TMEOS85 - Compressible Flow
2020-03-19, 08.30-13.30

Approved aids:

TME085 Compressible Flow - Formulas, tables and graphs (provided with exam)

Beta - Mathematics Handbook for Science and Engineering

Physics Handbook : for Science and Engineering

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

Responsible teacher: Niklas Andersson tel.: 070 - 51 38 311

Good luck!



Instructions

General Info

Due to the extraordinary situation caused by the very high risk of the covid-19 infection spread-
ing in Sweden, Chalmers’ President has decided that all written exams for study period 3 will
be carried out from home.

Exam Info

The exam consists of eight problems (each problem is a separate assignment in Canvas) Prob-
lems 1-2 can give a maximum of 6 points each and problems 3-8 can give a maximum of 8 points
each. In total you can get 60 points on the exam. The points earned for the Compressible Flow
Project is added to your exam result.

The total number of points on the exam (EP) and the bonus points earned from The Compress-
ible Flow Project (BP) is translated into a course grade as follows:

e Fail: EP < 24 (i.e. the bonus points can not be used to pass the course)
e Grade 3: 24 < EP < (36 — BP)

e Grade 4: (36 — BP) < EP < (48 — BP)

e Grade 5: (48 — BP) < EP

Niklas Andersson will be available for questions related to the exam from 8:30 until 13:30 the
day of the exam (2020-03-19)

If you would like to get in contact with Niklas during the exam, you can send a Canvas message,
call or send a mail

e mobile: 070-5138311

e mail: niklas.andersson@chalmers.se

Instructions

The written exam should be handed in through Canvas at the latest 10 minutes past the end
of the exam time. If it is not possible to hand-in the exam through Canvas, it should be sent
to the niklas.andersson@chalmers.se as soon as possible.

e The exam is divided into a number of separate assignments. You should submit a doc-
ument with answers/solutions for each of these assignments. Do not wait until the last
minute with the submission of files. It is better to submit files continuously as you solve
the problems. You can always go back and update if you find mistakes later.

e Answers should be written in a text document (one document for each assignment). Cal-
culations etc. may be written on paper and subsequently be photographed or scanned
and included as images in the text document.

e If you use Matlab scripts, Python or any other programming languages to solve the prob-
lems you can paste your code snippets in the text document if you think that it will be
helpful for the correction of the problems. Note! you will still have to explain what you
have done in words, just code will not be sufficient.


mailto:niklas.andersson@chalmers.se
mailto:niklas.andersson@chalmers.se

In case you have used some type of graphical representation of your solution (Matlab
plots, matplotlib, gnu plot, ... ), you could add these figures to your solution document if
it adds value

If you have used an iterative solution procedure using for example Matlab, you could add
output from these iterations to your solution

The exam is to be carried out individually, ie., collaboration is not allowed.
Due to the current circumstances, all examination aids are allowed.
Control for plagiarism will be carried out automatically for each of the problems.

The exam cannot be written anonymously.

Note! By uploading your exam solutions you certify that you have solved the problems on your
own without receiving any help from anyone else

General Exam Guide

Always write down and justify your assumptions

For some problems you may have to guess values on some properties that has not been
given in the problem description

Some problem descriptions may include data that you will not need for solving the problem

It is not uncommon that an iterative solution process in needed to be able to solve a
problem

Even if it is difficult in some situations, always try to determine whether your results are
realistic or not. An unrealistic solution is worth a bit more if you make a comment about
the results and why you think that it is unrealistic.

Always write down your planned solution process in words. If you do something wrong
along the way or if you run out of time and leave the problem unfinished, a description
of how to solve the problem goes a long way when it comes to the number of rewarded
points (if it is correct of course)

The header of each problem indicates the total number of points and the number of
subtasks.



Problem 1 - NOZZLE FLOW (6 p., 3 subtasks)

As you know by now the convergent-divergent nozzle is a central element in the generation of
supersonic gas flows. In the following example, pressurized air is expanded through a convergent-
divergent nozzle. The length of the nozzle is 0.8 m and the throat is located 0.25 m from the
nozzle inlet. When the nozzle pressure ratio (NPR) is 1.5, i.e. the inlet total pressure is 1.5
times the pressure downstream of the nozzle exit, there is a normal shock at the nozzle exit.

Note! you will most likely need to use iterative methods to solve the problems below

(a) (3p.) Calculate the nozzle area ratio (exit area over throat area)

(b) (2p.) Calculate the NPR (for the same nozzle geometry) for which choked conditions are
reached but the flow through the entire nozzle is subsonic

(¢) (1p.) Assume that we would have a NPR between the normal-shock-at-exit NPR, (1.5)
and the NPR defining lower limit of choked nozzle flow (the NPR obtained in the subtask
above), would it be possible to use the area-mach-number relation throughout the nozzle?
Justify and explain why or why not

Problem 2 - SYSTEM OF OBLIQUE SHOCKS (8 p., 2 subtasks)

A uniform air flow enters a non-symmetric convergent inlet as depicted in the figure below
(02 # 03). The extent of the inlet channel in the direction normal to the plane shown in the
figure is significantly longer than the channel height and thus it can be justified to assume the
flow to be two dimensional.

Inlet Mach number M; = 2.5

deflection angles: 0, = 10°, 3 = 15°

(a) (2p.) What are the constrains that leads to the generation of the separating line between
regions 4 and 5 (represented by a green line in the figure)? What is the reason for the
need for this separating line.

(b) (6p.) Calculate the angle of the line separating regions 4 and 5 (weak shock solutions can
be assumed everywhere)




Problem 3 - SHOCK-EXPANSION THEORY (8 p., 3 subtasks)

Air at supersonic speed (M; = 2.5) flows around a symmetric diamond-shaped wing. Assume
two-dimensional inviscid flow.

With no angle of attack, po = 1.8py

(a) (3p.) Calculate the wave drag for the conditions given above
(b) (3p.) Calculate the wave drag and lift if the angle of attack is o = 5°

(c¢) (2p.) At what angle of attack will the upper shock starting at the trailing edge be replaced
by an expansion fan

Y

A

expansion fan

oblique shock oblique shock

symmetric airfoil
(both in z- and y-direction)




Problem 4 - TUBE FLOW WITH FRICTION (8 p., 4 subtasks)

Air flows through a well-insulated tube with non-smooth walls. The diameter of the tube is
D = 0.2 m and the length is L = 2.0 m. At the tube exit, the temperature and pressure is

Terir = 288.0 K and pegir = 101.325 kPa, respectively. The air mass flow is through the tube
is = 15.7 kg/s.

(a) (2p.) Calculate the inlet conditions

(b) (2p.) Calculate the maximum tube length to prevent choking

(¢) (2p.) What would happen if the tube was extended longer than the length calculated
above with everything else kept constant?

(d) (2p.) What could be done to the setup described above to allow for a somewhat longer tube
(tube diameter and flow conditions kept constant). Explain and justify with calculations.



Problem 5 - BOW SHOCK (8 p., 4 subtasks)

The figure below is a Schlieren photograph obtained from a wind tunnel test where a blunt
object is placed in a supersonic air stream. The supersonic flow is generated by letting the
air in a large reservoir expand through a convergent-divergent nozzle. In the free stream the
temperature is To, = 300.0 K, the pressure is po, = 101.325 kPa, and the upstream Mach
number is My, = 11.0

(a) (1p.) Why is the shock not attached to the leading edge of the object?

(b) (3p.) Calculate the flow conditions just ahead of the leading edge of the object (temper-
ature, pressure, Mach number, behind the detached shock)

(¢) (2p.) When comparing the calculated temperature with the measured, it turns out that
the difference is quite significant (compare calculated density ratio over the shock with the
density ratio in the graph below). What do you think is the root cause of this? (motivate
your answer with a discussion that explains the physics behind this phenomenon)
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Figure 2 CONPARISON OF DENSITY RATIO

(d) (2p.) Will any parts of the flow field depicted in the figure be rotational? (explain why
or why not using physical relations)



Problem 6 - COMBUSTION CHAMBER (6 p., 2 subtasks)

Air enters a combustion chamber at 80.0 m/s, 300.0 K and 76.0 kPa. The length of the
combustion chamber is 0.5 m and the diameter is 0.15 m. Effects of friction can be neglected
and the gas can be assumed to be calorically perfect.

(a) (3p.) Estimate the amount of heat added in the combustion chamber to achieve sonic
conditions at the outlet (choked conditions)

(b) (3p.) If the combustion process adds 610.0 kJ /kg to the air lowing through the combustion
chamber, calculate the exit conditions (fluid velocity, Mach number, temperature) and the
drop in total pressure in the combustion chamber

Problem 7 - SHOCK TUBE (8 p., 5 subtasks)

The figure below shows the density field in a shock tube obtained from a quasi-1D simulation.
The axial density distribution is shown for four time levels including the initial solution (before
the shock tube is started) and three consecutive instances in time, each 250 solver iterations
apart where the increment in time is 107 s per iteration. The length of the shock tube is one
meter and the diaphragm is located at 0.5 m. The gas is air in both chambers at a temperature
of 20.0 degrees Celsius. The pressure in the driven section before the burst of the separating
diaphragm is 101.325 kPa.

From the shock tube specifications provided above and the figure, make an estimate of

(a) (2p.) the induced flow velocity

(b) (2p.) the pressure ratio over the incident shock and the Mach number of the incident
shock

(¢) (2p.) calculate the propagation velocity of the head and tail of the expansion region

(d) (1p.) the Mach number of the reflected shock that will be generated when the incident
shock reaches the right end wall

(e) (1p.) the driver section pressure before the shock tube is started

Density field

iter 250
—— iter 500
10 — iter 750

density [kg/mA3]

axial coordinate [m]



Problem 8 - CYLINDER WITH PISTON (8 p., 4 subtasks)

An insulated cylinder is filled with air at T' = 23.0°C' and p = 101.325 kPa. The right end of
the tube is closed and in the left end there is a piston that is not moving initially. The piston
is suddenly moved to the left with the fixed speed wupiston = 275.0 m/s

For the calculations it can be assumed that acceleration effects and friction can be discarded.

(a) (3p.) The sudden movement of the piston will initiate an expansion region in the tube.
At an instant in time after the movement of the piston has been initiated, calculate the
pressure at the piston head and do a schematic graphical representation of the pressure
along a line from the piston head to the right end wall.

(b) (1p.) Do a schematic graphical representation of the fluid velocity along the same line as
above

(¢) (1p.) Make t — = diagram the shows the development of the expansion region and the
movement of the piston in time and space.

(d) (3p.) Is it possible to make the tail of the expansion region stand still in the tube? How
could that be done? (explain and make calculations)
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