[+ ]
o
o
a3
o
-
a
'
o
T




wg‘.__A._

WY W T - e e

I

——

—
——
——
—

I s

g2 2
lé-“l?-zmz.z
Copg M=
£ e 20
e

——

s

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUKEAL 7F 5TANGARDN 190+ &

-




1 -

- SaIgHol

£
i
<«

' Ome fiE coes (5

o

analytical investigation of Reflection of a Regular or Mach Reflection aver
a Secondary Wedge

<
N
©
LH
00
F
A Final Report
1 by: Prof. G. Ben-Dur
Prot. J. M. Dewey
Prof. D. lgra

Period: November 1, 1986 - October 30, 1987

DTIC
o ML

Fi ol Pim
0OCT 131887 , '

Contract: DAJA 45-86-C-0078 H

DISTRIBU TN €700
Apprr\vud o=
Diare o

g7y 102 164

et B

W — R



Unclassified
ECURITY CLASSIFICATION OF THIS PAG

Form Approved
REPORT DOCUMENTATION PAGE OMB8 No 0704-0188

Exp Date Jun 30, 1986

s REPORT SECURITY CLASSIFICATION - Tb RESTRICTIVE MARKINGS
Unclassified L
23 SECURITY CLASSIFICATION AUTHORIT 3 DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release;
distribution unlimited

2b DECLASSIFICATION / DOWNGRADING SCHEDULE

4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
R&D 5218-PH-01
62, NAME OF PERFORMING ORGANIZATION €b_ OFFICE SYMBOL | 7a. NAME OF MONITORING ORGANIZATION
Ben-Gurion University (tf spplicable)
of the Negev USARDSG(UK) ARO-E
6. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
Beer-Sheva Box 65
Israel FPO New York 09510-1500
8a. NAME OF FUNDING / SPONSORING 8b OFFICE SYMBOL |9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (f applicable)
USARDSG(UK) ARO-E IAMXSN-UK-RP DAJA45-86-C-0038
8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
Box 65 PROGRAM PROJECT TAS WORK_UNIT
FPO New York 09510-1500 ELEMENT NO 0 NO ACCESSION NO

N
61102A 1L161102BH57 07

11. TITLE (Include Security aasifiution)

(U) Analytical Investigation of Reflection of a Regular or Mach
Reflection over a Secondary Wedge

12. PERSONAL AUTHOR(S)

Prof. G. Ben-Dor, Prof. J. M. Dewey, Prof. O. Igra

13a. TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) |'S PAGE COUNT

Final fROMNoOV_86 T0QOct 87] 1987, October, 30 67

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP
20 14
18 03

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

An analysis is presented of the shock wave configurations which will occur
when a plane shock is incident on a double wedge for which the second wedge
may have a greater (concave case) or a smaller inclination (convex case)
than the first wedge. It is shown that seven different reflection
processes may be expected depfnding 8n the Mach number of the incident shock
M; and the two wedge angleszow and Oy. These processes may be defined by
seven regions in the (Ow, Ow) plane, for a given valueof M.. Each of the

seven processes has been verified by sequences of shadowgraph and schlieren
photographs.

A shock polar analysis of each of the seven processes has provided
information about the pressure changes and the wave structures which
develop immediately behind the main reflections along the wedge surfaces.

20, DISTRIBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
Bl unciassiricorunumiten  KJ same as ReT. B omicusers | Unclassified d

223 NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (include Area Code) | 22c OFFICE SYMBOL
Dr. Julian J. Wu 01-409 4423 1K=

DD FORM 1473, 8amaR 82 APR edition may be used until exhausted SECURITY CLASSIFICATION OF THIS PAGE
All other editions are obsolete
Unrlassified

adBe o . Liama



19. Continued

These wave structures have been verified experimentally, and two types
have been observed: one normal to the reflecting surface, and the
other in the form of a regular reflection. The criteria to determine
which of these configurations will occur have not yet been established.

It is believed that the present study will be of value in predicting
the loading of shock waves on structures, and may lead to a better

understanding of shock reflections from concave and convex cylindrical
surfaces.




i — e

Summary

— » -

’

An analysis is presented of the sshock wave configurations which will occur
when a plane shock is incident on a double wedge for which the second wedge may
have a greater (concave case) or a smaller inclination (convex case) than the
first wedge. 1t is shown tha£;seveﬁ'd1fferent reflection processes may be
expected depenqing on the Mach number of the incident shock Hi and the two wedge
angles 6& & 93. The;e processes may be defined by seven regions in the (8&. 63)
plane, for a given value of Hi' Each: of the seven processes has been verified by
sequences of shadowgraph and schlieren photographs.

A shock polar analysis of each of therseven processes has provided
information about the pressure changes and the wave structures which develop
immediately behind the main reflections along the wedge surfaces. These wave
structures: have be;n verified experimentally, and two types have been observed:
one normal to the reflecting surface, and the other in the form of a regular
reflection. The criteria to determine which of these configurations will occur
have not yet been established.

It is believed that the present study will be of value in predicting the
loading of shock waves on structures, and may lead to a better understanding of

shock reflections from concave and convex cylindrical surfaces.

Acoession Yor

NTIS GRA&I

DTIC TAB 0
! Unannonunend 0
CJuetirteation — . o oo

o]




INTRODUCTION

When a planar shock wave encounters a sharp compressive corner, such as the
leading edge of a wedge, two different types of reflection may occur: regular
reflection RR (figure la) or Mach reflection MR (figure 1lb). Regular reflection
consists of two shock waves, the incident shock i and the reflected shock r,
which coincide on the wedge at the reflection point G. Mach reflection consists
of four discontinuities, the incident shock 1, the reflected shock r, the Mach
gtem m and the slipstream s, which coincide at the triple point T. Over a plane
wedge the triple point moves along a straight line making an angle y with the
wedge surface. The Mach stem is usually curved.

For a given gas, the type of reflection which will occur depends on the
strength of the incident shock, defined by the Mach number Mi' and on the wedge
angle 9".

1f a frame of reference is attached to the reflection point of a regular
reflection or the triple point of a Mach reflection, then the nonstationary
regular or Mach reflection becomes pseudo-steady (Jones, Martin & Thornhill
1951), and the shock waves {, r and m can be treated using steady flow theory.
By considering these shock waves separately and using oblique shock wave
relations with appropriate boundary conditions the equations of motion for
regular and Mach reflection can be derived (Ben-Dor, 1978).

In the case of an inviscid regular reflection (figure la) when the frame of
reference is attached to the reflection point, the flow in state (0) moves

towards the reflection in a direction parallel to the wedge surface and at an
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angle of incidence ¢, to the incident shock. On passing through the incident
shock wave the flow 18 deflected towards the wedge surface by an angle 9,. The
flow then passes through the reflected shock wave which deflects it back by an
angle 0, to become again parallel to the wedge surface. Therefore, the boundary
condition for a regular reflection 1s:
0, -96,=0 €9

Thus the flow directions in states (0), (1) and (2) with respect to the
trajectory of the reflection point, G, are:

05 =0, 060 =0, and 6 =06, -6, =0, (2)
regpectively, where superscript G designates that O is measured with respect to
the direction defined by the trajectory of G.

In the case of Mach reflection (figure 1b) when the frame of reference is
attached to the triple point T, the flow in state (0) moves towards the
reflection in a direction parallel to the triple point trajectory. The flow
above the triple point trajectory approaches the incident shock wave at an angle
of incidence ;. On passing through the incident shock the flow is deflected
towards the wedge by an angle ©;+. It then passes through the reflected shock
which deflects it back by an angle 0,, parallel to the slipstream. Below the
triple point trajectory the flow approaches the Mach stem at an angle of
incidence ¢;, and 1is deflected t0ward; the wedge by an angle 0;, also parallel to
the slipstream. Since the flows in states (2) and (3) are parallel and separated
by a slipstream across which there is no change of static pressure, the boundary
conditions for the Mach reflection are:

G1 - 02 - 03, and P, = Py, 3)
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where P is the static pressure. Thus the flow directions in states (0), (1),
(2), and (3) with respect to the trajectory of the triple point, T, are:
Bg = 0; ef = 6; (4)
8y =8, - 8,, and O] = 0.
Equations (3) and (4) give;
o3 = ol. ()

Kawamura & Saito (1956) suggested that, since the boundary conditioms (1) and
(3) are in terms of the flow deflection angles, O, and pressures, P, the
relationship between P and © may be of importance in understanding shock
reflection phencmena. The graphical representation of the relationship between
the pressure ratio, P/Po, across an oblique shock and the angle, 6, through which
the flow is deflected by the shock for a fixed value of the Mach number of the
incident flow, M;, is called a pressure-deflection shock polar.

Figure 2a represents the (P, 6) polar solution of a regular reflection. All
the flow deflection angles, GG, are measured with respect to the trajectory of
the reflection point G (see figure la). State (0) is represented by the origin,
where P = P, and Og = 0. The locus of all the flow states which can be obtained
from state (0) by passing through any oblique shock wave is represented by the I
polar. Consequently, state (1) of a regular reflection is represented on the I
polar by the point P = P, and GG - 9?. The R polar is the locus of all the flow
states which can be obtained from state (1) by passing through any oblique shock.
Consequently, state (2) which 18 obtained from state {l1) by passing through the
reflected shock wave is on the R polar. The boundary condition (2) implies that
Gg = 0, therefore, state (2) is represented by the point where the R polar

G

intersects the P axis (i.e. O = 0) as illustrated in figure 2a.
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Figure 2b represents the (P, O) polar solution of a Mach reflection. All the
deflection angles are measured with respect to the trajectory of the triple poiat
(see figure lb). Again, state (1) behind the incident shock lies on the I polar
and is the origin of the R polar, and state (2), behind the reflected shock lies
on the R polar. State (3) behind the Mach stem also lies on the I polar. Since
the pressures and the flow directions with respect to the triple point trajectory
in states (2) and (3) are equal, states (2) and (3) are represented by the
intersection of the I and R polars.

Figure 3 illustrates the regions in the (Hi’ G“) plane in which the
different types of reflection are possible or impossible. The regions are
geparated by curves A and B. Curve A describes the "detachment™ criterion of von
Neumann (1963), and curve B the "mechanical equilibr{um” criterion of Henderson &
Lozzi (1975). Hornung, Oertel and Sandeman (1979) used a “corner signal”™ concept
to show that transition from regular to Mach reflection is best defined by the
“"gonic” c¢riterion, namely the condition when the signal speed behind the
reflected shock equals that of the reflection point. The “"sonic” criterfon is
very close to the detachment criterion, particularly for strong shocks.

For a given gas (i.e., value of the specific heat ratio, y) there is a
certain value of incident shock Mach number, M*, below which the "mechanical
equilibrium” criterion does not exist: Henderson & Woolmington (1983) have shown

*
that for a diatomic gas, vy = 7/5, M, = 1.4565 and for a monatomic gas, y = 5/3,

*

*
M1 = 1.5487. Incident shock waves with Mach numbers in the range Hl< H£ are

*
called weak shocks and those in the range M1> Ml are called strong shocks.

Figure 3 indicates that for weak shocks there is one region in which regular
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:et) and another region in which

reflection 1s theoretically impossible (Gw <6

Mach reflection is theoretically impossible (6 > ege‘).

The regions are
geparated by the detachment transition line 9w- O:et. However, for the strong
shocks there is a region, 0w< B:Et, in which regular reflection is theoretically

M.€.

impossible; a reglon , 6> 6 "7, in which Mach reflection is theoretically

impossible, and an additional region, e:et< 8.< 6:'e'

, 1n which both regular and
Mach reflection are theoretically possible. Dewey and McMillin (1985) have shown
that the assumption of pseudo-stationarity may pnot be valid for weak Mach
reflections and that realistic shock polars cannot be drawn for this region.

In the case of truly unsteady flows, i.e., flows which cannot be made
pseudo-steady by a simple co-ordinate transformation, the wedge angle at which
transition from regular to Mach reflection occurs depends on the geometry of the
procegs itself. For example, the MR+RR transition over concave cylinders occurs
at wedge angles greater than those predicted by the "mechanical equilibrium”
transition line, and the RR*MR transition over convex cylinders occurs at wedge
angles smaller than those predicted by the "detachment"” transition line. For
both cases the transition angle also depends on the initial angle of incidence
and the radius of curvature of the cylindrical wedges. Detalls of these
reflection phenomena are described by Heilig (1969), Ben-Dor, Takayama & Kawauchi
(1980), Itoh, Okazaki & Itaya (l981)ﬁand Dewey, Walker, Lock & Scotten (1983).

To the best of our knowledge, no shock wave phenomenon has been recorded yet, in
which the RR¥MR trénsitlon occurs at wedge angles in the range e:et< 05r< 0:'2'.
A suggested approach to the study of shock wave reflections from concave and

convex cylindrical surfaces is a consideration of the ref.ection from a double

P N —




c— - -

8
wedge with a single increase or decrease of the wedge angle. In the present
paper, seven different shock configurations resulting from the reflection of a
planar shock wave over a concave or a convex double wedge are identified and
investigated analytically and experimentally.

A study of the reflection process over three of the seven possible double
wedge combinations was conducted by Ginzburg & Markov (1975). However, it will
be shown that some of the schematic drawings in their paper, illustrating the
wave configurations, are incorrect. This is probably due to the poor resolution
of their photographic method. Some of their schematic drawings show confluence
points of four shocks, which are known to be theoretically impossible (Courant &
Friedrichs, 1948), and others fail to observe the details of the waves
structure.

Two of the possible Mach configurations over a concave double wedge have
been studied by Matsuo et al (1985) and their observations appear to be in

agreement with the results presented here.

Analysis

The analysis presented below establishes all the reflection processes and
final shock configurations that are possible over any double plane wedge
combination. A compressive and an expansive double wedge are i{llustrated in
figures 4(a) and 4(b), respectively. The slopes of the first and second wedges
are 6; & 03, respectively, and the slope of the second wedge with respect to the
first is

59 .= 82 = gl , (6)
w w W
The reflection over a double wedge depends on three parameters: the
incident shock wave Mach number M
82,
w

T and the first and second wedge angles Ob and
In the following analysis it will be assumcd that:

1) the flow is two dimensional;

2) the gas is perfect (p = pRT) and tdeal (p =~ 0, k = 0);

3) the flow over the first wedge is pseudo-steady;
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4) the flow over the second wedge aymptotically approaches a pseudo-steady
situation;
5) the regular : Mach reflection transition follows the “detachment” criterion,
and
6) the incident shock waves are weak enough so that if the reflection over the
first wedge is a Mach type reflection, it is a single-Mach reflection.
Further assumptions concerning the Mach stems are given subsequently.
For a given shock wave Mach number there is an appropriate "detachment”
e:et. t

wedge angle, the shock wave reflects from the first wedge as

det
v

1f 6} < g
a Mach reflection, and if Oi >0 it reflects over the first wedge as a regular
reflection. The Mach or the regular reflection propagates up the wedge until it
encounters the leading edge of the second wedge. If the incident shock wave has
reflected as a Mach reflection over the first wedge, then the Mach stem of this
reflection encounters the second wedge and reflects from it either as a Mach or
as a regular reflection depending upon the size of the differential wedge angle,
Aew' and the Mach number of the Mach stem, Mo

In the following analysis it will be assumed that the Mach stem is straight

and perpendicular to the wedge surface so that

cos x|

Mm - Mi _—_—— 7)

1
cos (e“ + 1)
where x) 1s the first triple point trajectory angle [Ben-Dor 1980].
Thus Mm > M‘, but the difference in Mach number is not large and {t will

therefore be assumed that

edet - edet (8)
v o'y Y oM
m i

For example, for M, = 2.5 and 95 = 20° the Mach reflection solution results in

i
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X) = 12.88°, thus Hm = 2.902. The corresponding detachment wedge angles for
M, and M are 50.77° and 50.72°, respectively. Similarly, for M, = 1.775 and
9; = 20° , one obtains x] = 16.17° and L 2.112. For thig case the
corresponding detachment wedge angles are 50.22 and 50.68. These two examples
indicate that although the difference between the incident shock wave Mach number
and the Mach stem Mach number {s about 15%, the difference in the detachment
angle for these shocks is only a fraction of a degree. Using the assumption of
(8), it may be concluded that the Mach stem of the first Mach reflection reflects
from the second wedge as a Mach reflection if, Aew < Oget, and as a regular
reflection 1if Ae" > ege‘.

The lines 6: = eie‘, 93 = S:ec, AOw = 0 and Ae" = Bget are all drawn in the
(95, 93) plane shown in figure S. These boundary lines define geven regions with
different reflection processes. Thaose reglons above the diagonal, Aew = 0, are
for a concave double wedge, and those below the diagonal are for a convex wedge.
The reflection process in each region and a shock polar solution which gives
information about the pressure changes produced by the reflection process are
presented, beginning with the simplest case and ending with the most
complicated.

The input data for the analysis were the incident shock wave Mach number, M1
and the double wedge geometry, Gb and Aew. The analysis used the two-shock and
the three-shock theories of von Neumann (1963) to determine the shock wave angles
and the thermodynamic properties behind the shocks for each reflection. The flow

properties obtained from the solution were used to draw the shock-polars shown

subsequently, which are accurately drawn to scale.
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Region 1
In this region A8 > 0 ; 6! > @
w w

det

v ! and 93 > e:ec’ and the reflection

process is shown schematically in figure 6, with regular reflection over both
wedges, but with different wave angles. The regular reflections can be
considered by attaching frames of reference to the reflection points G, or G,, as
appropriate.

In order to combine the shock polars of the two regular reflections on a
single plot in the (P, Ocl) plane it 1s necessary to know the direction of G,
with respect to G,, namely:

8(Gy, G;) = &2 - ol = a0, (9)

A shock polar solution for a typical reflection process in region 1 is shown

tn figure 7 for initial conditions of M, = 1.3, e: = 47° and 20 = 13°.

The IG1 and RGl

polars represent the regular reflection over the first wedge.
Since the solution of the reflection over the second wedge is {n a frame of
reference rotated by the angle 6(02, cl) with respect to the original frame of
reference, the origin of the IG2 and RG2 shock polars combination is located at
of1 - (G5, Gy) = AOU. Since 63 > 6&, the velocity of G, is greater than that of
G), and so the 12 polar is larger than the %1 polar. The pressure behind the
incident shock is the same for both reflections and so the points representing
state (1), i.e., the origins of the Rc1 and R©2 polars, have the same ordinates
in the (P, Ocl) plane.

The pressure P, in state (2) behind the reflected shock over the first wedge
is given by the intersection of the Rcl polar with the pressure axis, i.e. point
(2) in figure 7, and the pressure P3 in state (3) behind the reflected shock over
the second wedge 1s given by the intersection of the Rc2 polar with the AOw
ordinate, i.e., point (3). In general P, # P,, and as the incident shock moves

from the first to the second wedge there will be a sudden change of pressure.

. M - FURPEI W S . . S .
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According to Henderson & Lozzl (1975), "If a pressure discontinuity occurs
during transition then an unsteady wave of finite amplitude or a finite amplitude
band of waves will be generated in the flow”. We may therefore expect that the
reflection point on the second wedge will be follow:. by either compression waves
(or a shock wave) or expansion waves depending upon whether the transition causes
a sudden presaure'decrease or increase.

Figure 8 shows the theoretical pressure ratio behind the reflection point of
a regular reflection as a function of the reflecting wedge angle Ow for a given
incident shock Mach number Mi = 1.3. The pressure ratio P2/P0 goes through a
minimum at about Gu = 60°. Consequently, in the double wedge reflection process
now being considered three pressure change behaviours are possible. If, in the
example for Hi = 1.3, 63 = 50° and 03 = 60° then at transition from the first to
the second wedge the pressure behind the reflection point suddenly drops.
However, if Gi = 60° and 63 = 85° then at transition the pressure behind the
reflection point suddenly increases. There could also be a case for which there
is no pressure change at transition e.g., Gé = 55° and 03 = 65.775°. Thus,
different flow patterns are to be expected behind the second reflection point
according to these different pressure changes.
Region 2

In this region AGH < 0; 95 > Ggel, and 93 > eget, and the reflection process

1s shown schematically in figure 9. The reflection is regular over both wedges,
and can be made pseudo-stationary by attaching frames of reference to the points
of reflection G, and Gy The direction of the second reflection point G, with
respect to that of the first, G;, is given by

0 (G, G) = a8, (10)
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and for a convex double wedge AGH is negative.

A shock polar solution for a typical reflection process in region 2 is shown
in figure 10, for M, = 1.3, 0& = 60° and 80 ~ -13°.

The Icl, %1 and Icz, %2 polars represent the solutions of the regular
reflections over the first and second wedges, respectively, with the origin of
IG2 shifted by Aﬁw in the (P, Bcl) plane so that the 102 and RG2 polars are now
to the left of the I°! and £°! polars. The pressure in state (1), behind the
incident shock is identical for both frames of reference, and the two-shock-polar
combinations are bridged by the constant pressure line P, which is dashed in
figure 10.

The velocity of Gy is greater than that of G, and so in the pseudo-steady
frames of reference the velocity of the incident flow over the first wedge, Hgl,
is greater than tﬁat over the second, Hg2. Therefore, the Icl polar {s larger
than the 162 polar. The polars again indicate that, in general, the pressure
behind the reflected shock over the first wedge, Py, will be different from the
pressure behind the reflected shock over the second wedge, P3, which should
therefore be followed by either compression or expansion waves depending upon
whether the pressure gsuddenly decreases or increases at transition from the first
to the second wedge.

Figure 11 is an enlarged drawing of regions 1 and 2 of figure 5. The added
dashed line divides each region into two subregions 1 a&b and 2 a&b. In
subregions la and 2b the reflection process involves a transition from a high
pregsure regular reflection to a low pressure regular reflection (H + L) while in
1b and 2a, the transition is from a low pressure regular to a high pressure
regular reflectifon (L + H). Therefore {n subregions la and 2b it is expected

that the reflectlon over the second wedge will be followed by a shock or

compression wave, while in subregions lb and 2a the second reflection is expected

PR N i, 2 S D IET USSR
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to be followed by an expansion wave. It 1s of interest to note that in region la
the pressure behind the reflected shock may be expected to drop as the shock
passes a compressive corner and in region 2a the pressure may be expected to
increase around an expansive corner.

Region 3

In this region 46 < 0; 6l < pdet

v and 93 < O:et. and the reflection process

is shown schematically in figure 12. There is a Mach reflection over both
wedges, but with different wave angles, and a non-stationary transition region.
The initial and final Mach reflections can be made pseudo-stationary by attaching
frames of reference to the triple points T; and T,. The direction of T, with

respect to the direction of the T is given by

1

& (T,, T;) = - (~ 8o, + x) - X3)» (11)
where X; and X, are the triple point trajectory angles with respect to the two
wedges.

A shock polar solution for a typical reflection process in region 3 is shown
in figure 13. The incident shock wave Mach number {s Mi = 2.5. 1t initia.ly
reflects as a Mach reflection over the first wedge for which Ob = 40° and X) =
5.29°, AOUf -10° and the Mach reflection over the second wedge for which 65 =
30°, has a triple point trajectory angle Xy = 8.27°.

T2 polars are plotted in the (P, OTl) plane, with the origin of

The 172 and R
the IT2 polar displaced by (AGw -yt X3). Since the inclination of the second
triple point trajectory is less than that of the first, the veloclity of T, is
less than that of T; and the Mach number of the incident flow i{n the
pseudo-steady frame of reference, M:z will be less than that over the first
wedge, Mgl. The 172 polar s therefore smaller than the ih polar. The two

polars are again related by the pressure P, behind the incident shock, shown as a

dashed line {n the figure. It can be seen that the pressure behind the Mach stem

L e ada o e e ot ol Bl i i e i
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over the second wedge, Pg, will be leass than the pressure behind the Mach stea
over the first wedge, P;. Because the signal speed, i.e. the sound speed plus
the particle velocity behind the Mach stem is greater than the speed of the Mach
stem, any compression waves will overtake the Mach stem. It is expected,
therefore, that after transitfon from the first to the second wedge, the Mach
stem shock initially will be stronger than that produced by an fncident shock
reflection from a single wedge with an inclination 63, but will asymptotically
approach that value.
Region 4
In this region 46 < 0; 8l > GdCt, and 02 < edet' and the reflection process
v w w w w
is shown schematically in figure 14. The incident shock reflects over the first
wedge as a regular reflection (fi{gure l4a) and upon encountering the second wedge
there is a transition to a Mach reflection (figure 14b). The {nitial and final
reflections can be made pseudo-gtationary by attaching a frame of reference
respectively to the reflection point G, or the triple point T.
The direction of the triple point T with respect to that of the reflection
point G is given by
6 (T, 6) = - (- a0, - x) (12)
A shock polar solution for a typical reflection process In reglon 4 s shown
in figure 15. The incident shock wave (Ml = 2.5) reflects over the flrst wedge
(OL = 60°) as a regular reflection. However, since AOw = -20°, the second wedge,
03 = 40°, cannot support a regular reflection, and a Mach reflection with y =
5.29° 1s finally established over {t.
The Ic and RC shock polars represent the regular reflection over the filrst
wedge, and the origin of the IT and RT shock polars, which represent the Mach

reflection over the second wedge, are displaced by (AOU + y), which is ncgative.
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The constant pressure P, behind the incident shock again bridges the two sets of
polars. For this case the velocity of G is greater than that of T so that Mg is
greater than Mg and the Ic polar is larger than IT polar.

In general the pressure P, behind the reflected shock over the first wedge
will be different from the pressure P, behind the Mach stem over the second
wedge. A transition period is expected after the incident shock moves from the
first to the second wedge with expansion or compression waves which will
dissipate through the flow. It is not expected that these waves will persist as
is predicted for the reflections in regions 1 and 2, and the Mach reflection over
the second wedge will asymptotically approach that which would be produced if the

incident shock had reflected from a single wedge with an inclination ea.

Region 5
In this region 48_ > 0; 61 < 89°%; a6 > 69, and 62 > 0%°%, and the
w w w w w w w

reflection process is shown schematically in figure 16. The incident shock
reflects over the first wedge as a Mach reflection (figure 16a). The Mach stem
of this reflection reflects from the second wedge as a regular reflection (figure
16b). The triple point T and the reflection point G, of the Mach and regular
reflections interact at point Q on the second wedge surface to form a new regular
reflection, with reflection point G, (figure 1l6¢).

The reflections can be made pseu;o-atationary by attaching frames of
reference to the triple point T, or the points of reflection Gl and 62, as
appropriate. The direction of the reflection points Gl and 02 with respect to
the direction of the triple point T are given by

0(,, T) = AOw - x , and ’ (13)

0 (Gyy T) = 80, - X (14)

EUPSRY ¥~ NS JUE,




-y

e

17

A shock polar solution for a typclal reflection process in region 5 is shown
in figure 17. The incident shock wave (H1 = 2.5) reflects over the first wedge
(Gi = 15°) as a Mach reflection with ¥ = 15.72°. The Mach number of +the Mach
stem of this reflection isg Hm = 2.8. Since Aew = 55°, the Mach stem reflects
over the second wedge as a regular reflection. Finally, the incident shock wave
(M1 = 2.5) encounters the second wedge (03 = 70°) from which it reflects
regularly.

The IT and RT shock-polars represent the Mach reflection solution over the
first wedge. Since the solutfons of the two regular reflections over tte second
wedge are made from a frame of reference which is displaced by the angle
8 (G}, T) or 0 (G,, T) with respect to the original frame of reference, the

Gl, Rcland the Icz, Rcz shock polars, which represent the

origing of the I
regular reflections over the second wedge are located at GT = e(cl,r) = 0(G,,T) =
AG"- X. Since the pressures in states (1) and (3) are independent of the frame

of reference from which the solution is carried out, the IT, RT and Icl, RCI

shock polars are bridged by the constant Py line, and the IT, RT and ICZ, RG

2
shock polars are bridged by the constant P, line, which are dashed in figure 17.

The shock polars in Figure 17 indicate that the transition on the second
wedge at point Q is associated with a sudden decrease in the pressure from P
behind G, to Py behind G,. It will be shown subsequently that this sudden
pressure drop {s supported by an additional regular reflection, that of the
reflected shock wave of the Mach reflection over the first wedge. This secondary
regular reflections follows the main regular reflection over the second wedge.
This additional regular reflection is drawn schematically in figure l6c with

reflection point Gy. It is expected that the overall pressure jump across this

additional regular reflection should be close to P, /P,. A dashed Icl, Rc3 polar




o —

- ——

18
combination representing this regular reflection is added to figure 1l7.
It will be shown subsequently that as this secondary regular reflection
propagates up the wedge 1ts reflected shock catches up with its incident shock

to finally form a single shock wave normal to the wedge surface.

Region 6

In this region Ae" > 0; Oi < e:et; AOV < G:et, and 95 < e:et’ and the
reflection process is shown schematically in figure 18. The incident shock
reflects over the first wedge as a Mach reflection (figure 18a), and the Mach
stem of this reflection reflects from the second wedge also as a Mach reflection
(figure 18b). The triple points T, and T, of these two Mach reflections,
intersect at Q to form a direct Mach reflect{on (figure 18c), for which the
triple point moves away from the second wedge surface. Therefore, the Mach
reflection is maintained. It is assuwed that these three Mach reflections can be
made pseudo-stationary by attaching frames of reference to their appropriate
triple points. The directions of T, and T3 with respect to the direction of Tl

are given by
0 (T,, T)) = 80, + x; - X, (15)
and,
6 (T4, Ty) = AGH +xy "X (16)
A shock polar golution for a typical reflection process in region 6 is shown
in f{gure 19. The incident shock wave (M1 = 2.9) reflects over the first wedge
(GL = 20°) as a Mach reflection with x, = 12.85°. The Mach number of the Mach

stem of this reflection is M_ = 2.9. Since A0, = 20°, the Mach stem reflects
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over the second wedge as a Mach reflection with Xy = 12.42°. Finally, after the
interaction between the two triple points, at Q, the incident shock wave (Mi =
2.5) forms a Mach reflection over the second wedge (63 = 40°) with X; = 5.29°.

The ITl and R'rl polars represent the Mach reflection over the first wedge
and the origins of the IT2, R*2 and IT3, RT3 polars, for the second and third
Mach reflections are located at eTl =0 (Tz, Tl) and OTI = o(T,, Tl)
regpectively. Since the pressures ian states (1) and (3) are independent of the
frame of reference, the ITl, R'1 and IT2, ) polars are bridged by the constant

Tl, R’ and IT3, RY

Py line, and the I 3 polars are bridged by the constant P,
line, which are dashed in figure 19.

The changes of pressure along the wedge from P5 to P, at the time when the
triple points T and T, interact at Q and form the third Mach reflection with a
different Mach stem, will result in the generation of compression or expansion

waves but these are expected to dissipate in the flow and not to persist as in

regions 1 and 2.

Region 7

In this region Ae" > 0; 95 <9 det

w

det

v , and the

;20 < 09¢", and 02 > o
w w w
reflection process is shown schematically in figure 20. The incident shock
reflects over the first wedge as a Mach reflection (figure 20a), and the Mach
stem reflects from the second wedge also as a Mach reflection (figure 20b). The
triple points Ty and T, intersect at Q to form a third Mach reflection (figure

20c). Unlike the reflection in region 6, the new triple point T, moves towards

the second wedge surface, i.e., the Mach reflection is an inverse-Mach reflection
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(Takayama & Ben-Dor (1985)). Upon colliding with the wedge surface, the
inverse-Mach reflection transitions to a regular reflection, which coatinues to
propagate up the wedge (figure 20d).
It 18 assumed that the three Mach reflections and the final regular
reflection can be made pseudo-stationary by attaching a frame of reference to the
appropriate triple points T,, T, or T3, or the reflection point G. The

directions of T,, T; and G with respect to the direction of '1‘1 are given by

0 (Ty, T) =88, + x5 = X5 (17)
® (T3, T)) = - (- 88, + X3 + x;), (18)
® (G, T)) = 80, - x; (19)

A shock polar solution for a typical reflection process in region 7 is shown
in figure 21. The incident shock (H1 = 2.5) reflects over the first wedge
(93 = 30°) as a Mach reflection with X = 8.27°. Since 80, = 30°, the Mach stem
(Mm = 3.15) reflects over the second wedge as a Mach reflection with X* 8.09°.
Eventually, the two triple points intersect at Q and the incident shock
(Mi = 2.5) propagates over the secondary wedge (93 = 60°) from which it reflects
regularly.

The ITl, RTl shock polars represent the Mach reflection solution over the
first wedge, and the origins of the IT2, RT2 and IT3, R'3 shock polars, which
represent the second and the third Mach reflections are located at eTl =0 (Tz'
T,) and 0T1 = O(T3, 1), respectivefy. Since the pressures in states (1) and
(3) are independent of the frames of reference, the IT\, RTl and 1T2, RTZ shock
polars are bridged by the constant P; line, and the ITl, RTl and IT3, RT3 shock
polars are bridged by the constant P, line. Since the third Mach reflection 1is
an inverse-Mach reflection, its polar solution (states 6 &§ 7) takes place on the

left part of the T polar (for details see Takayama & Ben-Dor 1985). For

clarity, parts of the ITJ polar have been omitted from figure 21.

PPV wy =
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The origin for the final regular reflection is at eTl =0 (G, Tl)‘ The IG,
Rc polar combination which represents the regular reflection is also bridged to
the ITl, R polars through the constant P, line.

The shock polars in figure 21 suggest that a sudden pressure drop will occur
from P; just before the termination of the inverse-Mach reflection, to Pg, Just
after the formation of the regular reflection. It was found experimentally that,
unlike the case, in region 5, where the sudden pressure drop is supported by a
secondary regular reflection (figure 1l6c), here it is supported by a normal shock
wave which follows the regular reflection. This normal shock wave is shown in
figure 20d. It is expected that the pressure jump across this normal shock wave
should be close to PG/PB‘ A dashed polar representing this normal shock wave is
added to figure 21. 1In figure 20 the state behind the normal shock wave is
labled as state (9), and hence the pregsure jump across it is PglPa, however
states (9) and (6)‘and states (6) and (7) are separated by slip-streams and hence

P, = Pgy.

Experimental Investigations

The reflection of plane shock waves from concave and convex double wedges
was studied experimentally using the 7.6 cmx25.4 cm shock tube of the Department
of Physics at the University of Victoria, Canada, and the 7.6 cmx12.7 cm shock
tube of the Institute of High Speed Mechanics, Tohoku University, Japan. The
objectives of the experimental studies were to establish the conditions for
transition from regular to Mach reflectfon or Mach to regular reflection
(RR b MR) for concave and convex double wedges; to verify thie existence of the
seven reflection processes predicted in the foregoing analysis, and to verify the

predictions of the shock polar analysis concerning the wave configurations
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following the major reflections. These objectives were achieved using various
high spued photographic techniques such as contact shadowgraphs, multi-frame
schlieren and holographic f{uterferometry.

RR < MR transition wedge angle

Using nominal incident shock Mach numbers of 1.3 and 2.45, the angle of the
second wedge at which RR MR occured, was determined. Experiuwents were
conducted using double wedges, similar to those shown in figure 4. Depeuding
upon the final reflection which was observed over the second surface, the second
wedge angle, 93, was lncreased or decreaused by tilting the double wedge until
the reflection over the second surface changed from MR to RR or from RK to MR.

The lowest value of 95 for which RR was observed, and the highest value of
93 for which 1R was observed were averaged to glve an estimate of 95' and the
associated uncertainty.

In the “weak”™ shock experiments there were small variations in the incident
shock Mach nunber from experiment to experiment but all were in the range 1.28 <
Mi € 1.30. The theoretical detachment transition wedge angle for this range of
Mach numbers is 45.899° < eget< 46.347°. The wedge angles, eir, at which
transition was observed on the second wedge are plotted as a function of Aew for
a concave double wedge in figure 22a. At AOw = 0, t.e., the case of a straight
single wedge, the measured value of Oir is about 1.5° smaller than the
theoretical detachment value. This observation is {n accordance with
experimental results of many other investigators and {s probably due to boundary
layer effects. The same value 1s obtained at AOw = 44.5° vhich agaln represents
the case of single straight wedge, since for this case GL = 0.

For the spectiflc incident shock Mach nuaber of these experiments,

S adRa - . e e
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Mi = 1.29 £ 0.01, the transition angle, O:r reaches a maximum of approximately
49.5° for a double wedge with Aew = 25°., It 1s interesting to note that in the
range 0 < AOH < 25° there appears to be a linear relationship between e:‘ and
Aew. The overall relatioaship between ezr and Aew for a concave double wedge may
be compared with that between Bir and R, the radius of curvature of a concave
cylindrical wedge for which the transition angle is also greater than that over a
single plane wedge (Ben-Dor, Takayama & Kawauchi 1980).

The measured transition wedge angles for ua strong shock wave (M1 > M:) over
a concave double wedge are shown in figure 22b. For these cases Mi = 2.45 %
0.01. The transition wedge angles for Aew = 0 and 40 = 49° which correspond to
a single straight wedge are about 1.7° below the value predicted by the
"detachment” criterion (9:et = 50.77°). This persistence is probably due to
boundary layer effects. As Aew increases the transition wedge angle becomes
higher until it reaches a maximum of G:r = 59.5° at Aew = 30°. This value of
Qiris greater than the "mechanical-equilibrium” transition wedge angle fur this
Mach number (GS'Q'- 58°). For Aew > 30° the transition wedge angle decreases
until it reaches the value appropriate to a single wedge at AOw = 49°. It should
be noted that for this case of a strong incident shock wave the transition wedge
angles lle between the “detachment” and the "mechanfcal-equilibrium” transition
wedge angles. To the best of our knowledge this is the first tiwe that the RR pe
MR transiti{on has been obgerved in this range of wedge angle.

Figure 23 shows the observed transition wedge angles, esr, as a function of
Aew for a convex double wedge and an incfdent shock Mach number of 1.29 + .01
In this case ABw = 0 corresponds to the single wedge case with e:r = 44.5°, For
decreas{ng values of AOH the transition angle decreased to a minimum of about

43.25° for Aew in the range from -20° to -35°, and then returned to 44.5° at

adBa . - ... o JUPRIS
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Aew = - 45.5°, which also corresponds to a single straight wedge. The variation
t
of Gwr with AGV over a convex double wedge may be compared with the variation of
tr

ew with the radius of curvature of a convex cylinder for which the ubserved

transition angle is also less than the theoretical detachment angle, eiet’ and
the observed trausition angle on a straight wedge (Ben-Dor, Takayama & Kawauchti
1980) .

The observed transition wedge angles presented in figures 224 and 23 were

used to modify the boundaries between reglons 6 and 7, and 2 and 4 in figure 5,

and the modification is presented as figure 24.

Experiuwental Verification of the Reflection Processes

Experiments were carried out using combinations of wedge angles
representative of each of the seven regions defined by figure 24, using a nominal
incident shock Mach number of 1.3. The shock reflections were observed using two
photographic methods: multiple double-pass laser schlleren at a framing rate of
approximately 20,000 pps., and single frame contact shadowgraphy. In cach case
the exposure time per frame was approximately 50 ns. The shadowgraphs produced
very high quallty distortionless pictures, but they did not reveal details of the
density variations behind the shocks to the same degree as the schlieren
photographs. The double-pass schlieren system has been described by Dewey and
Walker (1975). The normally reflecting mirror {in this system has a 1 cm grid of
small holes thirough which smoke can be injected as a flow tracer. Smoke was not
used in the experiments discussed here, but the holes served as a grid of

fiducial markers.
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Region 1

The final reflection process in thls reglon is shown in figure 25 for
9; = 55° and 95 = 75°. The regular reflectlon over the first wedge encounters
the second compressive wedge, and the flow is compressed. The compression waves
tenerated at the corner merge into two circular shock waves. One propagates
upstreauw and follows the reflection point of the regular reflection and the other
propagates downstream. They are both perpendicular to the wedge surface. These
two circular shock waves interact which the reflected shock wave of the sccond
and first regular reflections to form two triple points. The slipstreaams of
these triple points colincide at a point cn the wedge. This point propagates
upstream along the second wedge suirtace. The information about the change in the

slope of the surface is probably bounded by these two shock wuves.

Region 2

The final reflection process in this region {s shown as a schlieren
photograph in figure 26 for Gé = 65° and 03 = 50°. The regular reflection over
the first wedge encountered an expansive corner which generated expansion waves,
which can be seen in the figure, one propagating downstream just behind the
reflection point, and the other propagating upstream along the first wedge. the
conbination of 9: and 63 in this experiment lies in region 2a of figure 11 and it
is expected that the pressure in the small region behind the reflected shock and

the rarefaction {s at a higher pressure than behind the reflected shock on the

first wedge.
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Region 3

The schlieren photograph of the unsteady wave system, generated when the
first Mach stew encounters the sudden change in the slope of the surface is shown
in figure 27 for 6: = 35° and 65 = 15°, A rarefaction wave is seen to be
travelling backwards carrying the information about the sudden change in the
model geometry. This corner signal causes the readjustment of the wave angles of
the second Mach reflection needed to negotiate the new slope of the second wedge.
As the rarefacction produced at the corner advanced up the first Mach stem it
produced o« weaker shuck over the second surface. The contact surface separating
the gases behind the stronger and weaker shocks, until the rarefaction reached

the triple point, can be clearly scen in figure 27.

Reglon 4

The final reflection process in this region is shown {n figure 28 for
83 = 60° and 83 = 30°. The regular reflection over the first surface encounters
the sudden change in the slope and forms a Mach reflection over the second
surface. The rurefactlon wave generated at the corner, carries the information
about the sudden change in the wedge geometry and causes the reflection to adjust

{ts wave angles to negotlate the new slope of the second wedge.

Region 5

The reflection process in this region is shown In figures 2% to 2%e for
05 = 20° and 05 = 75°. The Mach reflection over the first wedge 1s shown fn
ftgure 29a. Its collisfon with the second wedge results {n a regular reflection
(filgure 29b). The triple point of the Mach reflection over the first wedge and

the reflection point of the regular reflection of the Mach stem over the second
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wedge interact on the second wedge. Figure 29c was recorded shortly after this
interaction. The reflected shock wave of the Mach reflection now lags behind the
incident shock wave. A clearer configuration of the wave system at a later time
is shown in figure 29d. The incident shock wave reflects from the second surface
regularly. The reflected shock of the original Mach reflection reflects
regularly from the second surface, and follows the major regular reflection. As
this secondary regular reflection propagates along the wedge the wave angles of
the incident and reflected shocks change uutil they merge together and form a

single shock normal to the reflection surface, as shown in figure 2Ye.

Reglon 6

The reflection process in this region is shown in figurcs 30a to 30c for
Gi = 15° and 03 = 35°. The Mach stem of the Mach reflectlon over the first wedge
reflects from the second wedge also as a Mach reflection (figure 30b). The two
triple points later interact (figure 30b) resulting Iin a direct Mach reflection
of the incident shock wave over the second wedge. A second triple point {is
formed at the intersection of the two reflected shock, as shown in figure 30c,

but the slipstream from this triple point is not visible in the shadowgraph.

Region 7

The reflection process in this reglon is shown fn figures 3la and 3lb for
0& = 25° and 05 = 60°. The Mach stem of the Mach reflection over the first wedge
reflects over the second wedge as a Mach reflectlon (figure 3la). The two triple
points interact to give an inverse-Mach reflection (Takayama & Ben-Dor, 1989),

i.e., its triple point propagates towards the second wedge surface. When it
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meets the second surface the inverse-Mach reflection terminates and a regular
reflection 1s formed, as shown in figure 31b. The reflection {s followed by a
shock wave which 1s perpendicular to the second wedge surface, and which meets
the reflected shock at a tri.le point. Another triple point is gencrated by the
reflected shock waves of the two Mach reflectious. The slipstreams of the two
triple points can be seen in the shadowgraph of figure 31lb.

The final wave configuration shown in figure 3lb is similar to the oue
finally obtained through the reflection process of region 5. However, the normal
shock wave 1in region 6 was established at the moment the inverse-Mach reflection
terminated at the wedge surface, while in region 5 the initfal reflectlion is a

regular reflection which degenerates into a normal shock wave.

o adle o sttt
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Conclusions

The reflectfon processes of a plane shock wave over a concave or convex
double wedge, have been analyzed using the basic concepts of the reflection of a
plane shock wave over ua single wedge. It was found that there are seven

difterent reflection processes, which are summarized in Table 1.

[7 0 2} A8 First surface Second surface | Reglon
vy vy w ! \
| i
- e
|
> det | > det - ! Regular ! Regular ! 2
[ [ ; :
1 i .
Convex | < det < det - \ Mach ; Mach : 3
1 ! ’ ) ' :
i > det ' < det } - ! Regular i Mach * 4
| |
; l| i 1
1 M 1 - e
] |
> det ’ > det - ! Regular ! Regular ! 1
q 1 ' ' [
l | ' ' !
< det j > det | > det ! Mach i RegularsRegular - S
) 1 .
Concave l ' . i
< det | < det < det l Mach ! Mach+Mach ‘ 6
y ! ) ‘
| | | |
1 < det i > det < det i Mach ? MachsRegular : 7
) ! i .
Table 1

A summary of the seven different reflection processes which caan occur over
convex and concave double wedges depending on the magnitude ot the wolpe anples
0$ . 95 and AO, compared to the detachment wedge angle, OLL[(rcfclrvd to simply
as 'det’ abovcy. The numbers in the final column refer tu the regtons {n the uL,

05 plane of flgure 5.
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To simplify the analysis of the shock rcuflection processes a number of
assumptions were made, namely, that transition L.tween regular aud Mach
reflection would take place according to the theoretical "detachment™ criterlon;
that all Mach stems would be straight, and that the same “detachment” transitfon
angle could be used for both the incident and Mach steum shock waves. It is known
that transition between regular and Mach reflection over a wedge does not occur
at the angle predicted by theory; that for most shock strengths the Mach stem
shock is curved, and that there will be a slight difference in the transition
angle for the incident and Mach stem shock waves. Nevertheleos we believe that
the shock reflection processes described here are qualitatively correct.

For each of the seven reflection processes a shock polar analysis was
carried out. These analyses have provided information about the detatled wave
structures following the main reflections along the wedge surfaces, and have wmade
it possible to identify the sudden pressure changes as the reflections moved from
the first to the second wedge. The different reflection processes predicted by
the analysis, and the shock structures predicted by the shock polars have all
been verified experimentally using shadowgraph and schlteren photoygraphs. The
shock waves which support the sudden pressure changes produced by some of the
transitions and predicted by the shock polar solutions, have been observed. In
some cases these shocks are normal to the reflecting surface and i{n other cases
they are regularly reflected shocks. The criteria to deterweine which of those
configurations will occur, have not yet been estublished, but are the subject of

continuing studics.
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Figure 1:

(L)

Schematic flluetration of (a) regular reflection, and (b) Mach
reflection. 1f-tuctfdent shock wave, r-reflected shock wave, m-Mach
stem, s-slipetream, G-reflection point, T-triple point, Ov—reflectlng
wedge angle, x-triple point trajectory angle, ¢-angle of fncidence,

6-angle of deflection, (0)-(3) thermodynamic etates.
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(P, 6) shock polar soluttions of (a) regular reflection (H‘ - 1.3,

0, = 60°) and (b) Mach reflectfon (M, = 2.5, @ = 40°, x = 5.29%).
The flow states are labelled (0) ahead of the incident shock wave, (1)
behind the fncident ehock wave, (2) behind the reflected shock wave
and (3) behind the Mach stem. R is the reflected shock polar, and I

the polar for both the incident and Mach stem shocks which encounter

the same incident flow i{n a pseudo-steady frame of reference.
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Figure 3:
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Regions of possible typee of reflection in the (Hx, Ou) plane. Hl ie
the fncident shock wave Mach number, 9v the reflecting wedge angle,

and H: the limfting Mach number separating weak and strong shocks.
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For vy = 7/5, M1 = 1,4565.
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Figure 4: Two double wedge configurations, (a) concave and (b) convex. OL i

the first wedge angle, AOU the second wedge angle with respect to the

firet wedge, and 03 the asecond wedge angle.
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3(§1 65;

The seven regiona in the (Gb, 65) plane which 1dentify the different
teflection processes of s shock wave over a double wedge. OL fs the

firet wedge angle, on the second wedge angle with reapect to the

firat wedge, 03 the secoud wedge angle, and oict the detachment wedge
angle corresponding to the tncident shock wave Mach number, H‘- the
reflection processes in each reglon are given in Table 1.
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(b)

Figure 6: Schematic fllustration of che shock wave reflections over (s) the

firat and (b) the second wedge for region 1| of figure 5.
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The shock polar solution of the shock wave reflection process for
region 1. The polare are drawn accurately for an incident shouck with
Mach number N1 = 1.3, and a double cuncave wedge with faclinations ui

« 47° and 03 - 60°. Icl, Rcl and IGZ, Rc2 are the incident and
reflected shock polare for the peeudo-steady regular reflections over

the firet and second wedges, respectively.
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Figure 8:
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The ratfo, P,/Pg, of the pressuree behind and ahead of the reflection
polot of a regular reflection as a function of the reflecting wedge

angle, Gv, for an fncident shock wave Mach number M, = 1.3, calculated

{

using two-shock theory.
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(a)
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(b)

Figure 9: Schematic {llustretion of the shock wave reflections over (&) the

firet and (b) the second wedge for region 2.




Figure 10: The shock polar solution of the shock wave reflection process for

regton 2. The polars sre drawn accurately for an i{ncident shock with
Mach number M, = 1.3, and a double convex wedge with inclinatfons e: -

i
60° and 62 = 47°. 1°1, §€1 4nd 1%2

, RG2 are the {ncident and
reflected shock polars for the pseudo-steady regular reflections over

the first and second wedges, respectively.
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Figure 11: Subregfons of the different regular to regular reflectton processes in

reglona ! and 2. In subregions la and 2b there will a transftion from
high to low pressure behind the reflected shock (H+L), snd In

subregions lb and 2a, & traneftion from low to hLigh pressure (LeH).
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Figure 12: Scheastic fllustratfon of the shock wave reflectton piocess for reglon

3. (a) Mach reflectfon over the firat wedge and (b) Mach retlectton

over the second wedge.
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The shock polar solution of the shock wave reflection process in
region 3. The polars are drawn accurately for an incident shock with
Mach number H’ = 2.5, and a double convex wudge with ficlinattons OL -
40° and 0: = 30°. The triple polnt trajectory angles are y, = 5.29°

. T T T T
and y, = 8.27°. 11, Rl and 1'2, R 2 are the tncident and reflected
shock polare tor the pseudo-eteady Mach refleccfons over the first and
second wedges, respectively. The polars are linked by a daghed line

representing the constant pressure of state (1) behfnd the {ncident

shock.
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FPigure 14: Schematfc 1llustration of the shock wave reflectlion process for region
4. (a) regular vcflection over the first wedge and (b) Mach

reflectfon over the eecond wedge.
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The shock polar solution of the shock wave reflection process in
regton 4. The polars are drawn accurastely for an inctdent shock with
Mach number Hl « 2.5, and a double convex wedge with {inclinat{ons 0: -
60° and 0: = 40°. The triple point trajectory angle over the second

. G G T T
wedge 18 x = 5.29°. 1, R and I , R are the tnctdent and reflected

shock polars for peeudo-stesady regular and Mach reflecttons

respectively over the firet and second wedges.
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Figure 16, cont fnued next

page. ..
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Schemattc f{llustration of the shock wave reflection process for region
5. Q fs the fntersectfon of the triple point trajectory with the
second wedge. (a) Mach reflectfon over the first wedge, (b) regular
reflection over the second wedge and (c) the shock configurattons

after the incident shock has paseed Q.
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Figure 17: The shock polar golution of the shock wave reflection process in

region 5. The polars are drawn accurately for an {ncideant shock with

Mach number M1 = 2.5, und a double concave wedge with {nclinatious G:

= 15° and 93 =~ 70°. The triple point trajectory augle fa y = 15.72°,

T T

and the Mach number of the Hach stem shock is Hm - 2.8. 1 and R

are the incident aud reflected shock polars for the pseudo-steady Mach

reflection over the first wedge.

XG‘, 81 and IG7, 82 are the

{ncident and reflected shock polars of the pseudu-steady regular

teflections over the second wedge, before and aiter the intergection

of the triple point trajectory with the second wedge, respectively.

The dashed 163, Rc3 polars ind{cate the probable solution for the

regular reflectfon which perafte the presaure jump from stacte (4) to

etate (5) in figure 16. The polsrs are linked by the dashed lines

tepresenting the constant pressute fn states (J) and (1) of flgucre 1¢,

el -
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Figure 18, continued next page...
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Figure 18: Schematic fllustration of the shock wave reflection process for region
6. (a) Mach reflection over the first wedge, (b) Mach reflection over
the second wedge and (¢) Mach reflection over the second wedge after
the fncident shock has paeged Q, the point of {ntermectton of the two

triple potint trajectories.
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The shock-polar solutfon of the shock wave reflection process in
region 6. The polars are drawn accurately for an i{incident shock with
Mach nuaber H1 = 2.5, and for a double concave wedge with tnclinations

05 = 20° and 63 = = 40°. The Mach number of the Mach stem shock over

the first wedge ts Hm = 2.9, and the triple point trajectory angles
are y, = 12.85°, x, = 12.49° and x; = 5.29°. I'l and R’} are the
incident and reflected shock polars of the pscudo-steady Mach
reflection over the firut wedge. ITZ. RT2 and IT3, RT3 are the
incident and reflectad shock polare of the pseudo-steady Mach
reflections over the second wedge, before and after the intersection
of the triple point trajectories, reapectively. The polars are linked

by the dashed lines representing the conetant pressures in states (3)

and (1) of figure 18.
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Figure 20, continued next page...
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Pigure 20: Schematic 1llustration of the shock wave reflection process for region

7. (a) HMach reflection over the first wedge. (b) Mach reflection
over the second wedge. Q fw the intersection of the triple point
trajections. (c) Inverse-Mach reflection over the wccond wedge after
the tactdent shock has passed Q. (d) Regular reflection over the
second wedge after the third triple point T, has reached with the

wedge surface.
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The ghock polar solution of the shock wave reflection process ia
region 7. The polars are drawn accurately for an incident shock with
Mach numbers Hi « 2.5, and a concave double wedge with inclinations GL
« 30°, and 03 = 60°. The Mach number of the Mach stem shock over the
first wedge is Hm = 3.15, and the triple point trajectory angles are
X; = 8.27°, X, = 8.09° and y; = =1.12°. I'l aad R'l are the shock
polars for the pseudo-stationary Mach reflectlon over the first wedge.

172 Ty

. R'2 and 1 . R13 are the shock polare for the pseudo-steady Mach
reflections over the aecond wedge, before (direct-Mach) and after
(inverse-Mach) the intersection of rhe triple point trajectories,

regpectively. lc and Rc

are the shock polars for the ultimate
pseudo-ateady regulsr reflection over the second wedge. The dsshed
polar represents the probable wsolutton for the norwal shock which
peruites the pressure jump from state (8) to (9) in figure 20(d). The

polare sre linked by the dashed lines representing the constant

preasures in etates (1), (3) and (7) of figure 20.
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Figure 22: The angle of the second wedge st which transition from regulsr to Mach

reflection was observed, O:r, as a function of L for a concave

double wedge:

(a) weak shock wave ¥

1

= 1.29 ¢ 0.01.

(b) strong shock wave H1 - 2,45 ¢ 0.01.
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1 Figure 23: The angle of the second wedge st which transi{tion from regular to Mach
reflection was observed, 9:', as a function of Aev for a convex double

wedge and "i = 1.29 ¢+ 0.01.
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Figure 24: Actual regions and trunsition boundaries of the seven difterent

reflection processes for an incident

over a double vedge.

4

with

1.29 + 0.01
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Figure 25: Shadowgraph fllustrating the reflection on the second wedge, tollowing
a regular reflection on the first wedge for a double wedge In regtfon

1. 6! = 55° and 62 = 75°.
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Figure 26: Schlieren photograph {llustrating the reflectfon on the second wedpe
following a regular reflection on the first wedge for a double wedge
fn region 2. 0: = 65° and 03 = 50°. Detalls of the waves structure

behind the second regular reflection can be seen.
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Flgure 27:
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Schlieren photograph fllustrating the Mach reflection on the second
wedge following @ Mach reflection on the firut wedyge for a double
wedge in region 3. 0: = 35° and 05 = 15°. The eftects of the
expansion wave geuerated when the Mach reflectfon moves from the firat

to the second wedge can be geen.




Figure 28: Shadowgraph of the Mach reflection on the second wedge, following a

regular reflectfon on the first wedge for a double wedge in reglon &4:

0! = 60° and 62 = 30°.
W W
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Figure 29: Shadowgraphs 1llustrating the reflection process over a double wedge

in region S. 8: = 20° amd 63 = 75°. (a) Mach reflection over the
first gurface. (b) The reflection of the Mach stem as s regular
reflection from the second surface. (c) The waves structure
immediately after the interaction between the triple point of the Mach
reflection and the reflection poilnt of the regular reflectfon. (d)
The final regular reflection over the second surface followed bLy a
regular reflection of the reflected shock of the Mach reflection which
was terminated earlier, (e) The degeneration of the secondary regular

reflection into a normal shock wave.




Flgure

30:

bt

(v)

Shadowgraphs (llustrating the reflection process over o double wedpe
in regton 6. UL = 15° and 63 = 35°.  (a) The reflecttion ot the Mach
sten from the first wedge over the second sarface as a Mach

retlectfon. (b)) The {nteraction of the two triple potuts.  (¢) The

f{nal Mach reflectinn over the second wedpe surface,
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Shadowgraphs {llustrating the reflection process over a double wedge
fn region 7. OL = 25° and 05 = 60°. (a) The reflection of the Mach
stem from the first wedge over the second surface as a Mach

reflectfon. (b) The final regular reflection over the second surface

followed by a normal shock wave.







