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Some properties of regular and irregular interaction of shock
waves(*)

M. P. SYSHCHIKOVA and I. V. KRASSOVSKAYA (LENINGRAD)

ONE OF THE MOST essential aspects of the shock wave interaction problem which attracts the
attention of researchers is the aspect involving the determination of the interaction parameter
regions where the regular or Mach type of the shock wave intersection is observed. The present
paper contains some conclusions derived from the analysis of the solution for mutual reflexion
of two shock waves of arbitrary strengths as well as the experimental data on the shock reflexion
from a plane inclined surface. This is obtained when both regular and Mach types of reflexion
are theoretically possible. Some peculiarities of the regular collision of two shock waves with
unequal intensities are found.

Jednym z podstawowych aspektéw zagadnienia oddzialywania fal uderzeniowych, przycigga
jacych uwage wielu badaczy, jest problem dotyczacy wyznaczania obszaréw parametrow od.
dzialywania, w ktorych ebserwuje si¢ przecinanie si¢ fal uderzeniowych regularnych lub typu
Macha. W pracy podano pewne wnioski wyciagni¢te z analizy rozwiazania problemu wzajemne-
go odbicia dwoch fal uderzeniowych o dowolnej mocy, jak rowniez z pomiaréw doswiadczal-
nych dotyczacych odbicia fali uderzeniowej od plaszczyzny skosnej. Dotyczy to przypadku,
gdy istnieje teoretyczna mozliwoé¢ odbi¢ regularnych, jak réwniez typu Macha. Stwierdzono
pewne osobliwosci wyst¢pujace przy zderzeniu dwéch fal uderzeniowych o roznej intensyw-
nosci.

Opmrm 13 HanGosiee CYIIeCTBEHHBIX BOIPOCOB MIPH OMMCAHHWM B3AHMOJAECHCTBHA YAAPHBIX BOJH
sIBJIAETCs mpoGiema ompefencHus TeX ob/acTeil mapamMeTpoB B3aMMOMIENCTBHA, B KOTOPBIX
HabOAAIOTCA perynApHBIE MM MAaXOBCKHE INepeceueHHs YAAapHLIX BoiaH. B pabore comep-
FATCA HEKOTOpBIe Pe3yNBTATHI MONMYYeHHBIE HA OCHOBE aHAIM3a pellleHWii B3aMMHOrO OTpa-
JKEHHA ABYX VJaPHBIX BOJIH NPOM3BOJIBLHON AMIIMMTYMBLI, 4 TAK@e OIKCIEPHMEHTANBHBIE pe-
3YIBTATEI [0 OTPAYKEHHIO YAAPHBIX BOJIH OT HAKJIOHHON IJIOCKOCTH, MOJYYeHHbIE A TAKHX
YCIIOBHI, KOIla TEOPeTHYeCKH BO3MOYKHBI KaK PeTYJAPHEIC, TAK M MaXOBCKHE OTPRXKEHHS.
HaiifieHs! HeKOTOPBIe OCOGEHHOCTH IPH PErYJIAPHOM COYAAPEHMM ABYX YNApHbIX BOJIH pas-
JHMYHOH MHTEHCHBHOCTH.

1. Introduction

ONE OF THE MOST essential aspects of the shock wave interaction problem which attracts
the attention of researchers is the aspect involving the determination of the interaction
parameter regions where the regular or Mach type of the shock wave intersection is ob-
served.

It is known that there are two solutions for the regular reflexion from a rigid wall and
in the case of the regular collision of two shocks when the shock wave local theory is
used. Besides, at certain initial parameter regions of the interaction both the regular and
Mach interaction types are theoretically possible. No answer has yet been given to the
question as to which of the possible configurations is realized in the concrete interaction
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processes. The additional conditions, allowing to choose the true solution from the possible
ones, should be sought on the basis of a more profound analysis of the theoretical solutions
as well as in the course of detailed experimental investigation of the shock wave interaction
processes.

The present paper contains some conclusions derived from the analysis of the solution
for mutual reflexion of two shock waves of arbitrary strengths as well as the experimental
data on the shock wave reflexion from a plane inclined surface. This is obtained when
both regular and Mach types of reflexion are theoretically possible. Some peculiarities
of the regular collision of two shock waves with unequal intensities are found. The collision
regularity boundary not coinciding with the boundary of oblique shocks of the weak and
strong families is of the greatest importance. The regular intersection of two strong shock
waves of unequal intensities is shown to be theoretically possible in a more narrow range
of the collision angles than in the case of collision of the corresponding shock waves with
equal intensities. It was experimentally established that the reflexion of the moving shock
wave from an inclined plane surface resulted in the regular or irregular reflexion type
depending on the “pre-history”, the downstream parameter values behind the reflected
shock wave far from the point of reflexion.

2. Regular collision of two shock waves-of arbitrary intensity

Consider the four-shock configuration shown in Fig. 1. It is assumed that the shock
wave fronts are plane with the uniform flow behind them. The values given are the intensities

FiG. 1.

of shock waves as well as the angle of shock wave collision. The intensity may be characte-
rized by the gas density ratio across the front. The principal relationships determining the
intensities of the reflected shock waves and the geometrical parameters of the four-shock
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configuration obtained from the mass, momentum and energy conservation equations
and from the conditions at contact discontinuity may be
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The following designations are used in the equations: I'y; = %L — density ratios across
J

the shocks I, J, P, R. The subscripts i, j denote the flow regions before and behind the shock

wave, respectively, n = -g—i—ll)— — maximum density ratio,  — specific heat ratio of the
gas used.

Equations (2.1), (2.2), (2.5) and (2.7) relate the density ratio values at the oblique
shock fronts with the tangents of the incidence and refraction angles of the streamlines.
Equation (2.3) indicates that the sound velocity in the ,,0” region may be expressed in
terms of the parameters of either colliding wave. Equation (2.6) and (2.8) provide that the
parameters of the flow behind the colliding waves are the incoming flow parameters for
the reflected ones.

Equation (2.3) provides the equality of pressures at contact discontinuity expressed
in terms of the pressure ratio. The relationships (2.4) and (2.10) are evident. The system
of equations (2,1)—(2.10) can be reduced to the system of two nonlinear equations containing
only two new variables v, = tgg,, v, = tgg, numerically solved. Figure 2 represents the
change of the angle between the reflected shocks as a function of the collision angle for
the following pairs of the colliding shock waves:
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curve 1 M, =2, o =267T); M, =2, o = 2.67);

curve 2 M, =2, ([o=26T); M,= 4o = 5.0);

curve 3 M, =2, (I'yy=267); M,=20, @4 =592);

curve 4 M, =35, Iy = 5.0); M, =15, (T4 = 5.87);

curve 5 M, =10, [0 =571); My=15, (T4 =587).
As is seen the system (2.1)-(2.10) has one or several solutions (up to four) depending on
the initial parameters M,, M,, f. The detailed analysis of the solutions (I)-(IV) shows
that the upper series of the curves in Fig. 2 (branches III-IV) describes the interaction at
the intersection point of three shock waves originating from the independent sources
with two of them following each other and colliding at the intersection point with the
third one moving in the opposite direction. This results in the shock wave and contact dis-
continuity. The lower series of curves (Fig. 2, branches I-II) refers to the shock regular
oblique collision leading to the appearance of two shocks and a constact discontinuity.

These four solutions do not necessarily exist at any value of the initial parameters of
the problem. As in the case of regular shock wave reflexion at the rigid wall, there exist
such values of the angle f = f.. for each pair of colliding wave intensities at which the
pairs of the roots the I-II and ITI-V merge into one. At f§ > ., regular collision of shock
waves is impossible. The points, corresponding to the critical values of the collision angle,
are denoted by circles in Fig. 2. If the ratio of gas densities across the fronts of colliding
waves with equal intensities satisfies I'y; > 2, then the critical value of the angle S, depends
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but little on the shock wave intensity (the line AB in Fig. 2). The data obtained indicate
that the regular collision of two strong shock waves with unequal intensities is
theoretically possible in a narrower range of angles of shock encounter than in the
case of waves of equal intensities.

Interesting properties of shock wave collision are revealed while considering the shock
polars of the reflected shocks in the plane (1, 8), where 7 is the angle between the shock and
incoming flow direction, ¢ is the angle of deflection of the flow by the shock wave. Figure 3
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(“a” and “b”) presents the polars of the reflected shock waves P and R, showing the change
of values 7, d with the change of the shock wave collision angle for pairs of colliding waves
with fixed intensities: curve I- (I'jp = Iy = 2.67), curve 2 (I'y, = 2.67; Iy, = 5.0),
curve 3 (I'jo = 5.71; I'yo = 5.87), curve 4 (I'yg = I'yo = 6).

Solid and dotted lines mark parts of the polars corresponding to the solutions I and
IT of the problem. The arrows show the direction of the angle 8 to increase from 0 to the
critical value. Points @ and ¢ refer to the 0 value of the angle 8, points k (semi-blackened
circles) refer to the critical angle ...
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To analyse the solutions obtained, some lines are plotted in Figs. 3a and 3b, defining
the properties of the oblique shock. Curve 5 in these figures is the shock polar of the oblique
shock for the incoming flow with M = co. All possible shock transitions occupy in the
plane (7, 0) the region between curve 5 and the ordinate axis. It is known that at the fixed
M-number the incoming flow may be deflected by a shock wave at an angle not exceeding
the certain value 6 = &pay. Curve E in Figs. 3a and 3b is the locus of the points at which
the maximum value of the flow deflection angle & = 0y, is attained for given M-values.
This curve divides the region of possible shock transitions into two parts: above the curve
the flow deflection at an angle § is due to the shock wave of the strong family, whereas
below the curve it is due to the shock wave of the weak family. Curve S is the locus of the
points for which the M-number of the flow behind the gasdynamic discontinuity is equal
to unity.

Curves I and 4 are plotted for the symmetrical case of regular collision of two shock
waves or, which is the same, for regular reflexion from an inclined rigid wall. The region
of the parameters #, d, is smaller in this case than the values of #, é for shock transitions
(within curve 5). It is easy to show that in the case of the regular collision of two similar
shock waves the curve E divides the polars (#, ) into parts corresponding to the two
(the first and the second) solutions of the regular collision problem. It is natural that within
the region restricted by curve 4 the curve E itself is the locus for the pairs of values 7, §
which correspond to the critical values of the initial problem parameters. Since curve E
is also a boundary separating the shock of the strong and weak families on plane 7, 4,
solutions I appear to contain shock waves of the weak family whereas solutions I belong
to the strong family in all cases of reflection of shock waves with equal intensity. Coincidence
of the boundary of weak family shocks, and strong family shocks with the polar points
7, 0, corresponding to the critical parameters of the problem is an important property
of oblique regular collision of shock waves with equal intensities.

The range of possible values of #, é for colliding waves of unequal intensities is wider
than that for colliding waves of equal intensities. In the range of shock intensities consid-
ered above, the values 7, d for one of the reflected waves lie outside the limiting polar
of regular reflexion (curve 4), while those for the other wave lie within the region restricted
by this polar. The characteristic feature of collision of shock waves with unequal intensities
is the fact that the pairs of values %, d, corresponding to the critical interaction parameters
for one reflected wave, lie below E (Fig. 3a), while those for the other wave lie above
curve E (Fig. 3b). The “critical” points of regular collision do not coincide with the bound-
ary points separating waves of the weak and strong family. Therefore solutions I and II
contain reflected shocks of both weak and strong families. This feature of regular collision
of shock waves,with unequal intensity may prove to be essential when solving the problem
of whether the regular shock wave interaction can be realized. If the reflected shock waves
of the strong family are not realized, one may expect the transition to the irrégular type
of collision of two shock waves at the collision angle values to be smaller than the critical
values at which the system of equations (2.1)-(2.10) has one root. The interaction para-
meter region where the solution I yields the strong reflected shock appears to be worth
devoting further experimental research.
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3. Experimental investigation of the onset of irregular reflexion

In determining the conditions in which irregular reflexion occurs, we shall consider
only the case of a moving shock wave reflected from an inclined surface. It is convenient
to use the value of the angle between the direction of the incinent shock wave front prop-
agation and the reflecting surface as well as the value of the incident shock wave intensity
as the initial interaction parameters.
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Figure 4 shows regions of exiting solutions in the local theory of regular reflexion
and in the elementary theory of Mach reflexion [2] in the plane of initial interaction para-
meters («, M) for gas with a specific heat ratio y = 1.29. Curve E in this figure is a boundary
curve of regular reflexion. Regular reflexion is theoretically possible above curve E. As
regards irregular reflexion, the curve of the “stationary” Mach configuration (curve B)
actually is a boundary curve. At the parameters ¢, M on the B line the angle of the triple
- point trajectory is equal to zero according to the elementary Mach reflexion theory. At
parameters «, M in the region between the curves E and B both the regular and Mach
reflexion types are theoretically possible. Until recently it was believed that when regular
reflexion is possible this particular type of refiexion is realized. This conclusion was orig-
inally based on [3] investigating moving shock wave reflexion from a wedge in a shock
tube. This study proved that in the vicinity of the regular reflexion boundary curve (curve E
in Fig. 4) the regular reflexion is replaced by Mach reflexion. The regions of the regular
and Mach reflexion were determined most thoroughly for a moving shock wave reflected
from a wedge [3-5]. Special attention was given to regular reflexion being replaced by the
Mach reflexion in the vicinity of the boundary curve but somewhat lower, i.e. regular
reflexion was observed in the narrow region of the initial interaction parameters, for
which the regular reflexion is theoretically impossible. Until [6], stationary reflexion of
a shock wave from a wall or stationary intersection of shocks with equal intensities, had
not been investigated. However, data were available to account for the fact that the replace-
ment of the regular reflexion by Mach reflexion occurs at the interaction parameters,
close to the regular reflexion boundary curve [4, 7, 8]. The first work to record the Mach
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reflexion in the parameter regions «, M, where regular reflexion is theoretically Ppossible,
was [6]. Having studied the conditions for transition from regular to Mach reflexion in
the case of the stationary intersection of two shock waves with equal intensities, the authors
found that at M = 2.2 the transition to Mach reflexion occurs at the parameters corre-
sponding to curve B. It was noticed that in the region between curves £ and B Mach
reflexion yields the solution with a lower pressure behind the reflected shock wave in
comparison to that obtained for regular reflexion, that is, it yields a weaker reflected wave.
Mach reflexion was also obtained in the parameter region extending up to the curve B in
[9] where both stationary reflexion and stationary intersection of shock waves in a wind
tunnel were studied. The authors believe the disagreement between the data on stationary
and pseudo-stationary reflexion to be only apparent and assert that in the region of the
interaction parameters between the curves E and B when the moving shock is reflected
from a wedge, there occurs the Mach reflexion. It is not the regular one but the configu-
ration cannot be resolved because of its proximity to the reflecting surface. The work [9]
contains no direct evidence of this assertion which leaves the question of the triple inter-
action parameter ranges, where one of the two reflexion types is realized, unanswered even
in the most simple case of the plane shock wave reflexion from a plane inclined surface,

This article presents the results of the experimental research on plane shock wave
reflexion from a double wedge. The aim of the present study is to determine how the con-
ditions in the area behind the reflected shock wave (the “downstream” parameters) in-
fluence the realized wave pattern, when both regular and irregular reflexions are theoreti-
cally possible. Reflexion of a moving shock wave from a double wedge is one of the simplest
cases of the unstationary reflexion. This model permits to vary the flow parameters at
the apex of the second wedge retaining constant values of the shock wave intensity and
the angle between the incident shock and the reflecting surface of the second wedge.
The experiments were conducted in a shock tube with the model shown in Fig. 6. The model
used consisted of two wedges. The gap was maintained between the two wedges to allow
the boundary layer to bleed off and eliminate the possibility of separation at-the corner
intersection of the wedges. The experiments were carried out in carbon dioxide at the
incident shock Mach number M = 2.9. The angle between the reflecting surface of the
second wedge and the direction of the incident shock wave propagation was o = 50°.
The wave configurations developing during shock wave reflexion from the secondary wedge
surface were determined. According to the local reflexion theory, both regular and irregular
types of reflexion are possible at M = 2.9 and « = 50°.

The experiments show that reflexion is regular in the case of a moving shock reflexion
from the single-corner wedge with an apex angle of 50°. At any rate, while observing re-
flexion of a shock wave at distance of 100 mm from the wedge apex, Mach reflexion is
unresolved although, according to the Mach reflexion elementary theory, the angle of
the triple point trajectory ¥ = 2.1° and at this distance the Mach stem might be expected
to be ~ 5 mm. :

Figures 5(a-d) present four photos from the shadow photograph series showing the
dynamics of the wave pattern development at shock wave reflexion from the double wedge.
The apex angle of the first wedge is 15° and the second wedge apex angle is 35°. Reflexion
of the incident shock wave from the surface of the first wedge results in the Mach configu-
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ration. Its geometric characteristics are in good agreement with the Mach elementary
theory. Figure 5a shows the shadow pattern observed at the moment when the Mach
stem of this primary triple configuration is reflected from the surface of the second wedge.
One can see two triple points formed as the incident shock is reflected from the first wedge
and the Mach stem is reflected from the second wedge. Reflexion of the Mach stem of the
primary triple configuration from the second wedge surface occurs as a double Mach
reflexion. The latter is characterized by the fact that behind the reflected shock wave there
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occurs a secondary shock and the reflected shock front has a kihk. The work [10] proves
that the double Mach reflexion is realized only when the flow behind the reflected shock
is supersonic in the system of reference bounded by the triple point and the pressure in the
flow over the wedge is higher than the reflexion pressure. As a matter of fact, the secondary
shock behind the reflected shock wave is a local boundary of the two simultaneous pro-
cesses: Mach reflexion of the shock wave from the wedge surface and formation of the
flow round the wedge. Figure 5b presents the shadow pattern of the wave configurations
at the intersection of the triple point trajectories of the first and second Mach reflexions.
At this moment the incident shock wave “learns” about the change of the reflecting surface
slope. As is seen from Fig. 5c, a new three-shock configuration arises after the interaction
of the triple points of the first and second Mach reflexions. The shadow photos of the suc-
cessive stages of the shock wave-double wedge interaction show that the new Mach configu-
ration moves first towards the second wedge surface and then the Mach stem begins to
grow. The trajectories of the first, second and third triple points with respect to the second
wedge surface are shown in Fig. 6. Plotted on axis x is distance from the apex of the second
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wedge to the intersection point of the normal from the triple point with the wedge surface,
the distance along the normal between the triple point and the surface being plotted on
axis y. The straight line AC is a portion of the trajectory of the triple point formed by re-
flexion of the incident shock wave from the first wedge. The trajectory BC of the second
triple point produced by reflexion of the Mach stem is a straight line, too. The curve CD
is a region of unsteady transitional process. Further, the triple point trajectory becomes
straight (see the line DE), which points at the self-similar development of the triple con-
figuration. The wave pattern observed at this interaction stage is presented (in Fig. 5d).
This is a system of gasdynamic discontinuities typical of the pseudo-stationary case of
strong shock wave reflexion — the double Mach reflexion. The angle characteristics of the
three-shock configuration are in good agreement with the theoretical values. The measured
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value of the angle between incident and reflected shock waves is fop = 133.5°, while the
value calculated from the elementary theory of Mach reflexion f;, = 132.4°. Thus, when
a moving shock wave is reflected from a plane inclined surface of the double wedge, Mach
reflexion is observed in the interaction parameter range where both regular and irregular
types of reflexion are theoretically possible.

Significant results are obtained while studying reflexion of the shock wave with M = 2.9
from the second surface of the double wedge when « = 47.5. At reflexion from the ordinary
wedge, a configuration which looks like a two-shock one is observed although at M = 2.9
and « = 47.5° regular reflexion is not theoretically.possible.

In the case of shock wave reflexion from the second surface of the double wedge, a sy-
stem of gasdynamic discontinuities similar to that shown in Fig. 5d is observed. Figure 6b
shows the trajectories of the triple points produced at shock wave reflexion from the first
wedge, and reflexion of the Mach stem from the second wedge as well as the trajectory
of the triple point resulting from the intersection of the two initial three-shock configura-
tions. Similar to the case considered above the trajectories of the first and second points 4B
and BC are straight lines, the trajectory of the third triple point being curved at CD and
straight at DE. In this region the angle between the triple point trajectory and the wedge
surface is = 2.6° which agrees well with the theoretical value calculated in the elementary
theory of Mach reflexion.

Thus, the pressure decrease “downstream” behind the reflected shock due to the thinner
wedge (the double wedge model) results in a noticeable increase of the angle of the triple
point trajectory. The magnitude of the Mach stem in the case of stationary reflexion
(reflexion of a stationary shock wave from a wall) is known to be determined by pressure
at the exit of the channel. The unsteady process of shock wave reflexion from the double
wedge considered above clearly reveals one of the possible mechanisms by which the
“downstream” parameters influence the system of gasdynamic discontinuities.

The authors wish to express their appreciation and gratitude to Dr. M. K. BERYOZKINA
and Dr. A. N. SeMeNov for their interest and helpful discussions.
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