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ABSTRACT

Lighthill considered the diffraction of Normal Shock Wave past a small bend of angle 6. Following Lighthill,
Srivastava obtained the vorticity distribution over the diffracted shock for several Mach numbers of the shock
wave. Sakurai and Takayama extended the theory of Lighthill for larger bends. Srivastava predicted the

vorticity distribution over diffracted shock for y =1.4 (y being the ratio of specific heats) from both the theories

(Lighthill, Sakurai and Takayama) for two Mach numbers of the shock wave 1.80 and 1.95. In the present
paper, curvature and vorticity distribution over the diffracted shock has been obtained both from Lighthill’s
theory and Sakurai and Takayama’s theory for monoatomic, CO,, SF4 gases for Mach number of the shock

wave M=1.36. In addition, Mach reflection effects have also been determined for these gases.
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I. INTRODUCTION

Lighthill [1] considered the diffraction of a normal shock wave past a small bend and gave curvature results for
different Mach numbers of the shock wave. Using this theory, vorticity distribution over diffracted shock have
been obtained by Srivastava [2]. Sakurai and Takayama [3] extended the theory to higher angle of bend using
singular perturbation technique. Srivastava [4] used the theory of Lighthill [1] and Sakurai and Takayama’s
theory [3] and predicted vorticity distribution over diffracted shock for » =1.4 (y being the ratio of specific
heats) and for two Mach Numbers of the shock wave. In the present paper, vorticity distribution both from
Lighthill’s theory [1] and Sakurai and Takayama’s theory [3] have been obtained for monoatomic, CO,, SFg4
gases for M=1.36. This is essentially in continuation to the work presented in the paper [4]. In order to achieve

this, expressions for general value of y from the paper [6] have been used in which the values of y for different
gases have been substituted. For smaller bends and y =5/3, for curvature and vorticity distribution reference

may be made to Srivastava [5] and [6] respectively.
We have further considered Mach reflection effects for concave corners for monoatomic gas, CO, and SFg both
for small bends and large bends for M=1.36. The present work provides sufficient information in respect of the

three gases which will be useful. The detailed background research can be accessed in the book by Srivastava

[71.
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Shock wave vortex interaction has been a subject of great interest and important contributions have appeared in
literature. For instance, reference may be made to Skews [7, 8], Takayama and Inoue [10] and Sun and
Takayama [11]. However, in this paper, new results connecting the curvature and vorticity of the diffracted
shock have been presented.

A. Sasoh, K. Takayama and T. Saito [12] have conducted experiments and numerical simulation concerning the
curvature of the diffracted shock for a shock Mach number equal to 1.15 and angle of bend §=15° (They have
used 6 in place of 8). They have also presented results connecting triple point angle y and the angle & both
experimentally and theoretically.

1. MATHEMATICAL FORMULA

Using the theory as elucidated in Eq. (1-10) of [6] we obtain the vorticity distribution over the diffracted shock
and develop some more details in this section. As observed in the paper [6], the disturbance behind the
diffracted shock is enclosed by the diffracted shock, the Mach circle and wall surface.

We now present the equations for curvature and vorticity over the diffracted shock. Following reference [1] the

equation of the straight portion of the shock in (x,y) coordinates is

:ﬂ:kwhere, a = iz
& P

behind the shock before diffraction.

X , U is the shock velocity, 0,, P,. pare flow velocity, pressure, density

We assume the equation of the diffracted shock in (X, y) coordinate system to be:

x=k+ f(y)
where f(y) is small.

If xis the curvature of the diffracted shock then, using the relation X =K + f (y) we have:

x=—1"(y) )
The perturbed velocities over the diffracted shock is given by:
a M2 41
u=—1fly)- 2
T v @
v=—f'(y) 3)

U
Where M is the Mach number of the shock wave = —, @, is the speed of sound in still air, The Vorticity
a‘0

¢ of the fluid particle from (2) and (3) is given by:

Lfov ou) La |, (Y )ew | M?+1
e A N R
d z(ax 6'yj 2u{ (kj (y)}Mz—l @

Using Equation (1) and following Lighthill [1] we have:
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From (4) and (5) we have:

¢_1 i(_k'l)(_ f"<y>j M*+1
5 2\u k' 5 J)M?-1

_ 1fa,,y  BC(a+p)x+1)%[D(x-%)-1] M2+l
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(6)
Where:

x, —1)%2 ,
y_ (el o T2 )
kK (% +1)
In (4) and (5) all quantities are functions of M except X;. X; runs from 1 to co on the diffracted
shock in the transformed plane.
The wall is given by y=0 so that from (7) y/k’=0 on the wall. At the intersection of unit circle and shock
wave, y = K’so that at this point y / k" =1. For this to be true X,—> oo from (7). Equation (5) gives curvature

and equation (6) gives the vorticity over the diffracted shock. This is in relation to Lighthill’s theory [1]. Sakurai
and Takayama [3] have extended the work of Lighthill [1] to higher order & by considering second order terms

through singular perturbation technique. Sakurai and Takayama [3] assumed y on the diffracted shock and

computed corresponding Y from their extended theory and then computed X, . The relationship between Yy
and X, is same as (7) in which y is replaced by Yy and X, by X;. Thenew Yy and X are used to calculate

curvature and vorticity from (5) and (6) respectively. This gives the result for larger O . The modified results of
Sakurai and Takayama [3] which are required for calculation of curvature and vorticity have been used here. In

these equations y is the coordinate on the diffracted shock & is the strained variable and other variables are

connected within themselves.
I11. NUMERICAL RESULTS

The calculations have been carried out for the combinations M=1.36, » =5/3, M=1.36, » =1.093,
M=1.36, » =1.29. The curvature has a finite value at y/k’=0i.e., at the wall but the vorticity becomes
zeroat y/k’ =0 asthere is a factor of y/k’ in the expression for vorticity. We find that for all the three
gases, curvature values are highest when we approach y/k’=0.8 for all the three gases and assumes the
value zero at y/k’ =1 i.e., at the point of intersection of the Mach circle and shock beyond which the flow is

uniform (refer Figures 1, 3 and 5). Physically the results are consistent. As a consequence of curvature, the

vorticity values are lowest at nearly y/k’=0.8 for all the three gases. For vorticity one can interpret that as
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it is negative, the motion of the particles are moving anticlockwise. The vorticity of the particle increases from
the wall and assumes maximum velocity, then decreases and assumes the value zeroat y/k’ =1 i.., at the
point of intersection of Mach circle and shock beyond which the flow is uniform (refer Fig. 2, 4, 6). Physically
the results are consistent.

We have experimental and theoretical results available for M=1.5 and & =15° from reference [12] for the
curvature of diffracted shock. The theoretical and experimental results tally. These results appear in Figure 3 of
the paper. As the vorticity results are derived from curvature results one may possibly expect that the theoretical

results may be in agreement with experimental results (not available at present) in the case of vorticity as well.
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Figure 1: Curvature of the diffracted shock (Curve 1-Srivastava Reference (5), Curve 2-Sakurai
and Takayama’s Theory)
Figure 2: Vorticity distribution over the diffracted shock (Curve 1-Srivastava Reference (6),

Curve 2-Sakurai and Takayama’s Theory)
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Figure 3: Curvature of the diffracted shock (Curve 1-Lighthill’s Theory, Curve 2-Sakurai and
Takayama’s Theory)
Figure 4: Vorticity distribution over the diffracted shock (Curve 1- Lighthill’s Theory, Curve 2-
Sakurai and Takayama’s Theory)
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Figure-5: Curvature of the diffracted shock ( Curvel- Lighthill’s Theory,Curve 2- Sakurai and
Takayama’s Theory.
Figure 6: Vorticity distribution over the diffracted shock (Curve 1- Lighthill’s Theory, Curve 2-
Sakurai and Takayama’s Theory)

IV. MACH REFLECTION

In this section we now present new results for Mach Reflection. If y is the triple point angle and O is the

angle of concave bend then following Sandeman [13] and Sandeman et al [14], Sakurai and Takayama [3] for

larger bends represented geometrically the relation:

t O)=—— 8
an(;(+) M, +k ®)

In Lighthill’s theory [1] for concave bends we obtain the relation as:

tan(y +6)= E 9)
M, +k

x Versus & from equation (8) and (9) have been plotted in Fig. 7 for M;=1.36 and » =5/3 In Fig. 8
this has been carried out for M=1.36, » =1.093. Further in Fig. 9 this has been worked out for M=1.36,
¥ =1.29. In each of the cases Lighthill’s theory [1] gives lower y than Sakurai and Takayama’s theory [3]
for different values of d.
Sasoh et al [12] have presented results connecting triple point angle y and & both experimentally and
numerically and have compared the results from Lighthill’s theory [1]. Sakurai and Takayama [3] superimposed

the results of Sasoh etal [12] on Fig. 4 of their paper to establish a check on his theory.
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Figure-7, 8, 9: Graph of y versus é for M=1.36 and y=5/3, 1.029, 1.29 respectively Curve 1-
Lighthill, Curve 2-Sakurai and Takayama)

V. CONCLUSION

This paper gives a new idea by connecting curvature of the shock wave with the vorticity distribution of a
particle over the diffracted shock and will be useful for further research on this subject. The importance of this
subject has been illustrated in several references given in the paper. The results obtained from the new theory
can possibly be applicable in noise reduction.
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