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Q 4.1

Question 4

y=Y U

Streamline outside shear area..-~"
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---------------------------------- Flat plate
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Figure 1: Definition of the control volume for analysis of flow past a flat plate.

(a) Assume the flow is steady, apply the conservation of mass to the control volume :

/prudy—/OHpUdy=0

Assuming incompressible flow (constant density), this relation simplifies to

Y Y Y
HU=/0 udy=/0 (U+u—U)dy=YU+/0 (u—U)dy

Rearranging this and noting that ¥ = H + §*, we can express the mass-f;ow relation in the
following simple manner:

Y
U(Y — H) = Us* = /0 (U = u)dy

o= [~ o= )

This is the formal definition of the boundary-layer displacement thickness §* and holds true for
any incompressible flow, whether laminar or turbulent, constant or variable pressure, constant
or variable temperature. In other words, to define ¢* is simply to state conservation of mass in
steady flow. Note that since the y variations are integrated away, ¢* is a function only of z. Its
exact value depends upon the distribution u(y).

(b) Apply the conservation of z-momentum to our control volume:

> F,=-D =//Cs'u,(pV-dA= /Oyu(pudy) —/OH U(pUdy)

or

or . v
Drag= D = U/ pUdy — / puldy
0 0

Again assuming constant p, and

H Y
/ pUdy = / pudy,
0 0
we obtain, per unit depth, v
Drag = p/o w(U — uw)dy
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This equation is the defining relation of the momentum thickness 6, which, like §*, is clearly a
function of = only.

(¢) If 7,(x) is the local shear stress on the plate, the total drag per unit width on one side
of a plate of length L is the integral of the wall shear forces:

L
D:/ Tulx)dr
0

o JErde 26(L)

, d do

AP — Zi; []CD(YZH = 2%
These formulas were derived by Karman in his classic paper. They are valid for either laminar or
turbulent flow. It is interesting that flat-plate friction and drag boil down to the determination

of the momentum thickness 6(z).



Q ueskion & Qs 1

(a)

)

du

uU’): 0O =P Y\o—SUP condihonm Q* the wall .
Q(S):-U = W\a‘\‘d«'“ﬁ 0} the Ve\m«‘m P!’Ofile (ﬂ;&h—
with edeival Ve,\odrg‘

(S) © =P &equremm{' for smocth Hransition
at the ouren edge of the beundary layer.

Fov M.eadb ,{;(M withia the bcm.vw\at:) \a»&

u ax“"au L?L

K:O'CO‘Wb:V\eA ‘-ﬁ _3__1 =0 ot 5:0 c'~“‘¢$‘ b:8~

with previoug condition it

)

(4)

l{(o)’O =P a,=o
‘Qu
aa 50-—0"':9 0'2, O

The othey 3 condihous =D (L\‘:-?—, Qs:.—z} 0y =1
e 5 =B G

Mowmewtom +thalckness

o= | S (-3 - SNCEGE %”]w—“)ﬂ(x)*(l

vY%
25 [ f-zpen) (-2 o) 49

"85 M| Lr'n z'», +<M—4'v| ‘m—r‘“l -9 4*]
3 7

—Page 9 -

k:k,



Q5.2
MW 2V
Tw = }L("U)l\ro: "=
/ Tuws
Co= = =42
2 PV U$§

(e) Howmentum Em&esml equation ,

do

dx

+ (H+2)0 4y 5
U dx

/
Cs
2

dv
b —
wt ax - °

de _ CF
=V I 2

(§)  From @), 8

]

31 P s
359, G

31 ds _ 2V

315 dx Us

d6°) _ sy Y
5 J4.0 t5

N 3 Y. 054
§ = =Y  C

where C (s o Comstavt

but §(0)=0 =) C = O.

Fl‘nmu , e on E):J(__' - 5‘83(’
J § = 5836\‘ o .._T)—-I—' p
v
_ 5.336x
IRe,

~ Page 10 -



Que 6.1
Question 6

(a) The basis of classical thin-aiv foil theory {s fo svperpose
thyee COM\oonew{' -F(ows_

Aa { j
x
;4 the me de
W e{lvs;t)de t the fmber the thickuess
flow How
. N —
V oz

(b) The Cambey WM ponent s meddlled b«‘j @ chordwise distribuhon
of Norficy ¥ (x) per uwi length and Yo the Camber ling,

1¢ AsSuwmed samall So tHhat the vovtex Sheet (s on Y=o
C Y '
Hewnce Vix) = J —B’L__’E)— | {
o 27 (X-x) T )
As \oowwo\cwb udihgn Y _  dyc -
/ U T ax t x
Heuce dﬂc_ i j RO &
4 dx T 270 deRox ¥
f ) \ ¥ (%)
Vix) —PROOAAQ
¥ ax UQ Pu, Uy x
T R
X
§ec¢v\J ovdu_

() The pPresure o{—, a PQCW-& on the alcfil €

terwm

v

P= Po + .?-;j-:-z - %((U*u,)l-\'\/z): Po - PULL" "g'(u'?_ V)

Hence the Lt Coefficent (¢ C = A
L=

TPLE

j :(PL~|’u)ol)g:§%-&f jg U (Wt dx

—Page 11-



but YAX = §E~¢ﬁ\/=(u¢'uu)‘»‘ Que 6.2

_2 (° -
CL—UC SOT(X)&)&

C.§. Katte- Joukowski L= POT=
: o2 (¢t
S0 Cu=2= [ vmdx

pu LcYclx

(d) The frm of ¥ dickibuhon for o Cawber odcfoll of

wacdent A ig (Data Sheet)
¥=-U i (7—‘)\'\'90) _‘:g—c_.‘l_.\f + Z 9, S (@) f

W=
With Xz S (4esh) ad  dx= - S s df

Hewte ¢, - _02_2 5 "L [(zoli-ao)(\*(é‘f)*g quSin(n)sied]d P
2 =

()

L Sin (2
= (22195) jﬁ (\-tog)d¢ + 9.309"‘?’&?5 R
0 L —~ . jogt‘n(\rlp)9.'n¢:(
A
-‘T 2 for w>|
S eIzt larte)
,e\c.v t Pla_\ Cawb ey

Ce) Su\oSHWﬁwj §ov 9o Ond 9, from Daka. Sheat .

++9, = L 8 _Zdﬂc ric
dot 334 = < jo ( 2&)(‘“@6)&9 ”_,ch
— 2 (“f2dy) (4we 4.
T Wwe jo(_a—;:) Sa B d)(
_ 2 (¢ zdjc) ®lc_ 4 1
o j b( ER \-%c X p ~
A 7(/(;

Comber slop we\‘sH MO)

o the wiluente of cambey is Sr%tmt
towords the rean of the oirfoil (heww flags-)

—Page 12 -



Que@.g
. . - losq
(f) The \QML}S tean g LS—-:S:—;? , whadh g diffecgnt
from the other torm | Founics

Sa(n@) | The leadiag

Sy Sohs fleg flug

AQQMNN“’\'. None °§ He Fcu,fu‘o,_ teaws does

—Page 13 -



CWN

Question 7
(a) A basic open-loop wind-tunnel is shown in Fig. 2.

Contraction

(o
X Working section Fan
Diffuser
N
{ N

Screens, flow straighteners

Figure 2: Basic open-loop wind-tunnel (from the lecture notes)
(b) Wind-tunnel power is equal to flow of kinetic energy at exit
%pUi‘Am.

Assume p = 1.225 kg/m®. To find exit area, we assume an (max) included angle of 5° in the
diffuser. "This gives an exit diameter '

H,,=05n] - dy

2.5 degree

dy = Hys + L x 2tan(2.5%) = 0.76m
Ay = %dﬁ = 0.454 m?
From continuity:
AwsU ws = Aa‘U'x:
Aws 0.5?

Up= 2200 = —2 90 m/s = 11.0 m/s
4, = Toqep ™ /

Power 1
P= -épU;’Aw =370.0 W

. Power factor
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Q1.7

The main losses are likely be: fan losses, losses due to grid drag ahead of contraction and flow
straightener, wall friction and model drag.

(c) The PIV system set-up in shown in Fig. 3. Needs windows in floor and on side. Light
sheet erected by cylindrical lens. Light sheet enters from one side, e.g., floor. Camera observes
light sheet from perpendicular direction.

work section

Flow test body

ﬂ

7

P
ight shee

(]
+
]
'
]
]
'
v
v
]
]
T

cylindrical lens
camera

mirror

laser,

Figure 3: PIV system set-up

(d) The size of the light sheet in the region of interest is at least 100 mm wide. Typical
thickness are 1 — 3 mm. Given that the cylinder is quite small (20 mm), it is advisable to keep
the sheet thin, say 1 mm.

The camera image is at least 100 x 100 mm? Hence 0.1 mm per pixel. Assuming an
interrogation window of 32 x 32 pixels, this gives a spatial resolution of 3.2 mm. This is quite
large so it may be sensible to reduce the interrogation window to 16 x 16 pixels, giving a spatial
resolution of 1.6 mm.

Assuming that 20 m/s is the top speed to be measured and ensuring that particles cover
half of an interrogation window. We need to set the interframe time to

1% 1.6x1073

At = 2><_201_ =40 ps (for 16 x 16)
1x32x1073

At = ﬁ—%x—o— — 80 ps (for 32 x 32)

The smallest velocity we are likely to be able to resolve is where a particle Ihoves by about 0.5
pixels.
1x01x1073%m

Vmin = 40 s

=1.25 m/s (for 16 x 16)
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Q73

1x01x10%m
80 us
Dynamic range is equivalent to size of interrogation window , i.e., 16 : 1 for higher resolution

= 0.63 m/s (for 32 x 32)

Vmin =

or 32 : 1 for larger windows.
(e) Here we need to estimate the size of the boundary layer on the cylinder. If it were

laminar, we could use Blasius

[ ]

& X
Vv Rey
(One could simply argue that on a small object like this, the boundary layer is likely to be just

d = ~ 2 mm

A

a few mm).
Even if turbulence boundary layers are thicker, we would never be able to get more than

one or two data points using PIV, so this is not a good method to choose.
Alternatives might include hot wires or LDV, both of which give good spatial resolution.
Or, one could set up a new PIV system ‘zooming’ in on the boundary layer to give higher

resolution.
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Numerics Answers

Jie Li
Quesion 3,
(c) Area ratio is v/7.
Question 5,
(c)ap=0,01=2,a0=0,03=—-2and ay = 1.
Question 7,

(b) Power factor A = 0.3.
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