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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 difference 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?

slip line

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

% {[[ ovar + {J lo(v - m)v + pn}ds = [{[ ptar
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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 difference 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?

(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?

(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?

(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.

(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)
(b)

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

(1.0 p.) ¢* defines the heat addition needed to obtain thermal choking. What
is thermal choking? What happens if the amount of heat added exceeds ¢* 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 Ty /T, making use of the fact that the total enthalpy hg 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.

My :

(a)

symmetric diamond-wedge airfoil (zero angle of attack)

My :

(b)

double circular arc airfoil (zero angle of attack)

My
\

()

flat plate at an angle of attack



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 (pgmp = 101325Pa) and temperature (T, = 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.

@ @ Patm

diaphragm |

1.5+

1.0 T T T T T
1.0 1.2 1.4 1.6 1.8 2.0

p2/p1



Problem 2 - FRICTION (10 p.)

Air flows through a nozzle with the throat diameter d; = 0.25 m and exit diameter d. =
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 f = 0.005.
The total temperature and total pressure upstream of the nozzle inlet are T, = 300.0 K and
Po = 200.0k Pa, respectively.
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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

(¢) 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 p, = 600.0 kPa and T, = 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 p, = 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 M; = 2.5. The pressure
and temperature in the jet upstream of the wedge are p; = 100.0 £Pa and T; = 300.0 K. The
ambient pressure is the same as the jet pressure pgmp = 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 effects 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.

—_— free boundary

—_— free boundary

ambient



E«_ ( Mo TMRED

@ | @ o

DiATARALN \

AIWEN: SHOCR TURE wiTH CAN LT Ene

?\c?a.b
— L

\o‘c lO-vb

‘P\‘/‘P" = 25

A2avME TUHAT THE O IN THE ORAVEN

SECTImy N A2 (Ao e e
THE Tmeg -.. )

CAWwACA ULy, PERFECT.

WHEN THE DAPNAGR N CFwvEp |, A
CHotle TRAVENL T2 THE uemT
(INT2 QTc1eN 1) Wil BT CEVTASTN.

ChLEWASE  THRY WA wuemptq of
THET NS &Hocl AND TMe W‘Tb

We NEteo P /P (THE Sthacle O2ERWF
ATV )

WE CAN % THT PROUVYOED CnAPH
WHhem © Ratn o (294) ca

! — o~

e (F89) .
n

Pu) P /
2.5 —

1Sb &/Q‘

S

P /R =156 =D T = .22



7Y p Y &)
(F1ed up= "y (sz "‘> L

P
weews o = \ ¥,
=D up=12.2w/s
resl P A
TI ?,2 ¥ =1 + .
(FA0) TTOT AU g AL ()
. LA

= T, = 233.5K (WE wiu nTE0 THAYT
LASER )

b) CALCNWASE THT PeTNE , TEWPELAWE,

ANO Lo VEwCivyy A7 THE 2aaaT S
OF THE TWET ATTER THT TVENT TAUWG
PLALE WHEN THE Srocle BECHT THT
2\Gn T TND.

WHAT WllL WAPPEN wnDY THT Stele
QEATHTS THT Riewri T ?

SINE THE Fraw BEhND THT Stcun
I'A SWRIUNN\ L

(Y= U, /00 = up/¥YCT =031 )
THE PRERWRE TVWMT WATCH ThT AMNIET

PIToWE . THYRR LG A Tx AR 168
WIWL BT GENBRATE 0 TRAVELING RATK
(NT2 THE Tuet . THT Petwets eAv
oven THT TpAndian (Nl BE THT

LAME A\ 0 THE NGO Shedl,

SINCE THE TxPANL N TRAVEY e 4
QEnuN W A COMTANVY Fzan TATE,

THE O AU wul e CATPNT
Wi THT TXPANIIAL .

t _ 2 a2 —

WHWERE au/\]m 2

P we Ane Qe AvE UENUMS

WE N Wt THE |1 /eNR1C RELATIEA)
OVEQ THT T XPANUen |

P_e _ P, T, ¥/(x-1)
2 P. ) "\ Ta

g\ (r-1)/¢
=> Te = T (T’:—)

= 2937k

Oe < N/WTc (2)
LZ\ W ('\3"’) MQ“Z'L"]% W\/J

Tlus covo\Traow g AT THE RAGHT END
CF THE WAL’

PC = ?M

Tcz ‘24301 K

Ue = 221.1 W /s



P, (Felcreom )

-

?o‘lﬂ)l&.'& I-O.C&f
TOt %OO\C Po :
Te

d{' 0.2(“—
de = 0.%w

THE No2alE 13 CPRRATED AT Btaon CoNDTTIAN

(gVPTRCRIMCAL FrovT )
A PPE 10 ADDEY AT THT NARLE Tx@

0) CALUALST THE WArwin TWRT EBNLTH
IF THERE &HoulLd N BT AN Shetid
INTHAT Tuet.

\F THE PIPE 1T N ket T
THE LU T THAT CHokB —THT el
THELE WilL BT 4 Stk GNERATEND
IN TAT TWBT (co wPsTREAN & THT
Pt )

|

—_] N

@ ©)]
T = Ve supoe tad
Nz = 1o (eweled]
L% =L
L% ~e

WE YT FWRST CArcpmst THT NOALWD
TXT ACH Nunig |

AAi i (%y -

(S';\CA | ) (e+0) /%~
e \" ' Y -l g2
AJ “he (‘m(“ 2 h"))

Sy fPtlavIC Sounr ien =) T‘(x' 1.X

(2a0})

—_—

qTL* 1-h" x4 (th.‘)
_itt Yho o2y l“(u(\'-ﬂh!

- L¥= 2,63

go L =Li=%L2w is THE LewumaT OFF
PU\E W\THUWT OENVEATING, A Sotc (W
THE 1T ..

b) CALLUWNTE THT LMWAST PIPT LBWTH Wikt

LEVERATIVG A Snccl imnps THE WLFNTE:
\T WE EXTEVD TWo PIPE Tt TN
TUT (EVTH OATLWATED N THT PV ICr
TS THEZE WUL BT A Shea COVEATD
IN  TRT @1PE . THT len®b T PIPE |
THE Fn@THEL uPeTIcAn THT Shewc Wil
BE WASTO Ao TVENTRAUY (T WiLte
WWE AL THT WAy w2 THE WArUs
THTE LVWEAT PIPE GoaTd  1d THwA
THE LEVMWTH TV Whhad THE ek
WIWL €T &S THE woadE o T

ANRAL $¥ole WRNEUATED AT TR VU
WumgFe CALCLUATED v THT P2 ViLw)
Thi bives THE WEW (NET Py NG

(%.S1)
X - Ve
n- A < (f 0/'23 €S- 0.0
¥te - (x-1)/2
(2.103)
H;L.‘( 1-%14 ) \“(LY-HBH.' 5
d' * Yt Y 2¢(X 1)/

N T A Y

) ChLluwAat THE ©NT ConorTiad e
THE il ok ABwd

(T:/ Pz,uz)

THT STAREED QUANTITIEY Avx NPT
fFTFECTEO ‘Bxé T™T SHode =D
Tl :T*' ?2=P*)qu =a* WivLge

BT ™HT &NT N Ve O,
NE OW THno Do THR CALUALATIrS

I NT o&F THE oty -
&)

(3.2 l".:(q+"“q1,‘>

T &

x/Cv-1)
(2.30) %o ¥ -lg,¢
5 (1-& S ’m)

_l_l_ ¥ 4|
(%.106%) T ~ Zxeonne

1

€+ \/2
(%.104) AKI - ,)
px N, 2+0c-1N,

Ti= 298 .&2 '
P, = 128.33 kP,

T“ = 250.0K (=T¢)
p¥ - 2337 kPa (=P:)

N, = o - /\/YQT* = 216w ls

( you wiL agT THE €T CEmA
TF YoM Do THE CATLUAST N Fug
THE OTHEZ CASE. )



?ﬁ. < No LT '-F-‘wcff>
\/ P. = 600.0 ( Pa
To = U'C = 212K

THE NUE PeByawE Ao (NPR ) 1y
INEAST D Cowwousurj By oW THT
VX Bacwe Prm&nee (CF,)

TUT YARTULW THhwmen THE NAR D EAXD
A WA IMNN WHEN THWSE “RACE PEESIneE A
?, - S21.8S W Pa.

Pp= 521.8Th P =D cuoen BURMNC
FLow .

CHowTn W RIuic Teus =D \(FeNTe

X/(x-1)
(2.30) (14— - ,nec'>
\oc\mkccl
=> hecuu =0OM4Y
(S.20) a

Aot A 2 ¥ - ¢>""
m) o (1

=5 he /Ay = 197

a) WHAT b THE LEhGN BAC PLEnes ?

DAl CoNn\TIEN] - LATNTRPC
UPERANIC =D SuPTRCRATCATL.

(€.20) e
rn,\t y,l-l\“

= e
‘he \\("\'\ \4+ :

( swPEed chmac Covmon )
Yle ., = 1.%5

RN 7443).
EZ.;-(/\-\— leth) =Go

lo) Tivn THE RACK PREawnRg ANWE T
WHit ©cBUCGWVT &HoCls el oo

DOWNITREAN oF THE® Wuiale ©xaT -
ONENTRPAVIDTY FLew -

BETWEEN N ghoe AT BT
AND SWPERLCRIMCATL (DTGNS )
WE NTEo Ti® Bl fPrexaweo

CuL MGEPUND\ML Y2 word Al Gecin
AT BX\T

P 2 ¥ 2
(3.57) 2 ey (s, -1)
Sc

=> P, < 273.3LPa

ONCLGKPANDED FLam  (CBULAGUnE SHelA
OUNNKTURATY CF Neaa (E B )

<P¥v|,;¢ > Pb > .PbSC

2323 kee > Py > 100.0 LPa

Fo0 WhICH NOANAL Svieces wwn
KPPEAY. INLYVRT THT NeL6E -
?\'cb\c\u.t > Pb> wa\

G21.81 Lps > Pb > 272.2 lpe




(weoes Frouwr )

|

N.=2%S

P. < p“_\o 20
= Moo Lupe
Ti= Tl

TFQZ’E%OMIDAA—\Q \\

AN
N

A WEDGE W PAKED Wxps A SWPEUUM ¢
PUN/M OTT . An CRLLAUT e\ N Fvavo
AT THT EADIM. TDLE (F THT WTous Y2

TUEN TAT FLuw &Sued TIAT IV Falena TR

WEOLT EWRFAE .

WHTN THE &Wec\C exALHE] THE F&E
Buw Dk@ (THE (NERFACE BTTWoEN THE
SWPERAUNIC DTT AnD THT Snepuwpr L,
) T Wik BE eIFETED A AN
T av THAT QBoncr Tug PeELnes
S TWAT P2 = RPon,

Chewn WY Tl'z l(\-g ) ‘p3

1> 2 (CBLIGWD Skt )
(6-(-% : &=10 b =25) 5 RWAT

(u?) Hm"‘“\ 31»@

(1:4) —{;—f— - 1+ % (h -1)
W, « (2 /(x-1))

fr\YM.Y
CTNT T

(V\'lo) h:\z =

N\, /
(A

!
Lervy

(un) T _ % (L"“)h"?-*" )
T P\ (raV) b

. ~ hV\'\
(a) 4, - T (;-e\

_'—:') hq_: 'Z.OQ‘
PZ" 126\1 Ll«p"
To= 200X K

T THE NExT &TEP WE WL NEEO

WAL TEWPEATUWLE ANo YovAL PutaamlE

(’5.‘30\ K‘/(Yr')

P;: = (‘l—e r%h:)

=D Poe = 1,67 HPa

(1.2%) Too Y~ t
72 = (\"(' 2 \11
=D T,, = 675-0K

2> 9% (FKPA—NNCN )

?3 = P, ( PeTaonelt SHunup hATTH THE
MR IENT PREnupe ATTER
ExXPANI N )

_ /(¥ 1)
P. 1+ ;‘T'h:

t

"='> \'1_$= 2.0\&

1+ (Y:z'\) 14:
A e

=D (3= %02 .| K

T
T

—
-

hzt 20‘

Tl = %GO.OI K

iy = 2.5
Ty= 02\ K
Pg: 100.0 le Pe



