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Abstract. The assumption that the Mach reflection which is formed 
over the second surface of a double wedge with angles 0~ and 02 
approaches asymptotically the Mach reflection which would have 
been obtained by an identical incident shock wave over a single 
wedge with an angle 0 w = 02 was verified experimentally, The verifi- 
cation of this assumption supports the shock polar analysis sug- 
gested by Ben-Dot et al. (1987) for the study of the reflection process 
of a planar shock wave over a double wedge. Measurements of the 
rate of approach to the asymptotic value are also provided. 

1 Introduction 

Ben-Dor et al. (1987) have studied, both  analytically and 
experimentally, the reflection of a planar shock over a double 
wedge. In their analytical  study they provided a detailed 
shock polar  analysis of the reflection process, based on the 
assumption that  the reflection over the second surface of the 

double wedge approaches asymptotically the reflection which 
would have been obtained over a single wedge with the same 
wedge angle. 

A schematical i l lustration of a double wedge is shown in 
Fig. 1. 0~ and 02 are the slopes of the first and second 
surfaces of the double wedge, respectively. The difference 
between these two slopes is AOw = 0~ - 0~. If AO w > 0 the 
double wedge is concave (Fig. 1 a), and ifAO,~ < 0 the double 
wedge is convex (Fig. I b). 

T h e  domains  of different types of reflection process over 
a double  wedge in the (01,,, 0Z)-plane are shown in Fig. 2. The 
line AOw = 0 divides the (0~w, 02)-plane into the domains  of 
concave and convex double wedges. The line 0~ = 0a~ et deter- 
mines the type of reflection over the first surface of the 
double wedge. If 0~ < 0d~ t then the incident shock wave 
reflects over the first surface as a Mach reflection (MR), and 
if 0~ > 0d~ t then the initial reflection is regular (RR). The line 
02 = 0~, ~t determines the type of reflection which is finally 
obtained over the second surface. If 02 < _~0 d~ then the final 
reflection over the second surface is a MR, and if 0Zw > O d~' 

- - w  

then the final reflection over the second surface is a RR. In 
the case of a concave double wedge (AO~,> 0) and a Mach 

det reflection over the first surface (0~ < 0 w ) the Mach stem of 
the MR reflects eventually over the second surface. The type 
of its reflection depends upon whether AO,~ is smaller or 
greater than 0 det If AOw < 0det then the Mach stem will , 

- - w  " v W  

reflect over the second surface as a MR, and if AO w > od,~ ' 
then it will reflect as a RR. 

The above described transit ion boundaries  give rise to 
seven domains  of different types of reflection processes over 
a double wedge. They are numbered 1 to 7 in Fig. 2 and are 
summarized in more detail  in Table 1. 

The three reflection processes which are investigated in 
this study are those appropr ia te  to domains  3, 4 and 6, for 
only in these three domains  the final reflection over the 
second surface of the double wedge is a MR. In the following 
a detailed description of the reflection process in each of 
these three domains is given. 

CON>CAVE / 
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Fig. 1 a and b. A schematical illustration of a double wedge; a con- 
cave, b convex 
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Fig. 2. Domains of different types of reflection processes over a 
double wedge 

Table 1. A summary of the seven different reflection processes which 
can occur over convex and concave double wedges depending on the 
magnitude of the wedge angles 01, 02 and AO w compared to the 
detachment wedge angle 0~ ~ (referred to simply as "det" below); the 
numbers in the final column refer to the regions in the (01, 02 ) plane 
of Fig. 2 

01 02 AO,, First Second Region 
surface surface 

Convex > det > det - Regular Regular 2 
< det < det - Mach Mach 3 
> det < det - Regular Mach 4 

Concave > det > det - Regular Regular 1 
< det > det > det Mach Regular 5 

- t  regular 
< det < det < det Mach Mach 6 

Mach 
< det > det < det Mach Mach 7 

--, regular 

Domain 3 

- Since AO,, < 0, the double  wedge  is convex.  
_ 0 d e t  Since 0~ < - w ,  the incident  shock wave  reflects over  the 

first surface as a MR.  
- Since 0~ < 0~ et, the final reflect ion of the incident  shock 

wave  over  the second surface is also a MR.  

A schemat ica l  i l lus t ra t ion of  this reflect ion process  is shown 
in Fig. 3. 

D o m a m  4 

- Since AOw < 0, the double  wedge is convex.  
_ ~ d e t  Since 0~ > v~ , the incident  shock wave  reflects over  the 

first surface as a RR. 

A 

J 
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Fig. 3. A schematical illustration of the reflection process in 
domain 3 of Fig. 2 

/ , /  
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Fig. 4. A schematical illustration of the reflection process in 
domain 4 of Fig. 2 

- Since O~ < -w One', the final reflection of  the incident shock 

wave  over  the second surface is a MR.  

A schemat ical  i l lus t ra t ion of  this reflection process  is shown 

in Fig. 4. 

Domain 6 

Unl ike  the previous  two cases, here AO w > 0, and therefore 
flaet the double  wedge is concave.  Since 0~ < v,~ , the incident  

shock wave  reflects over  the first surface as a MR.  W h e n  the 

M a c h  stem of this M R  collides wi th  the leading edge of  the 

second surface, for which AO~, < 0a~ t, it reflects over  it as a 
MR.  The two M a c h  reflections in teract  to create  the final 

M R  of  the incident  shock wave  over  the second surface, 
whose  slope satisfies 0~ < 0~ ~t. A schemat ica l  i l lus t ra t ion of  

this reflection process is shown in Fig. 5. N o t e  that  the inter-  
ac t ion  of  the two  triple points,  T~ and  T2, at po in t  Q, results 

in two new triple points :  T3, associa ted with  the M R  of the 
incident  shock wave  over  the second surface and an addi-  
t ional  tr iple point ,  Tr which "spli ts" the reflected shock 

wave. 
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illustration of the reflection process in 

In order to obtain the values of the triple point trajectory 
angle, )~, the velocity of the triple point, V r , and the velocity 
of the foot of the Mach stem, VG, to which the MR over the 
second surface was assumed to approach asymptotically, the 
reflection of an incident shock wave with an identical Mach 
number  over a single wedge with an angle 0w = 02 was 
recorded. The values of X, Vr and V G, which are constant 
over a single wedge, were measured directly from the photo-  
graphs. The triple point trajectory angle, Z, was measured 
with a protractor  to an accuracy of _+ 0.5 ~ The velocities of 
the triple point and the foot of the Mach stem were obtained 
by dividing their respective distances from the leading edge 
of the wedge by the time passed from the moment  the inci- 
dent shock wave collided with the leading edge of the wedge 
to the moment  the photograph was taken. This time was 
calculated from 

The previously mentioned assumption that the MR over 
the second surface approaches asymptotically the MR which 
would have been obtained by the same incident shock wave 
over a single wedge with an angle 0~ -- 0~ implies that the 
triple point trajectory angle ;( of each of the Mach reflections 
shown in Figs. 3 -5 ,  over the second surface should 
approach asymptotically the value which would have been 
obtained with the same incident shock wave over a single 
wedge with an angle 0w = 0~. The verification of this 
assumption, which is basic to Ben-Dor et al. (1987) analysis, 
is the subject of the present experimental study. 

2 Present study 

In order to check the foregoing mentioned assumption, an 
experimental study was carried out in which the reflection 
process over a double wedge was recorded using high speed 
photography.  Details of the high speed photography tech- 
nique can be found in the papers by Dewey and Walker 
(1975) and Walker et al. (1982). The system consists of a giant 
ruby laser which can be pulsed in 50 p.s intervals. The phe- 
nomenon was recorded with a rotat ing-mirror  camera. Two 
experiments with very-nearly identical incident shock wave 
Mach numbers were conducted over each double wedge, 
with the first laser pulse of the second experiment delayed by 
25 las with respect to the first pulse of the first experiment so 
that is was possible to obtain multiple schlieren photographs 
of the reflection process over a double wedge in 25 ps inter- 
vals. 

Once the two experiments were recorded, the trajectories 
of the triple points and the points where the feet of the Mach 
stems touch the reflecting surfaces were digitized. The digi- 
tized data were then evaluated to obtain specific details 
regarding the direction of propagat ion of the various triple 
points, their velocities and the velocities of the feet of the 
Mach stems along the reflecting surface. 

Li 
A t = -  

where L i is the horizontal distance of the incident shock 
wave from the leading edge of the wedge and V i is the veloc- 
ity of the incident shock wave. The velocity of the incident 
shock wave was measured by two pressure transducers 
which were separated by 20 cm and were located just ahead 
of the test section of the shock tube. 

3 Results and discussion 

In the following, the experimental results of the foregoing 
described study are given for domains 3, 4 and 6 of Fig. 2. 
Note that only the asymptotic wave configuration is given 
over the second surface. The wave configurations which are 
obtained immediately after the reflection over the first sur- 
face interacts with the sudden change in the slope of the 
surface, are discussed in detail in Ben-Dor  et al. (1987). 

Domain  3 

Experiments with two double wedges which are appropriate  
to domain 3 of Fig. 2 were performed. The geometry of the 
first double wedge was 0~ = 40 ~ and 02w = 25 ~ (AOw--- -15~ 
The incident shock wave Mach number  was M i = 1.3. 

The triple point trajectory angle Z and its velocity in 
terms of Mach number, M r = Vv/ao, are shown in Fig. 6. 
The triple point trajectory angle over the first surface which 
has a slope of 40 ~ is )~ = 1.2 ~ 

After the Mach stem of the MR over the first surface 
passes the leading edge of the second surface, the direction 
of propagat ion of the triple point, i.e. 0~ + Z1, decreases 
continuously and approaches the value appropriate  to a MR 
with Mi = 1.3 over the single wedge with 0 w = 25 ~ i.e. 
X s = 6.4 ~ The velocity of the triple point, MT, which was 
1.74 over the first surface is also seen to be decreasing con- 
tinuously and approaching asymptotically the value appro- 
priate to a single wedge, i.e., M~- = 1.523. The velocity of the 
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Fig. 6, The instantaneons triple point trajectory angle, Z, and triple 
point Mach number, MT, of the Mach reflection of an incident 
shock wave with Mi = 1.3 over the second surface of a double wedge 
with 0~ = 40 ~ and 0~ z. = 25 ~ (domain 3 of Fig. 2) 

foot of the Mach stem M G = V~/ao, for this case is shown in 
Fig. 7. It is also seen to decrease continuously from its value 
of 1.7 over the first surface towards the value appropriate to 
a single wedge with 0 W = 25 ~ i.e., M~ = 1.387. 

At a distance of 18 cm from the leading edge of the double 
wedge the triple point trajectory angle Z and its velocity M r  
have almost reached the values appropriate to a single 
wedge. However, M~ is still quite far from the asymptotic 

value it is assumed to reach at this distance (Z and M r are 
about 1.5% and 1% larger than the asymptotic values, 
whereas M~ is still about  4,5% too large). 

An additional experiment with a double wedge also 
appropriate to domain 3 of Fig. 2 is shown in Fig. 8. 
The geometry of the double wedge is 0~ = 35 ~ 0 z = 15 ~ 
(AO.~ = - 20 ~ and the incident shock wave Mach number  is 
again M i = 1.3. 

The experimental results again indicate that after the MR 
over the first surface passes the leading edge of the second 
surface the values of Z, MT and M G decreases towards the 
values appropriate to a single wedge with an angle 0~= 15 ~ 

Unlike the previous case, here M e is seen to reach 
its predicted asymptotic value at about x = 12 cm (x is 
measured from the leading edge of the double wedge) while 
M r and Z are still about 1.5% and 4.9% larger than their 
assumed asymptotic values. Note that the + 0.5 ~ error bar 
in the measured value of Z could have resulted in a different 
curve which would still agree with all the measurements but 
would resemble a faster approach to the assumed asymp- 
totic value. Such a curve is added to Fig. 8 in a dotted line. 
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Fig. 7. The instantaneous Mach number, M e, of the foot of the 
Mach stem of the Mach reflection of an incident shock wave with 
M i = 1.3 over the second surface of a double wedge with 0~ = 40 ~ 
and 0~ = 25 ~ (domain 3 of Fig. 2) 
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Fig. 8. The instantaneous triple point trajectory angle and Mach 
numbers of the triple point and the foot of the Mach stem of the 
Mach reflection of an incident shock wave with M i 1.3 over the 
second surface of a double wedge with 0 wl _- 35 ~ and 0 w2 = 15 ~ 
(domain 3 of Fig. 2) 

It results in a value which is only about 2.8% higher than the 
assumed limit. 

Domain 4 

The experimental results over a double wedge with 0~ = 60 ~ 
and 0~ = 30 ~ (AO w = -- 30 ~ and an incident shock wave 
with Mi = 1.3 are shown in Fig. 9. The reflection process 
over this double wedge starts with a RR over the first surface. 
When the reflection point of this RR reaches the leading edge 
of the second surface (point B), MR begins and a triple point 
forms. 
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Fig. 9. The instantaneous triple point trajectory angle, and Mach 
numbers of the triple point and the foot of the Mach stem, of the 
Mach reflection of an incident shock wave with M~ = 1.3 over the 
second surface of a double wedge with 0~ = 60 ~ and 0~ = 30 ~ 
(domain 4 of Fig. 2) 

The experimental  results in Fig. 9 again indicate that Z, 
M r and M G approach  asymptot ical ly  their assumed limiting 
values. At about  x = 12 cm (x is again measured from the 
leading edge of the double wedge), Z, M~ and M r  ate about  
1.3%, 0.4% and 0.25% larger than their respective asymp- 
totic values. These small differences imply that  the M R  con- 
figuration has almost  reached a configuration which would 
have been obtained by an incident shock wave with M~ = 1.3 
over a single wedge with 0~ = 30 ~ 

D o m a m  6 

Due to the complexity of the reflection process in this 
domain  compared  to those presented earlier for domains  3 
and 4 the experimental  results for this case are shown in a 
different way than those presented earlier. 

Figure 10 shows the experimentally recorded trajectories 
of the four triple points T 1 , T 2 , T 3 and T 4 of Fig. 5. The first 
triple point  Ta, is obta ined when the incident shock wave 
with M~ = 1.3 reflects over the first surface which has an 
angle 0~ = 15 ~ The triple point  t rajectory angle of T~ is 
Zl = 14.8~ When the Mach stem of this M R  collides with 
the leading edge, point  B, of the second surface, which has an 
angle 0z~ = 35 ~ it reflects over it as a secondary M R  with 
triple point  T 2 . The experimental  results indicate that unlike 
the trajectory of T t which is straight, the trajectory of T 2 is 
curved. This is p robab ly  due to the fact that  the Mach stem 
(which serves as the incident shock wave in the secondary 
MR, see Fig. 5) is not a straight shock wave like the incident 
shock wave. Instead, it has a concave curvature. If, however, 
the trajectory of the T 2 is approximated  by a straight line 
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Fig. 10. The experimentally recorded trajectories of the four triple 
points 7"1, 7"2, T 3 and T 4 shown in Fig. 5, of the Mach reflection of 
an incident shock wave with M i = 1.3 over the second surface of a 
double wedge with 0~ = 15 ~ and 0~ = 35 ~ (domain 6 of Fig. 2) 

then it forms an angle, Z2, of about  7 ~ with the second 
surface. When the two triple points, T~ and T2, meet at point  
Q they interact to result in two new triple points, T 3 and T 4. 
T 3, the triple point  of the M R  of the incident shock wave 
over the second surface, is seen to approach  a direction 
which is parallel to the trajectory which would have been 
obtained if an incident shock wave with M~ = 1.3 was 
reflected over a wedge with Q, = 35 ~ i.e., z = 4~ This direc- 
tion is shown in Fig. 10 by a dash-dot ted line. The trajectory 
of the triple point  T 4, on the curved reflected shock wave, is 
also curved. 

The evaluation of the velocity of T 3 resulted in MT3 = 
1.659. The velocity of an appropr ia te  triple point  over a 
single wedge would be M r = 1.673. The difference, which is 
less than 1%, clearly suggests that the triple point  T 3 has 
almost  reached the asymptot ic  value it is assumed to reach. 
The velocities of T 1 and T2, i.e., M r ,  and Mr2,  are 1.479 and 
1.650, respectively. It should also be noted that the trajectory 
of T 4, which as mentioned earlier is curved, is seen to 
approach  a straight line. The direction of this line with re- 
spect to the x-axis is 62.9 ~ . 

Finally, it is of interest to note that  if one assumes that  the 
Mach stem of the MR of the incident shock wave is straight 
and perpendicular  to the wedge surface, then the locat ion of 
point  Q where the trajectories of the first two triple points, 
7"1 and T 2 , intersect, can be calculated analytically using the 
following geometrical expression: 

sin(A0w + Z2) 
AQ = L (1) 

sin (AOw + Z2 - Zt) 

where AQ is the distance from the leading edge of the double 
wedge, point  A, to point  Q and L is the length of the first 
surface, i.e., L = AB.  
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Thus the location of Q in the (x, y)-plane is: 

xo. = A Q  cos(0~ + Z1) (2 a) 

YO = A Q  sin (0~ + X1) (2b) 

The analytical solution of the reflection at hand results in: 
Zl = 13.286~ and )~2 = 7.028 (recall that the experimental 
results were 14.8 ~ and 7 ~ respectively). Inserting these 
values into Eq. (1), together with L = 72 mm yields A Q  = 

140.2 mm. Thus, from Eq. (2), one obtains x o = 123.4 mm 
and Yo = 66.4 ram. The corresponding measured results as 
evaluated from the digitized data are 125 mm and 68 mm, 
respectively. The comparison between these results suggests 
that Eq. (1) and (2) could be used to predict quite accurately 
the location of point Q where T 1 and T 2 meet. 

It should also be mentioned that experiments with 
M i = 1.3 were repeated using the double wedge configura- 
tion at hand, i.e., 0~w = 15 ~ AO w = 20 ~ and 01 = 35 ~ but with 
different values of L (L is the distance from the leading edge 
of the first surface, point A, to the leading edge of 
the second surface, point B). The experimentally obtained 
location of point Q agreed with that predicted by Eq. (1) 
and (2) to within 2.5% for all values of L in the range 
15 < L < 72ram. 

4 Conclusions 

The assumption that the MR of the incident shock wave 
over the second surface of a double wedge approaches the 
MR which would have been obtained by the same incident 
shock wave reflecting over a single wedge with an angle 0w 
equal to the slope of the second surface of a double wedge, 
i.e., 02 , was investigated experimentally. 

The experimental results clearly indicate that the assump- 
tion is correct. The triple point velocity (including its direc- 
tion of propagation) and the velocity of the foot of the Mach 
stem of the MR are indeed found to approach the values 
appropriate to a reflection over a single wedge. This behavior 
can undoubtedly be attributed to the fact that shock wave 
stability is the governing mechanism of the phenomenon at 
hand. 

It is also interesting to note that the experimental results 
presented in Figs. 6 - 1 0  indicate that the relaxation length 
(i.e., the distance travelled by the incident shock wave over 
the second surface until the asymptotic reflection is nearly 
obtained) is of the order of a few lengths of the first surface 
of the double wedge. If the relaxation length is defined as the 
distance at which the reflection has come to v~ithin 5% of the 
asymptotic values, then the relaxation lengths of the four 

cases presented in this study are about 1.25, 2, 3.5 and 1.5 
times the length of the first surface of the appropriate wedge. 

As mentioned earlier, an experimental study aimed at 
investigating the influence of the length of the first surface on 
the relaxation process revealed that such an influence, if it 
exists, is minimal. 

The present study was limited to cases where the reflec- 
tion of the incident shock wave over the first and second 
wedges were supposed to be either regular or single-Mach 
reflection. For  stronger incident shock waves both complex 
and double-Mach reflections might be possible over the two 
surfaces. This would undoubtedly complicate the reflection 
processes and might also increase the relaxation lengths. 
However, it is hypothesized here, that the final reflection 
over the second surface of a double wedge will be that which 
would have been obtained over a single wedge with the same 
incident shock wave, no matter if it is a single, a complex or 
a double-Mach reflection. 

It should also be mentioned that the fact that the shock 
configurations which are approached asymptotically in the 
cases of a reflection over a double wedge are similar to those 
which would have been obtained by the same incident shock 
wave over an appropriate single wedge, does not necessarily 
imply that the flow fields are also similar. This can most 
easily be justified if one recalls the paper by Ben-Dor and 
Glass (1978) where it was shown that different computer 
codes were capable of resulting in almost identical wave 
configurations which differed very much in their flow fields. 

In summary, the present experimental study supports the 
shock polar analysis which was presented by Ben-Dor et al. 
(1987) for studying the reflection process over a double 
wedge. 
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