MTFO053 - Fluid Mechanics

2023-08-14 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

— Graph drawing 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 - STEAM TURBINE (10 P.)

A turbine is used to extract energy from steam. Steam flows into the turbine through a 300.0
mm duct and leaves the turbine through a 500.0 mm duct. On the inflow side of the turbine,
steam enters at a velocity of 35.0 m/s, with a density of 0.6 kg/m?3 and an enthalpy of 5000.0
kJ/kg. The steam leaving the turbine at the exit has a density of 0.1 kg/m? and an enthalpy
of 3000.0 kJ/kg. The system is sufficiently well insulated such that adiabatic conditions can be
assumed. Effects of gravity can be neglected.

(a) Calculate the average flow velocity in the outlet duct (3p.)
(b) Estimate the power extracted by the turbine (5p.)
Theory questions related to the topic:
(c) What does it mean that inlets and outlets are one-dimensional? (1p.)

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

PROBLEM 2 - LAMINAR FLOW BETWEEN PARALLEL PLATES (10 p.)

SAE 30W oil at a temperature of 20.0°C flows between two parallel plates separated by 40.0
mm. The plates have a length of 1.0 m in the flow direction and a width of 0.5 m. The flow
between the plates is laminar. The lower plate is stationary, the upper plate moves at a constant
velocity of 5.0 cm/s, and the pressure gradient in the flow direction is constant at -500.0 Pa/m.

(a) Derive an expression for the flow velocity distribution in the fluid between the parallel
plates (5p.)

(b) Calculate the force needed to move the upper plate (3p.)
Theory questions related to the topic:

(c) Derive the momentum equation on differential form starting from the integral form (2p.)

> F= % </ V,odv> + (1105 Vi) gy = D (10 Vi),



ProBLEM 3 - PiPE FLow (10 p.)

Water at 10°C flows through an old rusty steel pipe (i.e. the pipe surface is not smooth).
Measurements indicate that the friction factor remains constant at 0.0321 as long as the average
velocity of the water flowing through the pipe exceeds 0.72 m/s.

(a) Based on the information given above, estimate the average height of the surface irregu-
larities (the surface roughness) in the pipe (7p.)

Theory questions related to the topic:

(b) For fully developed laminar pipe flow, the velocity profile can be expressed as

2
U = Umazx <1_ ‘;2>

Show that the average velocity in fully developed laminar pipe flow is half the maximum
velocity. (2p.)

(¢) Why does the Moody chart not give reliable values in the Reynolds number range 2000 <
Re < 40007 (1p.)

PROBLEM 4 - DRAG FORCE (10 P.)

The width, height, engine power, and drag coefficient of a typical truck and a typical car are
given in the table below.

Vehicle Width (m) Height (m) Engine power (kW) Cp
Truck 2.59 4.12 410.13 0.60
Car 1.83 1.46 186.42 0.32

(a) When each vehicle is traveling at a speed of 105 km/h, what fraction of the engine power
is used to overcome the aerodynamic drag? (4p.)

(b) Assuming that the aerodynamic drag force is the only important force on the vehicles,
calculate the maximum possible velocity for the truck and the car respectively. (3p.)

(c) A 1:10 model of the truck is to be tested in a wind tunnel, will it be possible to establish a
flow around the model-scale vehicle representative of the flow around the prototype scale
truck traveling at a speed of 105 km/h? (justify your answer) (3p.)



PROBLEM 5 - FLAT-PLATE BOUNDARY LAYER (10 P.)

Water at 20° flows past a smooth flat surface. The freestream velocity (the flow velocity away
from the flat surface) is 50.0 mm/s. It can be assumed that transition from laminar to turbulent
boundary layer occurs when the Reynolds number reaches 5.0 x 10°.

(a) What is the flow velocity at a location 15.0 mm above the flat surface and 0.8 m down-
stream of the leading edge of the surface? (4p.)

(b) At what axial distance downstream of the leading edge will transition to turbulent bound-
ary layer flow take place? (2p.)

(c) Calculate the thickness of the boundary layer at the transition location (1p.)
Theory questions related to the topic:

(d) For laminar flow over a flat plate, the velocity profile is self-similar - what does that mean?
(1p.)

(e) Name two alternative ways to measure the boundary layer thickness than 6. How can
these measures be interpreted physically? (2p.)

PROBLEM 6 - SUPERSONIC FLow OVER A WEDGE (10 p.)

Airflow at a Mach number of 2.4 and a pressure of 80.0 kPa impinges on a 17.0° wedge as shown
in the figure below. Since the flow is supersonic, oblique shocks will form at the leading edge
of the wedge in order to deflect the flow such that it follows the wedge surface. As you may
recall from the Fluid Mechanics course, there are two possible solutions to this problem; one
referred to as the weak-shock solution and the other referred to as the strong-shock solution.
Of these two solutions, the weak-shock solution is the most common (i.e. most often seen in
engineering applications) but the strong-shock solution is also valid and may occur under certain
circumstances.

(a) Why are weak-shock solutions more common in engineering applications than strong-shock
solutions? (1p.)

(b) For the conditions specified in the text above, calculate the shock angle for the weak-shock
and the strong-shock solution, respectively. (6p.)

(c¢) Calculate the Mach number and pressure downstream of the oblique shock corresponding
to the weak-shock and the strong-shock solution. (3p.)

p = 80.0 kPa




P11  <STeAm Tuerwe ONE 1nET As:

Given:

ThuRRNE (NET a e
\ ™ D, S J LYY
D.‘ c 200.0 wa—e gl ("“—— P 2 Y

\’w\ = .0 w /s

31T e 231 v (B) () -7senn

b/ TST\RASE THE TenEn TRT rACEO 2y

-~ ATHT TwnRINT .
\URBIWE CUT ET ¢

D2 = S00.2 A ( Lem ASYWE TMRRBMENT Fow ANDY  THWA
e / vs LVETC eve Ly wneeeTion TAztn &= 1.0 )
ga = Ol S wA

he = $o00.0 LD/l (5720) W <Ly} 7,4/ e e & LV P /{{-

THE SYATEN (0 WEWL (MWATED AnD Qo W, -(—/
RBE AWVRNE D T BT ADIADATC

l
TIPECTS oF GAUITYy CAN R€ WECNECTEQ.. h, < _7"\“?— - Int - .?l—vl + Wy
0) CAMOUATE T™HE AVEAGE Trocn USLeaTy
Mo THE OWTLET  DLeT - =2 W, = 2000 Ld/lkg
CeNIEWVAS (N CF AWy ORUTo . me st %'Uw VR g‘V\A-, = 1.”2 lla/;
* T \TE WUNDEL oF |nET. AND cumen
* T TP CoAnTREL Yuning . ws = W ‘M = 2.997MIWT

(3.22): g 4V ¢ Z [g AV M_?Cgikvf)m:"
¥ STEADL STASE = g_;;{F &q) —o

Y



P2 Laviae Flnw zeween seause

PATE.
Giiven:

o YAt 20U ow@zo’c =S4 =0.29 l~3/n-.:
° U= Y0.0 mw

e L= 10w

~ e O.5 w

¢ LAmINAT o (ow

o V= S cts = 0.05u./s

. &P/&K = - 00.0 P /e

—>V
A —>
h —/ Uly)
—_—
—
v
¢ F\«EO WAL S
L
COUNTINW |T)a s

R SR S *%%m%@“‘“

A auwne?
SEADY —sWTE AN (OrPREITIE =D

2

MUy Fuo o K-01eETwe =D

D (

\NTEC a7E

%_" - l3€-~a « C4

Y R

u(y) $ L +Co~Ce
APPLY BoUNDAR ) ConOTICNA:

# U)o (Mo suP LWEL AW )

= (4 -=o



# Ulw):=\ (\e sie wreEn whe )

=> 2-{;%%%‘ «Cchw =V

_ vV _ 183,
=D C_,-G—M—- 2“2’(

b) CALLULATE THE FTULE WCEOED T2 YUVE
TRE UWPPER DUTE.




?g I BIPE & DWRTFAZE Qo wNES)D

£ . €U _ €utR
Grven: € O =
s Wase e @ 10°C = rg l}oi}m;'.1 leg £ was ‘Fuvcb Douck => et > o
821000.0 lb/u.f m" %“ﬁ €\' =70 .
e OLo euity PPE (wr Srevty ) € u* -‘— _%_l

0 TRLCTES FTAcCTAM. CANTINS AT 45 0.0%2)
T V> 031 wi

=D Fuuy Ouce - —
A) TOMVATE THE HEIGWT oF SWRACE (LOEDMARIMED _— — _—
€e)
Alrrcevative SOMTID (WQN& m'ﬂwo“ QH‘\'Q'T)
Decnitior & TRIONWN VEecm : / o
.(..-.0;.07,'2\ => €/p =o.004
u* \1 L (1)
= 1
S Qeo - _g_\’_ﬂ
TFRe\CTlons FHeTQ =D v
v? s
(6.0) «‘= j}-: => Tw = &g' (2) Fuwy evan =2 Pey & 2.3
3
,‘IT V V=072 => D= 0M5w
o <D ¥ o
(2) (o (A) Y T €/p = 0006 => €= 2Iw—




b) "FV\\MA-—DEUECQ?GO LA INAZ v LPE WD

- e 12 )

(1 wuv) 1
— R [ L
v

SUon  THAS MW = ng

2 L
Noo = % % Uiy 2nicdr -
0o e
3
= 2 Uwe 8 r - -
Tev et
Q
"~ — _» M "\l
_ Z Uwsg r_ 2 _
e ) ‘1'2"“
o
- 2Uwax | Y _ a_‘] _
R L Y
2 U 2° Y




P Y
Dere, Tonex % l 3
-.PL =I—i gv w“m-“"w-\-cu ’3/“"‘*\'
(vew ~ 8.2 %
(w) () (Lw)
\Cxv\e\e wioTe | usour RwWEL | Co CAe
B _TisViw, b.GCo |;

Teure 2.3) 1,12 “lo, 3 0.60 — =\ 1 Cor V'eer ~Deus Paw

CAa 1.8% l1e 186 .42 632 g

a 6.RY7

a) AT LS b/l WEAT Foren OF THE TeTAL
QN W W0 T2 ocvenCot OpAc Tud ThAcM b} CaLovaTE THE AU VELCCTTY) Aoy,

OF THE e 2
V=105 e/t  (29.19 )

A?\.\MV‘C A’lfl@ wKwCe =D g:l.z u&/u}
:\.8"0'8- /w ¢
t o7 P oP= T8V WHC,

TAAT  AFCCOUNAMC DRAC & THE TNy G<RATANT

§CK CN THE VEWCCLES -

| (2
$D=_Z-SV APCD 2 29

3
Poz‘FpV = ‘,'ng *A\OCO

?
Me=w.tt = £=33V WHG,



2 PM" '
( 191 b /u)

Vo, =2 A

=D \JOn & ?L"w/,
(257 b/u)

D) Wi (T 2f RuIRE B TWT A \:lo

WWOEL oF THE TRuUcle "N 4 (WIND TUNVEL

WTH A RCPLERTNSATUC Ll -

PEPRERNTATHE v =  Peym o)
S MUY

_V L
QQ=—-
r\.

WITH 3§ AND it THE 3T =
PUFTVPE ARD Yungr =D
Lo=10Ln = WU,=I0Ue

Q. THE VRCUuTYy TUll THT YubTL
UME TEST ey BE 10 & Ta%
VBt ™) oF THE PoUT (PT =D

NSy RavB (T




Ps l TLAT — PATE evnrAy, \Apte.

C'nv&o:
o waser @ e = PNl ly /]
W= 10-10" 4 Jus
° Uoo = 0 wan/y =0,0% w /s
o Qe, . = SIO°
a) TND THE VBlecaryy LD wan  AsevT THE pUGE

AT X = 0,2 w

Noo
QeK = t"( 3 ~ 4.0 '/aq

=D LMINM Frew .

(72.21)

=D S = 20 win. =D R w-

R WIS THE BauncA, LAGTR.

BaAr)ug :

—_

9-9\%e =135

TAte 21 = U/ Uee = 0,99
D U 96.8 wmm /s

\D) AT WUAT ONTRewE oM THE (TAOIMG

TGE WL TRAYNTYEN T2 Tue RucneE
TACE FL0OcT 2

5
Qeﬁo-vmk = S0l
QeK = SM; K z S.0-0° =>

=> K = 0.02 w.



C/ CALCuLATE THE ?"’“"‘DM{'I LknEQ’mcchE:JJ
AT T™HE XTACT OF TRAN MeN --

ARME (RN
S

S

s
<X m } '\,S,,Os

=D ¥ T\ wn




_P;Q’_X B\M’Cmc Fleow cver A wWweogeE.
Y,

WEAL dJdHoCkd NTeoucE (T2) (20E)
THAN §Twve  JHOLKS AVD THAO THE
WAL JHoCE o(ceTierd AT Pr2EEERARD
Cy MTIME Ano Wi Prwadyd BE
THE donniav (5 A7z -
TxArPlED  WHERE THE J7Bcna—dHode
Somrin Wt TARC AME 0 wHTW
THE OEF (BTt ANUIE R LIEATTR
THAN THE YA UM  DpFECTICV
Pudr 182 AT A QuEnNn HACH Numgee

e wWHEN THE CACE PRITDME 1 (2
Wiad .

V) CALCUATE THE AMect AnCIE Teo

THE WEAL AAND &TReNgy S4ecye

Sfumvution R EafReeT VELY -

oBUGuE Aol

N=2M
>
P CEO-O\LFQ
OBLGQUE Sucrye
lq? o
W=24 &-—=-&5

E-3-% -t (Fo .28) =
FNEA'K. v 3.6
[nbm = gg.i

Alge: 204 & (M 0l - 1)
(3. 186 ) dm€= (TR o0) vz




=24
'S\’(; Kb.
6=%S b\} ad
>

TINATE ToM TeuE AosD VB R o 8
hr. &we =nw 786 M"'uﬂ )
M= 09 4o &= &5°
b) Crcunre “3HE TRENWRE AND WACH Nurec)
DNNITREM  OF THF WwEAt Ano dTeevn S
Qaﬁ&nvaﬂ.
(erncate qaunay:  (Kaemg €= 14)

(4.82) Y =¥, am () (1
Yo =G (-6 (@

(2a5) (¥ -1V, «2

— (9
Y, = 2E NS — (¥ -1) )

(1‘) =D Mn‘
v M (3) =D Wy,
Huz, = (D) =N,

(9.575)

2Y 7
% =1+ <6 (Y, =13,

WiH Yln, Fom () w (1)
WE BT THE POERURE @ATMec cuee
THE s¥oce . £, & cuve~ T BE

ka-c \¢ Pe ‘:‘-5 'Pa_ »



WEPAL dbcte Lautiemn

1, = 206

P2- 1,3 P
STNL  dhetle favmizo

W, - 0,54

P2=S2\7 1P,

(g=%1¢)

SUPERLNC , ol

: ((L: %o )
SnUeny , ol {

C WAY) WOGTL THAN BIE
WA (ot Luumne )



