TMEOS85 - Compressible Flow
2019-06-10, 08.30-13.30

Approved aids:

e TMEO085 Compressible Flow - Formulas, tables and graphs (provided with exam)

e Beta - Mathematics Handbook for Science and Engineering

e Optional calculator/Valfri minirdknare (graph drawing calculators with cleared memory

allowed)

Grading:

number of points on exam 24-35 36-47 48-60

grade 3 4 5

Note that at least 6 points needs to be in the theoretical part (Part I) and at least 10
points in the problem part (Part II)




Part I - Theory Questions (20 p.)
T1. (2 p.)
(a) For a stationary normal shock, describe how the entropy, velocity, pressure and total

temperature of a fluid particle is affected as it passes through the shock.

(b) What is the general definition (valid for any gas) of the “total” conditions pg, To,
p0,--- €tc at some location in the flow?

T2. (1 p.)
An unsteady expansion wave is traveling inside a tube in which viscous effects are found
to be negligible. Which of the following variables are constant throughout the expansion
wave?

pressure

(a)
(b)
(c)
(d) density

temperature

entropy

T3. (1p.)
Derive the relation
To

1
=14 -(y-1)M?
7 =1+t500-1)

for calorically perfect gas from the energy equation form
1
m:h+§W.

T4. (2 p.)

(a) High temperature effects in compressible flows are found when analyzing for exam-
ple very strong shocks or nozzle flows with extremely high total pressure and total
enthalpy. What is the root cause of these effects and what do we mean by equilib-
rium gas? What kind of thermodynamic relations are needed to compute the flow of
equilibrium gas?

(b) What is the difference between a calorically perfect gas and a thermally perfect gas?
T5. (2 p.)

(a) In shock tubes, unsteady contact discontinuities are sometimes found. Describe in
words what they are and under which circumstances they may be formed. Which
of the variables p, T, p, u, s is/are necessarily continuous across such a contact
discontinuity?

(b) 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
difference between these two shock types and which type is usually seen in reality?



T6.

T7.

T8.

T9.

T10.

(2p.)
Derive the special formula for the speed of sound a for a calorically perfect gas:

a = +/YyRT

starting from the general formula:

- (3).
(Ip.)

Assume a steady-state 1D flow with a stationary normal shock. The fluid particles crossing
the shock are subjected to

(a) a pressure drop

(b) a density increase
(c
(d

(e) a deceleration

an entropy increase

)
)
)
) a temperature drop

Which statements are true and which are false?

(2p.)
Derive the area-velocity relation in quasi-1D flow starting from the mass conservation
relation

d(puA) = 0.,

Euler’s equation

dp = —pudu,

and the definition of the speed of sound
-3
op)

What are the implications of the area-velocity relation for quasi-one-dimensional flow?

(1p.)

When applying a CFD code for unsteady compressible flow, which of the following choices
would you make: density-based or pressure-based, fully-coupled or segregated, conserva-
tive or non-conservative, explicit or implicit time stepping?

(2 p.)
(a) In one-dimensional flow with heat addition, what is ¢*?

(b) What happens in the flow when heat is added if the flow is initially supersonic and
subsonic, respectively

(¢) Describe how adding and/or removing heat from a one-dimensional flow in theory
could be used to resemble the flow in a convergent-divergent nozzle



T1L. (2p.)

(a) Describe the choking of flow that occurs for pipe flow with friction. What happens
if the real length L of a pipe is longer than L* (for either subsonic flow or supersonic
flow)?

(b) What is meant by choking the flow in a nozzle? Describe it.

T12. (1 p.)
Describe in words how a finite-volume spatial discretization can be achieved.

T13. (1 p.)
How can we use our knowledge of characteristics (and their speed of propagation) to guide
us when determining suitable boundary conditions for compressible flows?



Part II - Problems (40 p.)

Problem 1 - WEDGE FLOW (10 p.)

A wedge-shaped object is placed over a flat surface according to the figure below. Air at 1.0
bar and 300.0 K is flowing passed the wedge. The freestream Mach number ahead of the object
is 2.5. The wedge half angle () is 11°.

Calculate and plot the pressure difference between locations along a streamline starting at
(0.0,1.0), the black dot on the y-axis in the figure, and locations on the wall with the same axial
coordinate, i.e. pressure difference as a function of axial coordinate, for x1 < x < z9. Locations
of discrete changes in pressure difference should be justified by calculations.
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Problem 2 - FLOW WITH FRICTION (10 p.)

An experimental setup for estimation of the friction coefficient for supersonic air flow in a tube
comprises a convergent divergent nozzle attached to a round tube. The nozzle inlet conditions
are p,=6.73 MPa and T,=312 K. The nozzle throat diameter (dy,) and the nozzle exit diameter
(D) are 0.0061 m and 0.0127 m, respectively. The tube attached to the nozzle has the same
inner diameter as the nozzle at the nozzle exit plane, i.e. it is an axial extension of the nozzle.
The nozzle flow is isentropic throughout and the flow in the convergent part of the nozzle is
supersonic. The entire system can be assumed to be adiabatic.

Pressure is measured at two axial locations in the tube, see table below. Based on the given
data, calculate the average friction coefficient for the specific tube and flow.

station x/D. p [kPa]
1 1.75  238.0
2 29.6  485.0




Problem 3 - NOZZLE FLOW (10 p.)

The exit plane of a rectangular convergent divergent nozzle is depicted below. The width of the
nozzle exit is significantly larger than the hight (w > h).

Just downstream of the nozzle exit plane the Mach number is 2.8. Pressure is measured along
the x-axis resulting in the following profile.
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(a) The measured pressure profile gives valuable information about the flow both upstream of
the nozzle exit plane (inside the nozzle) and downstream. Based on the pressure profile,
describe the nozzle expansion process in words (3p.)

(b) The external co-flow (the surrounding flow outside of the nozzle and the downstream jet) is
deflected as it is effected by the jet flow. Describe why the flow is deflected and calculate
an estimate of the deflection angle (assumptions and simplifications needed should be
justified) (7p.)



Problem 4 - TRAVELING WAVES (10 p.)

A horizontal tube contains stationary air at 1.0 atm and 300.0 K. The left end of the tube is
closed by a movable piston, which at time t=0 is moved impulsively at a speed of 120.0 m/s
(acceleration effects can be neglected). Calculate the pressure on the face of the piston for the
two following scenarios:

(a) the piston motion is to the left (5p.)

(b) the piston motion is to the right (5p.)
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