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i SUMMARY

\‘. * ——————————————

ke,

'} The regular (RR) to Mach reflection (MR) transition boundary in
18 pseudostationary flow in air was investigated, with emphasis on the influence

of the shock-induced boundary layer. Nearly 100 experiments were conducted in

? the region of the RR=»MR transition line over a range of incident-shock-wave
D . Mach number 1.1 < MS < 6.5 by conducting experiments in the UTIAS 10 x 18 cm
ﬁ’ Hypervelocity Shock Tube. The wedge angles used were 42 , 45 , 47 , and 48 .
g’ Initial pressures were kept as low as possible to maximize viscous effects and

ranged from 0.4 kPa to 100 kPa. A comparison was made between the

- o

boundary-layer thickness, and the deviation of the transition boundary from

N
b inviscid theory. This difference is often called the 'von Neumann paradox'.
! It was found that the 'von Neumann paradox' was due to viscous effects.
- The deviation of the RR«»MR transition line from the 'detachment' criterion
%
boundary was found to increase with a drop in initial pressure, in a manner
:' consistent with boundary-layer theory. The effect of the endwall boundary H
‘ r
\; layer on the RR«»MR transition line was more pronounced at Tow Mach number
4
(Ms < 2), and a model is proposed to explain this behavior.
i
‘ﬁ Initial pressure was also found to influence the height of the Mach stem
iﬁ in MR. Lower initial pressure (and hence greater viscous effects) reduced the
height of the Mach stem, which was found to be smaller than the inviscid
"j prediction in all MR experiments. An explanation for the reduction in Mach
% stem height is suggested, but the cause was not thoroughly investigated.
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speed of sound in a gas

complex-Mach reflection

Double-Mach reflection

boundary-layer velocity-distribution function
incident shock wave

thermal conductivity

kilopascal

kink, degrees Kelvin

length

horizontal distance from wedge corner

Mach stem

Mach number in region (i)

Mach reflection

pressure in region (i)

reflection point in regular reflection (RR)
Prandtl number

boundary-layer temperature-distribution function
for adiabatic wall

reflected shock wave
second reflected shock wave in double-Mach reflection

boundary-layer temperature-distribution function
for nonadiabatic wall

slipstream or contact surface
single-Mach reflection

time

triple point

second triple point in double-Mach reflection
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temperature in region (i)

flow velocity in the x-direction
flow speed in region (i)

flow velocity in the y-direction )
Angstrom

specific heat ratio

angle between the incident and reflected shock waves
boundary-layer thickness based on 99% freestream velocity
boundary-layer displacement thickness

non-dimensional boundary-layer coordinate

boundary-layer flow entry angle

flow-deflection angle through the shock wave when entering
region (i)

maximum possible flow-deflection angle through a shock wave

flow-deflection angle through a shock wave which results in
sonic flow behind shock

characteristic vibrational temperature

wavelength of light

absolute viscosity

kinematic viscosity

density

shear stress, vibrational relaxation time

incidence angle between the flow and shock wave in region (i)
triple-point trajectory angle

second triple-point trajectory angle

stream function

reflected-shock-wave angle !

boundary-layer flow entry angle at nominal distance x = 1 mm




Subscripts

o oo

thermodynamic regions
characteristic
external, freestream
experimental
insulated

relative to kink

max imum

reference, rotational
shock, sonic

relative to triple point
translational
vibrational

wall

Superscripts

e

first-order derivative
second-order derivative

third-order derivative

E IR I I
r/}‘.,._.:-. A




- 4.‘ PR

CODDDE

Chapter 1

"INTRODUCTION

When e€energy 1is instantaneously released in a material, an explosion
occurs and a shock wave is generated. The shock wave, which causes a sudden
Jump in pressure, temperature, and entropy, travels through the material as a
result of molecular collisions. It loses strength by heating the material and
raising its pressure as it races outward from the center of the explosion, and

ultimately weakens to a sound wave.

If a planar shock wave intersects a wedge surface, Tour different
reflection patterns can occur, depending on the strength of the shock and the
wedge angle. The patterns are regular reflection (RR), single-Mach reflection
(SMR), complex-Mach reflection (CMR), and double-Mach reflection (DMR) (see
Figs. 1 to 4, from Ref. 30). The latter three as a group are called Mach
reflection (MR). The four types have flow fields with different pressure,
density and temperature distributions associated with them. The shock wave
from an above-ground explosion in air would experience several of the

reflection patterns as it intersected the ground on its travel outward [1,28].

There are many examples of both man-made and naturally occurring
shock-wave phenomena {e]l. In several of these, the process of
oblique-shock-wave reflection is of great concern. For example, accurate
prediction of the type of reflection and associated pressures is necessary for
the design of shock-resistant structures. Applications range from chemical

plants, where the potential for major explosions always exists, to mobile

missile launchers which must be able to withstand a nuclear blast [3].




g;g The study of oblique-shock-wave reflections began as far back as 1878
;*SjE when Ernst Mach [4] did research on shock waves and observed RR and MR. In
il spite of this, it was not until the early 1940's that more thorough analytical
‘éi: and experimental work was done. At this time an analytical criterion for the
ﬁﬁg transition from RR to MR in nonstationafy flow (usually referred to as the
i 'detachment' criterion) was suggested by von Neumann [5,6].
R
:;;s: Under the direction of Bleakney [7] a major study of nonstationary
;xﬁ; oblique-shock-wave reflection was carried out at Princeton University. Smith
o [8] did an extensive series of experiments and discovered SMR and CMR, He
ﬂ;;? also found that RR persisted beyond the boundary predicted by the 'detachment'
F;ﬁ criterion. This persistence is often referred to as the 'von Neumann
:55; paradox', Further experimentation by White [9] confirmed this persistence.
$Zi$ White [9] also suggested a criterion fTor the transition from SMR to CMR, and
fiﬁﬁ discovered DMR, thus completing the identification of the four major types of
S oblique-shock-wave reflection, The most current analytical transition
};}; boundaries for inviscid frozen air are shown in Fig. 5.
‘;-' Much work has been done since then in defining the regions of RR, SMR,
.Eii CMR, and DMR. A study by Kawamura and Saito [10] again confirmed the
'iitz persistence of RR into the predicted MR region for nonstationary flows.
j%t’ Gvozdeva et al [11] and Henderson and Lozzi [12] suggested criteria for the
’§§§ transition from SMR to CMR, and CMR to DMR but they were not substantiated.
{%; In the same study, Henderson and Lozzi [12] also offered the 'mechanical
:?ﬂ equilibrium' criterion for transition from RR to MR 1in nonstationary flows.
E Z Bazhenova et al [13] attempted to clarify experimentally the regions of RR, ‘
iwﬁg SMR, CMR, and DMR, but like other studies their range of Mach numbers and 4
‘&f’ wedge angles was limited. Law and Glass [14] did experiments over a wider
1
o 2.
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range, and later Ben-Dor and Glass [15] established the generally accepted
criteria for transition from SMR to CMR and CMR to DMR. A worthwhile
additional necessary criterion for the SMR to CMR transition was later made by

Shirouzu and Glass [16].

The necessary conditions for the transition from RR to MR in
nonstationary flow are still not fully understood. Work by Hornung and

Kychakoff [17] and Hornung, Oertel, and Sandeman [18] brought forth another

hypothesis, the ‘'sonic’ criterion. It is difficult to resolve experimentally
from the 'detachment' criterion, and thus the ‘von Neumann paradox' was still
unsolved. It was suggested by Hornung et al [18] and later investigated by
Hornung and Taylor [19] that the 'von Neumann paradox' was due to the viscous
boundary layer which develops behind the shock on the wedge surface. Shirouzu

and Glass [16] supported this theory but the evidence was still inconclusive.

Hornung and Taylor [19] investigated the influence of viscosity on the
RR«»MR transition boundary by doing experiments in argon. They held Mach
number fixed, and varied the wedge angle to see the behavior of the size of
Mach stem in MR, This was done for various initial pressures. They assumed
transition to RR when the Mach stem size approached zero. Initial pressure

was found to influence the position of the transition boundary.

It was the intent of this work to further explore the effect of the
boundary layer on the RRe«®»MR transition boundary, although from a different
approach than Hornung and Taylor [19]. The approach taken here was to do
experiments in air over a wide range of Mach numbers and initial pressures,

and to find transition boundary points by doing both MR and RR experiments, in

close proximity to the boundary.
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In this investigation, the objectives were:

1. To determine precisely several RRe«»MR transition boundary points

by doing experiments very close to the boundary.

2. To use the lowest pressure possible to maximize viscous effects.

3. To obtain the deviation from inviscid theory of the reflected wave

angle in RR at the RR«»MR transition boundary.

4, To predict the RR=«»MR transition boundary in air for any initial

pressure and incident-shock-wave Mach number.

The present research continues a long program of study of

oblique-shock-wave reflection supervised by Professor I. I. Glass at the

Previous

[14],

University of Toronto Institute for Aerospace Studies (UTIAS).
(211,
Ben-Dor [22], Ben-Dor and Glass [15,23], Ando [24], Ando and Glass
[26], [16],

Deschambault [29], Deschambault and Glass [30], Hu and Glass

Law and Glass

(253,
Hu and Shirouzu [27], Hu [281,

researchers include Molder [20], MWeynants

Lee
and Glass Shirouzu and Glass
[31,32] and Li

and Glass [33].
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Chapter 2

DESCRIPTION OF OBLIQUE-SHOCK-WAVE REFLECTION

In this chapter, the types of reflection and conditions associated with
each are discussed for inviscid flow. The effects of viscosity on shock-wave

reflection are treated in Chapter 3.

2.1 Dynamics of Oblique-Shock-Wave Reflection

When a shock wave passes over a wedge in a shock tube, two simultaneous
processes occur [15]:
(a) deflection of the flow at the wedge corner, and

(b) reflection of the incident shock wave from the wedge surface.

The first of these, deflection at the corner, can take place via
supersonic turning through an attached oblique shock wave (Fig. 6a,b), or
subsonic turning with a detached shock wave (Fig. 6¢c). In the attached shock
wave cases, the shock will be straight if the flow behind it is supersonic
(Fig. 6a), or curved if the flow behind it 1is subsonic (Fig. 6b). The

necessary conditions for each configuration are obtained from gasdynamics[34].

The reflection process can take place via RR, SMR, CMR, or DMR, The
speed of the incident shock wave is constant. While there is some attenuation
of the shock wave with time due to the wall boundary layer [36], it is not
significant over very short wedge distances. The flow 1is pseudostationary,
and consequently a frame of reference can be attached to the reflection point
P in RR and the triple point T in MR, It can also be made self-similar by
transforming the independent variables from x,y, and t to x/t and y/t [35].
Self-similarity makes the shock pattern and the flow-property distributions

retain identical shapes, but increase in size linearly with time,

.............
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2.2 Types of Obligue-Shock-Wave Reflection

2.2.1 Regular Reflection (RR)

Regular reflection is shown schematically in Fig. 7. It is the simplest
of the four types of reflection since it has only an incident shock wave [ and
a reflected shock wave R. The flow at reflection point P must remain parallel
to the wedge. Therefore, the flow deflection through R must be equal and

opposite to the deflection through I. This can be expressed as:
8, - 6, =0 (2.1)

There are actually two possible solutions for the reflected-shock-wave angle,
a strong and weak solution [34]. The weak solution is the only one which is
usually found in practice. The simplicity of the shock configuration makes
calculation of the flow properties fairly easy. Appendix A contains a

description of the method of solution used by Hu and Shirouzu [27].

The reflected wave can be straight or curved near P depending upon the
Mach number of the flow M2 in region 2. If the flow in region 2 is
supersonic, M2 > 1, relative to P, the reflected wave must be straight since
disturbances from the wedge corner can not propagate toward P (Fig. 8a). For
subsonic flow, M2 < 1, in region 2 relative to P, R will be curved (Fig. 8b)

since disturbances are propagated from the corner to affect it.
2.2.2 Mach Reflection (MR)

Mach reflection is characterized by the appearance of a Mach stem M, and
slipstream S (see Figs. 9 through 11). The necessary condition that flow
remain parallel to the wedge surface 1implies that the Mach stem must be

perpendicular to the wedge surface. The Mach stem often has some curvature

[16], but is usually approximated as being straight for some analyses.




- e

Consider the flow in the vicinity of triple point T. The flow can follow
two paths; the first through regions 0, 1, and 2, and the second through
regions 0 and 3. Recions 2 and 3 are separated by a contact surface or
slipstream S. Across S, the pressures and flow direction must be equal, and
the density, temperature, and entropy can differ. The boundary conditions are

- therefore:

(2.2)
Py = P3 (2.3)

As mentioned previously, the flow at T can be considered
pseudostationary, thus X remains constant as the shock travels up the wedge.
The solution of MR 1is somewhat more difficult than for RR. Appendix A
outlines the method of solution by Hu and Shirouzu [27], which also contains
RR and MR solutions for a wide range of Mach number and wedge angle for

various gases.
The unique properties of each type of Mach reflection are now described.
2.2.2.1 Single-Mach Reflection (SMR)

A schematic diagram of SMR is shown in Fig. 9. In SMR, wunlike CMR and
DMR, the reflected shock R is continuously curved from the triple point T to

the wedge corner since the flow in region 2 is subsonic relative to T,
2.2.2.2 Complex-Mach Reflection (CMR)

Figure 10 shows a schematic diagram of CMR, which differs from SMR due to
the appearance of a kink K in the reflected shock. The kink arises from a

band of compression waves which converge on to the reflected shock at K [12].
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A The flow in region 2 is supersonic relative to T for CMR and DMR, and the

N reflected shock there is straight.

2.2.2.3 Double-Mach Reflection (DMR)

™,
“5 Figure 11 shows a schematic diagram of DMR, which differs from CMR due to
&
'H the appearance of an additional Mach shock (stem) M' and slipstream S' at a
5%? new triple point T' (what used to be the kink K in CMR). The pattern of shock
‘:§: waves and slipstream 1is the same for both T and T'. By applying the
. ~" "
L -
Uil gasdynamics equations in the same manner as for the solution at T, the flow
o velocities and states can also be solved for at T' [27].
;-:7:
)."
" 2.3 Transition Criteria
‘Y
B
oy 2.3.1 RR«»MR Transition
\'.
itl Several different criteria have been proposed for the transition from RR
Wwh
to MR. Each of these is now described.
_,)
"k: 2.3.1.1 ‘'Detachment' Criterion
.5_{
: The 'detachment' criterion was proposed by von Neumann [5,6]. It stated
‘-.
::} that transition would occur when the flow deflection through the incident
() *P‘.
.:§ shock exceeded the maximum deflection possible, 8om? through the reflected
~
't
y shock (Fig. 7).
' N
S 6, - 8, =0 (2.4)
yj; 1 2m
AN
= At this point, the boundary condition of tangential flow at the wedge surface
i:% could no longer be satisfied with a RR or 'two-shock' configuration, and MR,
.
;(j a 'three-shock' configuration, would be necessary. This boundary is shown in
" Fig. 12.
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Consider the shock polar [34] in Fig. 13, The shock polar is for a
constant Mach number M0 in region 0. The 'incident shock' curve represents
all possible flow-pressure ratios in region 1 arising from a flow deflection
e through an  incident shock. Curves R1 to R5 represent possible
flow-pressure ratios in region 2 after a deflection 02 through a reflected
shock R. The 'Mach stem' curve represents possible states in region 3 arising
from the flow through a Mach stem in MR, If any of the curves, Rl to R5,
intersect the ordinate axis, RR is possible since the condition of no net
deflection at the wedge surface is satisfied (Eq. 2.1). If any of the curves,
Rl to R5, intersects the 'Mach stem' curve, then MR is possible, since the

necessary conditions of equal pressure and flow direction in regions 2 and 3

are satisfied (Eqs. 2.2 and 2.3).
Five separate cases are represented by R1 to R5:

Rl1: Only RR is possible -- point a

R2: RR and MR possible ~- point b
No net deflection, therefore x is equal to zero
for MR (Fig. 9)

R3: RR (pt. f) and MR (pt. c¢) both possible

R4: RR (pt. g) and MR (pt. d) both possible
Limit of RR reached

R5: Only MR 1is possible -- point e

The 'detachment' criterion states that as the wedge angle 1is decreased,
the flow will follow path a-b-f-g (RR) and then jump back to d (MR). In
effect it states that as wedge angle is decreased, with M0 constant, RR will
be maintained until it is no longer physically possible, and only then will MR
occur, It should be noted that the jump from g to d has a sudden drop in

pressure,
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2.3.1.2 'Mechanical Equilibrium' Criterion

The ‘mechanical equilibrium' criterion, which was proposed by Henderson
and Lozzi [12], is shown in Fig. 12 for frozen air. They investigated the
RR«>»MR transition boundary in unsteady flow by reflecting shock waves from
concave and convex wedge surfaces. During transition, both from RR to MR and
MR to RR, neither unsteady expansion waves nor compression waves were seen,
Some hysteresis was noted depending on whether transition was from RR to MR or
MR to RR. Henderson and Lozzi [12] argued that the absence of unsteady
expansion or compression waves implied that the transition process was steady,
in 'mechanical equilibrium'. This criterion for transition was extended to
the pseudosteady case, even though their experiments with flat wedge surfaces
showed persistence of RR below the ‘'detachment' criterion boundary. These
points which persisted into the MR region were presumed to be MR with Mach

stems so small that they could not be seen.

On the shock polar diagram (Fig. 13) the 'mechanical equilibrium'
criterion 1is vrepresented by path a-b-c-d-e. Beginning at point a, as wedge
angle is decreased the solution will continue to be one of RR. When point b
is reached however, both RR and MR are possible. According to the criterion,
points lying immediately on either side of the transition boundary should have
the same flow-pressure ratio. Therefore, as wedge angle is further decreased,
MR occurs and the flow is represented by points between b and c. As wedge

angle is further decreased, the path goes to d and e.

At transition (point b):

6y ~ 0y = 03 =0 (2.5)

-10-




By comparison, the 'detachment' criterion states that at b, when the wedge
angle 1is further reduced, the flow remains as RR until point g is reached.
Further reduction in wedge angle causes 'detachment' to occur and there is an

immediate jump to point d, along with a sudden decrease in pressure ratio.

Many experimenters have shown RR to persist below the 'detachment'
criterion boundary, which 1is well away from the 'mechanical equilibrium’
boundary (Fig. 12). Some of Smith's data [8], which are quite extensive,
clearly show the persistence of RR (Fig. 14). Some more recent data from
Deschambault [29], which cover a wider range of Mach number, are shown in
Fig. 15. It 1is the 'detachment' criterion that is now universally accepted

for pseudostationary oblique-shock-wave reflection.

2.3.1.3 'Sonic' Criterion

Hornung and Kychakoff [17] and Hornung, Oertel, and Sandeman [18]
proposed yet another theory, the 'sonic' criterion., From a physical point of
view, they suggested that for a Mach stem to form, a length scale would have
to arise as a result of signals transmitted from the wedge corner. For this
to occur, the flow in region 2 relative to P in RR must be subsonic. This

transition criterion is best expressed as:

Gy = fipg = 0 (2.6)

The boundary for this criterion is very close to that predicted by the
'detachment' criterion since the flow detachment angle ? and the sonic angle
differ by only one or two degrees [34], and a resolution between the two

is difficult to achieve experimentally.

Hornung et al [18] also hypothesized that the persistence of RR beyond

the 'sonic' criterion boundary was due to the viscous boundary layer that is
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Q induced behind the shock waves. Hornung and Taylor [19] later demonstrated
SS that the transition boundary was affected by changes in initial pressure, in
1
b a vrelationship consistent with boundary-layer theory. However, their
oY experiments were only for one particular Mach number in argon. A greater
]
Hﬁ:§ discussion of their work can be found in Chapter 3.
s
A For the case of frozen air, a computer program was written to find the
;Q:i RR«-»MR transition boundary for any of the three transition criteria. This
ot
h *é program is listed in Appendix B. The program contains provision for viscous
effects, and can be easily modified to solve for any frozen gas. Its small
fﬁf; size and simple construction makes it adaptable to microcomputers.
R o
;23
e 2.3.2 SMR=»CMR Transition
c'
:}i: The existence of CMR was first noticed by White [9] to occur when the
‘iﬁﬁ' Mach number 1in region 2 relative to the triple point was greater than one.
o
This implies that transition may occur when:
f..-:'_.-
;J;:.-I. M = 1 (2-7)
PR 2T
3
EN
i A mechanism for the transition was proposed by Henderson and Lozzi [12] in
T:fs terms of a band of compression waves. Law and Glass [14] and Ben-Dor and
o
.:ﬁ; Glass [15] verified that transition occurs according to Egq. 2.7. Law and
\.\t
= Glass [14] also predicted the location of the kink with the equation:
::::::
'_'_:'_'::
o where LT / LK is the ratio of the horizontal distance from the wedge corner of
o 4
:{jij T and K respectively (Fig. 16). Bazhenova et al [13], Ando and Glass [25],
N
~5jﬁ and Deschambault [29] found that this expression was not valid near the
RRewMR boundary. They showed experimentally that the ratio approached unity.
R
o
v
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An additional necessary criterion was added by Shirouzu and Glass [16];
that the angle between the incident and reflected shocks, &, must exceed 90
degrees.

s > 90° (2.9)

This has been verified experimentally by Hu [28].
2.3.3 CMR=»DMR Transition

Henderson and Lozzi [12] hypothesized that transition from CMR to ODMR
occurred when compression waves converged to form the second Mach stem, M'
(Fig. 11). Supporting this idea, Law and Glass [14] and Ben-Dor and Glass
[15] showed experimentally that transition occurred when the Mach number in

region 2 relative to the kink equalled one:

M, =1 (2.10)
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Chapter 3

INFLUENCE OF VIBRATIONAL EXCITATION AND VISCOSITY

3.1 Vibrational Excitation

At room temperatures, air behaves as a frozen gas. Only translational
and rotational degrees of freedom are excited. For this frozen or perfect
state, the specific heat ratio, y, 1is constant, and the Rankine-Hugoniot

relations (Ref. 34) can be applied for flow across a shock wave.

At high temperatures, occurring behind a strong shock wave, real-gas
effects come into play. Vibrational excitation, dissociation, and ionization
may be present, Dissociation and ionization occur only for very high Mach
numbers [26], well outside the range of experiments in this study. As such,

they will not be considered further.

To determine the effect of vibrational excitation, two things must be
considered; the magnitude of excitation at equilibrium, and the rate at which

equilibrium is approached.
3.1.1 Effect on the RR«=MR Boundary

At equilibrium, the extent of vibrational excitation depends only on
temperature (see App. C). However, the relaxation Tlength to equilibrium
depends on the temperature and pressure of the gas. Oxygen is excited at a
lower  temperature than nitrogen. The effect of excitation of either
constituent on the RR=s=MR boundary is to lower 1t, as shown in Fig, 17. It
can be seen that the maximum effect of oxygen excitation occurs at MS ~ 6, and
the maximum effect of oxygen and nitrogen excitation occurs at MS ~ 10, It
was approximated that air consists of 20: oxygen and 80% nitrogen. A more

detailed description of vibrational relaxation is contained in Appendix C.
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For vibrational equilibrium, the flow across a shock wave does not have
a closed-form solution as does a frozen flow, It must be solved numerically
using the equations of continuity, momentum, energy, and the equation of

state,

3.1.2 Role of Relaxation Length

Upon passing through a shock wave, the translational and rotational
degrees of freedom are fully excited within a few mean free paths, the
thickness of the shock. The vibrational degrees of freedom take much longer
to reach equilibrium. The size of the relaxation zone is dependent on

temperature and pressure (App. C).

To determine whether an assumption of frozen or equilibrium flow is
appropriate, the relaxation length must be compared to a characteristic length
of the region being studied behind the shock wave. If the relaxation length
is much greater than the characteristic length, then the flow in the region of
interest is in essence frozen. Conversely, if the relaxation length 1is much
smaller than the characteristic length, then an assumption of equilibrium flow
is more appropriate. Flows are considered in nonequilibrium where the
relaxation length is of comparable size to the characteristic length, and must

be treated in a more precise way.

3.2 Influence of Viscosity

3.2.1 Characteristics of Shock-Wave-Induced Boundary Layer

When a shock wave passes over a surface, it induces a velocity in the air
behind the shock [36]. A boundary layer grows behind the shock wave, due to
the friction between the moving air and the stationary wedge surface., This

boundary  layer has a significant efrfect on the flow at the
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shock-wave-reflection point P. In a laboratory-fixed frame of reference, the
flow velocity at the wall must be zero (Fig. 18a). It is convenient though,
to attach the reference frame to the point where the shock intersects the
surface (Fig. 18b). In this reference frame, the flow velocity at the wall
must be that of the wall, relative to the shock. It should be noted that in
this new shock-fixed reference frame, the boundary-layer displacement
thickness, &*, has a negative value, or the wall acts as a sink. Instead of
impeding the flow, the shear stress at the wall tends to 'sweep' the flow away

from the shock wave.

The boundary-layer profile can be calculated by solving the transformed
laminar-boundary-layer equations outlined by Mirels [37,38]. It will be shown
later that the assumption of 1laminar flow 1is appropriate, based on the
Reynolds number of the experiments performed. A summary of the equations used
and method of solution 1is contained in Appendices D and E. Normalized
velocity and temperature profiles are shown 1in Figs. 19 and 20 for the
boundary layer behind a shock wave travelling at MS = 2.0, at Po = 2 kPa and
TO = 300 K. While the boundary-layer size is significantly affected by
pressure, and to a lesser extent by temperature (see App. D), the shape of the
profiles is scarcely influenced by either. Very rapid changes in velocity and
temperature occur close to the wall. Half of the total change in velocity and
temperature within the boundary layer occurs in the first 12% nearest the
wall, It is interesting to note that the temperature and velocity profiles

are quite similar, but at the outer edge of the boundary layer, the normalized

temperature only reaches 0.98 compared to the normalized velocity of 0.99,

The most important thing about the equations is the dependence of the

various size parameters on density or initial pressure, and the variation of

boundary-layer size with distance from the shock wave.




bre 22,

The relationships are:
* 3
§, § =« x (3.1a)
S, 8% « p-é or p-% (3.1b)

This implies that if shock-wave reflection is influenced by viscous effects
for a given gas, Mach number MS and wedge angle 6, are not sufficient to
define the flow; initial pressure or density must also be specified. While
viscosity may not have a great influence where the Reynolds number is high
(high initial pressures), many shock-tube experiments are done at very low
initial pressures where viscous effects are important.
3.2.2 Physical Model of the Reflection Process in RR with a
Shock-Wave-Induced Boundary Layer

As noted before, many researchers have found significant differences
between experiment and the 'detachment' criterion boundary, the ‘von Neumann
paradox' (Figs. 14 and 15). While this differcnce is one indication of
possible viscous effects, additional information is gained by looking at the
reflected wave angle in RR. If the wave angles near the reflection point P
are measured off photographs from RR experiments, and the flow deflections
through them calculated using the Rankine-Hugoniot equations, it is found that
the flow deflection through the reflected wave R is naot equal and opposite to
that through the incident wave I. This difference in angles is defined as the

displacement wedge angle, and is written as:

01 - 02 = 04 (3.2)

and is illustrated in Fig. 21. Displacement wedge angle, od, is a measure of

the deviation of RR experiments from inviscid theory.
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Reflected wave angles «' from RR experiments by Ben-Dor [22] and
Deschambault [29] were obtained by remeasuring the angle & between the
incident and reflected shock waves at a distance of 1 mm from the reflection
point P, and the results for displacement wedge angle by are shown in
Figs. 22 and 23 for ew = 50° and 60° respectively. Error in measurement
should be quite small since the reflected wave R is straight in the vicinity
of the reflection point P for these cases. Figure 22, which is for RR, has
several theoretical curves corresponding to ed =0°, 17, and 2°. The curve
for 8y = 0 extends only up to MS = 1.8, since for Mach numbers greater than
this value and 6 = 50°, RR solutions do not exist. Similarily, for 84 = 17,
there are no RR solutions for 6, = 50° in the range 2.1 < Ms < 3.4. In
Fig. 23, the curves cover the whole range of Mach number since RR solutions

exist for all MS when ew = 60 .

In Fig. 22, where there is a great deal of data, the displacement wedge

angle 84 can be seen to increase as Mach number increases. In the most

extreme case, for Ms = 7.3 and O 50°, the displacement wedge angle 84
exceeds 3°. Concurrent with an increase in Ms’ the experiments had lower
initial pressures, and it is believed that this was the cause of the higher
deviations., It 1is expected that the same phenomenon will influence the

transition boundary. Figure 23 also shows a deviation from the inviscid

prediction, but insufficient data makes trends indeterminate.

In a general sense, for both RR and MR, the boundary layer serves as a
sink. Flow 1is drawn away from the region by the negative displacement
thickness. If the negative thickness is added to the wedge surface to give a
displaced wall, and the result treated as an inviscid approximation to the
viscous flow field, a schematic representation of the physical processes

involved s obtained [19]. This is illustrated in Fig. 24. According to the
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model, an expansion fan exists at the foot of, and behind the 1incident shock

wave, and compression waves subsequently coalesce to form the reflected shock
wave. The compression waves are due to the decrease in rate of growth of the
displacement thickness 6*. The angle at which flow enters the boundary layer
is henceforth referred to as 'boundary-layer flow entry angle’, eb], and its

distribution with respect to x is of the form (see App. D):

(s*/x) xt =, x7} (3.3)

tan( 1

%1) = 1

2
where C1 is a constant based on the flow properties in the freestream,
external to the boundary layer. The variation of 61 with axial distance, as
defined by Eq. 3.3, is shown in Fig. 25 for a typical boundary layer in air,
At x=0, 6y = 90° and the flow enters the boundary layer normal to the surface
(see Fig. 24). At x = lmm, 011 is nearly 0°, and the flow is nearly paraliel
to the surface. While this model gives a qualitative illustration of the flow
processes involved, quantitative information in the immediate vicinity of the
reflection point P can not be obtained from the simple model for the following
reason. The expansion fan right at point P, which turns the flow normal to
the wedge surface, is not an accurate representation of the real process, but
the result of a singularity in the model which occurs at x = 0 (see Eq. 3.3)
Since the distances being dealt with are so small, one must consider the mean
free path of the gas molecules, and whether or not the flow still behaves as
a continuum, As an example, for a RR at MS = 2.0, Pg = 2.0 kPa, and
TO = 300 K, the mean free path of air is calculated to be 2.5 x 10'5 mm based
on region 1 flow Since the concept of a continuum (which the model assumes)
can only be applied over a scale greater than several mean free paths, it is
unwise to believe any quantitative results within this distance of P, The
expansion fan and subsequent compression waves within this distance of P are

therefore probably quite different than what is drawn in the model. Accurate
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3i$§ modelling 1in this region would require kinetic theory which is beyond the
;:%: scope of this work. Note also that the size of these features 1is so small
?;:f that they can not be seen, The model is not based on what is known to occur,
>, but what is believed will occur.
2
ifﬁ It is quite clear from the model that the reflection region 1is very
aff complex. To calculate the growth of the boundary layer, the freestream
;*gi conditions outside the boundary Tlayer must be known. These change with
=:§§ distance from the reflection point however, ranging from region 1 flow
"; properties just behind the incident shock wave, to region 2 flow properties
f&; further downstream. As a simplification, the boundary-layer growth is
:‘:3 calculated assuming constant freestream conditions based on region 1 flow
properties.
7
;Eiz The results for boundary-layer size at a distance of 1 mm from the
:}: reflection point P are shown in Fig., 26. As anticipated, the displacement
e thickness &* is zero for Ms = 1 since there is no flow perturbation behind a
E;;: Mach wave, and & levels off at high M-
'Z” According to the prediction for boundary-layer growth, the boundary-layer
figg flow entry angle €51 will range from 90° at point P, to 0 at x = .
ii% However, only a small region near P should influence the reflection process.
E%A’ The size of this region is the characteristic length of the boundary Tlayer.
;:é? In the case of RR, the characteristic length is taken to be the distance from
%igi the reflection point P at which the experimentally determined displacement
¥l

wedge angle 6q> matches the predicted boundary-layer entry angle © This

e b1*

.:}E characteristic length can be calculated by setting %51 equal to 04 in

EEEE Eq. 3.3, and solving for x. This definition of characteristic length is
;i?: somewhat arbitrary. It is not expected that something unique occurs where 04
§id' and b1 match, but the distance x at which this happens 1is believed to be
\
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representative of the scale of the region of the boundary layer which affects

the reflection process.

3.2.3 Effect of Shock-Wave-Induced Boundary Layer
on the RR«»MR Transition Line

Henderson and Lozzi [12] performed shock-wave-reflection experiments with
a symmetrical wedge in unsteady flow to eliminate any sidewall boundary-layer
effects, and demonstrated that either the 'sonic' or 'detachment' criteria was
correct. As noted previously, it is very difficult to experimentally resolve
the difference between the two criteria. Hornung and Taylor [19] did an
interesting set of experiments in argon to see the effect of initial pressure
on the RRe»MR transition boundary. Using a variable-angle wedge, they did
four series of experiments, each with a different initial pressure. The Mach
number was held constant. In each series, the wedge angle was varied, and
they measured the size of the Mach stem in MR, The point at which the Mach
stem would vanish was extrapolated from each series, and taken to be the point
where transition would occur. The results of the four series showed that the
RR«»MR transition boundary was shifted downward. The magnitude of the shift
was greater when the initial pressure was lower, in a manner consistent with
Eq. 3.1b., Unfortunately, their results were only for one shock-wave Mach

number, Ms = 3,5,

As seen in Figs. 22 and 23, the boundary Tlayer alters the boundary
condition of no net flow deflection at the wall (Eq. 3.2). To predict a new
transition houndary, the 'detachment' criterion might still be used, though in
a modified form. Recall that this c¢riterion stated in principle that
transition would occur when RR was no longer physically possible. At this
point, the maximum possible deflection would occur through the reflected shock

wave, Using this same criterion, but altering the boundary condition at the
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wall (Eq. 2.1), the RR«»MR transition boundary criterion can be written as:

01 = 9o = Oy (3.4)

The effect of various values of B4 ON the transition boundary is shown in
Fig. 27. For each degree of displacement wedge angle, the boundary shifts
downward by approximately 0.7°. The shift in boundary varies linearly with
64 over the range shown. The distribution of «' along the RRe»MR

transition boundary is shown in Fig. 28 for various values of @ The

d!
reflected wave angle ' 1is not affected much by 04 At high Ms’ maximum
shift of w' is obtained, a reduction of «' of 0.44° for every 1° shift in
84 Like the RR«»MR transition boundary, the shift in ' varies linearly

with ed'

It now remains necessary to experimentally determine the deviation of the
RR<«»MR transition boundary from the inviscid 'detachment' criterion boundary,
and to correlate the results with the predicted boundary-layer size. This can

be done by:

(1) conducting experiments to obtain several transition boundary points,

(2) measuring the reflected wave angle ..',

(3) calculating the net flow deflection through the incident and
reflected shock waves to get the displacement wedge angle 04>

(4) equating this Yy value to the predicted distribution of
boundary-layer flow entry angle ©

b1 using Eq. 3.3 to get a

characteristic length.

A look at flow properties of the inviscid RR solution can indicate which

parameters should affect the influence of the boundary layer un the reflection

process, or displacement wedge angle g According to the simplified model of
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Fig. 24, the boundary layer in RR forms in region 1, behind the incident shock

wave. In addition, the reflected shock wave is due to the compressive effects

of the displaced wall which must turn the flow in region 1 back parallel to

this wall. The reflection process 1is therefore dependent on the flow

parameters, Ml’ P> Tl’ 99 in region 1. The boundary layer has been modelled
*

using the displacement thickness &7, which 1is a measure of the increase of

mass flow in the boundary layer relative to the freestream, Displacement

thickness 1s defined at freestream conditions Ml’ Py Tl’ and by using it to
represent the boundary layer, the influence of Py and T1 are accounted for.
The effect of @1 and M1 on the reflection process in the presence of a

boundary layer is still unknown,

The variation of o and M1 with MS is shown in Figs. 29 and 30. It can
be seen that the two parameters are relatively stationary at high Mach number
(MS > 5.0), and change quite rapidly at low Mach number (MS < 3.0). The
boundary-layer displacement thickness 1is also fairly constant for high MS
(Fig. 26). The three parameters which are believed may affect the RRe»MR

transition boundary shift due to viscosity, M 015 and boundary-layer size

19
(for fixed pO) are all approximately constant at high Ms‘ It should therefore
be anticipated that for a fixed initial pressure, the displacement wedge angle

4 and therefore the shift of the RR=»MR transition boundary due to

viscosity, should also be relatively invariant at high Ms' As a result, a

viscous RR=»MR transition boundary should be quite flat at high MS (see

Fig. 27).
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Chapter 4
EXPERIMENTAL WORK

4,1 Shock-Tube Facility

Experiments were carried out in the UTIAS 10cm x 18cm Hypervelocity Shock
Tube. This facility has the capability of both cold-gas driven and
combustion driven runs, However, combustion driven runs were not attempted
owing to the possibility of damaging the test-section windows when operating
with high wedge angle [39]. A full description of the facility and its

capabilities can be found in Boyer [40] and Ben-Dor and Whitten [41].

By increasing the pressure in the compression chamber on one side of a
diaphragm until it ruptured, shock waves were sent down the channel. The
driver gas was added slowly so that after the diaphragm ruptured, the shock
speed would not be influenced during its time of travel by the additional mass
flow. Shock speeds were controlled by varying the type of driver gas, the
diaphragm thickness and pressure ratio across the diaphragm. The diaphragms
consisted of several sheets of mylar polyester stacked together. The sheets
were available in several nominal thicknesses, and by proper combination
nearly any desired thickness could be achieved. There is a practical limit to
the maximum thickness which can be used since very thick diaphragms do not
break properly and their breaking pressure is unpredictable. For this reason,
the maximum overall diaphragm thickness used was 1.07 mm. The driver gases
used were CO2 and He, Shock-wave Mach numbers up to MS = 6.5 were achieved,
While H2 as a driver gas would give even higher shock speeds, the possible
risk of explosion made its use undesirable. For test gas pressure under 26.7
kPa (200 torr), commercially available Medical Grade Air was used. All other

runs used air from the laboratory as the test gas.
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Initial gas temperature was measured by a mercury-bulb thermometer
embedded in the shock tube wall. A minimum of 5 minutes was allowed between
entry of the test gas and reading from the thermometer to allow the
temperature to stabilize. The thermometer scale was marked at 0,1 C

intervals.

The initial gas pressure was measured by a series of Wallace and Tiernan
type FA 160 dial gauges. The range and maximum error of the gauges are shown

below.

Range Absolute Error
1 0 - 50 torr ( 6.67 kPa) 0.2 torr
2. 0 - 200 torr ( 26.7 kPa) 1.0 torr
3 0 - 400 torr ( 53.3 kPa) 2.0 torr
4. 400 - 800 torr (106.7 kPa) 2.0 torr

To guard against possible leakage of air into the shock-tube test section,
test gas pressure was checked at the time of admission, and also 5 minutes
after. Leaks which would cause a variation in pressure of greater than 0.05
torr (6.7 Pa) at the time of firing the shock tube were unacceptable and the
runs were aborted. This corresponds to a leak rate of approximately 0.01

torr/min. and was found to be extremely rare.

The incident-shock-wave speed was determined by measuring the time
interval between a common starting point and several stations distributed down
the channel. Time intervals were measured by 5 digital counters using a 1 MHz
oscillator as a common time base. Trigger signals from each station were
obtained using Atlantic LD-25 blast-wave pressure-transducers. Start signal
for all the counters came from stacion D, and the 5 counters were stopped by

signals from stations F, G, H, I, and J. A schematic diagram of the set-up 1s
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shown in Fig. 31. To allow for deceleration of the shock wave, owing to the
sidewall boundary-layer growth, a second-order best-fit curve was applied to
the measurements from stations F, G, H, and I, and extrapolated to give a
velocity at the center of the test section. The interval at station J was not
used because the shock-wave speed changes significantly after it has passed

over the wedge.

Shock-wave-reflection patterns were recorded using a 23 cm dia.
field-of-view Mach-Zender interferometer. With the exception of 4 experiments
where shadowgraphs were taken, infinite-fringe interferougrams were used. Two
wavelengths were used for the interferograms (3971 A and 6943 &) to establish
both qualitative and quantitative results. The 3971 & interferograms give
twice as many fringes as the 6943 & interferograms, but suffer from lack of
contrast. This type of recording was chosen because it gives a great deal of
quantitative density information, and the presence of fringes makes it easier
to see the Mach stem, even when it is quite small. The 4 shadowgraphs were
taken to compare resolution between them and the interferograms, and were

found to be inferior.

The Tight source for the interferometer was a giant-pulse ruby-laser
incorporating a TRG model 104A laser head, a 7RG model 2113-1 harmonic
generator and TRG Pockels Q-switch. The flashlamp capacitor bank of the laser
and the Q-switch were fired at the appropriate times by delaying the trigger
signa: from stations F and I respectively. The capacitor bank was fired at
900.s before the Q-switch in order to get a single giant pulse from the laser.
In this mode, the laser delivers 0.8 Joules of 1light energy in a 15 ns pulse.
Interferograms were recorded on Kodak Royal-X Pan film, and developed in Kodak
HC-110 developer., The negatives were developed using twice the recommended
time, to increase the effective film speed [nominal speed is 125C ASA, anc

contrast.
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4.2 Range of Experiments

Experiments were done to determine several RR=»MR transition boundary
points., Equipment Tlimitations often determined which initial pressure cou:d
be used. In the low Mach number range (Ms < 1.5), pressures had to be near
atmospheric so that the pressure Jjump across the incident shock wave was
sufficient to trigger the timing equipment and the laser. At very high Mach
numbers (MS < 4.,0), very low initial pressures were needed to achieve
sufficiently high pressure ratios across the diaphragm, but at the same time
must be high enough to trigger the equipment. Low initial pressures are

extremely beneficial since they enhance viscous effects,

Experiments were performed over a range 1.1 < MS < 6.5 using wedges of
42°, 45°, 470, and 48°. Pressures ranged from 400 Pa (3 torr) at high Ms’ to
101 kPa (760 torr) at very low Ms. Typically, to determine a particular
transition boundary point, wedge angle and diaphragm thickness were held
constant. Runs were then done at several different initial pressures. The
Mach number for each run is thus slightly different since the pressure ratio
across the diaphragm is altered. A transition point (po, Ms’ 6 ) 1is thus

W
obtained.

It is a desirable condition to vary the initial pressure, Po> and shock
Mach number, Ms’ for a fixed wedge angle, Bw, particularly when Tooking for
a transition point at high Mach number. As discussed in Chapter 3, for a
constant pressure it is expected that the RR«»MR transition boundary on the
(MS, “w) plane is relatively flat at high MS for Py constant,

Experimentally then, if Py and ty are fixed, and MS varied, one could

conceivably be doing experiments parallel to the transition boundary, but not
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'§hﬁ crossing it. In the low MS region where the inviscid transition boundary is
_S;E quite steep, this problem should not occur.
et
) . It was attempted in one series of experiments (at low Ms) to hold the
Eés initial pressure constant and change the diaphragm thickness to control shock
:}: speed, but it was extremely difficult to find the proper combination of
::;: diaphragms to achieve the required breaking pressure and shock speed Ms’ This
:igi method is not recommended. A variable-angle wedge or plunger to rupture the
.E;f diaphragm at a desired pressure would solve most of these problems, but the
e UTIAS shock tube 1is not equipped for either. If further work in finding
’{iﬁ transition boundary points is to be done, it is highly recommended that both
-:;: mechanisms be used to greatly simplify the experiments.

:j;" 4.3 Measurement of Data from Interferograms

ig; The one drawback to recording shock-wave reflections photographically is
Vo the inevitable problem of interpreting the data. Flaws in the optics and
ii; grain of the film 1imit the resolution of the interferograms, and can make
QE; determination of the type of reflection difficult and subjective. In the case
«)_ of transition from RR to DMR, determination is rather simple. In DMR the two
;ﬁéa Mach stems are separate and distinct, Transition from RR to SMR or CMR s
;Eg often ditficult to see. The Mach stem in MR may be so small that its size is

Arg almost immeasurable, and the fringe disui~rtion caused by the slipstream can be
ii; confused with that caused by the boundary layer.

o

-5 Jne way of separating the two is to look at the shape of the fringe
i:f; distortion, A slipstream should slope toward the wedge surface and distortion
:Sé; from it appear to decrease in size as distance from the Mach stem increases.
o5 A boundary-layer-induced distortion, if visible, should increase 1in size as

distance from the reflection point increases.
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Measurement of wave angles is also difficult. For optical reasons, the
reflected shock wave appears to have a finite, measurable thickness (Figs. 39a
and 39%). It also appears to be quite 'fuzzy' near the reflection point. It
was found that a precise and accurate measurement of angle could only be made
at distances of 1 mm or greater from the reflection point. The angle between
the incident and reflected shock waves, &, was measured by drawing T1ines
tangent to the incident and reflected shock waves at a distance of lmm from P,
and trigonometrically determining the angle. Both first and second harmonic
photographs were measured independently. If the angles measured from the two
differed by more than 1.5°, they were remeasured until they were within 1.5°.
The wave angle was taken as the average. Wave angles measured by different
people wusing different techniques can differ by as much as 3" and is highly
subjective. For this reason, one should not be too alarmed by different wave

angles quoted for the same pnotograph.
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Chapter 5
DISCUSSION OF RESULTS

In this chapter, the experimental results will be discussed in three

separate and distinct sections:

(1) A gualitative look at some of the features observed of the 4
types of reflection

(2) An analysis of the transition boundary shift obtained, and its
relationship to the boundary Tlayer

(3) A brief ohservation of the effect of the boundary layer on

the Mach stem in MR

5.1 Observed Features RR, SMR, CMR and DMR

Figures 39 through 42 illustrate the four types of reflection obtained,
and reveal some interesting features of the flow. Figures 39a and 39b show a
case of regular reflection (RR). No evidence of a Mach stem or slipstream is
seen at the reflection point P, Some distortion at the wedge surface

indicates the presence of a boundary layer.

There is no physical evidence that the structure of the reflected shock
wave 1is Tlike the physical model in Chapter 3 (Fig. 24). Rapid curvature of
the reflected shock wave near the reflection point 1is not seen (Fig. 39b),
contrary to the model. This would suggest that the size of region which
dominates the reflection process may be smaller than can be seen in the

interferogram, or that the model is inaccurate and a better one is needed.

For this set of experimental conditions, the theoretical, inviscid
solution is that of Mach reflection (MR), with a triple-point-trajectory angle

X = 2.84 ., This 1is shown in Fig. 39a. The difference between theory and
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experiment is particularily notable in this case, since the initial pressure
N is quite high (p0 = 100.8 kPa). With lower pressure, one would expect even

, greater disagreement between theory and experiment.

. Figures 40a and 40b show a case of SMR. The Mach stem is quite evident,
\ \ as 1is the slipstream. Again, the Mach stem is much smaller than the inviscid
prediction. Clearly, the slipstream slopes toward the surface, and it is this
f feature which distinguishes it from the boundary layer. In some cases with an
?K extremely small Mach stem, this is the only way to differentiate between RR

and MR,

, Figures 4la and 41b show a case of CMR, The exact position of the kink
K is not certain due to the apparent thickness of the shocks, but the
curvature reversal is quite clear. It is probable that some cases of CMR were
judged to be SMR., Near the RR<«»MR boundary, the kink is very weak, and it is
likely that in some marginal cases it can not be distinguished, even though it
exists. The slipstream emanating from the triple point slopes down to

: interact with the boundary layer on the wedge surface. Note that this is a

shadowgraph, so fringes do not appear. In one aspect, shadowgraphs are

superior. The shocks tend to appear thinner and more well defined than in

interferograms.

Finally, DMR is shown in Figs. 42a and 42b, Again, as with SMR and CMR,
the triple point does not follow the predicted trajectory. In this case the
difference is quite large (2.8"), likely due to the low initial pressure

(p0 = 1,47 kPa), and the resultant large viscous effects.
5.2 RRa»R Transition Boundary Shift

A summary of the 98 experiments performed is contained in Table 1. ™n

addition, they are plotted in the (MS, ”w) plane for each wedge angle in Figs.
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32 to 38. From the series of experiments, several points were selected which
were felt to represent the limit of RR, transition boundary points. The
selection of transition points from experimental data is often not clear and
as a result subjective. The difficulty comes about in part from the fact that
both Mach number and initial pressure change in a series, a limitation
dictated by the equipment available (see Chapter 4). Ideally, for a fixed
wedge angle, as the initial pressure is dropped the Mach number will increase
gradually. A1l the experiments will be one type of reflection, and then at
some point the type of reflection will change from RR to MR or MR to RR. As
Mach number is further increased the type of reflection would not change back.
In this ideal situation the point of transition is quite distinct. Remember
that a transition point is defined by Ms’ ew, and Po- Although far from
jdeal, this behavior can be seen in Figs. 32, 33, 35a, 35b, and 38, A

transition point is relatively easy to pick.

In Figs. 34, 36, and 37, the transition paint 1is not so clear. The
regions of RR and MR are not distinct from one another, and there is overlap.
The progression of Mach number with decreasing initial pressure is not smooth.
In cases where MR experiments appeared in what was thought to be a RR zone or
vice versa, runs were repeated in an attempt to check their validity.
However, in these three series of experiments, the RR and MR regions could not
be clearly defined. It then became highly subjective in selecting a
transition point. In Fig. 34 there is some overlap but it is not too bad.
Figure 36 bhas quite a great deal of it, and the only portion where RR and MR
are separate and distinct is near MS = 4,0, Fiqure 37 has two RR points in an
apparent MR zone (MS = 4,65, 5.28) but these are not considered valid since
they could not be repeated. Some of the overlap of regions at Tow MS is
undoubtedly due to misjudging of type of reflection. MR runs at low Ms are

very difficult to distinguish from RR. The points which were judged to
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represent the 1imit of RR, or transition, are indicated on each of the figures

and summarized in Table 2.

An additional transition boundary point is taken from experiments by

Deschambault [29]. In a series of experiments at (Ms = 3,71, ew = 49;, Pg ~

6 kPa) he obtained examples of both RR and MR. It was suggested that the RR

. case was actually MR, 1ts Mach stem not having had time to grow sufficiently
to be seen. In the RR case the shock had travelled 60% of the way up the

wedge. In the MR case, the shock had travelled 80% of the way, and had a
triple-point-trajectory angle X = 1.37. If the RR case were actually MR as

suggested, then one might expect that with x = 1.3°, the Mach stem would be

approximately 1.4 mm high at 60% up the wedge surface. A Mach stem of this

size would be quite visible. A more likely explanation for the difference is

that the experiment lies at or very near the RR MR transition boundary.

From an examination of Figs. 35a and 35b, it is quite clear that initial
pressure has an effect on the position of the transition boundary. The two
sets of runs, which have a different range of initial pressures, have
significantly different Mach numbers at transition. The transition point
corresponding to the lower initial pressure has a higher Mach number, which
puts it further from the inviscid transition boundary. This is entirely
expected as viscous effects should be more prominent for cases with Tlower

initial pressure.

The analysis of the transition boundary points will take the following
steps:
3 (1) Comparison of the selected transition boundary points with
the inviscid 'detachment' criterion boundary
(2) Comparison of reflected wave angle ' with that predicted

by the ‘'detachment' criterion
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b
s (3) Reduction of experimentally determined displacement wedge
(’li angle ¢, to a common initial pressure
;iii (4) Comparison of ed to predicted boundary-layer size
g‘ (5) Calculation of characteristic length
:$§ (6) Prediction of a viscous RR«»=MR transition boundary for air y
A‘!‘\":

The selected transition boundary points are plotted against the inviscid 4
i'? ‘detachment' criterion boundary in Figs. 43 and 44, Notice that the deviation
f:?% from the inviscid boundary is mucnh greater at high Ms’ due primarily to low
n initial pressure. The highest deviation from the 'detachment' criterion
i é: boundary is 5.4 in ew’ which occurred for an experiment with ew = 457,
E:;E Ms = 6.21, Pg = 0.45 kPa. This behavior, persistence of RR well below the
E:. 'detachment' criterion boundary at high Ms’ is certainly not applicable to all
;Zf gases. Experiments by Hu [28] in SF6 and Ikui et al [42] in Freon-12 show
iiﬁ persistence of DMR above the 'detachment' criterion boundary at high Ms'
b These two gases are unique since they both have a low specific heat ratio .
é%:% One should therefore be cautious 1in extending the high MS results of this
:E:I investigation in air to other gases without doing a similar analysis.
.~
»{3, In the low M_ regime (Fig. "3), some of the points seem quite close to
;;;? the inviscid boundary, and the difference might be taken as insignificant,
Qii% However, this is not the case. Only the steep slope of the boundary makes the
e differences appear quite small. Note also (Fig. 26) that the boundary layer
Tiiﬁz should also be much smaller at low Ms‘
A
oy It can also be shown that the 'detachment' criterion, which states that
:Iiﬁ transition will occur when the maximum flow deflection possible occurs through
;E&§ the reflected shock wave, still seems to hold under the influence of
s.:,w:: 1
o
A2
o -34-
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viscosity. In Fig 45, measured values of reflected-shock-wave angle ' are

compared to those predicted by a modified 'detachment' criterion (Eq. 3.4).

The variation of reflected-shock-wave angle w' with displacement wedge angle

6, as predicted by Eq. 3.4 is quite small. Experimentally obtained w

d
values are close to the predicted values, within experimental error in
measurement. This implies that the concept of the 'detachment' criterion s

still valid.

Due to experimental limitations, there was a wide variety of initial
pressures. Valid comparison of results requires reduction to some standard.
While it may at first seem desirable to reduce results to a common Reynolds
number, this is not chosen for the following reasons. The boundary-layer size
does not reduce to a simple dependence on Reynolds number (see App. D). Also,

it would be a misleading representation since the only valid length scale,

which is necessary to define a Reynolds number, is the characteristic Tlength

which may not be the same for all the experiments.

Instead it is chosen to reduce the results to a common initial pressure.
From Eq. 3.1b it can be seen that any viscous effect can be scaled by initial
pressure. Figure 46 displays the experimentally determined displacement wedge
angle ed, a result of viscous effects, after reduction to an initial
pressure of 2.0 kPa. Remember that 84 is obtained by applying gasdynamics of
frozen flow to calculate the flow deflection across the incident shock wave
and the measured reflected shock wave. As anticipated, the displacement wedge
angle 64> a measure of departure from the 'detachment' criterion boundary, is
relatively constant at high Ms, with a value of approximately 4°. At low Ms’
bq is higher, near 6.5 . This is an unexpected behavior since the predicted
boundary-layer size is much smaller at low Ms (Fig. 26). The source of

scatter of the two points near MS = 3.8 is unknown,
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To appreciate this difference quantitatively, Fig. 47 shows the ratio
between a predicted boundary-layer size parameter, and the experimentally
determined 6y As a measure of the predicted boundary-layer size, the
boundary-layer flow entry angle Ob] at a distance of 1 mm from the reflection
point P is wused (see Eq. 3.3), and given the special symbol 2. This
3

boundary-layer size parameter, ii , was chosen instead of &*/ x* since it has

the same sense as ed, both being angles. While less fundamental than &* / xé
it is a valid representation, for comparitive purposes, of boundary-layer

3

size, since it is proportional to §* / x°,

Q=0 (5.1)

b]x=1mm

The experimentally determined 84 is much larger than 611 in the predicted
boundary-layer at x =1 mm. This indicates that the characteristic length of
the boundary layer which dominates the reflection process is much 1less than

1 mm.

Since the displacement wedge angle has been determined experimentally,
and the boundary-layer size &% / xé has been predicted, the characteristic
length can be determined by putting the two values into Eq. 3.3 and solving
for x. This has been done and is shown in Fig. 48. The characteristic length
ranges from 0.0025 mm at Tow Ms to 0.048 mm at high Ms‘ With values so small,
it would be impossibie to resolve any features in the region of reflection
point P which is dominated by viscous forces. It is also so small that the
previous assumption of frozen flow and laminar boundary layer in the region of
interest 1is correct. The smallest vibrational relaxation length for the
experiments was found to be 33 mm for O2 in Exp. 62 for which Pg = 0.45 kPa
T0=24.8fC, MS =6.21 (see Fig. C-1). In addition, the maximum Reynolds number

was of the order of 103 based on the characteristic length, much less than
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that at which transition to turbulent flow (105) might be expected to

occur [36].

The inability to see any details of the viscous reflection process near

P demonstrates the necessity for numerical codes which can simulate these

processes. Inviscid numerical simulations of shock-wave reflections currently

- give excellent results [43], as do codes which approximate the effects of
viscosity [51], but a solution of the Navier-Stokes equations very close to

the reflection point P is still a step beyond. However, rapid technological

advancement of supercomputers should make this possible in the near future.

It was shown in Fig. 47 that the ratio of experimentally determined
displacement wedge angle 6d to boundary-layer size parameter Q was much
greater at low Ms' In other words, a boundary-layer of a particular size will

have much more effect on RR at low Ms than at high Ms‘ It is hypothesized

that this ratio should be dependent on flow deflection 84 through the

incident shock wave for the following reason. The ability of a boundary layer
to influence a reflection process should be affected by the relative size of
the forces 1involved. The effect of the boundary-layer 1is that of mass
transfer from the reflection point P. The rate at which mass 1is transferred
toward the wedge surface after deflection through the incident shock wave 1is
proportional to sin(el). If the flow deflection through the incident shock
wave is quite small, then the influence of the boundary layer should be quite
significant compared to the mass transfer towards the wall which gives rise to
the reflection process. At high Ms’ the mass transfer in the boundary layer
is less significant compared to the mass transfer toward the wall, so it has

less effect on RR.
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Figure 49 shows the ratio @ / b4 3 @ function of deflection angle 6
through the incident shock wave. 61 is very close to sin(el). The
relationship appears to be close to linear, as might be expected for the

hypothesis given above.

The net result of all this is a prediction (based on experimental
results) of a viscous RR=»MR transition boundary for air. If a linear
relationship between 2 / o, and sin(el) is assumed (see Fig. 49), and the
result applied to the predicted values of 81 and boundary-layer size parameter
¢ (Eq. 5.1), a distribution of 0y is obtained. When substituted into the
modified 'detachment' criterion (Eq. 3.2) the result 1is a new RRa«»MR
transition boundary. This is shown in Fig.50, for a nominal initial pressure
of 5.0 kPa. Scaling to any other 1initial pressure is simple, since the
difference between the inviscid and viscous boundaries is a direct function of
initial pressure (Eq. 3.1b). Note that Fig. 50 is quite similar to Fig. 27
since the experimental values for 84 were found to be constant at high Ms’

which is precisely what is plotted in Fig. 27, curves of constant 04

5.3 Behavior of X Near RR«»MR Boundary

In the series of experiments for wedge angles of 47~ and 48 , many MR

cases were obtained, with reasonable variation of initial pressure. It is
expected that the boundary layer on the wedge surface will act as a sink and
'pull’ the triple point down toward the wedge. The boundary-layer size, and
presumably its influence, should increase with decreasing initial pressure
(see Eq. 3.1b). The difference between the inviscid predictio