TMEOS85 - Compressible Flow
2020-08-19, 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 will be carried out from
home.

Exam Info

The exam consists of six problems (each problem is a separate assignment in Canvas) The prob-
lems can give a maximum of 10 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 if applicable.

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 (2020-08-19)

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 15 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.

e 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


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

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 (10 p., 3 subtasks)

A converging-diverging nozzle with an exit to throat area ratio, A./A;, of 1.633, is designed
to operate with atmospheric pressure at the exit plane, pe = patm. The converging-diverging
nozzle area, A, varies with position, x, as:

A/f) _ th_l) (2%—1)2“

(a) At what pressure ratio or ranges of pressure ratios will the nozzle flow be (a) perfectly
expanded, (b) overexpanded, (c¢) underexpanded?

(b) Calculate the maximum mass flow through the nozzle if the reservoir temperature is 293.0
K and the exit area is 0.33 m?

(c) Will there be a normal shock in the nozzle if nozzle pressure ratio is po/patm = 1.57 If so,
at what position (z/L) will the normal shock occur?



Problem 2 - ENGINE INTAKE DESIGN (10 p., 3 subtasks)

An axisymmetric engine intake for supersonic flight is represented in two dimensions in the figure
below. The intake geometry can be modified in flight such that the engine intake performance
is optimized. Let’s say that the aircraft flies at a speed corresponding to Mach number 3.0
and that the surrounding pressure and temperature are -20.0 degrees Celsius and 0.47 bar,
respectively. The intake geometry is designed such that, at design conditions, three oblique
shocks should be formed with endpoints in the coordinates ¢; — c¢4. After these three initial
oblique shocks, a system of shocks will be generated in the engine intake duct that we will not
consider here. The angles 05 and 03 are 4.0 and 12.0 degrees, respectively.

(a) Let’s say that one would like to measure the pressure in the freestream downstream of the
three first oblique shocks using a pitot tube, what would the measured pressure be? (6p.)

(b) What would happen if the flight Mach number were to be increased without modifying
the geometry (no calculations needed) (2p.)

(¢) What would happen if the flight Mach number were to be decreased without modifying
the geometry (no calculations needed) (2p.)

cq coordinate | @ [m] | y [m]
c1 0.00 0.00
2

c3
Cyq 0.4

Problem 3 - GROUND EXPLOSION (10 p., 3 subtasks)

The pictures below give a schematic representation of a shock wave generated by a ground
explosion.

(a) Calculate the pressure ratio over the propagating shock wave if the induced velocity behind
the shock wave corresponds to a Mach number of 0.9 (6p.)

(b) Under the circumstances calculated in subtask 1, what will the propagation velocity of
the shock wave be (2p.)

(c) Let’s assume that the shock wave reaches a solid wall (as indicated in the figure), at the
ground, where the shock propagates in the wall-normal direction, calculate the pressure
and temperature at the wall as the shock reflects (2p.)




Problem 4 - 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 11.0 degrees and the axial extent of the wedge is 3.0 m.

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 z1 < z < x3. Locations
of discrete changes in pressure difference should be justified by calculations.

M=25
EE— X i
]
]
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I ;
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Problem 5 - TUBE 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 M Pa and T, = 312.0 K. The nozzle throat diameter (d;,) 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 | /D, | p (kPa)
1 1.75 238.0
2 29.6 485.0




Problem 6 - FLOW OVER FLAT PLATE (10 p., 3 subtasks)

Two researchers usually working with low-speed flows are testing a flat plate at an angle of
attack (o = 20°) in a high-speed freestream (U, = 860 m/s) in a supersonic wind tunnel. The
wind tunnel freestream temperature and pressure are 20 degrees and 1.0 atm, respectively. The
plate has a length in the flow direction L = 0.4 m and is significantly longer in the spanwise
direction thus the flow can be assumed to be fairly well represented using a 2D flow model. The
researchers finds it rather strange that although the flow is attached to the surface of the flat
plate, the force balance, the devise used for measuring forces on the object placed in the wind
tunnel, indicates a large drag component in the total force exerted on the flat plate even for
zero angle of attack. Doing some quick hand calculations, they figure out that the force is way
greater than forces associated with surface friction and thus they ask the operators of the wind
tunnel to recalibrate the force balance. The operators simply laugh at them and asks them to
go back and do their homework.

(a) What physical phenomena caused the drag component in the measured force? (1p.)

(b) Calculate the lift and drag components of the force exerted on the flat plate as a function
of span length (3p.)

(c) Locally, near the trailing edge, there will be a net turning of the flow by the presence of
the flat plate. calculate the flow angle just downstream of the trailing edge of the plate.

(6p.)
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