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Part I - Theory Questions (20 p.)

T1. (1 p.) Clasification

(a) What are the criteria for the classifications:
subsonic flow
transsonic flow
supersonic flow
hypersonic flow

(b) What are the criteria for an isentropic process, i.e. what conditions must be satisfied
for a steady-state compressible flow to be isentropic?

T2. (1 p.) What is the physical interpretation of each of the terms in the momentum
equation on integral form

% {[[ pvar + {J lo(v - m)v + pn)as = [[[ pfdr
Q o0 o

T3. (1 p.) Reference flow states

(a) How do we define total conditions in a steady-state isentropic flow?
(b) How do we define critical conditions in a steady-state isentropic flow?

¢) Does the total temperature T, change due to friction? Explain why/why not.
T4. (7 p.) Flow discontinuities

(a) The normal shock relations actually allow two solutions, one that corresponds to
a discontinuous compression (a sudden pressure increase) and one that corresponds
to a discontinuous expansion (a sudden pressure decrease). However, only one of
these solutions is physically valid. What thermodynamic principle guides us in the
choice of the physically correct solution, and which solution is the correct one?

(b) How come that the control volume approach applied to the governing equations on
adiabatic form gives us the normal-shock relations? i.e., how do the equations
”know” that there is a shock inside of the control volume?

(c) An object placed in a supersonic freestream will for some Mach numbers generate a
detached shock in front of the object and for other Mach numbers oblique shocks
attached to the object will be formed - explain why.

(d) What is a slip line. What conditions must be fulfilled across slip line? When is a
slip line generated?

(e) Which types of waves or discontinuities are generated in shock tubes?
(f) Describe what happens when a moving normal shock hits a solid wall.
(g) Can a moving normal shock travel at a speed lower than the speed of sound?
Explain why/why not.
T5. (2 p.) Nozzle flow

(a) Explain the concept choked nozzle flow?

(b) Explain the concept underexpanded nozzle flow?
T6. (2 p.) Acoustic waves

(a) Which flow equations and what assumptions are used to derive the acoustic equa-
tions?



(b) What is the difference between acoustic waves and other types of waves such as
shock waves and expansion waves?

T7. (3 p.) Computational Fluid Dynamics
(a) What is meant by the term density-based when discussing CFD codes for com-

pressible flow?

(b) What is meant by the term fully-coupled when discussing CFD codes for compress-
ible flow?

(¢c) What do we mean when we say that a CFD code for compressible flow is conserva-
tive?

(d) How can we use our knowledge of characteristics (and their speed of propagation)
to guide us when determining suitable boundary conditions for compressible flows?

T8. (3 p.) Gas model

(a) Explain the concept zero-point energy.

(b) Try to explain what the Boltzmann distribution describes and what sparsely
populated implies.

(c) What is the difference between a calorically perfect gas and a thermally perfect
gas?

(d) 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.



Part II - Problems (40 p.)

Problem 1 - RAMJET ENGINE (20 p.)

The figure below (not to scale) gives a schematic representation of an axisymmetric ramjet en-
gine divided into four sections (engine inlet, diffuser, combustor, and exhaust nozzle). A ramjet
engine is an engine constructed without moving parts. The flow is compressed through shocks
instead of using compressors. In a ramjet engine, the flow through the combustor is subsonic.

Air at a pressure of 101325 Pa, a temperature of 293 K and a Mach number of 3.0 enters the
engine inlet and is compressed by two oblique shocks followed by a normal shock standing at
the end of the inlet section. The first oblique shock is generated as the flow deflects an angle
of 8 = 15° by the center body. In the diffuser section, the radius of the center body is reduced
from 0.063 m to zero. In the combustor heat is added such that the temperature reaches 950 K
at the end of the combustor. After the combustor, the gas is expanded through a CD-nozzle.

engine inlet diffuser  combustor CD nozzle

More detailed description of each section on next page

Calculate:

(a) Temperature, pressure and Mach number in station 1 (just downstream of the normal
shock)

Temperature, pressure and Mach number in station 2 (at the end of the diffuser)

Temperature, pressure and Mach number in station 3 (at the end of the combustor)

)
)
d) The throat area of the nozzle
) Temperature, pressure and Mach number in station 4 (at the nozzle exit)
)

The engine thrust

Note:

The gas can be assumed to be calorically perfect air through the entire engine although that is
not appropriate considering the temperature range.

This problem involves quite a few steps. If you get stuck somewhere along the way or if you do
not know how to solve one of the involved subproblems, you can make an educated guess of flow
parameters entering the next section and continue from that point.



0-1 Shock compression:
— In the engine inlet, the incoming air is compressed by two oblique shocks followed
by a normal shock

— The angle of the front part of the center body is 30°, which means that the flow
deflection angle is § = 15°

— Note: since the engine is axisymmetric the front part of the center body is a cone
and not a wedge but you can use the methods that we have used for wedge-flows in
the course anyway

1-2 Isentropic diffusion:

— The radius of the axisymmetric center body is reduced from 0.063 m at station 1 to
zero at station 2

2-3 Heat addition:

— Constant cross-section area - radius of axisymetric combustor: 0.1 m

The heat addition can be assumed to be evenly distributed between 2 and 3

The combustor will be operated such that the maximum allowed temperature is
reached at the end of the combustor (73 = 950 K)

the maximum temperature is set by material constraints

Additional mass added in the combustor in the form of fuel does not have to be
accounted for

— Although fuel is added as part of the combustion, the gas can be treated as air
(calorically perfect)

3-4 Flow expansion:

— Expansion through a convergent-divergent nozzle

— The nozzle flow can be assumed to be supercritical
perfectly expanded supersonic flow



Problem 2 - BURSTING CAR TIRE (10 p.)

A shock wave is generated as a car tire bursts for a car coasting along a high way. Just before
the accident, the driver stopped at a gas station and filled the tires with air. After filling, the
tire pressure was 2.4 bar. The shock wave will expand spherically from the location where it
was initiated but you can treat the wave front as a normal shock (the more you zoom in on the
wave front, the more it will resemble a normal shock).

Calculate:

(a) The propagation speed of the shock wave generated by the tire burst

(b) The induced air velocity behind the shock wave

Problem 3 - PIPE FLOW WITH FRICTION (10 p.)

Air is transported through a 20 cm diameter pipe with an average friction factor of f = 0.005
at a massflow rate of 2.0 kg/s. At the pipe inlet, the temperature of the air is 293 K. Calculate
the maximum possible pipe length if the massflow rate at which air is transported through the
pipe must not be affected and the static pressure at the inlet of the pipe is

(a) pr =78 kPa
(b) p1 =7.8 kPa
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