to write
E.:R
3 T

where R is the characteristic gas constant for the particular gas. The
temperature of a gas element immediately after passing through a shock

will also be given by the appropriate Rankine-Hugoniot equation.
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Once the temperature of the gas is known everywhere, then the
velocity of sound can also be determined throughbut the flow field.
Finally, observation of particle trajectories gives direct information
about the particle velocity, and vorticity wfthin the fiow. bt is
emphasised that the density, velocity, and vorticity can be derived
directly from the coordinates of tracers using only the equation of
continuity, whereas pressure, temperature, and velocity of sound re-
quire the Rankine-Hugoniot equations, and an equation of state for

their determination.

This, then, is the technique of particle trajectory analysis.
As described above, the technique assumes the equation of state for a
perfect gas in order that the pressure and temperature may‘be determined.
This means that for gas flows in air the technique is applicable up to
about Mach 2.5. "However, it is theoretically possible to apply the
technique to determine the pressure without using an equation of state.
This would involve application of the Lagrangian momentum equation. |If
the pressure of a gas element is known at a certain time, then the pressure
at any later time may be determined if the acceleration-time history of
the particle is known. Application of Newton's second law of motion to
the element at any instant would require that its mass multiplied by its
acceleration should equal the net force on the element. This net force
will be due to the pressure gradient in the flow field. Thus, the press-
ure of any element of gas of known mass can be obtained from a Lagrangian
integration of its acceleration. The practical difficulties involved in

this procedure may, however, limit its applicability. In the next section
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the application of the particle trajectory analysis technique to several

specific gas flows of Mach number less than 2.5 will be described.

3.3 Applications of the particle trajectory analysis technique

Dewey (1971) has used particle trajectory analysis to deter-
mine the properties within the flow produced by a spherical blast wave.
For this case, particles move in straight lines along radii of the sphere
formed by the shock wave. Thus, if r is the radial coordinate at time t
of a gas element which had radial coordinate rq at time to (Fig. 3.3.1 a)

then conservation of mass requires
bnr Arg dg = 4nr2 Ar d

where Arg and Ar are the dimensions of the gas element measured along a
radius vector at time ty and t respectively, and dp, d are the corres-

ponding densities. Hence, the density of the gas element at time t is

d = do s  AEatc 3 [
r2 r

By determining a continuous functional relationship between rq and r,

given by

interpolation may be used to determine the ratio Arp/Ar at any desired
point in space and time. Once the density is known everywhere, the other
gas properties may be determined as described in the last section.
Similarly the properties behind a cylindrical expanding shock wave could

be obtained. In this case the density relationship would be

ro Aro
d = do[——] .
r Ar
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Filg. 3.3.1 Geometry of two gas flows to which particle trajectory
analysis has been applied.

(a) Section through a spherical expanding shock wave showing the same
gas element at two different times.

(b) Section through a shock tube showing a gas element at two different
times in a linear flow.
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Whitten (1969) has used the particle analysis technique for the
determination of the properties within a shock tube flow. Here again
the particle trajectories are linear. Thus, if an element of gas of
width Axp and density dy (Fig. 3.3.1 b) is displaced and compressed by
a shock tube flow, then conservation of mass within the element gives

its density d at some later time t as

AX
d = do
AXq

where x is the width of the element at time t. The other properties

within the flow were obtained at intervals along the shock tube.‘ Again,
to facilitate interpolation, a functional relationship, in this case
between x and xp, was determined using numerical techniques. The results
of the analysis compared well with measurements obtained using pressure

transducers in the wall of the shock tube.

Walker (1970) has shown that the particle trajectory analysis
technique may also be applied to two-dimensional shock tube flows. In
partiéular Mach reflection of a shock wave at a wedge was examined.

Here the particles in the flow have components of velocity both parallel
to the direction of the incident flow (x-axis) and perpendicular to this

direction (y-axis).

Consider an element of air at time ty defined by the four
particles (1, 2, 3, 4) at its corners (Fig. 3.3.2). Suppose this element
is displaced and deformed by a two-dimensional shock tube flow. Let the

density, pressure, temperature, and velocity of sound at time ty be denoted
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Fig. 3.3.2 Element of air at two different times in a two-dimensional

shock tube flow.
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by dp, pp, tp and ap respectively and the corresponding properties at
time t be d, p, t, and a. Conservation of mass for the gas within the
element means that the ratio of densities at times t and ty is inversely
equal to the ratio of the area of the element at these times. Therefore
by measuring elemental areas within the flow field a determination of
the density field at any time may be made. The accufacy ahd resolution
of this procedure will depend on the precision with which the area can
be measured, how precisely it can be defined, and the size of each ele-

ment. The density determined will be an average value for each element.

Alternatively interpolation may be used by determining functional
relationships x = x(xg, yg, t), y = y(xg, yg, t) for the particle trajec-
tories. Here (xg, yg) are the coordinates of a particle at time ty, and
(x, y) are its coordinates at time t. By considering the area of an
element of gas in terms of the coordinates of the particles at its cor-

ners, it can be shown (Walker 1970) that

do (xg, Yo, tg) = J d(x, y, t)

ax 89X

39X IXg
where J =

Co MR ) B

Yo  9Yo

J is the Jacobian of the transformation (xg, yg, tg) > (x, y, t). Thus
by evaluating the partial derivatives within the Jacobian from empiri-
cally determined functional relationships the density at any point and

any time may be determined.
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In certain cases, interpolation of this kind might tend to
obscure real variations in the properties of the flow. Once the density
has been determined the other properties may then be determined as de-
gcribed previously if thé sﬁbck4traje¢tories are known. For the Mach
reflection of a shog&dyaye at a wedge, some elements will be shocked by
both tﬁe incident and reflected shocks, some will be shocked on]y?by
the Mach stem. Since the reflected shock is curved, and of continuously
JQarying curvature, determination of its strength at different positions

and times is required.

3.4 Exéerimgn;gl methods

For the large scale spherically symmetric flow examined by Dewey
(1971), the air was marked Qsing trails formed by a chlorosulphonic acid .
mixture released from a spinning mortar shell. Elements of air were de-
fined by the intersection of these trails with radial grfd lines drawh

on the photographic record.

Whitten (1969) formed trails perpendicular to the incident flow
by drawing cigarette smoke through small holes in the wall of the shock
tube. The one-dimensional motion of these trails was recorded using a

high-speed camera.

For two-dimensional particle trajectory analysis we need to mark
discrete points within the flow. Experiments to produce smoke puff
grids on a large scale in the field have been reported by Holsgrove and

Klymchuk (1970), and Holsgrove et al. (1971).
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In the laboratory, several methods of producing particle tracers for a
two-dimensional shock tube flow have been considered. The present
author has used trails of cigaretté smoke moving horizontally across
the shock tube. These are shown in Fig. 3.4.1. |In this arrangement,
only a single line of tracérs could be observed during one experiment.
Data about the flow was gathered from a number of experiments. The
separation of the wedge, and ;he_initial tracer positions was altered
for each experiment. Thié pro;edure was unsatisfactory in that several
different experiments were required,vand the reproducibility of the

experimental conditions was uncertain.

Attempts to produce a grid of particle tracers led to the‘use
of a thin vertical tungsten wire which was heated just before the arrival
of the shock by discharging a capacitor through it. The wire was coated
at intervals with several different organic and inorganic substances in
order to produce smoke puffs. None_of the substances invesfigated gave
a smoke sufficiently dense enough to be seen with conventional high'

speed photography.

.]n another technique investigated, the wire was thermally in-
sulated at intervals using sleeving. Heating the wire produced small
spots of warm air which were clearly visible using schlieren photography.
These tracers are shown in Fig. 3.4.2. We require, however, that the
particle tracers should be true indicators of the flow. Rudinger and
Somers (1960) have shown experimentally that elements of gas, which have

densities different to that of a surrounding flow, do not move with the
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Fig. 3.4.1 Cigarette smoke tracers behind a reflected shock.
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Fig. 3.4.2 Schlieren photographs of spot heated elements of air.
Upper picture shows elements heated by wires passing perpendicular
to the plane of the photograph. The lower picture shows elements

produced by a vertical wire (on left) thermally insulated at intervals.



..3[,_

flow. |If the density of the element is lower than that of the surrounding
gas, then it will move faster than the flow and vice versa. It was ob-
served by Dewey (1973) that elements of hot air were not true tracers

for a flow of Mach number 1.15.

Besides having negligible inertia, the tracers need to be as
small as possible consistent with their being visible on a photographic
record. Also, the mechanism by which the tracers are produced, and the
tracers themselves, must have negligible affect on the flow being
studied. Cigarette smoke satisfies the criteria of negligible inertial
lag (Muirhead 1959) but, because of its tar content, its passage through
small injectors creates a practical problem. The method presently
adopted which will be described in the next chapter, produces a grid

of ammonium chloride particle tracers.
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CHAPTER 4

EXPERIMENTAL PROCEDURES

L.1 The optical system

In photographing transient phenomena, such as the motion of the
shock waves and the particles in the flow behind the shock waves, the
exposure time must be sufficiently brief that the image on the film is
not blurred, and long enough for there to be adequate exposure of the
film. In the last century Mach (1878), using a‘spark as the light source,
photographed shock waves using a technique attributed to Toepler (1866)
and now commonly called schlieren photography. In this method density
discontinuities not normally visible appear on the photographic record.
Boys (1892), also using ahspark lamp source, was able to take a photo-
graph of the shock wavesAaround a bullet penetrating a glass plate
using the shadowgraph technique, which is similar to that of schlieren
photography. Developments of the spark lamp light source have aimed
at decreasing exposure time, increasing intensity, and producing a
succession of sparks for cine photography. Cranz and Schardin (1929)
developed a multiple spark camera capable of very high framing rates
using a series of spark sources, whilst other workers héve multiply

pulsed a single spark gap.

In previous work in this laboratory single pictures showing
shock waves (Fig. 3.4.1) were taken using shadow or schlieren photo-

graphy with a spark lamp light source. Particle trajectories were
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photographed separately using a high speed rotating prism camera running
at five thousand frames per second. At this spéed the exposure time was
twenty microseconds, and the particle tracers were brightly illuminated
so that the light which they scattered was visible on the photographic

record.

In the present system, using the same high speed camera, the
particles and shocks are recorded simultaneously with an exposure time
of about thirty nanoseconds. This is achieved by using a multiply
pulsed ruby laser as a light source along with a schlieren optical

system.

The principles underlying the design and operation of a schlieren
optical system will be explained with reference to a system employing
lenses and then the particular adaptation of the system used in this

work will be described.

A small intense source of light, placed at the focus of a convex
lens L1 (Fig. 4.].1) produces a nearly parallel beam passing through
the test section in which the density discontinuities being examined
occur. This beam is then brought to a focus at the point K by a lens
L2, usually called the schlieren head. A photographic image can be
recorded directly at M1, or using a camera objective lens L3 a reduced
image can be formed at M2. In considering the operation of this system

the focussing of two images will be discussed.

First, the lenses L1 and L2 together focus an image of the source

at K. Shown in Fig. 4.1.1 are two extreme pencils of rays passing through
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the test section. It will be noted that each of these pencils fills
the entire test section, that all the pencils completely overlap in
the plane of the source image at K, and that although the rays passing
through the test section are not strictly parallel, because of the
finite size of the source, the pencils themselves are parallel. In
schlieren photography, introduction of a knife edge at K leads to a
uniform darkening of the image at M1 or M2 since all the pencils are
equally affected. |If, however, there is an optical inhomogeﬁeity in
the test section so that one of the pencils is deflected, it will no
longer overlap the other pencils at the plane of the knife edge. Thus
this pencil will be darkened by a different amount and the result will

be seen at the image plane.

Secondly, the schlieren head (L2) focusses an image of the test
section at Ml. Actually, one plane in the test section can be precisely
in focus, but there will usually be sufficient depth of field for the
other points in the test section to be sufficiently sharp. In the ab-
sence of a knife edge at K, as in the shadowgraph system, there will
still be a variation in the intensity of the image at Ml or M2 due to
bending of rays of light in the test section. This variétion, however,

will not be so marked as in the case of the schlieren arrangement.

Applying the thin lens formula to the schlieren head and the

objective separately, we have -the relationships

1the photog
7 vl 3 (3.1.4)
B B :
BB~/ (h53)2)
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where the object and image distances are as shown in Fig. 4.1.1 and F2,

F3 are the focal lengths of the schlieren head and objective respectively.

The total magnification of the image of the test section due to

L2 and L3 will be given by

Magnification = L

7 (4.1.3)

Cl<<
wiw

The relationships contained in equations (4.1.1) to (4.1.3) can
be used to determine the geometrical arrangement of the system. In this
laboratory, with F1, F2 and F3 fixed, Ul, U2 and U3 are calculated and
adjusted to give a satisfactorily focussed system within the limits of
the laboratory dimensions. The details of the alignment of the optical

system will be described later in this section.

There are many variants of this basic schlieren system. Usually
when the field of view is large the lenses L1 and L2 are replaced by
curved mirrors. Shown in Fig. 4.1.2 is a so-called Z-pass schlieren
arrangement which has previously been used in this laboratory. One dis-
advantaée of this system is the off-axis position of the source. This
introduces astigmatic aberrations of the image, although coma can be
virtually eliminated by a symmetrical arrangement of components on either
side of the test section. |In most work the astigmatic aberration is of
no consequence, and indeed is quite small when long focal length mirrors
are used so that the off-axis angle is small. When quantitative measure-
ments are to be made from the photographic record, however, this aberra-
tion can be of importance. Several schemes have been proposed for the

correction of this astigmatism. Prescott.and Gayhart (1951) have intro-
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duced a cylindrical lens between the source and the schlieren head.
Another approach would be to grind the components within the system
for a particular off-axis angle. An on-axis system could be used‘with
the loss of some portion of the field of view at its centre. Alterna-
tively a schliergn head twice the size of the test section could be
used so that components could be placed on-axis without obscuring any

part of the field of view.

One method that has been used in this laboratory for the correc-
tion of astigmatism involves projection of the photographic record back
through the system used to take the photograph. In this way, random
aberfations and astigmatism may be corrected when the light re-traces
its path through the system. The nearly on-axis optical system used
in this work did not exhibit significant astigmatism, however, and such

projection was found to be unnecessary.

In the present optical system, shown in Fig. 4.1.3, one of the
curved mirrors is replaced by a plane mirror which then also becomes one
of the windows of the test section. |In this system, the light makes a
double pass through the test section so that the sensitivity is twice
that of a conventional single pass system. Additionally, there is only
one test section window contribution to optical imperfections in the
system. In general, the sensitivity of a schlieren system is directly
proportional to the focal length of the schlieren head, and inversely

proportional to the size of the source (Liepmann and Roshko 1957).
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The source of light is a ruby laser which can be pulsed, and
produces a 3/8 inch diameter beam of monochromatic light at 6943 ang-
stroms. The details of the design, alignment, and operation of this
laser will be given in the next section. The laser beam is expanded
using a diverging lens of focal length 1%-inch so that a virtual point
source is formed at the focal point of the schlieren head. The schlieren
head is a parabolic mirror of focal length 60 inch, and the focal length
of the concave lens was calculated so that the expanded beam of light
just fills the 12 inch aperture of the mirror. On striking the mirror
in the test section normally, the light retraces its path, and on return
the 50% beam splitter reflects a portion of the light into the high ‘

speed camera lens.

In order to align the optics an auxiliary helium-neon gas laser
and collimator is used. This emits visible red light of wavelength
6328 angstroms as compared to 6943 angstroms for the ruby laser. The
beam divergence is a few milliradians for each laser. The ruby laser
is first fired separately at two black paper targets and the resulting
burn holes define the direction of the beam. The gas laser is then
interposed between the ruby laser and the schlieren head, and aligned
using the burn marks on the targets. The centres of all components are
aligned using the unexpanded beam, and then final adjustments are made

with the concave expanding lens in place. During this process a grid
is placed in the test section so that if the test section mirror is not
perpendicular to the incident beam a double image is produced at the

camera.
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The pulses of light from the ruby laser are so short that no
shuttering is required in the camera. It was, therefore, possible to
pass the light through a single objective lens which was placed in the
position that would normally be occupied by the eyepiece in conventional
operation of the camera. In this way, the four reflecting surfaces and
eighteen air-glass surfaces, which are an integral part of the Hycam re-
imaging optics, were bypassed. When focussing, a ground glass screen
with a focussing mark on it was placed at the film plane, and the image
of this was projected through the front of the camera using this re-
imaging optics. The image was examined and focussed on a screen placed

in front of the camera lens.

The method whereby framing of the photographic record was
achieved during a film run will be described in Section 4.6. A con-
siderable amount of light emitted by the ruby laser was lost to the
film record in the optical system. Besides the losses at reflecting
surfaces, half of the light was lost each time the beam passed through
the beam splitter. Nevertheless, there was still more than sufficient
light at the camera to adequately expose a high speed film. Accordingly
a number of films were investigated in order that an optimum compromise
between resolution and sensitivity might be made. The 16 mm high speed

vfilm record was to be enlarged to at least the actual size of the test
section for the purpose of analysis. A resolution of 10-20 lines per
millimeter is reasonable if an image is to be viewed only as a contact
print, since this is the resolution of the eye at a reasonable reading

distance. If, however, the image is to be enlarged then the resolution
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of the original negative should be better than 10-20 lines per millimeter
by the enlargement ratio, which in this particular case was approximately
sixty times. Film resolutions range from 25 lines per millimeter for
polaroid film up to 2,000 lines per millimeter for Kodak High Resolution
Plates. Clearly there is nothing to be gained by choosing a film with a
resolution far exceeding the resolving power of the optical system. |In
the final analysis the sufficiency of the resolution of the film was
judged by examining an enlargement made from the negative. The film

used was Kodak Plus-X pan, and although this is relatively insensitive

to the red end of the visible spectrum it was adequate for this appli-
cation. Should greater sensitivity and resolution be required, then a
film with extended red sensitivity could be used. The Plus-X pan film

was developed for 10 minutes at 70° F in Kodak Microdol-X.

4.2 The 1i ou

The light source used was a modified Holobeam series 300lruby
laser. The way in which this laser was adapted so that the output from
it could be controlled will be described in this section. The pulses
of light emitted by a laser are more intense, and much shorter than
those from a spark lamp. Addit}onally the beam emitted is monochromatic,
plane polarized, and highly collimated. A shadowgraph taken using this

laser is shown in Fig. 4.2.1.

The components within the modified laser cavity are shown
schematically in Fig. 4.2.2. A 3/8 inch diameter by 3 inch long ruby

rod with a 0.05% chromium dopant level and having plane anti-reflectance
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Fig. 4.2.1 Laser shadowgraph of Mach reflection. The exposure time
was approximately 30 nanoseconds. The interference effects caused by

particles of dust on the optical components can be seen.
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coated ends is optically pumped by a helical flashlamp. Typical output
from this flashlamp monitored by a photo diode is shown in Fig. 4.2.3.
Population inversion is produced within the ruby rod, and with no control
within the laser cavity conventional lasing occurs so that the output
from the 45% reflecting front mirror is a series of light pulses random
both in intensity and frequency as shown in Fig. 4.2.4. The rear mirror

is 99.9% reflecting at 6943 angstroms.

The control of the output from the laser is acheived by using a
technique called Q-switching. The term derives from the analogy with
resonance in electrical circuits. In this case the losses within the
laser cavity as the light travels between the two end mirrors are adjusted
so that either light amplification by stimulated emission of radiation
occurs, or lasing action is quenched so that population inversion may be

re-established.

There are several ways in which Q-switching may Be achieved.
Acousto-optical devices, such as the one described by Scott and deWit
(1972) use deflection of a light beam on passing through a crystal into
which rf power is being fed. The Q-switching may be achieved mechanic-
ally, by rotation of one of the?end mirrors of the cavity. When the end .
mirrors are almost parallel, a Q-switched pulse is emitted. Another
method uses a class of magneto-optical devices which depend upon the
Faraday effect. This is the rotation of the plane of polarization
produced when polarized light passes through a crystal subjected to

a magnetic field.
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Fig. 4.2.3 Flash tube and conventional lasing output. The light
detector is shown in Fig. 4.6.2. Sweep rate 0.2 ms/cm, sensitivity
0.2 v/cm. Both traces were triggered by initiation of the flash tube
firing, and stored on a Tektronix type 549 storage oscilloscope. For
the upper (flash tube) trace the detector replaced the output mirror.
For the conventional lasing trace, the detector was placed behind the

rear mirror and covered with several layers of light diffuser.
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Fig. 4.2.4 Conventional lasing output, showing individual nature of
the random pulses. Sweep rate 0.1 ms/cm, sensitivity 0.5 v/cm. The
photograph was taken with 10,000 A.S.A. polaroid film on a Tektronix

type 547 oscilloscope, using the detector shown in Fig. 4.6.2.
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The most widely used laser modulator is that employing the
electro-optic effect. This is the rotation of the plane of polarization
of polarized light on passing through a substance across which an electric
field is applied. Devices using liquids are called Kerr cells, and those
employing crystals are called Pockels cells, each being named after the
discoverer of the appropriate electro-optic effect. |In most applications
Pockels cells are preferred since they require less voltage than the Kerr
cell to prodqce the same optical effect, and do not employ toxic liquids

as do Kerr cells.

The Pockels effect may be applied in either of two ways. In the
longitudinal arrangement, the light propagates along the direction of the
electric field. One disadvantage of this arrangement is that the light
has to travel through the electrodes supplying the electric field. In
the transverse Pockels cell the direction of the electric field is per-
pendicular to the direction of light propagation, so that there is no
electrode problem, and a further advantage is that it requires less
voltage than the longitudinal arrangement to produce a given optical
effect. In the transverse modulator the light travels perpendicular
to the optic axis of the crystal, whilst for the Kerr cell the light
travels along the optic axis. ;ince the optic axis is the one direction
in the crystal along which the optical properties are isotropic, this
means that even in the absence of an electric field there is, for a

single crystal transverse Pockels cell, temperature dependent anisotropy

in the direction of light propagation.
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Wentz (1964) reported a novel Q-switching device which used two
crystals operating in the transverse mode, by means of which he was able
to produce laser pulses of 30 nanosecond duration at repetition rates in
excess of 400 kilohertz. Rowlands (1967) has also adopted this type of
modulator to produce multiple pulsing of a ruby laser, which was used
as a light source in high speed photography of dynamic photoelasticity.
This double crystal transverse Pockels cell arrangement was the modulator
adopted in this work. The Holobeam laser as purchased was capable of
giving a single Q-switched pulse using a longitudinal Pockels cell driven
by five thousand volts. A new Pockels cell was built and the laser
cavity re-designed so that the laser could be multiply pulsed using a

500 volt driver.

The component parts of the re-designed Pockels cell are shown
in Fig. 4.2.5. Two crystals of potassium di-deuterium phosphate, each
L cm x 1 em x 1.cm, are enclosed in a container made of delrin (trade
name for a composition of acetal resins manufactured by E.l. duPont de
Nemours & Co. Inc.) machined so that the crystals are aligned as accur-
ately as possible. Connections to the crystals were made through ter-
minal posts which contacted with the gold plated sides of the crystals.
The end windows were antireflect;nce coated, and could be adjusted so
that they were parallel with each other and with the end faces of the
crystal. This adjustment was made using the reflection of the beam from
a helium-neon laser at the surfaces within the Pockels cell. The cell

was filled with spectro-quality tetrachoroethylene as an index matching

fluid, and sealed using viton (trade name for a composition of synthetic
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Fig. 4.2.5 Double crystal transverse Pockels cell components.
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rubbersmanufactured by E.l. duPont de Nemours & Co. Inc.) O-rings on the
windows, terminal posts, and lid. The cell was mounted within the cavity
of the linear translation stage having horizontal and vertical motion.
Photographs of the completed Pockels cell assembly are shown in Fig.

4.2.6. The capacitance across each crystal was 20 picofarads.

With no voltage across the Pockels cell modulator, the two
crystals together produce a cell which is isotropic along the light
axis, although each crystal taken separately is not optically isotropic.
Application of an electric field produces rotation of the plane of polar-
ization of polarized light passing through the cell. The orientation of
the crystallographic axes are shown in Fig. 4.2.7. Also shown is the
direction in which the plane of polarization of incoming polarized light
should be oriented for correct functioning of the Q-switch. This orien-
tation was achieved when mounting the cell on the linear translation
stage. It will be noted that the crystals are cut so that the sides
are at an angle of 45° to the crystal axes. This configuration, with
the crystallographic Z axis along the optic axis of the crystal, is
termed a 45° Z-cut crystal. The electric field must be applied to each
crystal in the direction shown in Fig. 4.2.8 in order that the electro-
optic effect of each should be adzitive. The correct direction of the
electric field for each crystal was determined by placing the Pockels
cell modulator between a mirror and a piece of polaroid acting as a
polarizer. The polarity of 500 volts across the crystals was adjusted
until light from a helium-neon laser on passing through the polarizer

and the cell, and then returning through the cell on being reflected
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(b)

Fig. 4.2.6 Pockels cell assembly (a) end view (b) side view
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4.2.7 Crystal cut and crystal axes
45° Z-cut crystal

Orientation of crystallographic axes, X, Y, Z, and induced

birefringent axes, X', Y', Z', in a double crystal transverse

Pockels cell.

optic axis is co-incident with the Z and Z' axes.
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Fig. 4.2.8 Experimental testina of the Pockels cell modulator.
When the 500 volts across the crystals is the correct polérity, the
light from a helium-neon laser is extinguished on its return to the

polaroid.
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by the mirror, was extinguished by the piece of polaroid acting as an
analyser. Thus, a double pass through the cell produces a 90 degree
rotation of the plane of polarization of polarized light. It is this
property of the cell which is used when it functions as a laser cavity

Q-switch.

Warner (1971) has studied the expected performance of this type
of electro-optic Q-switch. By tracing a ray through the system using
the known optical indicatrix of potassium di-deuterium phosphate he was
able to calculate the extinction ratio, and the contrast ratio for the
switch. The extinction ratio is defined as the ratio of the transmitted
light intensity polarized parallel to the incident light to that polarized
perpendicular to it. The contrast ratio is defined as the ratio of maximum
to minimum transmitted light intensity when an increasing voltage is
applied to the cell. In particular, Warner coné]uded first that these
ratios depend significantly on the two crystals being within about one
fifth of a wavelength of the same optical thickness, and secondly deviation
of the crystallographic axes with respect to the geometrical alignment

.results in a shift of the field of view of the Q-switch away from the
system axis. These two factors determine the allowable tolerances in
the Pockels cell design. ’

The working of the modulator within the laser cavity will be
explained with reference to Fig. 4.2.2. It is necessary that all the
optical surfaces within the cavity should be as parallel as possible.

It has previously been mentioned that the windows within the Pockels

cell were made parallel with each other and with the crystal end faces
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by‘superimposing the reflections of a helium-neon gas laser beam from
each surface. The gas laser was again used with the cell inside the
cavity to bring the optical surfaces parallel. The Pockels cell was
first adjusted with respect to the ruby rod, then the rear and front
mirrors were brought into alignment. Since the distance from the ruby
laser to the alignment laser was approximately twenty feet during this
process the parallelism of the surfaces which was attained is of the
order of a few seconds of arc. This parallelism is essential for laser

action to occur.

The ruby rod is first optically pumped by discharging a capacitor
charged to 3.8 kilovolts through the helical flash lamp. This causes the
build-up of population inversion. The c-axis of the ruby is vertical, so
that the light emitted by the ruby rod which is horizontally polarized
becomes strictly plane polarized after passing through a stack polarizer.
This consists of two series of glass plates set at the Brewster angle to
the incident light, and arranged so that there is no net translation of
the light beam. With the voltage applied to the Pockels cell, the plane
of polarization of the beam returning to the stack polarizer is at right
angles to the plane of polarization of the outgoing beam, so that very
little light returns to the ruby. Under these circumstances light ampli-
fication cannot occur, and population inversion within the ruby rod con-
tinues to increase. When the voltage across the Pockels cell is reduced
to zero the returning beam passes through the stack polarizer, and causes
stimulated emission. In this way the light radiation within the cavity

builds up and a giant Q-switched pulse is emitted through the output
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mirror. One of these Q-switched pulses is shown in Fig. 4.2.9. The
magnitude of this pulse far exceed those occurring during conventional
lasing. If now the Pockels cell modulator is again switched on, popu-
lation inversion can be re-established and another Q-switched pulse

emitted.

In this way, a series of pulses were produced having magnitude
comparable to that of a single Q-switched pulse. A photograph showing
a series bf such pulses is shown in Fig. 4.2.10. Wentz (1964) has re-
ported repetition rates in excess of 400 kilohertz for this type of

device.

Whether or not light amplification within the laser cavity will
occur depends on the losses within the system. These include losses due
to absorption by components within the cavity and losses of light from
the cavity. In particular, the reflectivity of the output mirror is a
compromise between what is required to ensure light amplification within
the cavity, and what is required to enable a considerable proportion of
the light to emerge from the cavity as a Q-switched pulse. The output
mirror also determines the laser build-up time. When the reflectivity
of the mirror is large a high proportion of the light energy is reflected
back into the cavity so that the laser build-up time is short. It was
found necessary to replace the 22% reflecting mirror used in the original
laser cavity which employed a single crystal longitudinal Pockels cell,
by a 45% reflecting mirror in order to compensate for the increased
cavity length, and the increased losses due to the double crystal Pockels

cell.



Fig. 4.2.9 A laser Q-switched pulse, monitored using the detector
shown in Fig. 4.6.2 with a pinhole aperture in front of the photo-diode.
Recording was made on 10,000 A.S.A. Polaroid film using a Tektronix type
546 oscilloscope. The oscilloscope sweep rate was 200 ns/cm, and its
sensitivity was 5 v/cm. Triggering occurred on the switching of the

Pockels cell.
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Fig. 4.2.10 A series of Q-switched pulses, monitored using the detector
shown in Fig. 4.6.2 with a pinhole aperture in front of the photo-diode.
The pulses were recorded on 3,000 A.S.A. Polaroid film using a Tektronix

type 546 oscilloscope with a sweep rate of 50 us/cm and sensitivity 5 v/cm.
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It is important for efficient Q-switching that the Pockels cell
voltage be reduced to zero for a time at least as long as it takes for
build-up to occur and a Q-switch pulse to be emitted. On the other hand
this time should not be excessive, otherwise re-establishment of popula-
tion inversion will be curtailed. The laser build-up time decreases as
the flash tube pumping power increases. The build-up time was measured
by triggering an oscilloscope with pulses occurrina when the voltage
across the Pockels cell fell to zero, and when a single Q-switched pulse
emerged from the laser. In subsequent production of Q-switched pulse
trains the time for which the voltage across the Pockels cell was zero

was adjusted to be far greater than this build-up time.

4.3 The Pockels cell driver

Fourney (1963) produced atrain of pulses from a ruby laser using
a Kerr cell as an optical modulator. He reported pulse rates exceeding
a million per second. The electronics involved in the switching of
several kilovolts at this rate are both inelegant and costly. Only
500 volts is required to drive the double crystal transverse Pockels
cell used in this work. For efficient Q-switching, the pulse applied
to the cell should have very short rise and fall times so that energy
within the cavity does not leak away during a switching cycle. Several
methods for producing 500 volt pulses with short rise and fall times
were investigated. In particular, avalanche transistors were considered.
It appears, however, that at the present time semi-conductors are not

able to cope with the voltages and repetition rates demanded here.
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Accordingly, the Pockels cell driver adopted was that used by Rowlands
(1967) and employs vacuum tubes. The circuit for the Pockels cell driver
is shown in Fig. 4.3.1. The circuit is arranged so that the fa]i time

of the pulse emitted by the driver is shortened by the turn-on time of
one of the tubes. Photographs of the completed driver unit are shown

in Fig. 4.3.2. The driver was triggered using 50 volt pulses from a
Hewlett Packard model 214A pulse generator. The pulse generator itself
was triggered by pulses from the high speed camera as will be explained
in Section 4.6. The driver unit was mounted directly over the Pockels
cell modulator. A photograph showing the driver and modulator within

the laser cavity is shown in Fig. 4.3.3, External to the Pockels cell
driver a unit was built to supply the heaters of the tubes, and to switch
the high voltage from a Fluke model 412 B power supply to the plates.
This was done after the heater voltage had been applied to prevent

damage to the tubes.

4.4 The test section mirror

Several possibilities were investigated for the test section
mirror. It was required that the mirror be of satisfactory optical
quality, and that it be drilled with a grid of fine holes for the in-

jection of the smoke tracers.

As a first attempt, a piece of 1/8 inch thick back-silvered
plexi-glass was laminated to a piece of 2 inch thich plexi-glass which
had been drilled with a grid of 1/8 inch diameter holes. Fine holes

were then drilled through the 1/8 inch thick plexi-glass. The optical
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Fig. 4.3.2 Pockels cell driver unit (a) top view (b) side view
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quality of this arrangement was unsatisfactory, and the tracers were
poor since it proved extremely difficult to drill the plexi-glass exactly

perpendicular to the surface.

The possibility of drilling fine holes through 1/4 inch thick

back silvered glass was investigated, but found to be impractical.

It was next decided to manufacture a metal mirror. A piece of
yellow brass was machined, and its front surface lapped and polished.
Then fine holes were drilled through the polished surface. The reflecti-
vity of this mirror proved to be poor, and a granularity in the finish

made interpretation of the photographic record difficult.

Manufacture of a stainless steel mirror was attempted. This
project was halted, however, when difficulties were encountered in the

drilling of the fine holes.

The best results were obtained using a mirror made from aluminum.
This mirror was made by first machining a piece of 1 inch thick aluminum
to the dimensions 25.4 cm x 7.62 cm. A grid of holes 1 cm apart and 1/8
inch in diameter were then drilled in the back of the mirror to within
1/16 inch of the surface. Then 13/1000 inch diameter holes were drilled
to the surface. The surface was roughly ground using a lead lap and
150 grit carborundum. The surface was fine ground and roughly polished
using 800 and 3200 mesh emery powder in turn with a Buehler (2120 Green-
wood Street, Evanston, I1linois, U.S.A.) "Texmet" polishing cloth placed
on an optically flat steel plate. Finally, the surface was optically
polished using 5 micron magnesium oxide powder and Buehler '"Microcloth!

on the steel plate.
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The optical quality of the finished mirror, as measured by its
performance in the double-pass schlieren system, was satisfactory, and
it produced a satisfactory grid of particle tracers. The quality of
these tracers depended in part on how accuratelythe grid of holes in
the mirror was drilled. A photograph showing typical particle tracers

is given in Fig. 5.1.1.

L.5 The particle tracers

Tracers of ammonium chloride were selected for this work. These
tracers were injected into the window section of the shock tube, just
prior to the arrival of the shock, through small holes in the mirror

which was described in the previous section.

A chamber fitted with a piston was mounted to the back of the
mirror. The chamber was filled with ammonium chloride by covering the
holes in the mirror and then drawing out the piston. As shown in Fig.
L.5.1 the air entering passes equally over concentrated hydrochloric
acid and concentrated ammonium hydroxide. This produced the ammonium
chloride, which was then bubbled through water to reduce large particles
and substances which might corrode the mirror. In each experiment the
tracers were injected into the test section by connecting the chamber
to a bottle of air pressurized to 4 inches of mercury. This was done
using a solenoid valve, so that the time of application of the pressure

could be precisely controlled.

The application of this pressure produced laminar jets of smoke.

These jets gradually broadened as they moved across the shock tube. The
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time taken for the jets to form and reach the middle of the shock tube

was measured. It was arranged that in an experiment the arrival of the
shock wave at the window section coincided with the smoke jets reaching
half way across the width of the shock tube. When viewed end on by the
photographic system, these laminar jets appear as dots about 1 mm in

diameter as shown in Fig. 5.1.1.

It is essential that these tracers be true tracers, and that
they should not disturb the flow to any appreciable extent. In order
to determine the suitability of the ammonium chloride tracers, their
movement behind a plane shock was recorded using a double exposure on
the same photograph. The time between exposures was 540 microseconds.
Measurement from the photograph showed that whilst the shock had
travelled (22.6 * .1) cm, various particles had travelled (5.65 * .05)
cm. These distances and uncertainties represent the mean and standard
deviation of ten measurements of the shock movement at various positions
on the front, and of ten different particle tracers within the flow.
The laboratory temperature was 25.2° C indicating a shock Mach number
of 1.196. The theoretical particle velocity is, therefore, (103 * 1)
m/s. The experimentally measured particle velocity was (103 * 1) m/s.
It appears, therefore, that using these measurements, no deviation of
these particles from true tracers could be detected for the flow behind

a Mach 1.2 shock.

Using formulae developed by Hoenig (1957) relating the drag force
on a particle to its mass and acceleration, it was calculated that for an

ammonium chloride particle one micron in diameter in the particular flow
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we are here concerned with, the particle reaches 95% of the stream
velocity after 0.5 microsecond. Shirley and Sheldon (1972) have re-
ported particle charging of the dust particles in the flow behind shock
waves. This phenomena, however, did not appear to affect the motion of
the ammonium chloride particles which were used as tracers in this work.
vom Stein and Pfeifer (1972) report that particles 0.1 - 1.0 micron in
diameter are capable of following within a few microseconds, flow

velocity variations of at least 200 m/sec.

4,6 Synchronization and monitoring

It was arranged that the smoke/tracers were well formed, yet not
appreciably diffused just before the arrival of the shock at the window
section. This was done by triggering a delay circuit at the instant the
power was applied to the high speed camera. The camera required 350 feet
of film to run through before it was at full speed, which was nominally
11,000 frames per second. Attempts were made to splice 25 feet of film
to 350 feet of leader but the splice was found to be unacceptable when
the camera was running at full speed. Accordingly a continuous length
of film was used several times, the relevant portion being developed
after each experimental run. Approximately 500 milliseconds before the
camera was at full speed, the solenoid controlling the formation of the
particle tracers was switched on for half a second and then switched
off. These times were found by trial to give the best formed smoke
trails. When the camera was at full speed, a micro-switch within it

activated the solenoid which fired the shock tube. A piezo-electric
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transducer placed |1 metre from the diagram then monitored the arrival

of the shock wave. The signal from this transducer was delayed using

the circuit within a Tektronix type 549 oscilloscope and at an appropriate
time initiated firing of the laser flash tube. A gating circuit then
allowed the pulses from the Pockels cell driver to be applied to the
Pockels cell. It was afranged that this gate opened at the time popu-
lation inversion was first established, which was taken to be the time

at which conventional lasing first began.

In order that the high speed pictures should be correctly framed
the triggering of the pulse generator which supplied the pulses to the
Pockels cell was effected externally. A photo-diode and a source of
light were mounted on either side of the camera shutter. The pulses
from this unit and the resulting output from the pulse generator are

shown in Fig. 4.6.1.

To measure the time between pictures the output from the laser
was monitored. The detector shown in Fig. 4.6.2 was covered with a pin-
hole aperture and placed behind the rear mirror of the laser. The out-
put from this detector could be direct recorded on a tape recorder, or
fed directly into a time-interval counter. Assuming a constant camera
speed over the few inches of film where the photographic record
appeared, the time between all frames was taken to be the same as the
time interval between the first two frames. Since the laser pulses
were nanoseconds in width, this time interval could be measured to at

least a tenth of a microsecond. Usually 4 - 6 pictures were recorded
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Fig. 4.6.1 Shutter pulse output with sweep rate 10 us/div.

The top trace was obtained by monitoring the light passing through the
high speed camera to the eyepiece, using the detector shown in Fig. 4.6.2.
The bottom trace shows the shutter pulse output obtained from the photo-
diode within the camera. The shutter pulse output triggered the signal

generator the output of which is the middle trace.
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with a frame interval of 100 microseconds. The recording time is limited
by the flashlamp pumping duration. The time was approximately the same
as the test time available in the shock tube for the particular flow
being considered. This test time was curtailed by the reflection of the

reflected shock at the upper wall of the shock tube.
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CHAPTER 5

ANALYSIS OF DATA

5.1 Digiti

The high-speed film record, which was obtained as described in
the last chapter, was projected using an Analyst Movie Projector (L-W
Photo Inc., 1547 Cabrito Road, Van Nuys, California 91406, U.S.A.). A
print of a typical frame from such a film record is shown in Eiigisaml . 1 .
The image was projected onto a screen incorporated into the working
surface of a Graf-Pen sonic digitizer (Science Accessories Corporation,
65 Station Street, Southport, Connecticut 06490, U.S.A.). The screen
was formed by attaching a three foot square piece of back projection
material to the transparent table of the digitizer. The position of
a point on the screen was recorded simultaneously on a teletype and on
paper tape. Recording was initiated by bringing the fine tip of the
Graf-Pen down onto the screen. This produced a small spark. The times
taken for the spark to reach strip microphones, placed along two edges
of the working surface, were then converted by the Graf-Pen electronics
into two four-digit numbers proportional to the cartesian coordinates
of the point. It was found important to keep the Graf-Pen upright when
making a reading, since the spark was generated a small distance above
the surface of the table.A A simple holder was built which kept the
pen perpendicular to the working surface. With this addition, co-

ordinates could be recorded with an accuracy of 1/10%.
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Fig. 5.1.1 High speed film record showing the reflection of a Mach 1.2
shock at a 30° wedge 214 microseconds after the incident shock reaches

the corner.
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5.2 Reduction of digitized data

For each projected frame of the high speed film record, it was
necessary to determine a scale, and to reduce all data to a common co-
ordinate system. Neither the tip of the wedge nor the corners of the
window were visible on the photographic record, since these points were
at the extremities of the window. Accordingly, the injector holes in
the aluminum mirror, which were clearly visible on the film record, were
used as reference points. From these holes, the scale of the projected
picture, its rotation with respect to the axes of the digitizer, and the
coordinates of an injector hole at a known distance from the corner of
the window were determined. Using this information, all data was then
reduced to coordinates in inches with respect to the corner of the

window as origin and the edges of the window as axes.

Typical points used in this determination of the scale and rota-
tion of each projected film frame are shown in Fig. 5.2.1. The points
were chosen to be on lines parallel to the edges of the aluminum mirror.
The lines were chosen to be in different areas of the picture, and the

scale and rotation determined from each.

For a pair of points (1, 2) having digitized coordinates (Xy, Y;),

(X5, Y), their separation in Graf-Pen units is given by

1.
SEPARATION = [(X, = X1)2 + (Y, - Y;)2]?



-——Q———————-—

(X, Y) digitizer axes;

(x, y) window axes; o, window origi

projector

P

-

20°

0, digitizer origin;

n.

screen

Fig. 5.2.1 Projection of film record.




If NCM is the actual number of centimetres lying between these
two points on the aluminum mirror, then the scale of the projected pic-

ture in Graf-Pen units per inch is given by
SCALE = 2.54 (SEPARATION/NCM)

For each frame of the projected film record, the scale was deter-
mined in different areas of the picture, usually in four different areas.
In this way a check was made on the fidelity of the projected image since
distortion could be indicated by a variation in SCALE. For all the
frames digitized, no significant variation in SCALE was detected. A
visual check on the fidelity of the projected image could also be made
by placing a straight edge along rows and columns of injector holes.

The overall accuracy of the data acquisition system will be discussed

in the next section.

In order to use the full working area of the Graf-Pen table, the
projector and screen were set approximately ten feet apart. This pro-
duced a magnification of approximately sixty. The projector and screen
were set at complementary angles to the horizontal with the aid of a
spirit level (Fig. 5.2.1). Care was taken to ensure the screen was set
perpendicular to the axis of the projector lens. This setting was made
by projecting a precision grid and then moving the screen until no dis-
tortion in the projectéd image could be measured. Alignment of the pro-
jected image so that lines of injector holes were parallel to the axes
of the digitizer proved to be excessively tedious. Therefore, the

rotation of each frame with respect to the axes of the digitizer was
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determined. For a pair of injector holes (1, 2) the rotation of the
line joining them, with respect to the axis of the digitizer running

across the page in Fig. 5.2.1, is

, ¥
ARC COS [(X, = X71)/SEPARATION]

and also ARC SIN [(Y; - Y,)/SEPARATION]

For a pair of points such as (3, 4) the rotation of the projected film

frame with respect to the digitizer axes is

ARC COS [(Y3 = Y,)/SEPARATION]

and also ARC SIN [(X3 = X,)/SEPARATION]

Once an average angle of rotation had been determined, the co-
ordinates of the corner of the aluminum mirror, which was to be the

origin, could be calculated. The coordinates in Graf-Pen units are

X0 = XD - (XA COS 6 + YA SIN 6) . SCALE

YO

YD - (=XA SIN 6 + YA COS 6) . SCALE

where (XD, YD) are the digitized coordinates of a point whose coordinates.
in inches, with respect to axes along the edges of the mirror and with

origin at the corner of the mirror, are (XA, YA).

Once the origin had been determined in Graf-Pen units, the co-
ordinates in inches of any point having digitized coordinates (XD, YD)

is given by
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abscissa: [(XD - X0) c0S 6 - (YD - YO) SIN 6]/SCALE

ordinate: [(XD - X0) SIN 6 + (YD - YO) COS 0]/SCALE

In this way all digitized data was converted into coordinates, in inches,
with respect to the corner of the window behind the wedge as origin and
the sides of the window as axes. These operations were performed by a

computer program.

The positions of the wedge and of the shocks were also digitized.
Two points were recorded on the reflecting surface of the wedge, two
points on the incident shock, one of which was the triple point, and
also several points on the Mach stem. These points are marked with an
"' in Fig. 5.2.1. For the reflected shock, the digitized points were
chosen sufficiently close to each other so that a reasonable representa-
tion of the curved shock could be obtained by joining straight line

segments.

Finally, the smoke tracers were digitized, moving the Graf-Pen

down each column of tracers in turn.

5.3 Determination of density

Using the coordinates of each smoke tracer obtained as described
in the last section, the area of each quadrilateral formed by four
tracers was calculated. For the four tracers shown in Fig. 3.3.2 having

coordinates (x3, vi1), (x2, y2), (x3, vy3), (x4, yy), we have:

AREA = 5[ (xy = x1) . (ys = y3) = (xo = x3) . (y4 - y1)]
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In order to measure the accuracy of this method of area deter-
mination, a sample of points on a precision grid were digitized and the
area of each quadrilateral was calculated. The results are given in
Table 5.3.1 and show a standard (root mean square) deviation of 2%.
Also a sample of holes in the aluminum mirror were digitized so that
an indication of the accuracy of the area determination, including the
production of the highspeed film record and its subsequent projection,
could be obtained. The results are given in Table 5.3.1 and show a

standard deviation of 3%.

Since the smoke tracers were formed on a centimetre grid, the

density of an element of air after it has been shocked is given by
DENSITY = 1/(2.542 . AREA)

In this way, the density of each element of air, defined by four smoke

tracers, was calculated with the aid of a computer program.

Typical results of this determination of the density field for
two successive film frames are given in Figs. 5.3.1, 5.3.2 and Tables
5.3.2, 5.3.3. The figures show the grid of particle tracers and the
tables give the density values within the grid. Other results are

given in the Appendix.

5.4 Determination of particle velocity

The average particle velocity in the interval between two

successive film frames was also calculated. For a particle moving
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from (xy, y1) to (x», ys), the magnitude of the component of velocity

parallel to the incident flow (along the x-axis) is given by
u = (X2 o Xl)/F

where F is the time between frames, recorded as explained in Section 4.6.
The magnitude of the component of velocity perpendicular to the incident

flow (along the y-axis) is

v = (y2 = y1)/F

The velocity vector thus has magnitude equal to (u? + vz)l/2 and makes an
angle with the x-axis whose tangent is u/v. Typical results of these
particle velocity calculations for two successive film frames are given
in Fig. 5.4.1 and Table 5.4.1. The figure shows the positions of the
shocks and of the particles in two successive frames. The table lists
the longitudinal and transverse components of velocity (u and v), the
total velocity (VEL) and the angle which the velocity vector makes with

the x-axis (ANGLE). Other results are given in the Appendix.

5.5 Pressure and temperature

In order to estimate the accuracy of the particle trajectory
analysis technique, the mean and standard deviation of the density
values for the region behind the incident shock, and above the reflected
shock were calculated. Interferometric records show that a uniform
density field is to be expected in this area. The area was divided

into vertical strips containing 20 - 40 density values for this calcu-
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Table 5.4.1 Velocity values for the vectors shown in Fig. 5.4.1.
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lation. Using this average density value, the pressure and temperature
in.this same region were then calculated in the manner explained in
Chapter 3. Typical results for these calculations for twoAsuccessive
film frames are given in Figs. 5.5.1 and 5.5.2. Other results are’

given in the Appendix.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

The work of this thesis has been the development of a system for
the measurement of the properties within a two-dimensional shock tube
flow. In particular, the Mach reflection of intermediate strength

shocks at a corner has been examined.

The development of the system has involved work in several areas.
Design of the optical system has involved investigation and testing of
several schlieren systems. A suitable optical system, using a double-
pass schlieren arrangement has been assembled. This system exhibits
negligible distortion, and enables particle tracers to be injected into
the entire flow field under examination. The tracers are injected
through an aluminum mirror. The mirror was machined, ground, and
polished to required tolerances, and has performed satisfactorily in

operation.

Several techniques for flow visualization have been investigated
and tested. The ammonium chloride tracers presently used have been
shown to exhibit negligible inertia in flows involving intermediate
strength shock waves. A system has been designed and built for the
broduction of these tracers. The tracers, which are easily and cheaply
produced, have been clearly visible on the photographic record. It
would appear that in future work, both the size of the particles and
the inter-particle spacing could be reduced considerably. This would

increase the spatial resolution of the system.
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The movement of the shocks and of the tracers is recorded
simultaneously on a high speed film using a pulsed laser light source.
Production of this light source has involved the building of an optical
modulator, electronics to drive the modulator, and re-designing and
aligning of the laser cavity components. The laser has performed
reliably, and has been tested up to pulse repetition rates of 50,000
per second. The pulse width is typically 30 nanoseconds, which is
approximately three hundred times less than that of a spark lamp.
Variations in pulse intensity during a single laser firing have beén
observed, but these variations have not seriously affected the quality
of the photographic record. The length of time for which pulses may
be emitted is limited by the flashlamp pumping duration. This could
be increased by the addition of further capacitors to the high voltage
flashlamp supply unit. The laser now supplies pulses for a time

approximately equal to the shock tube flow observation time.

The upper rate at which pictures may be taken is limited by the
high speed camera to 11,000 full frames per second. This is approaching
the upper capabilities of moving film cameras. Higher framing rates
with the same camera could be obtained by reducing the frame size. This
might, however, create problems with the film record when so muéh infor-
mation is contained within such a small area. A rotating mirror camera
and an image converter camera would both provide higher framing rates.
Exposure time at higher framing rates would not be a limitation since

shuttering in this system is provided by the laser light source itself.
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In order to synchronize the various events taking place during
an experiment, adjustable timing and delay circuits have been designed
and built. Synchronization of laser, camera, and shock firing, for

varying shock strengths and camera speeds, is routinely facilitated.

In order to analyse the large amount of data produced by the
system, which for a single film frame approaches a thousand data points,
semi-automated methods have been used. Digitization and computer analy;is
techniques have been developed to reduce the data, and produce plots of
the properties within the flow field. As will be noted from Fig. 5.1.1
there are weak oblique shocks in the flow field. Attempts were made to
eliminate these shocks by ensuring smooth joins between shock tube
sections, bétween the shock tube windows and the wall of the shock
tube, and between the wedge corner and the shock tube. These attempts
to remove the weak oblique shocks were unsuccessful. The author has
observed this type of weak oblique shock in schlieren photography
taken by other workers using other shock tubes. It appears that the
origin of these shocks may be at the diaphragm of the shock tube itself.
However, the analysié carried through in this thesis gives the actual
density field in the experimental flow, notwithstanding these oblique

shocks.

The resolution of the technique depends on the size of the
particle tracers, the inter-particle spacing, the accuracy of the re-
cording system, and the accuracy of the analyser. The size of the

particle tracers and the inter-particle spacing could both be decreased
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with the manufacture of a new mirror. Also, the quality of the tracers
could be improved with careful machining of the injector holes in the
mirror. The recording system could be improved by the use of a larger
format camera, and a more accurate and reliable digitizer could reduce
the 2% error in area determination considerably. With these additions
the techniéue would probably be capable of resolving 1% variations in
density. At the present time, the density determination is accurate

to within approximately 5%, and any conclusions about the detailed

variations in density throughout the flow field would be premature.

From the plots showing the velocity vectors and successive

positions of the shocks, the self-similarity of this type of flow has

been confirmed. Clearly the parts of the reflected shock moving with

and against the free stream are of different strengths. This is reflected
in the magnitude of the velocity vectors behind these two portions of the
reflected shock. As far as the author is aware this is the first time

the velocity vectors have been mapped in this type of flow. The deter-
mination of the strength of the reflected shock along its entire length

poses an interesting but complex problem.

It would appear that the system developed in this thesis could
be a useful tool in the determination of particle velocity variation in
various regions of the flow. Velocity variation across the slipstream
would be of especial interest, but its determination was not attempted

in the present work.,
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In summary, the system developed has recorded the motion of shock
waves and particle tracers in the two-dimensional flow field created by
the reflection of an intermediate strength shock, and the density field
and particle velocity for several flows has been calculated. Improve-
ments in the system could be made to increase the accuracy of the tech-
nique. The system also contains all the components theoretically
necessary for the recording of motions in three dimensions. Using
double pulses from the laser, holographic recording could be made.

In this way, it might be possible to determine the properties within

a three-dimensional flow.
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APPENDI X

This appendix contains the results of particle trajectory
analysis for four different cases of Mach reflection:

1. incident sHock Mach number 1.34, wedge angle 30°;

2. incident shock Mach number 1.35, wedge angle 10°;

3. incident shock Mach number 1.21, wedge angle 10°;

L. incident shock Mach number 1.20, wedge angle 30°.

For each of the four flows, the positions of the particle
tracers are given for each film frame, and on the facing page, the
density values corresponding to each quadrilateral formed by four
tracers are given in a table. For each flow, a velocity vector
plot for successive film frames is given, and a table of velocity
values is given on the facing page. Finally, for each film frame,
mean density, pressure, and temperature ratios calculated as ex-

plained in Section 5.5 are given.
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Velocity vectors 190 - 289 us.
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CULUMN 1 FRAME 1 = 2 CULUMN & FRAME 1 = 2 COLUMN 7
RCA U(M/S) VIM/S) VEL ANGLLERO® UIM/S) VIM/S) vVEL ANGLT § ROW U(M/5)  V(M/ZS)
1 1c3.4a -1le59 3 > -0e 30 1 198¢07 =9633 158¢16 =193 1 11..()) -8451
2 162.41 -7.t0 w2708 . -1 =T929.159+060__ =262 4
3 161499__ Cel15 101499 Ce% 3 =1e¢5C 159395 =0e09 3
47 160.87 Senl 160.37 Ue22) 4 ~1.44 158.73 =-0.52} 4
5 ¢ ~2:97 16311 -1 N4 -3 =749 160435 -2e.03 S
6 02 =5¢8C 10212 =2.050 6 10075 -11.91 161415 =3.24} 6
7 160e83 =2¢97 10608 =1,02 7 1olel3 =3.26 16116 =1.15 F 4
8 15- ~3e89 159,35 =175 8 1954692 =154 1648¢33 =0,03 8
9 157445 =5423 152,54 =1enung 9 3685 =6036 163:97 -2e22} 9 _
10 1 —1089 150911 =0s54]10._ 106435 __=0,27 106440 =142} 10
111 =10e35 156280 =3497] 11 16817 =12479 16867 =3+45 11 -16.328
32 4 =7.127157.,93 cf12 151.45 -14.81 162413 =-5.2a}12 168,30 -15.89
13 1 ‘6461 167419 2.26413 £s Sea7 165492 3.2712 1€4.53 -a.84
14 1 12,66 174,92 Gel12ft9 1533 170481 6.68114 159.25 =-1.18
18- 3 32.3a 181417 10.22}415 33434 167.94 11.4511S 153,07 5457
16 1 55.09 19769 1lo.14f16 43,59 106666 15.160816 152,63 15.21
17 189.89 32,60 207.08 23.514§17 . 163.49 18,02817  145.62  22.95_
18 182.28 83.06 2C0e31 24,5088 15354 20022118 143033 28.SS
19 159.66 20635119 134.25 22.5!
29 27 16013 22.11}20 126.33 15433
21 72 159.24 2048621 118.72 27.61
22 116467 31.17
COLUMN 2 FRAME 1 - 2 COLUMN S FRAME | - 2 COLUMN _ 8
ROW U(M/5) VIM/S) VEL ANGLEJ RQW U(M/S) VIM/S) VEL ANGLE fRdw u(a73) V(4/5)
1 157031 =8¢00 157.3€ =—led46] 1 136482 ~64385 156697 __=2e51F 1. 157.2C -13+4€ 157,55
2 161495 =8.36 162417 =2.95F 27 153.35 -1 307 153.97 e1a] 2 161488 -13.18 16233 =4.59
3 159.08 <0.57 159.08 =0.21] 3 15732 =672 157.17 =-2¢45§ 3 157442 =11.95 157.37 -£4.34
4 151,19 2437 161421 0oB4f 4 137456 =706 157.70 4 157.3? -4411 157487 =1¢+
S 16186 =777 162 758 8 169.56 =9.21 150.86 s
6 156675 -1 1573 6 1 -13445 157426 6
7 168,483 S —o.aj 159.2? 7
8 162, €2 € a 1 3 e 3
9 16229 =752 0. 41 9 -3.31
10 158,66 =3483 158471 & ¥ | 16 -7.8C
11 160412 =1C.70 ¥1-.1 11 ~1G9¢£2 159.62
12 163467 -7 71 5 e ¢ -5463 163,40 12 —22445 153.94
13 $7C 86 6 e -0423 164454 13 ~174C6 15757
34 11303 s 4 12053 165.32 14 -4431 15993
1S 174433 g -y 22.C1 105.82 54 __2.82 1
16 1806411 Sa. 31 103.»17 15 .3 32.17 158.9€¢ 11.63016 N 3
17 132.23 6847% 194480 Y 3 25 _158.7C__15.82317 147439
18 173,68 75,71 183.83 23.55§ 18 1/ 4 15092 16.17}18 133,40
19 158,48 79.481 177.2€6 2645119 1392.63 45 165095 16691119 133.93 13406 134490
20 137.47 4HeH6 14583 17.43120 126410 25.42 123.71
21 320+ 7S S 13752 19+442]21 115438 11.33 115.94
22 125.16 48B.58 128,26 21421122 104.54 0.62 1u6e75
B G FR e 2 CILUMN 9 FRAME 1 = &
COLUMN 3 FRAVE 1 - 2 ROwW Vr ANGLEfROA U(M/S) VIM/S) VEL ANGLE
RCA U(M/S) VIv/S) veEL ANGLT 1 156¢14 =20380) 1 __ 13794 _=7,26_133.,15__=3.21
1 156,836 =8.67 136493 ~-1.71 2 158425 =6432f 2 133463 =17.03 133493 =7.32
2 15He26 =9eu8 153452 =-3.28 2 1583.6E =353} 2 1329.C6 -14.46 139,81 =5,93
3 15788 =4453 15795 ~1.5% 45 15541 4 139449 =—08e27 137473 =—3433
4 162,86 =242 1€2.47 =0,23 § 15932 -10447 15 5 140,038 -11.88 3
5 162425 3042 162:847 =2437 6 157449 =17.4C 15 & 142,33 -19.57
6161417 =1 16151 =3,700 7 __15%.88 __=7.50_ 15 7 140481 =10.87
7161462 161,767 =243% E 15929 13,16 18 8 165475 =15, 22
8 163.32 103,37 =3.32 9 1ole33 =64%3 16 9146418 __ =194
9 162.€9 162486 =2.87] 1C 161,07 =8.52 16 137 146469 =%e 65
10 1644793 16485 =1.53f 11__162.49. ~18:%9_16 11 14735 -18.79
11 165,38 105.66 =3¢33f 12 162.38 =7.13 10 12 149¢53 =20.7%
12 167454 16779 =372 12 "T63 31 - 22495 IO 12 153e23 =16413
13 166470 1215 167021 lesdf 14 159579 Se23 15 #14 15459 —13.17
14 _ 171,26 264€2 173,02 _ A.139f 15 154.%0 19,24 15 15 13571 ~=0el2 15
15 16977 44472 17556  14e7nf 16 147455 24484 15 16 153.€664 2447 153.66 0492
16 163455 51e22 170031 17.Gof 17 149.16 26450 14 17 _152e%5_. 2¢06 190666 _CoT3
17 164.85 S3.86 173,43 18,53} 18 135.0> 14 1d "T138.27 301871 33.31 Ve 32
18 __100e33_ 5¢edb 170,65 253,031 1913207 .44 19 .- 131 481 1.C6 131442 Vet
1677167632 63467 171036 21,431 29 132.45 § 31 2) 122.534 6431 123.00 Do
20 153¢5% 7173 16950 25424f 21 123,02 12 421 119.26 He64 117445 3ol ™
22 tudebl 11 22 117,08 -16e71 114486 ~Ue0d

Table A.1.4  Velocity values for Fig. A.1.h4.
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INCIDENT SHOCK MACH NUMBER 1.3Y4 preaTe e s S
VELOCITY VECTORS. '
'l——‘ COLUMN
cm 1 2 3 4 L 6 7 8 9 0
: B e S PO PR ..

ANGLE 30°

Fig. A.1.5 Velocity vectors 289 - 387 us.
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COLUAN 1 FA LOLuAd o A U W Vit ANGLY
0w UCM/5) VIMZS) vl l HANULMAS) Vil MZS) AL i L7262 iDaud
1 13000 NPT 1 1794306 36427 179,40 > 1 17
2 e do _; 115:;.7’1 :1.1‘3 :71"\ 208040 17
3 e 0 oMY < B20e U £y “ 4 1 174
1o 23 1 7\.‘!) 16935 L] V7aens? o5l 3
; 28 110,33k 1e63f 5 177.10 6.7} 2 ; ;e;
6 Y11 182, 7a 2e 38 6 173400 11.18 7 ) 17
7 : 7 174449 ae91 o L7
a 1 8 175.01 15,07 5y 1 74
9 1 9 173430 g | .93 10 1 17
10 1 10 179437 27.97 o g
1 1 11 170,381 55,83 AP, 17
12 1 12 170.91 65400 13 13 1o
13 1 13 172,76 ©7.23 18 156,23 50,77 fus
12 20 SR Sl ST EY e A LD RqBS 15 156.90 57,52 1o
15 178.55 £3.53 197.12 25.07]15 lo3.56 e;r:.'_:!z 15 1 65:C5 16
SRS AT B TTop Bhedt 15
17 75.41 ey it
13 . 79,72 19 3 1
19 147439 83417 29 -1
21 1
22 1
COLU4N 2 FRAME 2 - 3 Y —coruun-—s ——FmArz—- | TCatUIN T ahe =
ROW_U(M/S) v(w/S) v ANGLEIROW U(M/S) V(M/S) VEL ANGLE JRCw ULH4/5) VvIM/S) VEL ANGL &
1171, 49 2233 1Y Ce77§ 1 126.50 5¢53 ,7(,,,9 1751 1 1664 35 3631 166,56 2440
2 171.135 2465 17 0e89 5. 88 1¢90] 2 170417 16488 171.90 Sebit
3 169.57 4.58 15 1.55 3.71 i 1.220 3 167.62 15.53 163.3a3 5429
4 171.96 0.07 17 0,702 2446 Ge30f] 4 174.C2 15.69 174,75
S 170.€d 3.76 17: 1,22 §.24 1.70] 5 169.08 10453 169.40
6 174.85 8416 175 2,67 7.21 51 6 164,76 14,90
7 176458 =5,37 17 ek 029 L7 SE6G ] R 167.97 13:65
8 176,99 12,164 17 3,92 3 175.36 9.54 B 17C.09 25.47 171.9()
ST 176,82 1A 1917 4,508 9 1694606 16628 G 156.C3 15453 166.73
10 183,87 23,15 185:53 773010 174494 37,19 1¢ : 3 20683
11 137.54 42.68 192,33 12.32}11 182,351 43,353 11
12 195.19 66481 206431 15.83012 174013 o6, 30 12
13 190.82 75,02 205,81 21.72]13 59417 13
14 1£4.839 81.91 202.21 23e4d7f12a 3 14 ¢
1S 185,50 87.00 2064.92 25.14)13% 15 1%
16 _163.82 92,67 _183%.09 23.35f16 16 15
17 65.76 164,50 1P 149
18 «?75 159,59 1;3‘_ 145
19 45 159,39 19 oot
22'13 73.60 151,52 -3]- :‘;4 51 antay
5 P ] 5 ] =4 - . LRV
1.92 150.04 33,39 e $Das . S
coLuMn 3 FRAME 2 - 3 COLU4N 7 FRAME 2 = 3 ancutysz‘s:ovw/m FﬁfCE ZA ~r|3=
ROW U(M/S) V(4/3) VEL LE JRCW U(H4/5) v(Mss) VEL ANGLE R4 e e T
1 177.62 5.03 177.69 32)-1--172.02 8,08 172,24 2,59 3 183159 15:5 182:93
g 179,86 10431 180415 > 2 174.2877712.35 174073 a, 3 1€5.69 3:96 165.99
5 l‘;’:",’; 2 el L e 4 166,47 8.58 166.53
et — s 1760 13.40 19102 € 162.98 9478 163,28
6 176.92 6 171.31 12422 171.75 81 -109:39, 1
7 178.56 7 - 3122 16668 Lol ees
e 179.87 8 17% 15415 170.94 B P T 170c05
10 1aonis Ty Ty e s et [T T2 13 15938
11 179.69 11 176030 54002 179434 17474 AT AL
© [ 5 . % -4
R Lere s ERRTER O R MRS [E RN TS S $ 178 0%
14 136,20 14 - 15R. 927 5€,70 109.40 20.27 |;2 1ua 156.24
15 172.22 24483815 147.34 G5.34 161.18 23,91 16 145 T A, TR
1€ 172407 79495 189476 24,92)15 144,256 ©7.28 163.30 24,32 |12 — ]33 B e
17 172486 76411 188487 23.70f17__ 18 137, 147,75
}?, h 19 128,07 139,25
1
(" 2 BeRE .
21 129360, 74.95 "‘9'7‘ 30494 155 11U.68 57615 124.57 27431
COLUMN : N
<0a U(M/3) VEL ANGLE
1 176,42 5493 176,66 2e22
2 176424 10442 176.54 3437
L3 __ 177462 . 5.C5. 127659 __ 1463
4 177.77 1032 172,77 0e43
5 179.14 7404 179437 2en7
6 1A4,72 FeL0 184497 2404
T il Ty 4462 1734871 1.24
8 185.17 16470 185,72 5.1
9 183429 24,34 184,99 7456
10 143401 36,45 155,23 10.66
11 1Bhell 55422 192,29  1fe09
12 14261  Ghell 192433 254142
L3 174474 07,92 Val.67 21 .24
14 172,006 75.51 182,90 23c0a9
1S 171498 76,59 184423 24401
16 164 .44 744 37 1H2 ?'se 4
L7 1959483 727,74 17 Bore %%
8 143,74 T5s 37 1} %, 058 P
s

Table A.1.5 Velocity values for Fig. A.1.5.
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" L _— " L 1 i L i . 1

INCIDENT SHOCK MACH NUMBER 1.3U4 ’ RIDN NE? WD
4 —_—
lcm
i DENSITY RATIC 1.5370.031.53%0.001 .53%0.031 .S5* 0,031 .65%0.10 RERN AND STANDRAD

DEVIAVITN FATA 4S VALUED

PRESSURE AATIO 1.32 1:01 1.91 1.37 2.0y

TEMPERATURE ARATIN 1.19 b2t 1.21 1.20 1.23

ANGLE 30°

Fig. A.1.6 Mean ratios 190 us
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L 1 s " L a L N " . . 8
INCIDENT SHOCK MACH NUMBER 1.3Y , RN, FANEE St

—
lem

DEN3ITY RATIOD 1.52%0.051 .4320.051.59%¢c.071.51%0.031.57¢0.08 .53 v.08 HEEN BND STANDAAD

R . DCYIATICY rAon 30 YALUCY

PRESSURE RATIC 1.32 1.74 3.99 1.90 1.350 1.52

TEMPERATURE RATIC L 5 1.13 .28 1,49 1.21 1.21

ANGLE 30°

Fig. A,1.7 Mean ratios 289 us.
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INCIDENT SHOCK MACH NUMBER 1.3Y4 ARFERINN . “EAMIC'S 30T is,
—
lem
ratios:=
DENSITY 1.50%0.071.5)%0.041.55%0.071.50°0.031.65%0.1d .53v0.13  keay avo 31aunnn0

DCVIATION roont 13 VALUCY

PRESSURE 1.77 1.79 1.36 1.77 2.03 1.33

TEMPERATURE 1.18 1.18 1.20 1.13 1.23 1.20

Fig. A.1.8 Mean ratios 387 us.
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COLUMN 1 COLUMN 4 __FRAM{L | - 2 CUOLUMN 7 FRAM: 1 - 2
ROA U(M/S) v(q/b) -fROW vy VINM/S) Vil ANGLE § RCw U(’»‘/ ) VIM/S)  VEL _ ANGLE
2 o 14 5430 0o 42 . 0 8 Se07 =Ca 2e 58 . )
2ode2:53 1A R3S al e aen S183 163:87 Toiaky b -5dA tealny -eld]
|3 159,35 2,48 159,37 0.49 3 1s =035 -Cel2 3 130 163,52 V3?7
47160469 4411 160474 1ednd & 106435 =2.14 -0.74 4 ~le €6 164,06 =0,54
5 :gol.f:t, 1.33 |l<',g.g; c.:';o» s :"?'i’, —g.;?l 1644383 =1.71 2 —3.91 164458 =04.32
6 584 5653 5842 244 € L2eIB =04 75 -0426 42 165,02
7 158,71 S5e31) 159430 1,958 .7 _ 160521 031 7
8 158425 94358 158454 3.6658 3 159.63 CeS55 8 3
9 157.C2 9.42 157430 3,428 3 160.93 e ?34 D
10 158.45 a7l 158459 2¢43810 163.1H 5465 163425 1.93 19
1115457 __ - 11 168.75 9e46 109.04 3.3a )11
12 158.52 10 12 166.37 1.14 166488 De 3G § 12
13 161.73 13 165, 7.91 165470 ;.73 13
14 167421 14 163455 17.23 165,35 93§14
15 165.22 15 1 19.83 168, z,. 5§1<
16 172.¢4 16 103436 19,55 164, Toe.n3 flo
17 181459 17 162.59 21414 164435 7.392 417
18 178.57 13 105488 265423 1668493 3.93 118
19 176418 17 103415 24,33 164,96 3,45 §19
2¢ 181.3¢ 20 163473 32.C8 171.75 10.7% 5?
22
COLUMN 2 FRAME 1 - 2 CoLUMN S FRAME 123 TCOLUNN T 8 FRAVZT 1T =27
BROR U{M/35) V(M/S) VEL ANGLE § RGN U(4/5) V{A/S) Ve LE §ROW U(M/S) V(MsS) €L ANGLE
1 162457 =1.34 162,57 =3.37) 1 1€2.83 2412 162 75§ 1 1561.45 2.61 47 0.93
2 162420 =C432 162.20 =0.11§ 2 165.05 2.89 1€5 ocl 2 161.93 3,235 95 1.19
3 _151.806 32_161.86__-).a7) 3 4 3.63 165 26) 2 141.€68 =-1.58 5S 0.7¢
4 161453 9 1€E1.56 =1.13) 4 J.24 162 3cf 4 162.88 5470 98 2.01
2 11?5.3;; -?.;g }(;.32 —g.?;’ 2 3.9’; ’x?:’i 213 2 lgo.qs —g.-:- 913 Cel9
o . . ©3e D . * FEd el 2 53
7 161.23 0.73 161423 0.26)_7 2 1 17§ 77 1o _Z.'zx'g "42“' -3 T7
8 100e88 =0.23 1604588 =C.10f 2 . 53 w2 8 10.64 165403 60
9 162413 3.3 162.21 1.05) 9 13,42 166472 sal 9 10621 1€0452 55
10 156430 5 > 10 54322 166,58 a3f10 15635 165459 32
11 159463 11 9455 168,03 25011 14,35 1€7.75 52
I277163,73 12 166426 56§12 14437 165,54 $e35
:2 }g;.éz :3 162.23 }a; 13 12. 27 163.27 4,37
. L
15 109.40 15 52 }?T 5:7 ]
16 175423 16 5§16 1
17 175.53 17 163430 cf17 25 162.08
11(5; :772.:;_3, ;2 163.26 7 113 12 151430
245 165,473 3§ 1:
20 175,85 20 163.57 cfzou 2
21 164450 23,03 1€7.2€ sf21 2
22
COLUAN 3 CAICUAT 5 FRATE T =2 COLUMN 9
"?* ‘lJ(‘N‘fS:‘ V""/?:’ ROW G(4/S) V(M/S) VEL ANGLE JRCA_L(M/S3) _V(M/5)
s hepisd (,'n 1 166,46 -C.26 1h4,86 =-0,29f 1 159.527  3.39
5 ia5.55 0-,‘; 2 161459 =4.55 161.65 =-1.50f 2 155
i —1er 37 +55- ; lt,;.ga “Cel13 167.18 =0.,06 3
S 165,20 1.55 8] 107.63 228 167.6% Co7a} 4
6 161.34  3,Ct 6 4
7 161497 =1.77 7 7
& 162,41 1.1C 162.41 8 & i2
9 165,49 1.89 165 9 £ 32
10 163431 6.91 163 19 19 1s
11166457 _12,C0 165 11 11 71
1277162465 7 3,17 170, 12 12 o
13 163,95 9.11 163 13 13 13
14 163.48 13,31 14 14 >i1a
15 164478 14,49 165 15 t7' 1)23 15 1
16 165437 17,3% 106 15 7oa7 b1 150 S4a2 A.x;
W jeias %t $e 17 159458  25.S3 162,00  9.97 §17 13C.s17 1524207 7744
9. -leh 4y, 25 :;) 18 108013 17460 1650058 615 §19 191443 17,12 152444 et
E¥ l':'/‘:",a 25‘{‘1'4 170 J F 1576 0% b 22 159460 ) § 15 147.57 22412 149422 Bebdl
2 . 1.60 29 19561  22.44 157,22 1§22 141,98 20418 143424 10,4
21 152697 24,44 153,912 1 21! 142.55 23451 lea.a7 238
22 157,89 25,61 199.56 a §22 1642.43 25,95 142451 1Ge47

Table A.2.3 Velocity values for Fig. A.2.3.
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CLLAn 1 = FRAMF | - 2 COLMN 4 FRAME 1 = D CULUMSN 4
R3a LLI/S) VINZS) veL ANGLE Bld UIM/ZS) VIMZS) vViL ANGLE §4U8 UM/ VIMZS)
1 10024 =0.135 150264 =0.20§ 1 106.78 1.4 106479 1.04f] 1 107.47 -1,21
2 9960 4,66 100,08 20341 2 1UB.67 =3.006 104471 =l.01 2 110.13
£ 4. 3 [ d 2.29 109,27 3 109.%0
4 4 107.63 =1.99 107.6% 4 1use33
g S 128440 =0.97 1C3.40C S 1CHh.53
€ 6 111.08 =4,2C 111.15 B 1CH.5C
7 7 107.44_ _=1.63 107445 7 104,78
8 e 8 10He35 =4.C7 1un.s3 8 k
9 1C1.2 9 105.43 2.6C 125.45% 9
10 1CC.34 290 §10 111.57 =1.09 111.58 10
11_102.€9 02414 2.96f11 107.75 S5.81 107.91 11
12 Vs eal 2 T102.01  12.33112 110.25 6491 110446 12
13 162.31 3482 102468 2.13§13 108.50 4e 35 103405 13
i4 135.16 B 38 105449 4,56414 100465 6.59 1CoeH2 14
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