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Part I - Theory Questions (20 p.)

T1. (2.0 p.) Shocks:

(a) (0.5 p.) The oblique shock generated by a two-dimensional wedge in a supersonic
steady-state flow can be either of the weak type or the strong type. What is the
main di!erence between these two shock types and which type is usually seen in
reality?

(b) (0.5 p.) Are the normal-shock relations mathematically and physically valid for
upstream Mach numbers lower than one? Justify your answer.

(c) (1.0 p.) What are the constraints that leads to the generation of the separating line
between regions 4 and 5 (represented by a green line in the figure below)? What is
the reason for the need for this separating line?
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T2. (3.0 p.) Governing equations:

(a) (1.0 p.) What is the physical interpretation of each of the terms in the momentum
equation on integral form
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(b) (1.0 p.) How can the substantial derivative operator be interpreted physically?

(c) (1.0 p.) Crocco’s theorem says that the flow behind a curved shock must be rota-
tional. Explain the root cause behind this phenomena.

T3. (3.0 p.) Gas models

(a) (1.0 p.) What do we mean by thermally perfect gas and calorically perfect gas,
respectively. What is the main di!erence between these gas models and for which
temperature ranges do they apply?

(b) (1.0 p.) Explain what the Boltzmann distribution describes and what sparsely
populated implies.

(c) (1.0 p.) Using equilibrium gas assumption in the analysis of chemically reacting
nozzle flow will lead to higher exhaust temperatures than if calorically perfect gas
assumption is used for the same analysis. Explain why.



T4. (4.0 p.) Compressible CFD:

(a) (0.5 p.) What is meant by the term density-base when discussing CFD codes for
compressible flow?

(b) (0.5 p.) When the governing equations are discretized using a finite-volume ap-
proach, cell face values of flow properties appears in the equations. How are these
values approximated?

(c) (1.0 p.) What do we mean when we say that a CFD code for compressible flow is
conservative? Why is it important that the numerical scheme is conservative?

(d) (1.0 p.) When applying a time-marching flow solution scheme the so-called CFL
number is an important parameter. Define the CFL number and describe its
significance.

(e) (1.0 p.) How can we use our knowledge of characteristics (and their speed of propa-
gation) to guide us when determining suitable boundary conditions for compress-
ible flows?

T5. (2.0 p.) Heat addition:

(a) (1.0 p.) What happens in the flow when heat is added if the flow is initially supersonic
and subsonic, respectively

(b) (1.0 p.) q→ defines the heat addition needed to obtain thermal choking. What
is thermal choking? What happens if the amount of heat added exceeds q→ for a
supersonic and subsonic flow, respectively?

T6. (2.0 p.) For a steady-state isentropic flow of a calorically perfect gas, derive the
formula for T0/T , making use of the fact that the total enthalpy h0 is constant along the
streamlines.
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T7. (2.0 p.) Derive the isentropic relations for calorically perfect gases starting from the
entropy equation.



T8. (2.0 p.) For each of the cases a-c below, make a schematic representation showing how the
pressure varies from station 1 to 4 (following the flow over the upper side of each ”wing”).
Any sudden changes in pressure has to be motivated.

M1

(a)
symmetric diamond-wedge airfoil (zero angle of attack)
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(b)
double circular arc airfoil (zero angle of attack)
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(c)
flat plate at an angle of attack
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Part II - Problems (40 p.)

Problem 1 - SHOCK TUBE (10 p.)

A shock tube is designed as schematically shown in the figure below. Before the shock tube
is started up (before removing the diaphragm separating the driver section and the driven
section), the pressure in the driver section is 2.5 times the pressure in the driven section and the
temperature is the same in the driver section and the driven section. The right end of the driven
section is open to the surroundings and thus the pressure and temperature in the driven section
is the same as the ambient pressure (pamb = 101325Pa) and temperature (Tamb = 293.0K).

(a) Calculate the Mach number of the incident shock wave (the shock wave generated as the
diaphragm separating the driver section and driven section is removed) and the induced
flow velocity behind the moving shock wave.

A graphical representation of the shock tube relation between the overall pressure ratio

(p4/p1) and the incident shock pressure ratio (p2/p1) for the the specified temperature and

gas is given below

(b) Calculate the pressure, temperature, and flow velocity at the right end of the tube after
the event taking place when the shock reaches the right end of the tube.
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Problem 2 - FRICTION (10 p.)

Air flows through a nozzle with the throat diameter dt = 0.25 m and exit diameter de =
0.3 m. The nozzle is operated at its design condition, which implies that flow at the nozzle
exit plane is supersonic and that there are no shocks or expansions downstream of the nozzle
exit. A tube is mounted downstream of the nozzle exit. The tube diameter is the same as
the nozzle exit diameter and the average friction factor for the tube surface is f̄ = 0.005.
The total temperature and total pressure upstream of the nozzle inlet are To = 300.0 K and
po = 200.0kPa, respectively.

po, To

tube

Calculate:

(a) The maximum tube length if no shocks should be generated inside of the tube

(b) The maximum tube length if no shocks should be generated inside of the nozzle

(c) The flow conditions (pressure, temperature, and flow velocity) at the end of the tube for
both cases above

Problem 3 - NOZZLE FLOW (10 p.)

Air from a large reservoir (gas container) is expanded through a convergent-divergent nozzle.
The gas temperature and pressure inside the reservoir are po = 600.0 kPa and To = 40.0↑ C,
respectively. When the flow is started up, the nozzle pressure ratio (NPR) is increased contin-
uously by reducing the back pressure (the pressure downstream of the nozzle exit). Among the
parameters displayed on the monitors that the lab engineers use to control the nozzle startup
there is a plot showing the nozzle massflow as a function of nozzle pressure ratio (NPR). When
the back pressure reaches pb = 524.85 kPa, the massflow curve gets flat (the massflow does not
change when the back pressure is reduced further).

(a) What is the design back pressure for the nozzle?

(b) Find the range of back pressures for which oblique shocks will form at the nozzle exit
plane

(c) Find the range of back pressures for which shocks will be generated in the divergent part
of the nozzle



Problem 4 - WEDGE FLOW (10 p.)

A 20↑-degree wedge is placed at the center of a supersonic planar jet. The ambient air outside
of the jet does not move, which leads to the formation of a free boundary (shear layer) between
the high-speed jet flow and the ambient air. Since the jet flow is supersonic, an oblique shock
will be generated at the tip of the wedge. The jet Mach number is Mj = 2.5. The pressure
and temperature in the jet upstream of the wedge are pj = 100.0 kPa and Tj = 300.0 K. The
ambient pressure is the same as the jet pressure pamb = 100.0 kPa.

The flow can be assumed to be two-dimensional (the extent of the planar jet and the wedge in

the direction normal to the sketch is enough such that three-dimensional e!ects can be discarded)

Calculate the Mach number, temperature, and pressure at a location in the flow downstream
of the event taking place when the oblique shock interacts with the free boundary.
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