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Recall this suggested viewing

National Science Foundation
Fluid Mechanics Films

http://web.mit.edu/fluids/www/Shapiro/ncfmf.html

Fluid Dynamics of Drag, Parts I to IV

Fundamental Boundary Layers

Turbulence

Channel flow of a Compressible Fluid

Waves in Fluids

Pressure Fields and Fluid Acceleration

http://web.mit.edu/fluids/www/Shapiro/ncfmf.html


Finally the area averaged equations of motion take the concise form
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Normal shock waves

The equations of motion 
reduce to a set of perfect 

differentials.

Each equation generates 
a conserved quantity.
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Equate conditions at states 1 and 2.

For a Newtonian fluid

and
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Now assume uniform flow at stations 1 and 2. That is assume that the velocity and 
temperature gradients are zero ahead of and behind the shock wave.

The classical shock jump conditions are:
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Shock waves in a calorically perfect gas

ρ1U1 = ρ2U2

P1 + ρ1U1
2 = P2 + ρ2U2

2

P1 + ρ2U2U1 = P2 + ρ1U1U2

P2 − P1 = ρ2 − ρ1( )U1U2

From the first two 
jump conditions
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The downstream Mach number
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Shock strength

Temperature jump

Density jump



Stagnation pressure ratio

At high Mach numbers

Entropy change

4/19/21 11



4/19/21 12

Examples
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321 4

T1=300
U1= 694.4 U2= 260.4 U3= 0

T2=506.25 T3=540

321 4

T1=300
U1’= 0 U2’= -434 U3’= -694.4

T2=506.25 T3=540

Observer at rest 
with respect to 
the body 

Observer at rest 
with respect to the 
upstream gas 
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8 minutes to touchdown
Altitude 40km

Speed 2000m/sec

M∞ = 6.3

P∞ = 277.522 Pa
ρ∞ = 0.003851 kg /m3

T∞ = 251.050 K
a∞ = 317.633 m / sec
M∞ = 6.297
Assume γ = 1.4

Tt∞
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= 1+ γ −1
2
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= 1+ γ −1
2
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γ −1

= 8.9303.5 = 2128.41

Across the normal  shock
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=

γ +1
γ −1
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⎜
⎜
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⎟
⎟

γ
γ −1

= 0.02416

Pt∞ = 590,680 Pa
Pt2 = 14,270 Pa

Tt∞ = 2241.87 K

Space shuttle re-entry
ignore heat capacity changes and real gas effects

M 2 = 0.402
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22 minutes to touchdown
Altitude 70km

Speed 7000m/sec

M∞ = 23.679

P∞ = 4.63422 Pa
ρ∞ = 0.000074243 kg /m3

T∞ = 217.45 K
a∞ = 295.614 m / sec
M∞ = 23.679
Assume γ = 1.4

Tt∞
T∞

= 1+ γ −1
2

M∞
2 = 113.14

Pt∞
P∞

= 1+ γ −1
2

M∞
2⎛

⎝⎜
⎞
⎠⎟

γ
γ −1

= 113.143.5 = 1.54048 ×107

Across the normal  shock

Pt2
Pt∞

=

γ +1
γ −1

2γ
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⎟
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⎜
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⎟
⎟

γ
γ −1

= 4.68951×10−5

Pt∞ = 7.13893×107  Pa
Pt2 = 3347.81 Pa

Tt∞ = 24602.3 K

Space shuttle re-entry
ignore heat capacity changes and real gas effects

At such a high Mach number the flow is in fact totally 
dominated by real gas effects including dissociation. The 
temperatures reached are much lower, and the pressure 
behind the shock tends to be higher that predicted here. ?

M 2 = 0.379
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Gasdynamics of nozzle flow
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10.1 The area-Mach number function

Quasi-1D equations of motion

Assume
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Equations of motion in fractional differential form
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Equation of state

Effect of area change on velocity
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Effect of area change on other flow variables
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Effect of area change on Mach number

4/19/21 27



4/19/21 28



Mass Conservation
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Between any two points in a channel with zero mass addition

If the flow is adiabatic

If the flow is adiabatic and isentropic

Pt1A1 f M1( ) = Pt2A2 f M 2( )
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10.2 A Simple convergent nozzle

If the flow is subsonic

4/19/21 32



For subsonic flow the exit Mach number can be determined from

Thus

The exit Mach number reaches one when
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If the pressure ratio is very high the flow from the nozzle will spread rapidly.
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10.3 Converging-diverging nozzle

Determine two critical exit Mach numbers from
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The corresponding critical exit pressures are determined from
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10.3.1 Case 1 - Isentropic, subsonic flow in the nozzle
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10.3.2 Case 2 - Non-isentropic flow - shock in the nozzle
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The exit flow is subsonic and so the exit pressure matches the ambient pressure.

Solve for the exit mach number

Now determine the stagnation pressure ratio across the nozzle.
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The shock Mach number is now determined from
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As the nozzle pressure ratio is increased  the shock moves downstream until it sits at the nozzle exit.

The Mach number behind the shock is
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This condition is reached when

In summary, the shock-in-nozzle case occurs over the range
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10.3.3 Case 3 - Isentropic supersonic flow in the nozzle

i) Over expanded flow
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ii) Fully expanded flow
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iii) Under expanded flow
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Figure 5.4 from Liepmann and Roshko
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Space Shuttle Main Engine

Approximately adiabatic 
isentropic flow!


