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Gas Dynamics
Class Notes - Page: 2
Week 7
Oblique Shock Waves
Text Reading:  Ch. 6
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HW (Due: Thursday, March 13):

6.3, 6.7, 6.13, 6.15

5.  Using excel, generate an oblique shock chart for =1.2.  

6.  Show that as M1→ ∞ the equation for turning angle, , as a function of oblique shock angle is given as:
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7. Show that for air, the maximum turning angle, max,  approaches 45.58 o as M1→ ∞.
1. Introduction

So far we have examined the situation in which a shock wave is encountered perpendicular or "normal" with respect to a supersonic flow stream.   In many instances, particularly in high speed flight, shock waves are encountered which are at an angle, , to the upstream flow as shown below:

In these cases, the flow not only changes velocity, but it also turns through an angle, , as shown above.  Such a shock wave is called an oblique shock wave.  

Oblique shock waves occur when supersonic flow encounters a wedge shaped body or if supersonic flow is forced to turn around a concave corner:

Wedge Shaped Body



Concave Corner
Oblique shock waves are easy to analyze if you remember three facts:

1.  
2.   

3.   

2. Oblique Shock Wave Relations

Consider the following oblique shock wave, at an angle  with respect to the upstream flow.  

Constructing a control volume around the oblique shock wave, defining an x-y coordinate as shown and applying the conservation of mass, x-momentum and energy yields the following equations:

Conservation of Mass

No mass flows through the control volume in the y-direction since the control surface is infinitely thin in this direction.  Thus, the conservation of mass yields:

(6.1)

Conservation of X - Momentum

In the x-direction, the conservation of momentum is the same as for a normal shock:

(6.2)

Conservation of Energy

 The energy equation yields the following:

(6.4)

Note:  equations (6.1), (6.2) and (6.4) are the same as equations (5.1), (5.2) and (5.10) which were derived for a normal shock.  Thus, it is possible to analyze the x-component N1 and N2 just as if it were going through a normal shock!

Moreover, since sensible properties (P,,T) are not a function of coordinate system, the following relationships still hold:

(6.5)

So, equations (6.5) relate the upstream and downstream properties across an oblique shock wave, just as they related the properties across a normal shock wave.

Oblique Shock Relations vs. Upstream Mach Number

Now, the question is, can we determine the property changes across an oblique shock as a function of upstream Mach number, M1?  Consider again the oblique shock wave as shown below:

By definition, the upstream Mach number is given as:

From geometry, the relationship between the upstream velocity, v1 and the normal component of the upstream velocity, N1 is:

Dividing each side of the above relationship by the speed of sound, a1, yields the relationship between the upstream Mach Number, M1 and the upstream Mach number normal to the oblique shock wave, M1N:

Similarly, from geometry, we can show that a similar relationship exists between the downstream Mach number, M2 and the downstream Mach number normal to the oblique shock wave, M2N:

Now, since we have geometrically determined the Mach numbers M1N and M2N, we can just plug them right into the normal shock relations as derived several weeks ago (5.38, 5.39, 5.42, 5.43) and :

(6.10)

(6.11)

(6.12)

(6.13)

The above equations relate the properties downstream of an oblique shock wave to the properties upstream of the oblique shock wave….unfortunately, we don’t know the relationship between  and  yet.

Back to the schematic diagram of the oblique shock wave:

From geometry:

(6.17)

But, since L1 = L2, we can equate the above 2 relationships as follows:

Furthermore, from conservation of mass, we know that N1 and N2 are related:

Substituting (6.11) into the above relationship yields:

(6.18)

It can be shown that the above relationship can solved for , resulting in the following equation:

(6.19)

3. Oblique Shock Chart
Equation (6.19) represents a series of curves relating the oblique shock wave angle, , to the turning angle, , for a given upstream Mach number M1 as shown below:

The above figure is called the oblique shock chart.  A more detailed chart (for  =1.4) is included in Appendix G of your book.  

The oblique shock chart can be used to solve for the strength of an oblique shock wave that is generated when a supersonic flow encounters a wedge shaped body or a concave corner:

Example 8.1  

Known:  Air at 50 kPa, –20o C and a Mach number of 3 flows over a flat wall.  An oblique shock wave forms as the flow encounters a 4o turn in the wall.

Find: The temperature, pressure and Mach number behind the oblique shock wave.    

4. Weak Solution, Strong Solution and Maximum Turning Angle

Returning your attention to the oblique shock chart again, the chart reveals several regimes of oblique shock waves.  Consider the curve for a given upstream Mach number, M1:

The upper half of the curve represents oblique shock waves in which the downstream Mach number M2 is <1.    These are called strong solutions.  The lower half of the curve represents oblique shock waves in which the downstream Mach number M2 is > 1.  These are called weak solutions. 

Consider the case for M1 = 3 and a turning angle = 15°.



The oblique shock chart reveals two possible solutions for the oblique shock wave that would occur if the flow strikes the following 30° wedge:

Weak solution




Strong solution
How do you know which solution to choose?

For a given upstream Mach number M1, the oblique shock chart also predicts a maximum turning angle, max, above which an attached oblique shock wave will not exist.  For wedge shaped bodies greater than 2max and turning angles greater than  max, a detached shock wave will exist.  Consider the following case for M1 = 3.  



Note: max increases with increasing M1.  Therefore, it is possible to attach an oblique shock wave by increasing the upstream Mach number.

max can be found analytically by differentiating 6.29 with respect to b and setting the result equal to zero.  

5. Reflection of Oblique Shock Waves

Consider the oblique shock wave that results when a supersonic flow impacts a wedge shaped body with an angle 2, in the vicinity of a flat wall:



The original flow stream turns through the first oblique shock wave, and then heads toward the wall at an angle, this creates a second oblique shock wave as the flow turns again to straighten itself out (from geometry, the second turning angle is equal to the original turning angle, ).  Because of the way it looks, we call this a “reflected” shock wave.

As long as we keep track of the angles  and , this problem is easy to solve.  This is best shown in an example.

Example 8.2.

Known:  Air at 60 kPa flows down a duct at M1=2.5.  The air stream passes over wedge with an included angle of 10°, creating an oblique shock wave which reflects off the wall of the duct.  

Find: The angle of the reflected wave with respect to the wall, and the pressure and Mach number after the reflection.
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