ME 6135: Advanced Aerodynamics

Dr. A.B.M. Toufigue Hasan

Professor
Department of Mechanical Engineering

Bangladesh University of Engineering & Technology (BUET), Dhaka

Lecture-13

30/11/2024

2D flows
Oblique Shock Waves

toufiquehasan.buet.ac.bd
toufiguehasan@me.buet.ac.bd

© Dr. A.B.M. Toufique Hasan (BUET) M.Sc. Eng. (April 2024) ME 6135: Advanced Aerodynamics



Obligue Shock Waves

Oblique shock waves usually occur when supersonic flow
(M > 1.0) is “turned into itself” as shown in Fig. 4.4(a).

At point A, the surface is deflected upward through an
angle 0 (deflection angle). Consequently, the flow
streamlines are deflected upward (to follow the geometric
change), toward the main bulk of the flow above the
surface.

This change in flow direction takes place across a shock
wave (at some angle known as shock wave angle, B)
which is in oblique orientation to the free-stream direction.

streamlines

(a) Concave corner

Figure 4.4 | Supersonic flow over a corner.

Across the obligue shock wave, the Mach number decreases, and the pressure, temperature, and

density increase.
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F-16 in supersonic speed

{m) My = 160

Diamond shaped airfoil in M >1
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Expansion Waves

When a supersonic flow is “turned away from itself” as (D)
shown in Fig. (b), an expansion wave is formed. streamlines <

Here, the surface is deflected downward through an
angle 6. Consequently the flow streamlines are deflected
downward, away from the main bulk of flow above the
surface. This change in flow direction takes place across an
expansion wave (expansion fan), centered at point A.
Away from the surface, this oblique expansion fans out, as
shown in Flg (b) (0) Convex corner

The flow streamlines are smoothly curved through an expansion fan until they became parallel to the
wall behind point A. Hence, the flow behind the expansion wave is also uniform and parallel, in the
direction of 6.

Across the expansion wave, the Mach number increases and the pressure, temperature, and
density decreases.

Obligue shock and expansion waves are inherently two-dimensional (2D) in nature, in contrast to the
one-dimensional normal shock waves. That is, the flow properties are functions of x and y-
coordinates.
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Obligue Shock Waves

The geometry of flow through an oblique shock

. . . . v i aasiieg //V'L
/
wave Is given in Figure. M,> 1 1 .

—_— . //f
The velocity upstream of the shock is V; and is Supersonic
horizontal. The corresponding Mach number is

M, which is supersonic (M > 1).

The oblique shock makes a wave angle B with
respect to V;. Behind the shock, the flow is
deflected toward the shock by the flow
deflection angle 0 (angle of physical geometry
with respect to the upstream free stream
direction).

Obligue shock geometry

The velocity and Mach number behind the shock wave are V, and M,, respectively.

The components of V, perpendicular and parallel, respectively, to the shock are u, and w,; analogous
components of V, are u, and w,, as shown in Figure.

Therefore, it can be considered the normal and tangential Mach numbers ahead of the shock to be M, ;
and M, respectively; similarly, we have M, , and M,, behind the shock.
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Obligue Shock Waves

Consider the control volume (abcdef) drawn

between two streamlines through an oblique ——— ,/Vz
shock. Faces a and d are parallel to the shock Vi 4
wave (oblique). — A f

Supersonic

The continuity equation applied to the control
volume gives (normal components) -

PLlLA = poUr Ay = oy = poly
A = A, =areaof facesaandd
Considering steady flow with no body forces,

the integral form of momentum equation:
tangential components:

(—oU AW, + (U, AW, =0 &=

. tangential component of pdS is zero
= Wl — W2 on faces a and d. The components on
b cancel those on f; similarly with
faces cand e.

Integral form of momentum equation

The tangential component of the flow velocity is preserved across an oblique shock wave.
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Obligue Shock Waves

normal component In momentum equation: M, > 1 —
> s f
Supersonic

(—oU AU, + (pU AU, = —(—p A + P A)

2 2
= Pt pU; =P, +o,U,

Next, the integral form of the energy
equation applied to the control volume for
a steady adiabatic flow with no body force

yields:

E__g " deflection angle

wave angle
Obligue shock geometry

2

2 2\ V1 V22 2 2 2)' 2
~ (Pl Poly) =Py &+ Uyt oy € - U, ngv.d3+ﬁqpf fov=fif21 %]]dwgp(eﬂ?}v.ds
7 7 i

V 2 V 2 Integral form of energy equation
:{hﬁ?)plul:(hﬁ?z]pzuz (-h=e+ pu)
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Obligue Shock Waves

Vy? V£
=M+ =h+— ( prug = poup)
2 2 2 2
U, + W U, +w
: h1_|_ 1 1 =h2+ 2 2
2 2
u u
= hl + — 1 h2 + 22 ; ( Wl = W2)

So, governing equations for oblique
shock wave are:

M, >1
e
Supersonic

Vi M, E__g— deflection angle
3\ 5 ,
— wave angle
,Oj_u]_ — IOZUZ T Oblique shock geometry
2 2
PL+oUp = Py + ool o o
2 These are identical in form to the normal shock continuity,
h + _ho 4+ u2 momentum, and energy equations.
Lt 2 2T 2 ) In both sets of equations, the velocities are normal to the wave.

of free-stream velocity.

Therefore, the changes across an oblique shock wave are governed by the normal component

© Dr. A.B.M. Toufique Hasan (BUET) M.Sc. Eng. (April 2024)

ME 6135: Advanced Aerodynamics 8



Obligue Shock Waves

For an oblique shock wave- g gl — V2
M M - Ml > 1 --—b-//a
= N e
nl 18 ﬂ Supersonic ¢

Identical expressions for changes across an
obligue shock in terms of the normal component
of the upstream Mach number can be obtained as
in case of normal shock wave. Thus, for a
calorically perfect gas;

2 N __
L2 _ (7/ + 1) M nl B—6 deflection angle

B C——
& (}/ _1)M r%l "2 wave angle
2 o Oblique shock geometry
&:1+_71(M§1_1) C—
P1 Y+
M2 +[2/(r-1)] pr __(r+OMy°
Mr?Z = e (7/_2 ) — P 2+ (y-1)M,°
271y -D)MZ -1 : 2
214 (M2 -y
T, _P2 & . oM
Tl pl /02 Normal shock relations
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Obligue Shock Waves

Mach number behind the oblique shock, M,

sin(f-06)= I\I\/IA”Z
2
M
M., = n2
— 2 Sin(ﬂ—H) C—

M., is known from previous expression

The changes across an obligue shock are a function
of two quantities: M, and B.

In reality, normal shocks are just a special case of
obligue shocks where-

7T
=3
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Obligue Shock Waves

M, >1
Supersonic

M, cannot be found until the flow deflection angle 6 is

obtained. However, 6 is also a unique function of M, ©,
and g AN
u N
tan ﬁ — —l \ﬁj//
Wl ///
u B e —
and tan(B—-60)=—2 o
W7
Notingthat w;, =w,
tan(f—-6) u,
tan g Uy
(A= P,
N tan(f—-6) 2+(y-DMSsin®p ) My =My sin g
tan S (7+1)M125in2,8 P2 (r+)Mg
Using these relations P1 (7_1)Mr?1+2
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Obligue Shock Waves

M,>1
Supersonic

@
AN
With some trigonometric manipulation, this ;M/«//
equation can be expressed as- f)/
8
Vadly e
M{sinp-1 | | S

= tand =2cot | —;
M (y+cos2p3)+2

This is well know 8- - M relation
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Oblique Shock Waves
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Obligue Shock Waves

90

1\
80ty

\\
\ N [Strong shock

Nt

0F N~ ~

™~ Weak shock __ =
TN M, < 1- S e T

60 M, > 1

S0F

//5@.

M{sin? -1
M7 (y +c0s2/3) +2

40}
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30F

Shock wave angle (3, degrees

My = tand = 2cot B

20

My | @) for M, =5
N | o
WA _ |I
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Figure 4.8 1 6-8-M curves. Oblique shock properties. Important: See front end pages for a
more detailed chart.
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Obligue Shock Waves

90
& ‘\\\\\\ IStrong shock
O SN
1. For any given M,, there is a maximum R e
: g My > 1 i/
g | |
deflection angle 6., | i A )
K | | 2
1 o ? I : 1
for example, in case of M; = 2, 8= 23°%; R | A
. o = M | l -
In case of M, =5, 6,,,= 41° and so on. Fao L
My = | i
20 s | . : !
My | | (0nax) forM; =35
10F o l I :
oy | | |
0 ; llU 1I5 2I0 . 2I5 3I0 IBIS 4ID : 4IS
Deflection angle 8, degrees
If the physical geometry is such that 6 > 0,,,, KJ
then no solution exists for a straight oblique i 4
shock wave. i S
e
Instead, the shock will be curved and detached,
as shown in figure.
Corner ;Soak
flow

My >1

STT7777 77777/ /77

Figure 4.9 | Attached and detached shocks.
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Obligue Shock Waves

2. For any given 6 < 0., (attached and straight
shock), there are two values of B predicted by
6-6-M relation for a given Mach number.

——
e

For example, in case of M;= 2, and 8 = 15°; two
values of B are possible and these are 43° and
80°.

Large value of § is called strong shock solution

and small value of @ is called the weak shock
solution.

Shock wave angle 8, degrees

(Omay) forM; =35

10F 3

In nature, the weak shock solution is favored, and usually S eonmodege
occurs. However, whether the weak or strong shock solution
occurs is determined by the backpressure.

In strong shock solution, M, is subsonic (M < 1).

In weak shock solution, M, is supersonic (M > 1). M, .
S -
*In case of oblique shock, M; >1 but M, could be supersonic |
(M > 1) or su bSO niC (M < 1) V7 e
(difference from the normal shock wave) Figure 4.10 | Weak and strong shocks.
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Obligue Shock Waves

90
h
. \
3. If 6 =0° then B8 = 90° corresponding to a normal PN
shock or B = u corresponding to a Mach wave o \;ﬂ;ﬁmho&‘_ B
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M, =1). . 2 |
2 ) < Sof ': y
o | 2
E L m i
§ 40 13 I / ﬁ_—r
g |0 |
g 30 ; !
My 2 :
. o 20 e :I
For example, in case of M; = 2, 6 = 0°; Mach e > ) for My = 5
wave angle is 8 = u = 30°. o |
0 1 1 1 | I: |

1 1 1
5 10 15 20 25 30 35 40 45
Deflection angle 8, degrees
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Obligue Shock Waves

4. For a fixed deflection angle 6, as the free-
stream Mach number decreases from high
to low supersonic values, the wave angle
iIncreases (for weak shock solution).
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Problem

(Example 9.2 Anderson)

Consider a supersonic flow with M =2, p =1 atm, and T = 288 K. This flow is deflected at a compression
corner through 20-. Calculate M, p, T, p,, and T, behind the resulting oblique shock wave.
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Problem

(Example 9.5 Anderson)

Consider a Mach 3 flow. It is desired to slow this flow to a subsonic speed. Consider two separate ways of
achieving this: (1) the Mach 3 flow is slowed by passing directly through a normal shock wave; (2) the
Mach 3 flow first passes through an oblique shock with a 40° wave angle, and then subsequently through
a normal shock. These two cases are sketched in Figure 9.14.

Calculate the ratio of the final total pressure values for the two cases, that is, the total pressure behind the
normal shock for case 2 divided by the total pressure behind the normal shock for case 1. Comment on
the significance of the result.

Pos

Po.1 Po2

— - -

s .

“ Normal shock
— - » >

=

=)

= -

Z.
— - »

Case 1 Case 2

Figure 9.14 Illustration for Example 9.4.
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(b) Obligue shock inlet

Figure 9.15 Illustration of (@) normal shock inlet and
(b) oblique shock inlet.
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