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Shock Waves

Shock waves are the natural consequences of high
speed flows. There are many aerodynamic applications
where shock waves are the integral part of the flow field.
For example, supersonic nozzle flows in overexpanded
condition, exhaust of rocket engines, passage of high
pressure compressors and turbines, flow around
supersonic aircraft (external flows), etc.

Shock wave which is at right angle to the flow is normal
shock wave and which is inclined to the flow direction is
known as oblique shock wave.

The shock wave is a very thin region and the thickness is
usually on the order of a few molecular mean free paths,
typically in the order of 10-¢ m for air at standard conditions.

Since the shock wave is almost an instantaneous
compression of the gas, it can NOT be described using the
concept of reversible isentropic process.

(choked)
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Normal Shock Waves

Though the shock wave is a very thin region in the flow
field, there is an abrupt/instantaneous change of flow
properties occur. Flow properties just upstream of the
shock wave, 1 and just downstream of the wave, 2
vary considerably. And thus, we need to deal this tiny
region separately and more carefully. The flow process
from 1to 2is non-isentropic.

non-isentropic
Control volume

The flow is supersonic (M >1) ahead of the normal
shock, and subsonic (M <1) behind it. wiil be shown)

Furthermore, the static pressure, temperature, and
density increase across the normal shock. However,
total pressure is decreased.

Although a shock wave can move in the flow field, we will
deal with a fixed (steady) normal shock wave in this
course (ME 323: Fluid Mechanics-lIl)
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Normal Shock Waves

Now, we will concentrate only on the region surrounding
the normal shock wave (very thin region). The following
assumptions are considered to develop shock relations:

1. Adiabatic flow (no heat transfer to and from the CV)
2. Thickness of the shock wave is very small (A; = A,).
3. Frictionless ideal flow (u = 0)

4. Steady 1-D flow.

5. Fluid behaves as ideal gas.

First, consider the mass continuity across the CV:

P AV, = p, AV,

= AVI=pY, A RA
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@ Conditions just upstream of the shock
@ Conditions just downstream of the shock
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Normal Shock Waves
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@ Conditions just upstream of the shock
@ Conditions just downstream of the shock
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Normal Shock Waves

Second, consider the momentum equation for the control volume: @ @
—>+ZFX:m(L—\t/ My Vi | Mz, Vz
, P T P1 | P2 To P2
— plAi B pZAZ :m(VZ _Vl) : :\ 2012 %02
1 ! 02 01
= (P, — P)A =p,AV,V, — p AV, v AN, = p AV, "I control volume
2 2 — X

= PP, =,02V _:01\/ A RA, Normal shock wave
= P+ ,01 =P, + p2 @ Conditions just upstream of the shock

o ) P, 5 @ Conditions just downstream of the shock
= p,+——V, =p,+—=V “ p=pRT

By RT, 1 = P2 R, 2 p=p

plk A

— = P22y 2
Pt kRT, Vi = pat kRT, *

= p PRy PRy .+ a=KRT

& 2
= Pt plkM12 =Py + psz22

2
. P 1+ kM12 2)
P, 1+kM,
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Normal Shock Waves

Third, consider the energy equation for adiabatic process @ @
and no shaft work inside the control volume: -1
1 |
(kjpl _(kjp2 My, Vy aE M,, V,
k-1 2 k-1 2 L Tu P11 |1 P Ta
B 201> Féoz
K V2 K V.2 N AN 02~ o1
= K_1 RT1+7:(—J RT, +L Control volume
—» X
2 Normal shock wave
= —k RT, 1+k V— ( j —1V.
k — KRT, 2 -1 kRT 2 @Conditionsjustupstream of the shock
V V @ Conditions just downstream of the shock
k T, 2 T, 2
=T,|1+ k—V—J ( ) ra=+kRT
2 a
1
:>Tl 1+T M 2 T 2
k-1
S I
= T2 kgl (3)
1 1+ M,)°

© Dr. A.B.M. Toufique Hasan (BUET) L-3 T-2, Dept. of ME ME 323: Fluid Mechanics-Il (Jan. 2024) 7



Normal Shock Waves

Now, use Egn. (2) and Eqgn. (3) in Egn. (1):
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2 2 ] _:
= 2= (p—] (M—j @ (ALY HELC D
T1 pl Ml pl, Tl, P1 : : pz, Tz, p2
Lk, 2 NG
+7 2 I_ _! 02 01
— 2 ' — 1+kM12J (&J Control volume
k -1 2 — X
:|.+|\/|22 1+kM, M, Normal shock wave

@ Conditions just upstream of the shock
@ Conditions just downstream of the shock

; (k=DM +2

=M, =
©O2kM = (k=1 | ow=ruy

This is very useful and important shock relation, relating the downstream Mach no. M, to
upstream Mach no. M, only.
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Control volume
5 — X
2 (k—l)Ml + 2 Normal shock wave
M oM —k-y | (D) Conditions just upstream of the shock
— — onditions just upstream of the shoc
1 Downstream Mach number in terms J P
of upstream Mach number, M. @ Conditions just downstream of the shock

When M; = 1, then M, = 1; This is the case of an infinitely weak
normal shock, which is defined as a Mach wave.

In contrast, as M, increases above 1, the normal shock becomes
stronger and M, becomes progressively less than 1.
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Normal Shock Waves

1.2 M2 k-DMS+2 |—
. _ _ 2 2kM, —(k-1)
* M, is always less than 1 if M; supersonic. 1 . —
« A normal shock wave decelerates a flow almost s \/
discontinuously from supersonic (M>1) to subsonic = | \
condition (M<1). 0.6
( ) TN
* The static pressure downstream the shock wave increases 04 I
significantly compared to upstream condition.
. . 0.2
» This adverse pressure gradient generates some sort of o 05 1 15 2 25 3 35
drag which is called the “wave drag” and it has no relation M,

with frictional behavior of fluid with this type of drag.
* In supersonic flow, wave drag is most crucial to deal with.

» There will be a loss of total pressure due to appearance of
shock waves. (Pg, < Po1)
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Normal Shock Waves

The Mach no. just downstream of the shock is related to
the Mach no. just upstream of the shock according to:

, (k=DM +2
2kM,* — (k —1)

M,

Use this expression in the relation of static pressure ratio,

p, 1+kM;
p, 1+kM;
B 1+ kM,
ek (k-D)M,* +2
2kM,” — (k —1)

_ (@+kMH)(2KM," - (k1))

- 2kM? = (k=1 +k(k—1)M,” + 2k
— (1+kM12)(2kM12_(k_1))

kM, (2+k=1)— (k —1) + 2k
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@ Conditions just upstream of the shock
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Normal Shock Waves
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p, _ (1+kM7)(2kM,” — (k-1 M Vi ] Ma Ve
D, (k +1)(1+kM?) PuTupii | P2 Tl
2, :_ _;\ S02> Sp1

P, — 2kM1 (k1) Control volume
—» X

pl (k +1) Normal shock wave

2 @Conditions just upstream of the shock
— p2 = 2l|<(|\/|]1- — :z_i _ %Z f(Ml) @Conditionsjust downstream of the shock
Py + + 1

Relation of pressure ratio in terms of
upstream Mach number, M,.

In case of air flows (k = 1.4);

p, 1
F:_€(7|\/|12—1)
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Normal Shock Waves
®|@

Again the shock strength is defined as,

My, V, i ! My, V,
—_— —_—
,B _ Ap _ P2 —P1 0., Tus Py | i 0. Tor P,

b | ENR
— ,B — ﬁ _ Control volume y

P1 Normal shock wave
= f = 2kM12 _ k-1 _ @ Condit?ons j:USt upstream of the shock

k +1 k +1 @ Conditions just downstream of the shock

2k 2
=—(M;" -1
= =7 (M=) | o

Shock strength in terms of upstream
Mach number, M,.
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Normal Shock Waves

Now the change of entropy across the shock is;

S2_31:C T —In P2

In

p
R R T,

Py

(Thermodynamic relation)

Recall the isentropic relations for compressible flows:

TO:T(1+—k21I\/I

k-1
1+ ——M
Po= p(+ 5

J

jkk
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Normal shock wave

@ Conditions just upstream of the shock
@ Conditions just downstream of the shock

Since adiabatic process: Ty, =Ty, =T,
Total temperature is remained same.
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Normal Shock Waves

MV, 1] MV,
— | —
I
Po2 Py, T1, P11 ' P2 T2 P,
ko o B Po1 = Poz
1 k—lM 9 k-1 N BN So2> So1
P, + 2 2 Control volume
= — X
P, Pos Normal shock wave
k
1 k -1 M 5 \k-1 @Conditionsjust upstream of the shock
+7
2 1 @Conditions just downstream of the shock
k
1+ K5Iz |
_ Poz 2 ! ”
k -1 ) p02 pOl
Por| 1422,
2
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Normal Shock Waves

Now, use the expressions of temperature ratio and pressure @ @
ratio, and recall; -1-

|
C k M11 Vl : 1 MZ! V2
P — —»: :—»
R k-1 Py, T, P11 ' P2 T, P
o Po1 = Poz
M2 (k—:|.)|\/|12 + 2 N AN - So2> Sot
= Control volume
*2kM? - (k-1) X
Normal shock wave
The Change of entropy becomes: @ Conditions just upstream of the shock
c T @Conditionsjustdownstream of the shock
S, —S
I W N L B M
R R T, )
S, —S P
2 1 __ 02
— —R =—In—= == Home work _(52_51]
Po1 for complete derivation of this expression. Po —e \ R
Pos

But from the second law of thermodynamics, s, > s, So that

Poz < Pop | ¢

Total pressure (pressure energy) is lost across a normal shock wave
to mitigate the wave drag.
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