MTFO053 - Fluid Mechanics

2025-01-09 08.30 — 13.30

Approved aids:

— The formula sheet handed out with the exam (attached as an appendix)
— Beta - Mathematics Handbook for Science and Engineering
— Physics Handbook : for Science and Engineering

— Any calculator with cleared memory
Exam Outline:

— In total 6 problems each worth 10p
Grading:

number of points on exam (including bonus points) 24-35 36-47 48-60
grade 3 4 5




PROBLEM 1 - BOUNDARY LAYER MEASUREMENTS (10 P.)

A group of students is supposed to make measurements to analyze the boundary layer over a
flat plate in a wind tunnel as part of a lab in a fluid mechanics course. The measurements are
supposed to be done at a location 3.0 m downstream of the leading edge of the flat plate. A
hot-wire probe is used for the measurements and the velocity profile is supposed to be obtained
by measuring the velocity at different vertical distances from the flat plate surface. The first
measurement is done for a vertical distance of 3.0 mm from the flat plate surface where the
average velocity is found to be 3.0 m/s. When the hot-wire probe is traversed to the next
location, one of the students accidentally breaks the probe and no more measurements are pos-
sible. However, one of the students finds a way to calculate the boundary layer properties that
are asked for using the single measurement point and formulas from the chapter on external
boundary layers in their course book.

(a) Do the same exercise as the students and calculate: (8p)

1. the wall-shear stress (7,)
2. the freestream velocity (Ux)
3. the boundary layer thickness (¢)

(The critical Reynolds number can be assumed to be 500000)
Theory questions related to the topic:

(b) Name two alternative ways to measure the boundary layer thickness other than §. How
can these measures be interpreted physically? (1p)

(c) The drag coefficient, Cp, can be divided into two components, which two components?
What phenomena are associated with each of the two components? Which of the compo-
nents dominates the total drag of a flat plate? (1p)



PrOBLEM 2 - PipE FLow (10 p.)

The space between two very long and wide flat plates is filled with water. The vertical distance
between the plates is h = 5.0 em. The upper plate moves at a constant velocity of 5.0 m/s in
relation to the lower plate, which induces a turbulent flow in the water between the plates.

(a) Calculate the wall-shear stress 7,, (4p)

(b) Calculate the Reynolds stress component u/v” at a location midway between the two

plates (y = h/2) (4p) -
Hint: use the z-component of the RANS equations (Eqn. 6.21) to calculate u'v’

Theory questions related to the topic:

(¢) Turbulent flow is dissipative. What does that mean? (1p)
(d) In the Reynolds decomposition, the velocity components and pressure are divided into an
average part and a fluctuating part as for example
w=1u+u

Define the time average and show that the time average of the fluctuating component is
identically equal to zero. (1p)



PROBLEM 3 - MODEL-SCALE TEST (10 p.)

A model-scale test of a vehicle is done in order to estimate the drag force on the full-scale vehicle
at different velocities. The model vehicle is scaled down by a factor of 12 such that geometrical
similarity with the prototype vehicle is established. In order to establish Reynolds similarity,
the tests are done in a water tunnel (the water temperature is 20 degrees). Drag force as a
function of freestream velocity from the model-scale test is given below.
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(a) Estimate the increased power required to overcome the drag force if the velocity of the
full-scale vehicle is increased from 20.0 m/s to 25.0 m/s (8p)

Theory questions related to the topic:

(b) If you are going to do an experimental investigation of a problem including a number
of important physical variables, why is it beneficial to divide the variables into non-
dimensional groups? (1p)

(c) Explain the concepts geometric similarity, kinematic similarity, and dynamic similarity
(1p)



PROBLEM 4 - NozzLE (10 P.)

Water at 20° degrees flows through a pipe at a flow rate of Q@ = 0.2 m3/s. At the end of the
pipe, the water is accelerated through a convergent nozzle before exiting into the surrounding
air as a water jet. The atmospheric pressure at the exit is 101325 Pa. The pipe cross-section
area is 0.015 m? and the cross-section area at the exit of the nozzle is 0.0075 m?.

pipe nozzle surrounding atmosphere

I

mounting flenge

(a) Calculate the total force in the joint keeping the nozzle attached to the upstream pipe
(8p)

Theory questions related to the topic:

(b) Derive the Bernoulli equation for steady-state, incompressible flow along a streamline (2p)

1 1
Py 4 4/12 +gz = P2 + —V22 + gzo = const
p 2 p 2



PROBLEM 5 - MOVING WATER TANK (10 P.)

A big container on wheels moves at a constant velocity of V' = 1.5 m/s while at the same time
being filled from above with 50.0 kg of water per second.
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(a) (b)

(a) Calculate the extra force required to keep the container moving at a constant velocity
related to the filling process. (4p)

(b) A evacuating valve located at the bottom of the container is opened. Calculate the force
required to keep the container moving at a constant velocity with the evacuating valve
opened. The diameter outlet at the bottom of the tank is circular with a diameter of 9.0
cm and the water level in the tank is 3.0 m above the outlet. (4p)

Theory questions related to the topic:

(c) Give examples of when it is appropriate to use fixed control volume, moving control
volume, and deformable control volume, respectively. (1p)

(d) Derive the continuity equation on integral form for a fixed control volume using Reynolds
transport theorem (1p)

d d
4 By =2 </wﬁpdv> + [ Bp(v, -mas

PROBLEM 6 - SUPERSONIC LIFT AND DRAG (10 P.)

A flat plate is placed in a supersonic freestream at an angle of attack of & = 6°. The length of
the flat plate is 3.0 m and the plate is very wide (the flow around the plate can be assumed to
be two-dimensional).

(a) Calculate the lift and drag force (per meter) if the freestream Mach number is 2.5 and
the static pressure upstream of the flat plate is 100.0 kPa (7p)

Theory questions related to the topic:

(b) Show schematically how the velocity (normal velocity component, tangential velocity com-
ponent, and the total velocity) changes over an oblique shock. Indicate the shock angle,
B, and the deflection angle, 6 (1p)

(c) What is required for a process to be isentropic? (1p)

(d) How does pressure (p), temperature (T'), density (p), Mach number (M), total pressure
(po), and total temperature (7,) change over an expansion region? (1p)



)

—> S 39

Aseurne AR @tdc
gs L2 A g

° Tbc?-bhws
>]

RK=20w

HoT W 1WEAVENERT oF ¢GLeciy e 4
Bownoaty Uyte ovse A FUE RURS-
ONE TEAeeSTVIRNT ®INT @ Ye o0 , e 20 we
U =2.0w/¢
cAcCUuUT® Ve , T Ao d(x=te=)
WS ©o /T ool (F TWE BAMNOMNY AR
LW LAMINARL Gl TURB U LENS . BUT WE ACT

PROVIOTD w1ty A TRANA(TE~ Sy LDINUNR T2

Tue REyreLass uraBe BAED o U D

‘—‘v—x- v Gococe > Rax, =D THE Bwaniy UL
e Meguiet (Uee 3T)

= 1)3
(7.2v) (-l—‘;— ) = ("?‘) (1)

©



)

(F.u2) S _ S-le (2)
< Rel/?

S Ao Voo uNeNown

(1) = &=y (%—"'): (3)

q O.lb
9 [U=)" _
C%) n () = -y ( 'G) -(M,,x)v:
v
_ -2 /3 119
=) ’fo/q, N O.lb ubx \) S

Re, = d=2X _ a353¢/ > sR0 0

(a) = S = p| (-M:;y? = 0.06F wa

13/

(7.'1“‘) Tw = -x”} 30,090&

Twe ALTELMATIVE Ways T TEAMLE
‘Euum%.\,«ueo_ THC L0 :
1) Do PIcBYET Pnoealss ( S¥)



LWL  INTELPREY MM ¢
THE DUTANE A CorTAR - VBLeomy PR \CB
WOULD #A/E T2 BE TRANAATERA TR THG

WL “To OFv T™HE &MT DEIP KT o "ARTGwn

A0 THE BounOA (AgSN PRAFIG -

“ U,
—
—
—_—) R
—y o

B —

EME NAD T
Z) KYovertur Thewves (o)

A€ ko S* Ruad P NTNTUN.

Uas e
.—é —
-— E,
— —
1=R 7 1e
N /

SAE ToMrEwTLo

Deren. CAao BT puivBa T2 PRERURS ORAG
fvp FRuCT o Dol |
Fez A FLAT @UTE , DRAG 14 COMNMTEA Y

T2 \CTle DAL,



Y

—>V

|
'
1/
— Y9roSh

h= Sew ,Ve Swih
Duwe ™ 2NPRTTRY ;, A0 € thlz)s-;_lV

doonnE wmea@ 20¢c =) f:??d’/g/mg
ta:o.a&\ &3/‘-8

TURBWUWIENT FLorS =5

u _ " ) +% C ¢.29)

TA-=V/Z. = U¥X < 0.loz2w/s

M* = ‘J ’% => T ‘-'-‘{\/l“‘z = 10.2 Pa



b —_—
/ CAccucATs  U'V/ @9=h/2

nswve 6.2),

(6.21)
Q3w =3 =37 = OC
Au— +v== —
Y (a "y \I% + W 5S¢
3 2

hlounS Fuwy DEVEWPSD Twe ™ Two
PIENliens Ano  STEADY ATATS

%( VY =0 %u..a LBVE L, TO.

_32:( V =o ;W =0 : 20 T
2.() == : aTare.
2 ==  : sTTAO

(e ) ConTruimy:

AU 2T . &

= S —
3**-x'?:% co = .sa—-,° =D \ we
=o =o




ot — 3L, —33 —aG )

2L w2 v s
S % " %o "l *¥

- <0

_> 2 (W2 _ ou®
'5,%"“3%*3&(\‘3& 3%) +

7)

t 3y (T guw ) +%<T—?§ -

R AL OR

(3 () <3 (47)

A2 UNE CorTAT  PREIOWE |,
NEG LT 4RAVTY ,
IN & Boun 041ty LYBL. :

— C—  Se—
—

“IV/ S “,9 , M’V’ » uow,
juv =0

9,7 (f‘

ovr

5 _9_0._"_3
;—,—(a, “”)"



| NTEQRATE =D

3' ’ !
'U-i—a'-‘— ~u'v' =C
At ™E waL (y=e¢)

”, =0 , y’:a (h'->0, v"oo ay ‘,-—>o/

a/g%-./ so i % =M*2

= C=u*"

22— o M'V’ =“*&
oY

@ge —,’_1 r Ulurz) = V/z

V2

()}

=) ?i'_ 'T\(L

<)

——

u'\[, (la:h/?.) = M*z‘- U-YT =-0,0(,6’,u.‘/‘t



9

A TWEBRENT FLT 15 PWDIPATIVE , WHAT
Pv& TNAT yEAN ?

‘CNGZC\U S CONTWONLY TRANTORRG Tadr he
TUWEBWURART Flawd T2  \NTSeNAL ToUwy o5 T
TM D wHicw TEA~w TMAT N TSy
(3 AOOTD TO THT Tlaw , TURBWOMT BV
Wiw DGCA& AVTIL THSE (W Ne  THRBMDS

ETRUCTUSED Vv TME o~

DEFINE THE AVTUS WOSD (N THE
cs5~w PPN AevD  Sheww T

™HE &ERAUT oF A FIMETWATEN (R FBey.
T

{
W == u
W=
'}
N 18 AN T4t AVERME
CIF THE SATPLNG TRERUBNUA D ConaWenT

An TAIAHBLE AYD2AGE co TOE S4beE 42
& TINE 4rE ehat )






Y

;A vooBL-SemE VEHICGLS 1S TEAEO
A WATBL — TUNNGL . Teece va. yercamy ¢
PETe . (uwnE 4@ 20°C Tee THE Tamyic )

WATEe@ 26'c. M@ 2sc
3 s 771 @L_ﬂ e (.2 k/f‘s,.
1‘30I60, %/M 1"’1'8’0 ke /s

TUTINATE THE INCREPREO Wb PBHan @60 TO

0UTeeOE TUHT DoAY REE (F THT ey oF

THE ULl ST LVEWMALE W (INAEARQ Fen

WE WILL AQumE  Dyvnic Smiaury

- Qavemic am WWUTY @ Av (ST
OF THE YwebbL AT  JCALED WiTHE
SAME JONE TAacrze (1072)

— KnEYWNe ST ¢ Horolhust SYEVT
@ HAPWLGLUo PUNTY  TALE PukeE Ag
troutwus TmEs (REAUEE 2epnut 09
MUrETes T g€ T™E apa~t ),

= Fieey ocrn e LoALTO .



P~ Fe
?w ind gwo-%'o Sf‘ 3 aiv
S
D = 112 Df

MP=ZO widsy =D Mw'—‘ 169»/.\
MP = 2% —ds - U = 20 YA

Fosrn TUT PlovIDEO PATA ;

N = Lbwds = T = 1SN

n 2 WPt = F_ =249 kN

:F = li_ ?m A“- Co (A\: (7.66)

o S P

o= T
F— A N
2 Tr

CD: S A

?r ‘Af uPL



<

3¢ Ar We
ﬁw*“' V"“‘}

Fp= T
(Mo-l'e.l Af S ’thAs)

= Fp (20~4) =UM.2Z N
Tp (25w 23) = G162 N

Powsa:

Pp = ¢f le
Pp(LT=B) ~ £, (20e4) = &1 0iT

Wi ® IT BENEFICIHL Y@ Cenf VAARE 1
DMEMAIINAL  (1oen .

‘lj You CAn RBouc THT MWLl OF HWEMWERNT)

S\ow 11=\CMua.

2 IT 13 €aovEe To PREIDN DB N (FRWERL
CeAPH Amo TARE )

) T @ Pov\BE T0 MPARE 2Suwer oTANED
AT OIFFree~nT corNn O)TINN,

SEE Joa.



Qe 0,2 MJ/J
'Pﬂh-b c 10/325-,;

A‘ = OOOlS“"’
Al s 0,00 #T.°

1

watee @ o =D 2 =998 4 /n
09 CALCUUAE THNT FlE YEEPINA THE KRoSED
ATYMICHED ¥ THE FHE.

ADWHE - ITEADY GTATE , INCerrie et -

CenTavur7y ¢

(5.22) j D'f dU f-Z(fu4 V')om -ECJ V:A: )c\."

Uh—-&ckk)
=) f{ AII/I bl JtAz(/;. "(f(e&j -
=) 411// = 4&% =@

=) V/"A’g ,Vzrz@:

Beevouwl :
(gsu‘) Pl __V +{‘ e—t*’}l:VzL‘("/t.



= o - P -y (v -v)

(cNITWAT IO 8F LINTAL anENU™ :
- -0 (8-\0& OHB)

(3.40) —

2% T( V;J‘U) ‘E—Z(w'\/.
-Z;(VL:V:)M

=’> Z R = “.A'(_\/.L "'“:‘\/,

?f. & P| A¢

) Y
Te. —Dpré ¥es Tn - Pk
<

o/
\ numberot kb,

2 ¥t = ?ﬁ —~ Te. - %,

.—‘i-b = “.n‘l\,'- -\;\.‘Vl + ?gAz “?\A\

=5 "F; = ZOﬁD N



b/ DEQIVE THE BERNIUUA TTAWATIY T
&TEko\o—irrAvs ) \NCenPRERIINE Tt

&UNG A STREWMLING .

prd¥ v+dV
5 4 +dy
/ pedp
A Cv
Vii,p o 39 dn

CeriigeyaTion oF naw :

70’-7(1““{‘,) + Wt —Wop, 20

= %%.w 44l (Foe howu o)
whEee do = Ads , Ja:-z-—git.AJA

ComNoERVAT (0 oF LNEAL NINEwsUM:
a5 - £ ((vedv) dovi (e,

= 2 (V)AL +4(<v)

(VUL FPuw A&LLaR, A STREAMUNE =D

oLy PREMACE Anv aeAVmy sy




dFs,, = + dpdd — (AcdA)dp =-Adp
A,‘-’r},.l) « ~39hd im0 -~ f3hds
Sa5--3g4da -Adp -3-%(3V)AJL\ ¢
+ d (V)

- 3?A da -~ AJ,e = ?ﬁ-VA-J.: <+ %';L(fﬁ')tl.\ 4+

+ wdV € Vduo
S | -
= 4AVdYV

\/[— Ads i | =

=) %“_{; phds + Adp + 43Ade + SAVAY =0

Pvioe 8y 4k =D

%%-cla -l--;-le +Va('|/+549 =0

V

8T€"\0) STATE =D 3t °°



\NTEQRATE
L

&L%L + ‘VJV + §5d% =0

INCHPRBROMME (= cemar) =D

Pt BV, 4433 =Palavegae



H . Ve loowls
QA‘AM e SD(-.;I.;

—_> — Vv

0) CxLoue THE Badh ReCS BEAWIGEO T
KSEP THE CONTINGEL YWVING AT A CoOMTA

VGt CEWTED @ THE FuLit PROCED

Com sTAVATICN OF LIVEAL TWIENTUM ;

(3.40)
SE - ;‘T( S“ Vs J’V) +2 (ing¥i),., — 20V ),

In  on0Be T2 TaTARLISH A ZTUAT 1IN WHERE
THE ACCUWIMLAT LN OF YLOVENTUW WIRhY THE
ConTRoe vewne (THE Yovive GNTAINEL )

(S 260 , TxmmA FelE T ¥uar TAUNCE
THE NET Fuix OF VUPENTWN ovEl TUT
CovTROL voLun SWRFACE-



Ton T ONS , THT BNV AW BELOHEL:

T = - muVin

3INCE TUE ConmRULVUUNE NVES T2 THE QAT
WITH THE WWLTy V| THT veucumy oF Tve
INGALIWVUW UL ZBANIVE T2 T CovTeel votrms
i ~V =D FswV = TSN

.

AN OVTET (2 ADOED Y2 THC Tomr.

WE NEB0 YHE OuTlsr yBet(7Y:

NSE CECNMULI TETWEN THE JutrxE S0
THE 0w7LE)-



L e

2

(3.51)

?_'+§Lv,+3.4 = _S_-e ’v,+9&
3

PP y 2 -22=Mh

AT UNE THAT THE SUATACE ALBO © LAYUG

CoMPAQBD T2 THE SUTLET ARES =D
V‘ <L V?.
=> Vo= 23‘" e JbFw/s

”."z, s j'AVZ

WaTEe @2 : Y =22 4 /.3
A’f—' ﬂ.'_d—t- fcle 9.00-—-?
c./

= W, = P 7 ks /



9

ConoBVATV CF LINGHL HernENTUM :

q:(" “;‘MV)(M -“:""VXM
- W, (V, =V) = R Ve

- 43 (-72.63) — so(-15)
=-297 N

( & FrocE TUF oD W6 CoAnGe ek )

C WE &N TXAWE OF WHBN T2 w6 A Faso,
Povivta qovo DEBRECMABLE Corrrel VELLWE
e TixE0 cpsEcT (RT PoTELE o By )

o FrLuWIML A vt c8&T ( THE CeAFAWSZ IN
THo PR A cre , 4 347, ... )

e A DOROYARLE ConeL verms curco RE wa€D
N TME Ayl oF THE Few N THE
CYuUrIBR  of 4 CHBRITeED) ThiGrnsE -

Deewe ™E CoNTINU Ml BRUATON on mTEARAL

FN, e & THEO CovTRU oS UeW G

PEhnnos TRAVGRAT TWESLON



4 (bu) - (o) o

L)

%(m.,a) = By POFNT =D

o=_a_l_<§34v> + S'f(v,-n)d.r

4t cs
Toa A FIEO CovToaL VOLUNE :
2 Vv
_A-_<S‘ )d.1)> 283:()1
I N\ 2, ).

=)

j 2% 4y . jgm.nux
O = o4 J




Y

Fear PWB AT M ANGEB oF ATk <F

oL <=6 \n A SWPERIWIL TREE STBEAM

Caccuuvpa® TWE ULIPT ANO DRA% ¢ THE
PBWMLE 1N THE FLEE STROWM (oo .o WP,
WE WEEO TUE PRbowE & THE WPEL A
\Lew 62 £106.

LLwte SwE:

QBLI\GUE &Wee T Y =28 Avp A

Flow DOFF(SCTwy oF 06= ¢°

(a-¥)
6-p-1 (Fiq 2.29)= =207




cqv &2) MV\( = h( &M(S

CQoSS) Wlh n'=-'H4r >

P 2¢ 3
Fq' "-'1‘(' r'l-lc‘d"' “1)

= P2 = \46.8 WP

ULt &\E:

Treton % = 6°

(a.93) =
5t/ "/_ﬁ_’ 2
0)["’)”? = o Yl (it ~1) -+
— 4! 1/;4,‘-/'

5‘7[‘41) = 6U[’7/)+06

G.9%) = n, - 2¢



Por =Py (THE TxMOOIN o wowRAC)

=) ?1: 65.9 (Lpa

T = (P';- P2 )L b

FLcFen = (fa-RdLb coomx
%o = T anoe = (Ps ~P2 L st



Y

Hivw LHENATICUL oW THE  vELeT)

( \WemiL ,TaweErmAL , &vo TorAL) CHANGLED

ez AN ORUOME Stk , (RD\CATE
AHOCL ANULE (R) Aw o PEFLECTUN AalS
(ed

WHeT 1§ 2eBanItB0 TV 4 P T ©F
LSS TRPIC 2

THE Peectl YvMaT BEF ADWVAWNIC AvO
pevtes 815-



How 006 P, T,8 Y, P, 800 T5
CHAVUWE CVER AN BUPANIKN pEateN £



