9.3

9.2 A thin square is oriented perpendicular to the upsiream
velocity in a uniform flow. The average pressure on the front side
of the square is 0.7 times the stagnation pressure and the average
pressure on the back side is a vacuum (i.e., less than the free stream
pressure) with a magnitude 0.4 times the stagnation pressure.
Determine the drag coefficient for this square.

The drag Car be determined by
Summing the pressure Forces. >

T=LA-TA
= 04U — (0.0 (4pU7)A
The, pressure 00 He rear )s in vacuum

SO IS ﬂej«.ﬁ*i ve.

W

VY

3%




9.3

9.2 A small 15-mm-long fish swims with a
speed of 20 mm/s. Would a boundary layer type
fiow be developed along the sides of the fish?
‘Explain. .

Re = _Ufﬁ_?_ ,or with =15 X/O'fw , U= 20x/5° L and
= 2xe (e, 15.5 % water)
2003 B 152 m) ; . .
Re= ¢ 0);! lzx‘;r;‘( Tt m) =248 This Reym/dlc nvmber s pot
] ; |
larqe_enovah to nave trve bundary
layer yoe flow. (Re 1000 is offen
assomed to be the lower limit.)




9y |

Pave = —1.2 kN/m?
Tage = 5.8 x 1072 kN/m?2
|- 94 The average pressure and shear stress acting on the surface
of the l-m-square flat plate are as indicated in Fig. P9.H U o = 7°
Determine the lift and drag generated. Determine the lift and drag  ————>

if the shear stress is neglected. Compate these two sets of results.,

Paye = 2.3 kiim?
Tae = 7.6 % 1077 fNm?

BFIGURE P9y

Since QD dA = f%veﬂ and f?,;. A = '/;,,é A if fo//ows. wﬂ).ml |

L= =pFf sine +f2/q2 sipd ‘*‘7;/4, cosX +5 A, coso
or with A=A, = /m™ and o« = 7‘:

o= A, sinot (p,-p,) 4, cosa (T + %)
= Un*)sin7*(2.3~(-1.2)) ¥ +(1n) cos 7°(5.6%10 -+ 2 x157%) B
= 0.427 kN + 0.133 kN = 0.560 kN
Note, if shear stress is neglected o = 0.427 kN (ie, 7 =T, =0)

A/so, L= "f,/i cosX * L0, /}2 costt — VA sinat =G A, sind

or

i: ﬁ/ COS‘X(’OQ__F;) —.A’: Sl:ﬂ“(?; +?2.;.)
A . KN 2y . o -2 _2y kN
=(Im*)cos7°(2.3-(12)) 55 —(Im™) sin7°(5.8x007%+ Z6x107%) -5
= B3.47 kN — 0.0/63 kN = 3.45 kN

Note S _if shear stress is negfecfeal L= 3.47 :’f_ﬂ

Note: If the general expressions = f P cos6 dfj '*“_{?,; sm6df
and X=={p sinb0dA + T, cos@ dA are vse , be carefvl abovt
the signs involved. On the ugper surface ——
0,=97" and y 2 and 7, af'eé pasf'f/be gs indjcated ‘r"i*\f@"—“ﬁv
in the Figure.  On the lower surface 6,=277°
and. p and 7, are positive as indicated in the
/ owerﬁifigwe. ?;,%“\\
For example, with Hhis notation 0,<0 on the lower sorfce. C/,
X =-(-12 %)s;}ﬂ?"(/m") "(23 %)51)72779(1197")

+{s.8x0* % ) cos 770‘(1:1’”'2) +(-7'6XIO“2—‘§,,A;) cos277°(Im*)
= 3.45 kN | as obtained above.
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*q.s l

*9.5 The pressure distribution on the 1-m-diameter: circular j
disk in Fig. P9.5is given in the table. Determine the drag on
the disk.
U
e -
FIGURE P9.5
D
: =7 7
j— : ——— , A 2‘ 4 o
T=(pdi~(ph = plznrdr) —p F* sirce df =27rdr
! 2 r=0
Thus ; 0.5 m 0.5 '
=27 ( prdr-(-s45)E (1) -:zrrf prde+ 39350
0
w/mre P mE ""’* r~m

Evaluate the integral numerjcally using the folwing infegrand:

rom P, kN/m ) p (KN/m?)
0 o : 0 4.34
0.05 0.2/4 0.05 4.28
0.10 0.406 | gig | ggg
0.15 0.558 " 0.20 3.10
0.20 0.62.0 025 378 -
0.25 0.695 0.30 2.37
0.30 0.711 | 0.35 1.89
D.35 0.662 0.40 1.41
0,40 0.56¢ . - 0.45 0.74
0.45 0-333 ‘ 0.50 0.0
0.50 0.000 / —

UJ‘I” a Sfﬂndard nb'mermdl infegration technique w;{b 1‘/7@ abaye
mfegrand gives o = 5 43 k/l/

9-4




9.6

9,6  When you walk through still air at a rate
of 1 m/s, would you expect the character of the

~ air flow around you 10 be most like that depicted
in Fig. 9.6a, b, or ¢? Explain. ‘

. a2
Re__:_({i , where =l 4xi6 T and V=15, Assome Z=1m.

. E
Re = Lk ; ),{ z = 6.85x/0° This flow has a large enovgh Reymolds
146x/0
 rumber 1o develop a boondary layer.
 Thus, viscoos effects wovld not be
important far from yoor body , except
in the wake resion bekind yoo.

Note: The above copclvsion is ffw whether we assume L=/m | I=2nm,
£=0.1m, or some ofher reawmﬁ/d' characteristic /e/}y?’ﬁ of

our fwaf |
The flow w:w/a’ be maost like Um‘z‘ in Flg 9.6 c.




9.7

9.7 A 0.10 m-diameter circular cylinder moves thtoﬁgh air 2PN R e

with a speed U. The pressure distribution on the cylinder’s 1 -

sutface is approximated by the three straight line segments - ' 6. deg
shown in Fig. P9.7 Determine the drag cocffic1ent on the 0

20\ 40 60 80 100 120 140 160 180
cylinder. Neglect shear forces. N — -

L 2

BFIGURE P9o.7

pa;o.-.-: ff)bl"cos@ d6 =brfpc€a~sedé’

'IT

O:ah zer £ cos6 df T

Break up the integration into #7.9 following

three segments:
D O<0<70"=/222raed wbem'
p=-739 6+3 -,',%—.:. ua'/)ere= G~rad.
ie. f} =2  and f] =-6
§=/222
2) 70 =P <)00° or 1222<@ 4%174‘5 rad where
p=8599-16.5 L  where 6~rad

mi‘.
ce. ,ﬁ! = =6 and f/ X
G=l222 931'74‘5
and
3) 100 <f 2/80° or [.745 "9-:3 /# rad where
£ =~ls A[
Thos, r 00" 180°
oﬂ sz{[docmﬁdﬁ +f f meda +ffaar9a!6j 25,«[1' vL+1]
‘ ;90
where |
(con't)




9.7

(con't)
212 1222
I = j(-— 73920 13) cos0 48 =[—7.39(ma +8 5in@) +3 5B\ =0.79/
%745 745
I?_-’-j (8.596 - 16.5) 050 do =[8.54(cm9 +@smb - 16.5 sin 6,= -0. 260
L2122 ' 1,222
and 3.4 3.4
1‘3__: _((..y,;;) cos0 df = -1.5 .51'179, = L.477
1,745 1745
Hence,

J}, =25rf0.7qi -0.240 +/.477] = 0,852 bt

or with )
c = % _ _ 0852br _ 0.426
b FoviAd — kpurzbr) — foT*

But the pressvre at 8=0, the stagnation painf, 2 3',’”:’1.
Thus, i—PU =3;;% so that

N

C, = 2% - o4




7.8

9.8  Typical values of the Reynolds number for various an- Animal Speed o Re
imals moving through air or water are listed below. For which  (a) large whale 10 m/s 300,000,000
cases is inertia of the fluid important? For which cases do vis-  (b) flying duck 4 20m/s 300,000
cous effects dominate? For which cases would the flow be lam-  (¢) large dragonfly 7 m/s 30,000
inar; turbulent? Explain. {(d) invertebrate larva 1 mm/s 0.3
S - " . {e) bacterinm 0.0 mm/s 0.00003

Inertia important if Rex/ (i.e whale, duck, dragonfly)

Viscovs effects deminate if Res! (i.e larva | bacterivm)

Bovndany Iayef f/aw becomes tyrbulent for Ke on the
order of 10%40 10%(;.e. whale and perhaps the dyck)
The flow would be laminar for The dragontly, larva, and

bacterivm and perhaps the duok

9-3
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9.12 Water flows past a flat plate that is oriented paraliel to the flow
with an upstream velocity of 0.5 m/s. Determine the approximate
location downstream from the leading edge where the boundary layer
becomes turbulent. What is the boundary layer thickness at this
location?

Rﬂcf‘ :5(/05“:, TUXer

=
y = X0 W5 (L12 KO HE)
Kee = =25 2 0.5 s =L~
' - ; 7
d = 5,’*/_%'_2[ - 4t izxs M%) . idm _:—?2 X0 Fm

0.5 M
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9. !3 - A viscous fluid flows past a flat plate such
that the boundary laver thickness at a distance
1.3 m from the leading edge is 12 mm. Determine -
the boundary layer thickness at distances of 0.20,
2.0, and 20 m from the leading edge. Assume
laminar flow.

For laminar flow & = CVX | where C is a constant,
Thus, iy
2
C = 6 = 12x10 m = 0.0/05 or (S = (0,0105 pX where XNm)(f'vm

% = Jism

X, m J,m é, mm

0.2 0. 00470 470

2.0 0.0/48 /% 8
20.0 0.0470 | 470

[ %M ]

41 - If the upstream velocity of the flow in
Problem 9.13 is U = 1.5 m/s, determine the ki-
nematlc vns( oszty of the fluid.

U4t

For laminar flow d=5

Thus, .
(1.52)(12%/5°m)

25 ( 1.3m)

. 2,
= §.45X/0 6-:3”?-—

9- 10
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7.15

9.15  Water flows past a flat plate with an upstream velocity
of U = 0.02 m/s. Determine the water velocity a distance of
10 mm from the plate at distancesof x = 1.5 mandx = 15m°
from the leading edge.

From the Blasivs solvtion for bowndary layer flow on a flaf plate,
w=Uf( )7) where n, the similarily variable,
=y Valves of f1n) are given in Table 9./

(0028-) (15
Since Rex- _zz'/x 0z ),( a,mnz- = 2.68%/0" js Jess than the

critical Re =5x0%, ;1‘ follows that the bauna{ar)/ Jayer Flow is laminar.

At X=l5m and y = J0X10 ’m we obtain:

-3 o. 02.{3"— . =
n= =(lox10 )1/(H2x1 6.1) (1.5m) rou

Linear interpolation from Table 9./ gives:

y 0.3038 - 0.26%7)
f =02 54?"‘( (1.2 -0.8) (1.09/ -08) = 0.359

Hence,
U, = U{(;Z ) =(0.022) (o 359) = 0.007/8 &2

Similarly, at X2 =15m and y=10x10m we obtain’

A
-3 0-02 W5 ——
n, =(10%19"m) (izxi0 8B (15 = 037

Linear /hfer,oo/aﬁﬂn from Table 9./ g/yes-'

/_ , (04328 -0.0) _
f= 00 +=5aon (0315 -00) =0./4s

Hence,

U, =l f /(}71) =(0.02 2 )0.1145) = 0.00229 -

q-11




9.1¢

9. !6 Appro)nmately how fast can the wind
blow past a 0.25-in.-diameter twig if viscous ef-
fects are to be of importance throughout the en-
tire flow field (i.e., Re < 1)? Explain. Repeat for
a 0.004-in.-diameter hair and a 6-ft-diameter

smokest_ack.

Re = YD . I or U< ‘%/" i viscoss effects are to be ;}nporllanf

Hfmoyg/wm‘ the flow.

F:ar standard air 2/=457x/0 *‘L

Thus,
U< Lsg}ggj“ , where D s the diameter in feet.
object [D,f# | U, &
twig 2.08%0% 7.54x10°
hair 3.33x/07| 0.47/
smokestack | 6 2.42x)6°

q-12
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917

9,17 As is indicated in Table 9.2, the laminar boundary layer
results obtained from the momentum integral equation are
relatively insensitive to the shape of the assumed velocity profile,
Consider the profile given by wu=U for .y 8 and
w=U{l -~ [{y — 8)/8]}"/* for y = 3 as shown in Fig. P9, 17
Note that this satisfies the conditionsw = O aty = Qandu = U/
aty = & Howevet, show that sach a profile produces meanmgless
resylts when used with the momentum infegral equation. Explain.

F Y Y ¥
®
il
=

IFIGUHE P9O.17

From the momentum mfegm! equation

§ = 2% Z/'x 5 W/Jere ’"“"?(Y) [J (¥-1) ] R {n.

()

Note: &= 0 at Y<0 and “‘“'—‘/ and Y=l
Alse, C, = fg(i" }dY /Nc/) can be evaff}afed for the given g(Y).

as required.

However,

-

: - 2.7% -Y)
c;g’%i y o since =3[1-0-0] (2=
Thus,
l, =0, W/?z.cﬁ from Eq.(1) gives & =o0
This profile cannot be US&‘J since it gives §=°0 dve to
the physically unrealistic ¢ 7 =0@ af the surface (y=0).
See the f;%re below. ,

e

Y
5 - ]
0.5 :

q-13




‘3 1
7§19 Because of the velocity deficit, U —

m the boundary layer, the streamlines for ﬂow

past a flat plate are not exactly parallel to the y- ¥ Streamline A-B

plate. This deviation can be determined by use 1 m/s : ' :

of the displacement thickness, 6*. For air blowing _

~ past the flat plate shown in Fig. P9.19, plot the ~ : —
streamline A~B that passes through the edge of '

the boundary layer (y = 6; atx = {) at point B. t=tm
That is, plot y = y(x) for streamline A-B. As- ' FIGURE P9.19
sume laminar boundary layer flow. ‘ . ' A

. Ul 1 &) (4m) 5 5
S/ﬂce Rejj:: v = /(¥;X/0—;nm2 =2,74X107 < 5)(/0 7[/78 boll/)dﬂl‘y

layer flow remains laminar a/onq 1'/78 entire /m‘e f/eﬂce

.‘J‘JX/O 4
§ = 5“"’“‘"’“' or(fsr-5[{/ I—”—'-.S )(m) = 0.0382.m
5

_..

The flowrafe carried by the acival bomndary

layer is by definition equal to that carried by v 4
a uniform velocily with fhe plate displaced T
by an amount &', Since there is no flow 6 14
through the plate or streamline /-8, L *

. s -
Qp =Qg, or Uyy=(dg=dg)V n
where &=

= 0.0/13/5 m

%
or 46 X10 4 ‘
S = I.7zl[ (h S Rl m)}
3
Thus, 4 |
Yo = &g ~dg = 0.0382m -0.01315m = 0.025]m _ streamline

Hence, for any x-location

Q"@or U},’q Uy - J) )f? r
or VX '-'""f{r/////////// i
y = )@45 ),/9+/7211/ 7 P
(1. 56x10 ’—’”“)Xm
= 0,025 m + [, 72] [ ‘ =0,025] + 6,58 x/0 V—" ”m,
- 004 I%” S where X~m
0.035 - e
0.03 B
0.025
£ o2
™ 0.015
.01
0.005 +-—
0
0 1 X, m 2 3 4




9,20  Air enters a square duct through a 1-ft
opening as is shown in Fig. P9.20. Because the
boundary layer displacement thickness increases
in the direction of flow, it is necessary to increase .
the cross-sectional size. of the duct if a constant

U = 2 ft/s velocity is to be maintained outside
the boundary layer. Plot a graph of the duct size,

d,as afunction of x for 0 = x = 10 ftif Uisto —x
remain constant. Assume laminar flow.

j FIGURE P9.20

For incompressible flow §, = @) where @, = flowrate into the doct

and

yzp £
=U/90=(2-‘gi)(lﬁ)"2 S

Qo) =UA “where A=(d ‘”25')2/15 the effective arsa of the
dvet (allowing for the decreased flowrate in the
boundary layer),

T/’)us,
2
Qo=U(d-26")" or d=/ff+24" 0
where gy A |
§¥= 1721 %}i = /721 ("572@5’%) X1 = 0.052V% 11 where x~ft

Hence, from £4.(1)

d= | +0.0304Yx f}

S

For example ) d=1 ! af x=0 and d= 1096 f af x=/0ft,

1.10
1.08
1.06

5 1.04
1.02
1.00
0.98

dvs x
/
/
/
0 2 4 6 8 10
x, ft

7-15
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9.21

" 9.z} Asmooth, flat plate of length £ = 6 m and width b = 4 m
is placed in water with an upstream velocity of U/ = (.5 m/s.
Determine the boundary layer thickness and the wali shear stress
at the center andg the trailing edge of the plate Assume a laminar
boundary Iayer

(112 x10 6«’—”—))(
0.5 &£

and ey
% %. | (99 12 X0
T, =0.332U 2}/—%& =0.332(0.52) 2/( LA )(X )

0.124 N
T where X~m
X m* 3

L -3
Thus, al Xx=3m E=74%8x10 Y3 = 0.0130m
T = 0:12% _ g.07/6 K,

-3
= 748x0 Yx m, where X~m

6~ 5% -

3

while at X =6m 4= 7,48X10 V& = 0.0183 m
0.124

o _ N
7;," -VB-1 = £,0506 )

9-16
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9.22  An atmospheric boundary layer is formed
when the wind blows over the ecarth’s surface.
Typically, such velocity profiles can be written as
a power law: u = ay", where the constants a and

'n depend on the roughness of the terrain. As is
indicated in Fig. P9. , typical values are n = 3001
0.40 for urban areas, n = 0.28 for woodland or.
suburban areas, and n = 0.16 for fiat open coun-. T
try (Ref. 23). (a) If the velocity is 20 ft/s at the 150
bottom of the sail on your boat (y = 4 ft), what
is the velocity at the top of the mast (y = 30 ft)?
(b} If the average velocity is 10 mph on the tenth FIGURE P9.22
floor of an urban bwilding, what is the average T e
velocity on the sixtieth floor?

450}

where Cis a constant

(a) u=¢ yo'“5

J

(¥ H 30ft\ 4
o (y,) or Uy=204 (2} =274 8

(b) u=¢ ya'lf , where C is a constant

Y
T/?US’ ...( yQ_ 0.%49 L)OJ}

*a"" y’) or uz._lOmp/J( 5 =20.5m,o/)

417




9.24 A 30-story officc building (each story is 12 ft tall) is
‘built in a suburban industrial park. Plot the dynamic pressure,
i pu2/2 as a func tion of elcvation if the wind blows at hurricane

strength-(75 mph}-at the top of the building. Use the atmospheric
beundary layer information of Problem 9.2.2,

From Fig. P9.22 the bovndary layer velocily profile is given by

w~ yo'zaj or U=C yo'zej where C is a constant.
0.28
Thes, 4 (X ) = e mph (B8 =08
! !
0"_ y 0.28
= Ho(é?;a‘) g where y~f7‘ ;
n o = 30X]2
Hence, y , 02872 B o )ﬂ:%oﬁ
pu =4(2.38X10 ,J'lg)[no(__m fg;] g 2
|
or 0.56 TT77 //,59/////
Jg:eu“=/w(§§5) —-l-f- where y~ft
This is plotted in the figure below.
y vs pu?/2
400
pd
350 |- /
300 - /
250 S /
> 200 - 7
-8 /
150 - /
100 / i
e R
0
0 : 5 10 15
pu’12, Ibit?

92-18




9.25

9.25 Show that for any function f>= f(n) the velocity
components « and v determined by Eqs. 9.12 and 9.13 satisfy
the incompressibie continuity equation, Eq. 9.8,

5
Given U= Uf()?) v= %’?‘) (n fon - fm)
where = ( )y and () = 4=

5/70!»/ ‘Jl/mf b; =0 for any f(n).

o’ df wm __ Uly -%
w =Usx Ua')} 5% ,where 53 = 355 X
Thus, %
p/ !ﬁ. z F
YT 3 ud UM r__m_é.’._,._..._
s ="Ut [2,,»;.,(4] o X % 0
an

d
vy i’ Mmoo p
) [ f'enig 3y —iniy

-( AL E RS N N

L
20Ey 0] ,,,;,mg.z(;%é
Heﬂcs,

7 Ty L7
v 2 U=y f
a jiyx y{ ) "‘:2)(:;'51/1/,;_ (z)

By combining Egs. (1) and (2) we see that

‘m + %,V- =0 for any fmection F()).
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9.6

§ with those ¢

9..36* Integrate the Blasius equation {Eq. 9.14)
numerically to determine the boundary layer pro-
file for laminar flow past a flat plate. Compare
your results with those of Table 9.1.

Solve the following third order differential equation by a
numerical integration technique: ' ,

2£"+ ££"=0 with bandary conditions »
£t'=0 at y=0 and £'—1 as =00 (=)
Write this third order eguation as 3 firs? arder squations and use

a Runga—Kotta numerical fechnique to infegrate them. Thus, [ef
wef, neten , p'=fsxn, amd 3= 1% {4y

That is: - \
%=

%= Y and

%= ras2 |

These can be agoroximated as -

Ay =l A= %Ay, and ay = () 1/2)8)

Start with y, =y,=0 af h=0. Assume Y =€ at h=0 (where Cis
some given constant) and‘integrafe fo h=0" by ¥ = )00 +§ Y00
If y,(0) # | Lo, £1=)#1) adjost the valve of C (o, £10) and
fry again. 7he twopornt bommdary valve problem (ce, f19)=fla)=0
and F72)=1) is solved by iferalion as an iniital valve problem
(z.e, f10)=fa)=0, £0) <), ,

A slep size of 2% =0.01 was vsed, with C<%=7. Thai js, 700
steps were vsed. A valve of € =0.332. was fomd to gjve fle)=l,
or actvally Fyz=(. This valve of C and e corrésponding

velooity profile , &= Fln), shown on the pext page agree very

well with the standard valves given in 7afle 9.1,




9.2¢4

(con't)

eta
0.5000
1.0000
1.5000
2.0000
2.5000
3.0000
3.5000
&.0000
4, 5000
5.0000
5.5000
6.0000
6.5001
7.000L

f
+4,07E-02
+1.64E-07
+3.68E-01
+6 ., 47E-01
+3,93E-01
+1.39F+00
+1.83E+00
+2.30E+00
+32, 79E+00
+3, 28E+00
+3.,78E+00
+4, 28E+00
+4 , TBE+DQ
+5,28E+00

1
+1.66E-01
+3.30E-01
+4 . 8TE-01L
+6,30E-01
+7.52E-01
+8.67E-01
+9, 14E-D1
+9,56E-01
+9,80E-01
+9,92E-01
+9,97E~-01
+9.99E-01
+1.00E+00
+1,00E+00

£
+3,31E-01
+3,23E-01
+3.03E-01
+2.67E-01
+2,17E-01
+1.61E-01
+1.07E-01
+6.38E-02
+3.36E-02
+1.56E-02
+6.41E-03
+2 ., 32E-03
+7,36E~0b
+2.06E-04
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q.27

9, 2? An airplane fiies at a speed of 400 mph at an altitude
of 10,000 ft. If the boundary layers on the wing surfaces be-
have as those on a flat plate, estimate the extent of laminar
boundary layer flow along the wing. Assume a transitional
Reynolds number of Re,, = 5 X 10°, If the airplane maintains
its 400-mph speed but descends to sea level elevation, will the
portion of the wing covered by a laminar boundary layer
increase or decrease compared with its value at 10,000 ft?
Explain.

At 10,000 ft:

- _ UXer _. Lhr \/ 52804 =5g7 fi
@ Rey,==7 ", where U_%Oome(ssoors) mi ) f?:‘..f

A 3.534X)0° 7
and Table C. = = _,
from le , vV Tl7se x5 i

H

4 f4?
' =2.01x0 " 1L
. s s
Hence, with A’gxcr.-: 5x/0°, )

¥ Rey (z.mx/o"’é’-)(sx:os)

X o= = = 0,17/

At sea-level:
Xor |
(b) Rey, = UXer  here U= 400mph (L ) 5290”) = 5874

2R 6008 mi
_ 2
and V=/57x]0 #*_gi
Hence
] _ z
X = v Reor _ (157 %10 4-?)(5::105) - 0134
cr U 587 & gt a

The laminar boundary layer occupies the first 0.134# of the
wing at sealevel and (from part (a)above) the first 0.171 ff
at an altitvde of 19,000 ft. Th/s is dve mainly 1o the lower densily
( I_dfyer kinemadic WSCOSI"fy ). The aﬁwﬂlmb viscosities are approxxb?afe/y
the same.
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7.29

9.29 A laminar boundary layer velocity profile is approxi-

mated by w/U = [2 — {y/8)](y/8) for y < 8, and u = U for
y > 8.(a) Show that this profile satisfies the appropriate bound-

ary conditions. (b) Use the momentum integral equation to de-

termine the boundary layer thickness, § = 8(x).

(d) ,_é_‘..,?(y) 2y-7" where ¥ = y/4
Thus, ._,UQ/ =0 as it must, “'“/ =2-/=] or U=Taly=d

5/;0 ‘ | y =4

as /’Mmr " ’

/9/‘90; V U[J _%] so that )’/; U[QZ: _3’2;] =0
y'_"

(b) From the momontvm infegral ewafim

4= C,,px , Where C, = (g(l‘;l;)dy and C, = 3%;/
V& g

Tﬁt/s
[(zr T (1-27+T*)AY = [(zy ST 47°-TdY

- A
=1"‘3.§_.4/"3-L B g

/5
and
¢, = (2-27] =2
so Hat I=0

2 IL) rx [ 300X
= Y7
Henes, u/:ﬁ) Re, = ZX,

d _ o _ s4s
X m&x zﬁex
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9.30 A laminar boundary layer velocity pro-
file is approximated by the two straight-line seg-
ments indicated in Fig. P9.3¢ Use the momen-
tum integral equation to determine the boundary
iayer thickness, d = §(x), and wall shear stress,
. = 1.(x). Compare these results with those in
Table 9.2.

0 20 U
3

| FIGURE P9. 30
From the momentum integral equation

!
d= C"G‘:zﬁ , where C,-‘-‘J(g(l-g)dl’ and Ozsgﬂ (n
0 Y

and y =0
-g-ﬂg(Y) with Y=—3-.I
For 0<Y<3 s 77 ai +b Y with the constants a, and b, oblained from
g=3% at Y’ and 420 al Y=0, Thus, a,=0, b= =4
or g= £Y for 0<Y<%

Hence, c, =% C ()
Similarly, for z<Y<l, g=a,+bY with g=35 af V=% apd
g=/ at Y=/
Thus,

Z=a,+7h, and |=a:+b, w/uc/f give &= %5 , b= F
+-5

Y for £<Y<l g 1
Hence, C, = gg(l g)dl” _( 2Y(-41)dY *f(ﬁ'*:a?"Y)(l—é":%'Y)dl’
2.

J’(BY—-#Y)JY '**‘"((/*ZY)(/ Y)Y which gpon infegra-
% tion gives

C = 0,157% (32

or

f
Wk

By combining Egs. (1),(2) and(3) we oblain

i@ X /
g = [2_0(;.[_;‘ 7 ] 4./2]/~—1/-U-L or Re L7 = 412

Also,
Ty =

AV o #pU o= J?-Cicz \/rz(msm)(i) _ 0.648
57T 38 7% YR VRex VRex

Compare these resvlts fo those in 'Ibble q.2.

qf‘l‘f

O

yel




9.31* l 9. 31* For a fluid of specific gravity SG = 0.86
flowing past a flat plate with an upstream velocity
of U = 5 m/s, the wall shear stress on a flat plate
was determined to be as indicated in the table
below. Use the momentum integral equation to
determine the boundary layer momentum thick-
ness, © = O(x). Assume 6 = 0 at the leading
edge, x = 0.

Since Ty = pU?’f‘fg it follows that d@= e?g,z dx
which can be infegrated to give (vsing €=0 at x=0)

: X , X
B = —= T =
9v20§ v d¥ (0.86)10005%) (5 2)* 5 T dx
or .5 X ,
@ = 465x%/0 §?;, dx |, where @~m, x~m, and Ty~ o7 (n
0

For O<X<2.0m, infegrate Eq.() to determine & as a fonction
of X. Todo so, we need the valve of at X=0 which is not given
in the table. Thearelically, Ty = atf the leading. For gur porpesss,
based on the exfi"apa/afed curve below, assome T, =22 '”%. at X=0

25 x (m) 1, (N/m?)
1\ 0 | -
20 \ 0.2 13.4
~ 0.4 g.25
EE 15 . : 0.6 7.68
4 0.8 - 6.51
E 10 ‘*\.\4 1.0 5.89
}—/’—‘"" ] ].2 6‘57 {
5 = MR = 1.4 6.75'
‘ 1.6 6.23
0 - w 1.8 5.92
0.0 0.5 1.0 1.5 2.0 2.0 5.26
X, m

A standard numerical infegration technigue gives the following resus.

0.0008 5 ! | /
0.0006 |- /,-
E 0.0004 + el —
® ,
0.0002 7
0 j j 1
0.0 0.5 10 15 2.0

X, m
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935

9.35 Water flows over two flat plates with the same laminar free-
stream velocity, Both plates have the same width, but Plate #2
is twice as long as Plate #1. What is the relationship between
the drag force for these two plates?

o~ Logr2 je—tf —)
T=CzpUA U [ Plade#i (Z*«?
Thus, _—h \ 2] fT#z |7aLr
oﬂ CD zf?U A P ;.ﬂe AT
and

8, =y, 2oV (2har) 07

Le _ Coy (24u) _, Cn
&, GD, Lo Ly,

For laminar tlow on a flad plate

G= 4228 here Roy= U 5o thal G, = 122

YRey 78

Thus,

D:. 32‘3;?‘ é’r
7o V() =

Hﬁ'/?co; from Lage. (1) and (2),

o0,
— =2 /12 = ¥
9 2 /Y2 = WY

(1)

(z)
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936

9.36 Fluid flows past a flat plate with & déug force 9. If'the
fressweam velocity is doubled, will dig now-drag forbe, B, be

lazger or'smaller than 9, and by whit amouit?

D=C0% fUz/-f
Tf Yo, assume thet the c)ou%f/‘;j of U, which will
Cha/;je. [Te P Jees not s:jn:’f;’c;m#y Chamje Cd (see F‘igq 9,22),

then
2_6'_4; cb J.P-Ui'z-i .U.-z.
bz chizfv;‘A “gE Whee UL=aY,

- y;z = L T
G~ 1 s
Se, v
ob;_ = ¢ j,'
T | Re
plate normal to flow
Note:

It the plale is parafle! 1o
the flow, then G, changes — = .
with Re. See Fig. 9.22. plate parallel 1o flow
Ths,

b0 “ \/‘
D, (:Dm U:'

so that a nvmerical answer
covld ot be obtained withost Re

addrlional data abost the Valve
of Re.
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9.37

937 A model is placed in an e flow With & Biven veloaily sad.

oeffictents are the same between thiese two cases; How do the
drag forces compare between the two fluids?

O ) L
(%fU‘A )w (J-z f“U'zA )a.
‘;‘?L - 3’20—-"——
fu o pe
%’f = jé:'— where JDW >2 )09..

oﬁ—w 7 Ao

Tt Should be soked that sHce /FC‘-“%‘% MG%CA/-'{/
Yoy and v (ould be Jiffeutt, Therefore, d?eﬂo’a% )
0n shape and velocity, the Co velues may A{Zf ézc; : z};
he L/L,e, Same. Howcuﬂ‘, this d/’ffffc.ddc wou M

Compered o e dedsity o ifference .
Note: A standard condifrons

ugy __'6,,; _ /.9‘/‘&/&75/7[7/_‘-1_ _ 85
By Cu 230xi>slvgs /7 s
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9.38

9.38 The diag coefficient for a newly da@ifgﬁed Liybrid car is
predicted to be 0.21. The cross-seetional dres of the car 16 30 £22
Detetmiine the acrodynamic drag on the car when it is deiven
through still air a1 55 mph.

08' Co f‘U’/]

» gyt £

'U"= j'fmfm;cm = 2@7 Ks
F= 0.21 (L) (0.00738 #343) (80.74 ) (305*)
L= 46§ 2b

9-2.9




.39

1939 A S-m-diameter parachute of a new design i

i is 200 N. Deirmine the approsimate drag:

to transport 4 load from fiight alitede o e
verage vertical speed of 3 ms: The total wei

Ziat

for @&?ar

b
Co = roa

2f

LFin eyw‘/né/vum, at Conttoal ‘V‘Q/DC.H‘V, then

= o@'

W
Cp = LU

_ _300N ]
H123%) (3% (5m)*

b o187

7716 Sea-evel de/wi%y was used #o solve

this Fmble/m, C/eou\ly o'arl'nj the Jro}o)
P will be changing, but the Changes
are rc/aﬁ'vcly comall.

L4

dw




9.90

0.%0 A 50-miph wind blows against an out-
door movie screen that is 70 ft wide and 20 ft tall.
Estimate the wind force on the screen.

L=, bzpl'f , where from Fjg. 9.22

with |
' b 7011 =3.5 we oz':fam C =//5

”e”ce’ Jogs |/ miy (52804%)
D= 115(7) [0,002395-‘33*)[(50 ,.)»——"—?f——J(y' #)(2014)
o

(3500 S
oﬁ:: ,!0,30’0 Jfé
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9.4

9.41 The aerodynamic drag on a car depends on the “shape” of
the car. For example, the car shown in Fig. P9.41 has a drag
coefficient of 0.36 with the windows and roof ciosed, With the
windows and rcof open, the drag coefficient increases to 0.45.
With the windows and roof open, at what speed is the amount
of power needed to overcome aerodynamic drag the same as it
is at 65 mph with the windows and roof closed‘_! Assume the .
frontal arca remains the same. Recall that power is force times

velocity.

Windows open; roof
closed: Cp, = .35 open: Cp, = 0.45

BFIGURE P94

Power = P=F-V
The force is the dfag force. Let( ). and (), denote clpsed and gpen.,

D=0 '-fi:fUzA
We want to fiud Tp wihea B =F
R=T o = Lp U, Qoo = R =T Bk = 2p Ao
The Foatal Greas are the same, S0 Ao =Ac
Uy, = U Coe )
U =Tk (&) = (65mpb)(555)

o =60.3 mf)h

§-32




9.42

9.42 A r»ider ona blke with the ee;mbm%d mass of 100 lgg &ttams

cmm e ding. sosfficiom 'riie f s
-Speeulate whether thie: ﬁder is inthe uﬁﬁgﬁt or r:ﬁiiﬁg fmﬁﬁﬁn

e w8 = T =03

100 O=6.8Y°
| sin@ =0.119
&
[ FideR
[
(- W
W}“J‘/IQ' at
I;I e?uflf‘b)';‘uaw} fF:’O
iF =20
Wsm & = 0 =Cy zjovz'/? Where W*my (/00/)(? §/ ")
CD - Wsn & '%’//V
TPV A

_ (9siw) (0.119)
L01254(15%) (0.0m)

Qb =’/,‘/

Lo:akn/y ot ch, 7.30, 3*Ve/t A amd Cn, the rider
s ht,
i quZ L

rra




1.43

9.43. A baseball is. throws by a pitcher &t
standard 4ir. The digiaeter of the baseball 48 2.82 T,
thie dmg force. ofi He' b‘aswﬁi

b= tyUA
U= 7§Mﬂifl X iimi; =137 .3;{/
e =L - (172.3 F%) ) (22 5)
]S x /o ‘V"*/
From [g.7.35, and assuming o smeoth sphere,

= 209 x/0%

B 0.5 (L) ooogae ) (1313)* (7 z52f) . :
2oz

q-34




7.7

9.44 A logping bodt is
5 m lang a4 /s through water Esisnts
the axis of the Tog s pardilel o the tov

For f{)p{)ef/ P=F.V
Feoff = Co 1p VU =A
For the aspect ratio, D=2m omd J=dmn
From F,:?,, < 27,
7’§=j§=‘/, so Cp=0.95
- 0,95 () (399%5) (1°%)(F (747
b=l 3N

P = U= (2431IN)(17%) < 85500 W
= 859 kW

NMote: The a,éawe Gy = 0.8 assumes thaf The /07 s
essontially svbmerged and wave making 1s ot
an /mpaz"?/ﬂml cam(i"_/éc/ff&’ﬂ fo 7‘/75’ dﬁdja
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9,45

cosity can be determined from p = gD*p, — p)/18 U.

9.45 A sphere of diameter D and density p, falls at a steady
rate through a Hquid of density p and viscosity u. If the Rey-
nolds number, Re = pDU/u, is less than 1, show that the vis-

For steady flow Z.F, =0
orag +hg =W | where Fg =buyant force = 99V= (35(?34;)77 (-%)3
W = weight = . g¥ = g ($)7(%)
and  [J=drag = G, 7P 5*02, or since Re<!

o =3mDUu
Thus, -

sroup s eg(E)r(§) = 0g(#)7(2)
which can be rearranged fo give

- gD {e-p)
# - 187
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7.46

9.H¢  The square flat plate shown in Fig. P9 Méais cut into
four equal-sized prices and arranged as shown inFig. P9;46b v
Determine the ratio of the drag on the original plate [case {a)]

to the drag on the plates in the configuration shown in (b).

Assume laminar boundary flow. Explain your answer physi-
cally.

pe— i - ” 4f ™ S— ,,:Tl
(B}
BFIGURE Po.ie

For case (a): sz
G %PLT:CDFA where Gy, = = 228 A

Th TS
oﬁm + U = L26W g2 _ ) o o U R YT P | W
VoL Rl

For case (b):

Ly =F0UCop A where oy =~ and A= (1)) = 12

Gyeter B srpr) @
By comparing [i.'g.r. (1) and (2) we see that
Go= 22 s

In case (b) the boundary layer on the rear plafe is thicker than on
the front plate. Hence the shear siress is less on the reap plate fhan
it s on that plate in configuration (a), giving Jess drag for case (b)
than for case (a), even thamh the total areas are the same.




GO

7.47

9.47 If the drag on one side of a flat plate
‘parallel to the upstream flow is 9 when the up-
stream velocity is U, what will the drag be when
the upstream velocity is 2U; or U/2? Assume
laminar flow.

2. :
For laminar flow J=% oV Cop A, where Cpy= —

| o)
Thos, - o 7
= LpU* £328VY = 0,664 pA L U2 ~ Y
/"f 20V 5 A CAr v

eﬂc&‘, 60 3
v _ U= | ___
D = .(ZU)%‘ or mﬁ}_v 2.83%
an
o@g U% - :
T (D% T




g 4g

9.49%  Water flows past a triangular flat plate oriented parai

lel to the free stream as shown in Fig, P9, %8 Integrate the wall

shear stress over the plaie to determine the friction drag on one

side of the plate. Assume laminar boundary layer flow. U=0.2mis

B FIGURE P9, 48
D= (T dh whers Ty 0392 0|82
Ths,
"53033237 V_ﬂ( d-’/jsy =0.5-X X=0

:0.33217%%}7(2),( J E‘fVZ;,‘!—
X‘O y g

=0332 7 zr(z)f 0.5 -x dx

df —T

n

a.5
3
1 ;/
3

= 03327 % /A(Z)[ E(2)X* -

34 ; E7
= 0.664#(0,22) ’”‘[ ?9_9_/”_;23 ( /./zx/o3.ﬂ.’n;_-§._)[ Vo.5 - F(0.5)" ]
or
Dﬁ = 0.0296 N
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9.5

9.50 A rectangular car-top carvier of 1.6-ft
height, 5.0-ft length (front to back), and 4.2-t
width is attached to the top of 2 car. Estimate  [J=60 mpb=88§-i
the additional power required to drive the car  ———

with the carrier at 60 mph through still air com-
pared with the power required to driving only the

car af 60 mph. . =501
LD=Cy VA and P =V = power
s H . .
From Fig.9.3/ with -%"; ‘H’}%—‘ =3..3 we oblain Cy=1.3

Hence, | | .
O =1.3(7)(0.00238 %%%{)(AJH)(%H{)(SS £)=go.5 I

T}H}-S, from Efo (),
2 =los ) oosn) Ll = 12940
=29k

/ré{*

()

q-70




g.51

9..51  As shown in Video V9.2 and Fig. P9. 5la a kayak
is a relatively streamlined object. As a first approximation
in calculating the drag on a kayak, assume that the kayak
acts as if it were a smooth flat plate 17 ft long and 2 ft wide,
Determine the drag as a function of speed and compare your
results with the measured values given in Fig. P9.516 Com-
ment on reasons why the two sets of values may differ.

For a #lat plate o= 4pU%Cyy A where ~ 2}
A=17#(2f1) =3% H* and Cpp 1 a function of Réy: v
Thus

17# T

’ 6
= LI & (2)
Ref /. 2162 H /s /40%/0" U

Consider 1 <U=< 8% , or /.WX/O‘-*ERe; </./12x10°

From Fig. 9.15 we see that in this Rey range the bosndary layer

flow is inthe fmn.rh’ianalzrgnge. Thos, from Table 9.3 |

be = 0-‘:‘-‘55/(/09 Reg) - /700//%}? ’ (3)
By comb/}?j/)f Egs. (1),(2), and (3);

0= % ( 19+ )T Cpp (3459 or

58
&= 33.07" 0455/ (Iog (1 #one*)) =/ 700/ (140510 )| #)
The resvlts from this equation are plotled below. .
5 T f6| o Ib
i - ! ©.0986
2 0,410
3 0.909
° / & /58
measured valves | / Y 2.42
o 6 3.43
b / 7 #ss
// 8 |
AL theory
) s (Eq.(‘f)
i'd
/// M FIGURE P9.51(b)
al
/.’2 : 4 [ 8.

Kayak speed U/, ft/s
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9.52

For sfeady rise Z1F =0

:9.52 A 38.1-mm-diameter, 0.0245-N table tennis ball is re-
leased from the bottom of a swimming pool. With what velocity
does it rise to the surface? Assume it has reached its terminal |
velocity.

U - ) =
_ ’,a/m‘,D 38./mm

waler
V314

or
FB :W'm@'j where ﬂ""ﬁ’/‘ag% D%PUZ“EDZ |
W = weight=0.0245N Ty

- 3
Fg = bvoyant force = ¥ = ¥4 (7)

Thus, L ,
FEE(RY =W+G %oV ED

or | '
(280102 47 (&%&); = 0.0245N +7( (999 L2 YL (0.038m)°

or
Gy UZ:-@e#EE_, where U~ % )
/)/so, Re = QVD_

or U(0.038Im) ' ¥

= Sl = o A
Re dizxjotm T 3.40x/0° U, where U~ % (2)
Finally, from Fig. 921 Gy ey _— .
| Re

Trial and error solvtion® Assume Cy ; obtain U from Eq.(1), Re trom
Eq.(2); check Cp from £4.03) the graph: -

Assume =05 —U= 0.954L v Ro = 3.24X/0"—> C, =04 0.5

Assume Cp=04 —= U= 106 & —s Ro = 3.62%/0"— Cp = 0. 4 (checks)|

Thys, /= 106 &

Note : Becavse of the graph (Fig.9.21) the answers are pot
accorate to three significant figures.
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53

9,53 To reduce aerodynamic drag on a
bicycle, it is proposed that the cross-sectional
shape of the handlebar tubes be made “tear-
drop” shape rather than circular, Make a rough
estimate of the reduction in aerodynamic drag
for a bike with this type of handlebars compared
with the standard handlebars. List all

assumptions. :
For a sfandard racing bike o= G%-%e[f}‘} , where. from Fig. 7.33
Thus, ff=1716 00" » Cp,= 0.88 , A=3.9H"

For the modified bike assumeo aZZ, =az "oﬂ; *oﬁ;z ; where -

Ll = drag from standard circvlar cross seckion handle bars

M:b} = drag from tear-drop shaped handle bars.
That is, ' \

b, =y, teV Ay and & =CozeV Ay where the handle bars
are assymed fo be 1l long and [in. in diameter.(ie, fly= &)
Typical G valves are Cp, =/ (Fig.9.23) and Gy, = 0.12 (Fig.9.21)
Thus, Eq. (1) gives &), = s U™~ 1($)pU () +0.i2(£)pV" (15)

=(L716-0.0387)pU* '

or 2 - 2 |
G, oy _ 1716 UI-(1T6-0.0387)pU " _ 60y

A 176 eV?

l.ey aredvetion in drag of
appreximately 2 percent
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9.5

9. f’f A hot air balloon roughly spherical in
shape has a volume of 70,000 ft* and a weight of
. 5001b (including passengers, basket, balloon fab-
ric. ete.). If the outside air temperature is 80 °F
and the temperature within the bafloon is 165 °F,
‘estimate the rate at which it will rise under steady
state conditions if the atmospheric pressure is 14.7

psi.

For steady rise 2:'[—;.;0 or Fg =W+
whers

i =drag =Cy kU F D"
F, = 6003/:701’ force = &V

= fotal weight =5 o0 b +§ . & ¥

Y - (17 2 ) (12 Bp)* _ slvgs
%W €= RT (17/5‘5‘”_‘5 :9”33)(#601&8’0)"3 O 00227
J=pg = (o 00229’ ﬂt_,)(:.-zzzi-) 0.073s 12,

aﬂ

and ny? ”
+16
n (/7;557;,-9—7,)(4:50 5) ® /Vofe S;njz 7%;9f£a//0m s
2 open at 1he bottom, fhe
T/)us with ¥ = 7x0' = 416 | pﬁmmr within the’ balloon
T on D=8L1 ft wae obtaln ;sfﬂ?n/y the same as it is
Quisige

= Dz"[o.oazz?)U i(s:.:)
= 236G, U b, where Ve

flse, :
m],g so0lh +(0, 0636 ?;-3)( 70000 ) = f%’g'z /b
Fo=(0.073¢ Ib )( 79000 f#*) = 515216 Thus, Fg = W+ gjves
5}152 éﬁ =#752 b+236G0° or QU =847 0
so, he = ‘
or.  5id H v 5
Rg IS/X]Q ﬁ? =3.25X/0 U (z)

and from F ig. 5,23 Cn‘ \—\/ ' | (2

Re
Trial and error solvtiont Assume Gy ; obtain U from £4.0), Re from Eq.(2);

check Cp from Eq.(3) dhe graph.
Assome Cy= 05— U=13.0 B v Re=s23x00° — G = Q242 0.5

Assume Cy=0.a4— U =188 B v Re=61 x10°— C, =0.30# 0,24
Assume GCp=0.30~> U=16,0 8 — Re=5462/0°—> ,=0.30 (checks)

G-




7.55

9.5% 1t is often assumed that “sharp objects

can cut through the air better than biunt ones.” ) 4 ‘ '
Based on this assumption, the drag on the object LN
shown in Fig. F9.55should be less when the wind i

blows from right to left than when it blows from '
left to right. Experiments show that the opposite FIGURE P9.55
is true. Explain.

A signiticant portion of the drag on an object can be from
the relalively low pressure developed in the wake region behind ihe
vhject. -19}/ mak/}yy the object streamlined ( ey tow from left fol
right, not right to lef¥ in the abave figure) boundary layer separation
/s avoided and a relatively thin wake with low drag /s obtained.
Whethsr the front of the object js %harp* or "blont” does nof affect
Hhe contribotion to the drag from the front part of the body—at
least not as moch a the widh of the wake affects the drag.
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?056

*9.56 The device shown in Fig. P9.56 is to be designed to measure
the wall shear stress as air flows over the smooth surface with an
upstream velocity U. It is proposed that 7, can be obtained by
measuring the bending moment, M, at the base [point (1)] of the
support that holds the small surface element which is free from
contact with the surrounding surface. Plot a graph of M as a
functionof U for 5 = U = 50m/s, with £ = 2,3, 4, and 5 m,

HFIGURE P9.56

Since the length of the measuring svrface is much fess than ifs

distance from the leading edge (ce, Smm<<8) we can assme that

the shear stress is essenfjally constant onthat surface. 7 A

7_/)ﬂ.3 /17 = ?.. AH T—
M {sx10™ m) (mxfo“‘"m)?' =2.5x/0 ?‘ W  H T (:;

| where Ty~ L .‘_ Jekor F
The flow will be laminar or torbulent dependmy '

14 x
whelher Rey< sx/0° or Rey>5x10° | whero Rey= T ond v=rsexs L.
m .
Since Rey - (‘5; ;0,3 ,(0».52:39- = 6.8% x10° the flow is always torbolent.
l L
A IS 9 Sfﬂct‘?

_ (50 (Sm) o ‘, .
Donax - Laaxiesm | D LTX 7 it follows from Table 9.3 fhat

‘ 3
1, = 0.0225 PU'«'(___{_}%_)# where &= ;»’*‘;Zx _ o.;:z,i z;g
& ;
T/)af ;'3, b Jﬁ _. X . ; )
Ty = 0.0225 U [Wf”jh } = 0,0225 p v*, %y ®(0.370)
-or

1, =0.0225 (hz&.i)[] (/.54x10 gﬁ-)'%é % (0.370) ¥
= 3.83 X0 U%[W/:S r oy

Thus, from Eg a),
M=(2.5087) (# 3¢m*3w"‘,£ % = 957 %100 %87y

, where U~Z and £~m

The valves of M are calcylated and plotted for $<U<s0 g,
with £=2,3,4, and 5 m,

(con'f)
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9.5% | (con)

For £ = 2.00m For £ = 4.00m
T, m/s M., N.m U, m/s M, H.m
- 5,00 +1.510E-08 5.00 +1.314E~08
10.00 +5,.287E-08 10.00 +4,576E-08
15.00 +L.091E-07 15.00 +9.,494E-08
20.00 +1.830E-07 20.00 +1.594E-07
25.00 +2.735E-0Q7 25,00 +2.381E-07
30.00 +3,798E~-07 30.00 +3.306E~07
35.00 +5,.012E-07 35.00 +4, 363E-07
40,00 +6,374E-07 40,00 +5.5498-07
45,00 +7.B79E-07 45,00 +6& ., 859807
5C0.00 +9,5Z25E-07 50.00 +8,292E-07
For £ = 3.00m For § = 5.00 m
U, m/= M, N.m U, m/s M, N.m
5.00 +1.,392E-08 5.00 +1.257E-(8
10.00 +4,8L7E-08 10.00 +4.376E-08
15.00 +1.Q06E-07 15.00 +9.080E-08
20.00 +1.688E-07 20,00 +1.5248-07
25.00 +2.5228-07 25,00 +2.,277E-07
30.00 +3,502E-07 3C.00 +3.162E-07
"35.00 L, 622E-07 35,00 - t4.173E-07
40.00 +5.878E~07 50.00 +5.307E~07
45,00 +7.266E~-07 45,00 +6.560E~-07
50.00 +8.783E-07 50.00 . +7.930E-07
10
] ]
1T 7
i an'
9 \\ f A F.
N - 4’,
8 {hdass
IO'MN-M W Av.e4'd
J AW
7
6 1 flz'!’
4 3
T
y, . -_@‘
AVF TN
LY, = -
Y ~F S7f
./ y, -
4 ve/s
/':’.:l
A XA
A X
/,4"
'I
Ve
P
2 7
P
: I
9 O 10 €+ Ao




9.57

9.57 A 12-mm-diameter cable is strung be-
tween a series of poles that are 50 m apart. De-
termine the horizontal force this cable puts on
cach pole if the wind velocity is 30 m/s.

D=tz2mm
et e et
F. = force on one pole = 2 ‘ ! poson '
P , :
where =G FOUA e

Since Re = %j‘) = ?;ﬁffs'ﬁm =2.47x10" if follows from “Fig.9. 23

that c *

, 2.
n = 0% . Hence, o= o.4(%) ("235:—%3(30%) (50m)(0.012m )= /3? N

9-48




9.5%

s um (6 X 16-% m) diameter fali through the air

U=

9.5% . How fast do small water droplets of 0.06-

under stardard sea-level conditions? Assume the
drops do not evaporate. Repeat the problem for

TSP
standard conditions at 5000-m altitude. dia.=D=6%10"m

For steady taﬁa/fi‘f‘a’?‘gl Dl =W, tu
where it Re = "U“‘" </ B
H=drag - vaﬂ Also, W=, ¥ =4, $7(2) = weight

and Fo= % ¥ = G -ﬁﬁ“(-u—') bpoymf fof‘ce
Since Ty <<y

w0 , We can neglect the buoyant force.
Tﬁaf 13‘, aﬁ“h/ vr

i

2 2z
37DYp =4, (L) or U=_~%%)* W
At sea level pu= 1789 X1 %ﬁi so that
(9.80x6°25)(6x10°%m)*

_?m
= = L/0X/0 -
V=18 (1L78gx10° 5)  ~ MO S

-7 -8 '
Note that Re= %:i’:; 55,,’:56)"0 7). g5250"° <<l so the use of
the low Re drag equation is valid.

/H an altifude of 5000m , p =/628X/0 L and from Ef.(/)

(9.80x10°2%) (6 x10°%m j’-‘
18 (1,628x10°% L££)

- 7.0
= /,20x/0"" 4
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9.51

9.59 A strong wind can blow a golf ball off the tee by pivoting it

about point ! as shown in Fig. P9.59. Determine the wind speed o
necessary to do this.

Radius = 0.845 n.

Weight = 0.0582 Ib

= F.E-BUF!E PB..S‘?
When the ball is about to be blown
from the fee the free body diagram

is as shown, Hence, by summing moments

about (1) _ . Z
aM=0,or WE=fr VL ik
777”5} X Ry
(0.099214)(0.20in.) = (0.82} jn.)
or | . :
pﬁ.__. 0. 0’2?2/‘5 ) where Jng _ZLP{[ 2 0821 I =0.845m)
Ths, Hgs \ 1 y2{ 0.8457n.)> o
e 4 Sicgs L. 872 18-
| 5;0242/6 “CozlooorieT )l 77( g ) B £=0.20in.
Gy Uz=/305, where U~§‘f ()
For a spheré* C,=C,(Re) (see Fig. 9.18) where (2)

Re= UL - {0.00238 sives /H3) U (2(0.555) /42 1)
22

247167 (1b-5/H%)
or

Re =966 U, whers ULt (2
Trial and error solviion:
Assvme Cy=0.% so that from £4.0), U=57/ —_# and
 from Eq(2) Re=966(57./)=%.52 x10%. Thus, from
Fig-9.18, C,=0.25 #0.40  Try again.
fssome Cy=0.22 sothat U=77.0% g4d fo=745x10%
This, from Fig.9.18, G = 0.22  Chechs,

//eﬂce_, U= 770 -};Ti

# goff 64” (i.e. with dimples)




7. ©0

|<- 22:?7.—-]'

9, "60 A 22 in. by 34 in. speed limit sign is supported on 3 5 3¢+in _i_.. (29

a 3-in. wide, 5-ft-long pole. Estimate the bending moment mp }) ) | A
in the pole at ground level when a 30-mph wind blows l U 7m. - -
against the sign. (See Video V9,9) List any assumptions — 17T
used in your calculations, e S
3in. 1, a&f :

Ba o\ 0, |

M,

For eyﬂé/:’én’ﬂm z Mo =0 or

MB = 2.5 ff 95}0 * (5+ )ff aﬁ ) where | \ (I)?'i"
iy = drag on he pole and a/ﬁ = drag on the sign |
From ngr. 928 with 4/D <o.l for Mesfy/:g Ph

'CD =/9 S l

From Fig.9./9 if fhe past acts as g Sqvare rod Ll

with sharp corners Gbp =2.2  Thus with U=30mph = 44 £
L =4pU Cp, As = 7 (0.0023¢ ‘i/—”i'—‘-) (44 £)? (/9)(2’;;-’;1*){{ ).,22 /é
and

Gﬂf! 7. PU CDP AP —'L(O 00238 ’}!}1’) (‘)%‘f" (2 2)( 12 (5')H ) 8.344
T/)Us from Ed q. ()% .
Mp= 2.5 ff (6341) +(5+ )M (22.718) = /62 H:lb
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9.6\ Determine the moment needed at the; base of 20-m-tall, s D
0.12-m-diameser flag pole to keep it in place in a 20 m/s wind. T _
: . _ U
) 2 | -
~ For eqw’/i brivm, M=z where l | a
(5 F
= C 2_ e U lg D M

(20%")(0.12m) o |
I%xlosm" '”/'56‘){/05; it follows from Eg. 921

| Smce Re = L.;,D
 that C, =12
Thus, L= 12 (£)(23 %) (208 (20m)(0.12m) = 70BN
Hence, from Eq.(1) |
M= 2“5%"3 (708)) = 7,080 Nm
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9, @2

4.% Repeat Problem 9.6l if a 2-m by 2.5-m flag is attached

to the top of the pole. See Fig. 9.30 for drag coefficient data
for flags.
T
—_—
: 4 D, L :
For equilibrivm, M=, +(j ‘““‘")aﬁz J——Lu}_ (n
where X, =2.8m Z, = 25/?:, and D, 2/77 Gy F
From the .so/uffon to Problem 248, L5= 7080 V'm (2)

Also,
Ly = C PUI , where from Fig, 9.30 Wn% = -“ng-§~= /.28

we abfa:n C,=0.08.

Thus,
b, = 009(——)(!13—/‘1)(20—) (2.5m)(2m) = 98,4V (3)

By combining Egs. (1),(2),and (3) we oblain
M= 7,080 Nom+(20m=1m)(98.4 N) = 8,950 N-m
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9.64

9.64 How much more power is required to
peddle a bicvcle at 15 mph into a 20-mph head-
wind than at 15 mph through still air? Asseme a
frontal area of 3.9 ft* and a drag coefficient of
C.D = {}.88.

P = power = Ul and o= C,4pU*A , where Uulipifa/f;};gb;ifg
and U= wind .speed relative fo brks. W\ e ;.m ,

W
Thos,

2.9 42 ooaqfsf}‘" b
2= (22 £) (083)(?_)(000238 73 S5 )Y (29 42) = ith Toth

” aa?
a) Wilh a Z0mph headwind | U=(/5 *20);, ) 5/3ﬁ

Thos,
7;-’ = 0.0848 (5/3) = 236 L2
1
b) With still air , U=15mph= 22 -§.-
Thys, i
B = 0.0898(22) =425 IE

-1 M f /7 v
ﬁeacej peed an additional power of Z- K =(236-#3.5)3 (ﬁsﬁ
= 0.3504p

H -fb
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2,65

o 15C,4pUA =W

4.65 Fstimate the wind velocity necessary to

knock over a 10-1b garbage can that is 3 ft tail
and 2 ft in diameter. List your assumptions. + D=2f -
v oo |l
wsaif W
If the can is about fo tip around s oLt
corner O, Then SIM,=0, or L55=1W )

A Yypical valve of C, for a cylinder
s Cy=/ CmeF@_ﬂﬂ)

Thys,
(I.s!f?)(l){a":)(o.oozsaé%’fg‘-) U2 (2#)(38) = 10fth, where U~ £

or U=30.64%
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9.6© On aday without any wind, your car consumes x gal-
lons of gasoline when you drive at a constant speed, U, from
point A to point B and back to point A. Assume that you repeat

- the journey, driving at the same speed, on another day when
there is a steady wind blowing from B to A. Would you expect

- your fuel consumption to be less than, equal to, or greater than
x gallons for this windy round-trip? Support your answer with
app‘ropriate analysis.

frug will v

Trip with the larger power Jost dye to qerﬂdyﬂ mic

7-------(/) Mo wrnaf
| oﬁ C’b ZPU/? fo/‘ 5011/7 /4“"“‘3 4/75/ 3“’5’
Tﬁw o
ﬁrpawer Tl = szC A

" mastgas. Let (), mean o wind” and ( ) mmﬂ h ,;deﬂ ;

~

2) Wmd ( Oy~ wind speed-; axwme _ <ET) ﬁ’ i

Ag C‘ﬂzﬁ{g"'%)ﬁ Forﬂ”g
o& Q,Lp(ﬁ Mﬂ foré’»ﬁ

W

z P(U+7.) VC,)ﬁ far A—*E
B ¥ zp(V"Vw) p‘Cﬁ fﬂ/‘*g——aﬁ
. }/ ;tf.rea{ 791.( w}?e;ﬁe

:'n” .

F 2 (igv 4 ﬁ)z’ | (/vwe ;aa,!ﬂ,« y# fo/'

"f' 7’//?79 1‘0 7” ?_’-{' f?f/—*é’ ” 3"’.' ;,

p(wq,) Uc: mf + p(v z;[,,) me‘

( U + Z55./) U *( 7- U'w) U | 293 *2 UZU / ‘

LLl | ce. more foel needed when windy
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9.67

9.67 The structure shown in Fig. P9.67 consists of three
cylindrical support posts to which an elliptical fat-plate sign is
attached. Estimate the drag on the stucture when a 50-mph wind
blows against it

-aﬁ' By, (0,00.233

i 16t

IFIGUHE PQS‘?

For f/?e  composi 1‘8 body |
=5 zePU 6, A +6, 4 + o P *%ﬁ,]
_ /‘/

wﬁsm if we a.wme the sign is an elljpse,

A=% Z (1ot (< H) 39.3H and the prwec‘led areas of 3‘/}9 cy/mclenram
ﬁ;ﬂoiﬁ(ﬂfﬁ) ?Wﬁ‘"
fs = 0.8t (15H) = 12.0 8% 49d
fy= /ff(lsﬁﬁ /st =

| From Fig. 4.20, for athin disc I:://

- For v‘be cy/mdﬂcaf pwf obtajn €, me Fig. 9. }5 as’ ( ?7""‘5' ”M,M’ 73.38)

Re,= 72 - 733’(0'”#) = 2.¢xJ0° —> C; =04
¥ 4 . /,J?x;o
Sm:/dr/y,

R93’3?x/a >, 7 OS5
e 5"9‘7}([0 6?.—025

B Tbus from Eg [!ﬁ

ﬁ,s S22 ) (73. sﬁ)’[//(ayzlff) + a (9. aﬁ )4 o.:(/z f;‘)mzs 05}’{“)]

m 3 7&./11

¥
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9. 0%

"? 3 As shown in Video V9Ji3end Fig. P9.6%, the aerody-
namic drag on a truck can be reduced by the use of appropri- |
- ate air deflectors, A reduction in drag coefficient from
Cp = 0.96 to Cp = 0.70 corresponds to a reduction of how
many horsepoer needed at a highway speed of 65 mph? BT S B S B A

b= width =10 ft j
/ Ja

M Cp=096

# FIGURE P9.608

(@) Cp =0.70

W";POWE'I” = o{ﬁ'/U where
Dﬁ: 'iLPUng A

' 7710.5; AP = redvction in POWEr
| -R-7

| =7 (OUSA[CDb "Cﬂa]
| WI“//] -‘-’—65/77,05 = 95.3150.5‘
AP Z'L(o 00238 _—L’QL) (9538 (mﬁ)[/lﬁ‘) [0 % - 0. 7]
H b s |h R RS
= 32100 L2 ( ?EZ%I 584 hp THTE




96‘?

9.69  As shown in Viden ¥9.7 and Fig. P9,6% a vertical
_ wind tunnel can be used for skydiving practice. Estimate the
vertical wind speed needed if a 150-1b person is to be able to
“float” motionless when the person (a) curls up as in a crouch-
ing position or (b) lies flat. See Fig. 9.30 for appropriate drag
coefficient data.

7_ For equf/fbrium conditions
W 0= Ca%FU’q R FIGURE Pg.49 W

Assume W=/801b aﬂa{Cﬁ g H* (see Fig. ?30)
- Thws,

60 lb = (4)(0.00238882) U(9 %) where U~ %

U=(22 8 (26985) =532 mph

/Vm‘e If the skydiver ‘Corled yp into a ball”, Then Coﬁf» 2.5
 (see Fiy.9.30) and U= 158 mph
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9,70 The helium-filled balloon shown in Fig.
P9,70-is to be used as a wind speed indicator. The
specific weight of the helium is y = 0.011 Ib/ft?,
the weight of the balloon material is 0.20 1b, gnd
the weight of the anchoring cable is negligible.
Plot a graph of § as a functionof Ufor 1 = U =
50 mph. Would this be an effective device over
the range of U indicated? Explain.

For the ballon fo remain stationary
ZF=0 and £k =0

. D .
Thos, o = T cos® or 7= ;8 Y-
and " [« W+ Tsin6 +W, o0
which combine To give

xﬁe 1 FB
W ‘Wﬂe D=dia.=2 f}

= tension in cable

Fg = W+ o fanb + Wy, &

But W=021b | F=pg¥=(7 55x/o“2£;,) (2 H4) = 0.3204b

and Wy, = 8t = (001l -f-;g) $L(2404) = 0.0461 Ib
777515) Ei" (1) becomes
0.3204/p = 0.2 /b +00 tané +0.0481 /b

Or‘ -
T ban 6 = 0.0743 b Also, o =C,4+pU LD
= G, U*(0.00238 ‘3;%’ )-g (2.£1)*
= 0.0037%C, U™ Ib, where U~

Hence, |
2 199 (2)
0.00374C, U tan 6 =0.0743  or tan 6 = Z’;ﬁz
(2f) U
Also, Re = ULE TErno P EE O Re =1.27x10% U (3)
and from Fjg. 921"
% H/ \ 08

Re

Thus, select variovs | mph < U= S0mph (i.e. l.#?zfi < /=733 f-j )‘ and vse
Egs. (2),(3),(%) fo oblain ©. Flfted resvlts are shown below.

(con't)
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9. 70*

(con't)
U, mph Re cD 9, deg
0 0 - a0
1 12700 0.40 87.52
2 25400 0.42 79.71
5 63500 0.54 34.42
10 127000 0.55 9.55
15 190500 033 7.10
20 254000 0.10 13.02
25 317500 0.08 10.48
30 381000 0.09 £.52
40 08000 0.12 2.76
50 635000 0.16 1.32
160 e
80
70
60 -+ \
theta, deg 50 \
40 \ ”
20 \
10 e
0 .
0 10 20 30 40 50
U, mph

Note rBecause of the sudden
change in Cy when the
bevndai*y /ayer becomes
borbvlent (at about 15 mph),
the @ ys U corve is highly
non-linear. In faci, for some
valvss of O there is more fhan
one possible valve of U, It
would nof work well as a wind
speed indicator in this range.
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9.71 |

9.7 A 0.30-m-diameter cork ball (SG = 0.21) i tied to an
object on the bottom of a river as is shown in Fig. P9.61.
Estimate the speed of the river current. Neglect the weight of
the cable and the drag on it.

For the ball to remain stationary

SRh=0 and Z2 F =0

Thﬁj ﬂ TCOS 30 or T Goga
”

? F;g = W+7 sip30

Hence, Iy =W+L fan30" where Fy = pg¥ =(.60 55) (4 (22a) )

dia. D=0.30m

and = 0./385 kN
-4V (LY =GoF,
Thus, =0.2/(0.1385 A/V)
0.1385 kN =0.029/ 4 +o fan30° =0.029] kN
ar
L =0.189 M/ where &= 5 z‘PUﬂ= U (z)(%’?kq)(ﬂfﬂﬁm)l
Hence = 35.3C, U N, whers U~~
35.3C, V=789 or CDU% 5,35 n
Also, Re =Yl . 3m U s
an;": 7 lJ.ZXIO'é,'gf 2.68x/0°0 7
from Er'g, g.21 CDI \‘\/ i
Re

Trial and error solvtion for U : Assome C » ; calevlate U from Eq,0)
and Re from Eq.(2); check CD from Eq.(3), the gm,o/)

Assome C = 0.5 —=J=3.27 2 —w Re = 8.76x10°—~(,=0.1540,5

Assume Cp=015 —= =897 L —= Re = 1,60 x 10° —» Gy =0.20#0.I5

- m
7_/"/3, Lr*5.3/-§'
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9.73

T‘—_T 1. } : 10 r?m d!iametar
. m long
. o 0.6 m -~
972 A shomwave radic antennd is con- : _L_ _ ‘(12)
structed from circular tubing, as is illustrated in ! 3
Fig. P9.74. Estimate the wind force on the an- / 0.5m .
tenna in a 100 km/hr wmd Eoff‘é"ﬁfcﬁgter- 4 | k\ _ :
L&- ) Nz
AQ-mm diamet:
p.25m L\ rgn:n |:)ann;e g
WJWI
FIGURE P9.73,

o& = 0@}4- 0@24-‘/‘0{?3
' _.-:.2 PU'Q[GD,,%* ﬁl 4—60;9 ﬂ.’i]

where 1= 1007,‘9-( iz N za06s) = 278 % )

~ Obtain Cp; from Fg 9.23 for the given Re; = Y

7.
Tf?us, Re, = (279@)(00417)) "‘7.’62)(1*0..—‘"00{“ 14

LexI0EE
_ (78 :’%’-}(a azm) - o,
and fe,® JbxioS 22 58110 Cop=
Req = (27asifgoim) /90319 e Gy =Gy =Gy

sothat .
JT= 4 (123 -%,,%) (2788 ( M‘)[(S m)(0.0%m) +(1.5m)(0.92m) +4{ Im)(o’f?fm)]
or ' o
=180 N
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9,73

9,73 The large, newly planted tree shown in Fig. P9.73 is kept
from tipping over in a wind by use of a rope as shown. It is assumed
that the sandy soil cannot support any moment about the center of

the soil ball, poiat A. Estimate the tension in the rope if the wind
is 80 km/hr, See Fig. 9.30 for drag coefficient data.

I) & S—
7 \/ Scale drawing

» FIGURE P9.73

ZIM, =0 where the moments are dve fo the drag, o8 and
~ the tension in the rope, T.
Thus,
ﬂ o = ,4.7 Wﬁﬂ‘e from the ﬁjuf‘é‘ j (2 +2.540.5 ) =5.0m
and £, = V‘z’ =2.2m

Hence,
Lolr? ' 2
T = %‘g = 'I"}PU’%}’ whers from the figore A=F(sm)*

Ths, with D’(ﬁa—fﬂ)(yam)(mm{’;):zz,zm
and Cy= 0.26 (see Fig. 7.21) we oblain

. 5.0m
7= Zizm (£)(1.23 1“" )(ZZ-ZA”') JE(.Sm) (0.26 ) 3650 N = 3.65kN
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9.74

9.74  Estimate the wind force on your hand
when you hold it out of your car window while
driving 55 mph. Repeat your calculations if you
were to hold your hand out of the window of an
airplane flying 550 mph.

D=CyteV'A , where U= =(55 mph) fosm“; )=80.74
Asspme your hand is #in. by 8in. in size and acts like
a thin d:sc with Cy= L1 (see Fig.9.29),
Thus,

L =1.1)($)e.00238) (0.7 Y (A )G H) = /.42 b

If your hand is normal 1o the the Iift force is zero.
For U=550mph = go7 i (ie,a 10 fold increase inU) the
drag will increase by a factar of 100 (ie, B~ U"), or L1=1721

Note : We have assumed that Gy is ﬂof a fonction af U, That is,

it is not a fonction of either Re =22, Ma =

9-45




q.7G

976 A 2-mm-diameter meteor of specific
gravity 2.9 has a speed of 6 km/s at an altitude
of 50,000 e where the air density is 1.03 x 1073

kg/m>. If the drag coefficient at this large Mach

number condition is 1.5, determine the deceler-
ation of the meteor.

) 3 . 2z ~3
J=ma where m= p’v‘ :p-‘fjl(_g.) = (z,gt)[?yy..’b%)%z( )(IC:}Z m

Alss 0 =Cy4eU*A

2. -
- /.5(—;:)(;.03;/0"3%)(éxloj-g’—)zgg(leo'%) = 8,74x/0 ")

T/ws,oa .
= . BTEXO N m
A="m = 1 zix105kg ~ 72205

=L2/%/6° kg

)3
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q,77

P - 01m Hough sphere

= -2
9.77 Air flows past two equal sized spheres (one rough, one :;' D 1‘?5 * 10
smooth) that are attached to the arm of a balance as s indicated Shere @ -

in Fig. PO.7Z With U = ( the beam is balanced. What is the o) 79;, [¢3)
minimum air velocity for which the balance arm will rotate L | z
3 0.3 m ¥ 0.5 m i
clockwise?
}o
FIGURE P9.77

For clockwise relation to start, ZZM, <0
That is 03] 20.54, | where ) =0p, 20U°A, and

"ﬁz = 652'711(7 U:/?z

Ths, L2 Lo |
030,20V A =05C, 20U, A, , or since U=U and A=A,
this gives :
Gy, = 0:6C,, o
-2
Consider the curves in Fig. 925 with £ =0 and % = 1.25 %10
Cp |— o, R ﬁ— <125x0%  Trial and error solvfion to find
A Re so thet £4.0) is satistied,
a4 £ =0 |
Gog
Re
Assume Re = 6x/0" — by, = 0.5 , (p,= O.48 or % =09240.6
. I
Assume Re =8x10" —= 0y =0.5, Cp,, = 0-21 or %iz* =042 +0.6
by

HAssome He= 7x10% —= Q,{zélsJ Cm = 0.33 op %‘3. =066 #O.6

Dy
Uvb _ {(oim) U — ”
» f'%‘_,o—s-g_;f or U"‘" /0;4 f.._.

Thus, Re = 7.1x16*=
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9.78 A 2-in.-diameter sphere weighing 0.14 1b is suspended by
the jet of air shown in Fig. P5.78 and Video V¥3.2. The drag
coefficient for the sphere is (.5. Determine the reading on the
pressure gage if friction and gravity effects can be neglected for
the flow between the pressure gage and the nozzle exit.

Area = 0.6 1t

For equilibrivm, &'=W or

Cs ‘iniéz/? =W, where A =FD°
Thos,

V2= I N D""/‘f]

14
.-.-_[.. 8 (0.14/5) 2] 2=/0/%ff
0,5(0.002335%3})7/~( 725: #) X

Also,
U4 Vel or V= Vo B2 = (or 2t 258

and , ;
Y/ 1 = £ +10U whers p,=0

Thus, z
=72 £o[V,*-V,"] = % (0.00238 %?)[004 #7_(52085]

_'?55’5

03 _ 55 08t
TH> 5

7-68




9.79

9.79  The United Nations Building in New York is approx-
imately 87.5-m wide and 154-m tall. {a) Determine the drag on
this building if the drag coefficient is 1.3 and the wind speed is
a uniform 20 m/s. (b) Repeat your calculations if the velocity
profile against the building is a typical profile for an urban area
(see Problem9,22) and the wind speed halfway up the building

is 20 m/s. : . | l""b"""'I
e - N Th
(a) oﬁ C,2oVUA =13(% )(1 23 K8\ o0 ¥ (fom)(S?sm)T | l
Dﬁ: 4.3/ x/oéN = 43/ MN T777 77777
¥

h=154%m
(b) For an urban area, U=C yM‘

Thus, with U=202 af y=4=77p
we obfa:n

ErLIS 777777

. _ 0.4 .
=Z5a = 3.52 or U=3.52 y with u~¢';l, y~m
The total drag is y= 154

5= (i = G, kou* dA= 406, ((s.52 *F (875) dy

Y=o
154
a@ ,L(/ 23)(1.3) (3. 52)2(875){)/0' d)’ = 867(-7:—{8-—)(/54)]'2 8$17 X/O‘ N
Thus,
=417 MN
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9.80 A regulation football is 6.78 in. in diameter and
weighs 0.91 ib. If its drag coefficient is C;; = 0.2, determine

its deceleration if it has a speed of 20 fi/s at the top of its
trajectory.

. O.9
D=ma , where m=-4 = AL

g " S . f - 00283 slugs
and 5> .
D= C, 4 pU"A = 02 (%)(0.00238 525 ) (20 (5 (£78#°)) = 010299
Thus,aﬁ p |
0.0238 !
= = = 0.84] =
a=m 0.0283 slgs P 55
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9.2l

9.2]  An airplane tows a banner that is b =
0.8 m tall and £ = 25 m long at a speed of 150
km/hr, If the drag coefficient based on the area
blis C, = 0.06, estimate the power required to
tow the banner. Compare the drag force on the
banner with that on a rigid flat plate of the same
size. Which has the larger drag force and why?

P =0, where J=C,5eV°A with A=bl.

Ths, with Gy = 0.06.and U=(150 S2){ i) (~2508) - 4172

this gives
D = (0.06) (4 )(1.23 %)(‘/ﬁ?—?—f(o.Bm)(sz) =53.5x0° W =535 kW

For a rigid flat plate

;D = JU = 25‘0‘2{‘(’1]35} (ﬂ?e facfar of fwo Is ﬂeea/ed /Oec:qwe 7%9
drag coefficient js based on the afmy on one
side of the plafe)

: UL - (#7E)(25m) 7 .
With /?(3‘9-— VT e BE T 7.1%x10° we obtain From

Fig. 915 a valve of Cy=0.0025 for a smodth plafe.
Thus,

2= 2(o. oozs)("-,-‘:) (/‘237";,%) (447250 8m)(2.5m) = 4.4 X 10" W = 4 48 kW

For the Hat plate case the drag is relatively small becavse /1 is
dye eﬂﬁ're//y to shear (viscovs) forces. Duve fo the “flutlering” of the
bamner, a good portion of its drag (and hence power) is a resolf of
pressvre forces . It js nof as streamlined as a rigid 1af plate.

471
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9.83

9.53 The paint stirrer shown in Fig. P9,83 consists of twe ;
circular disks attached to the end of a thin rod that rotates at 80 g in.

rpm. The specxﬁc gravity of the paint is SG = 1.1 and
its viscosity is p = 2 X 107%1b-s/ft*. Estimate the power

< 117% 80 ipm

required to drive the mixer if the induced motion of the liquid

is neglected. _ OLLS in___i O
FIGURE P9. 23
If we neglect the effects of the shatt and rod and consider

the paint to be stationary , then

M=24R | where M= torque forolate shaft

and 5 _ drag on one disk = Cy #pU°A
ﬁ/sa} U= wR and P=power fo rolate shatt = Mw

Thus,
79-—2@9 w = 26 +p(wR) FD'R w

7> 76, pw’R2D* =FCopU D*  where € =56 €yae W

vith R eyl . eoll

where ; y
Z'ﬂ' IR 5*
U= wR = (80585 )( f2in)( 2T rad (15 %6 f}) =353 %
wa have o
Re = J)N 96‘-—;.?55)(1 353-—) (3(:2.19) = /0.5
€= 2 X160~ iéf} ’
3

For a circvlar disk , Cp =11 if Re >10° (see Fig. 9.29)
while Cp=2%% jf Re<l (see Table 9.4) 0

6

For this particolar problem 1<Re=/0.5<10”

Note: If the fow Reynolds nomber resvit (Eg. @) is vahd yp fo fe=/0.5,

then Cy = 3—0-1‘ = /9%

To be on the camem/ai’me side (i.a. maximm power) | i

yse the larger Cp — Cy= 1.9% From Eq, (1)

7 =L (190)(1.1)(1.9% fﬁ’L)(/. 338y T i)
= 0.9428 f* lb

7’ (.0x28 & ”’)(Sscl, ?:f, ) *—"7:73)(/55.6,0

G \S_, Ch =28.4"Re
LN Cp=l1

A}

- ——

] ] i

ol | 0 m‘.-osiffRe
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7.5
9."35 A fishnet consists of 0.10-in,-diameter o0.10-in-dia. cy/i'nder‘
strings tied into squares 4 in. per side. Estimate ) /
the force needed to tow a 15 ft by 30 ft scctlon 4. .
of this net through seawater at 5 ft/s. #in. / / ) /
7 v ~
z / -/ / //
1 section %V
“_
The net can be treated as one long <
0.10 ~ip.~diameter circolar cy//hc/ar wilh

T=C 3 FU A where U= 58 Fach | H section of the net
caﬂfa/ﬂ.r é fe&f of 57’/’//1 ( c/rmaf caam’ the edges fwice). Thes, The
fotal string length is a,o,omxxma/e/y /= [6 H ) (15 H)(30H) = 2700 f
Also, .smce e=1/97 %% and v=1,24 x/o'5 HY (see Table 1.5)

Re = V2

0.19
{5 £y 918 1) =33/0.  Hence, trom Fig. 9.21 that G=1.
1.26X107 {é—

This,
B =0.0(H) (199 58) (s BY( B 1) (270010) = 576 18

ET
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9.3 |

0.6 s

-
04
Strong wind (5 0.3
0.2
0.1

9.2¢ As indicated in Fig. P9.3¢ the orientation of leaves on a
tree is a function of the wind speed, with the tree becoming
“more streamlined” as the wind increases. The resulting drag
coefficient for the tree (based on the frontal area of the tree, HW) Caim wind
as a function of Reynolds number (based on the leaf length, L)
is approximated as shown. Consider a tree with leaves of length
L = (.3 ft. What wind speed will produce a drag on the tree that
is & times greater than the drag on the tee in a 15 ft/s wind?

i?!%:i!" H ‘G

Q ! HEEER RSN B N K
10,600 100,000 1,000,000

Re = pl/Liu
MFIGURE pP9o.fe

4 UL
b= Gn'iL(oU A and Re= e;’,,—
or ) ,
a§= OD '2!,'(0.00239)[} HW = 000119 HW%U )
and s |

_ 0.00239%% U(0.38) _ )

Re = S themr | 219090, where U~ fifs @

Thos, with U =15 fi/s, Re = 1904 (15)= 28,600 so that from Fig. P1.8%

Gy =046 o

A, = 0.0013 HY (0.46)(15)" = 0.123 HW

For the drag 6 time as great off= 64 = 6(0.123 Hw) = 0.738 HiW  ©3)
Ths, from Eqs. (D and (3):

0.738 HW= 0,009 HW G, U

or |

CyU%= 62/ #

Trial and error solvtion®

Hesyme GD 20,3 50 that from ,Eq, ("")J U=V-6-5?--_Z = 45,584 and from E?, (z)
Re =1909 (45.5) = 86,900, Thus, from Fig. PI.8% C,=033#03 the
assumed valve. |

Try again. Assume Cp=0.33— (= #3.4ftfs ~Re =82 900~ Cy = 0.3 40.33

Thy Cy=036—U = #1.6 flls— Re =79 300 —~Cy = 0.3¢

Thus, U= 4416 /s

G- 7+




7.87 9.87 The blimp shown in Fig. P9.87 is used at various athletic
events. It is 128 ft long and has a maximum diameter of 33 fi.
¥ its drag coefficient (based on the frontal area) is 0.060,
estimate the power fequired to propel it {a) at its 35-mph
cruising speed, or (b) at its maximym 55-mph speed.

M FIGURE P9.3%7

P=HU where =6 7pUA
Thos, with I
L= 0.060(3)(000238 st 3) U 7(33 f)*
= 0.06/1 U" Ib, w/wr’e U.‘-'_ fi/s
@) Thus with U=3s 5 (2000 - ) 5 1

L = 0.0811 (51, 3)* */6/ I
so that
P=JU =161l (5}37:’(/5)(}5—0@'6!?) = 15.0hp

(4) S:}n-'iVar/),/} with /=55 mpf)ﬁ 80.7 ﬁ‘/.sj

o =0.0611 (80.7)*= 398 [b
so that
P=fU = 3951 (807 ) (55270) = 5844
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9.88  Show that for level flight at a given speed,
the power required to overcome aerodynamic
drag deereases as the altitude increases, Assume
that the drag coefficient remains constant. This is
one reason why airlines fly at high altitudes.

For Jevel flight &= W where W=ajrplane weight = constant

| and X=C zpUA

If Uis fo remain constant, then G, must increase as o decreaces
(¢.2, altivde increases).

Also, P=dU, whers £=C, #oV*A
or

7= ?E@US/‘? . For constant U Ca, and A, the power decreases
as alfitvde increases ( p decreases),
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9.89 (See Fluidsin the Mews article “Dimpled baseball bats,” Section
9.3.3.) How fast mus{ a 3.5-in.-diameter, dimpled baseball bat move
through the air in order to take advantage of drag reduction produced
by the dimples on the bat. Although there are differences, assume the
bat (a cylinder) acts the same as a golf ball in terms of how the dimples
affect the transition from a laminar to a turbulent boundary layer.

From Fig.9.25  for a qolfball the dimples redvce drag for Re=‘f’-gfg % 4x10*
Thus, assume Re = X107 for the bat so that

Uh _ ¥
-97‘7‘ = #XI0

or
(0.00238 %ﬁ%‘ YU(ZE )

= 4#x/9”
(3.7#x 107 i%';)
Thus,
U=2/64
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9. 90

9.90 (See Fluids in the News article “At 10,240 mpg it doesn’t cost
much to “fll "er up,”” Section 9.3.3.) (a) Determine the power it
takes to overcome aerodynamic drag on a smatl (6 fi2 cross section),
streamlined {Cp = 0.12) vehicle traveling 15 mph. (b) Comi)are the
power calculated in part () with that for a large (36 ft° cross-
sectional area), nonstreamlined {Cp = 0.48) SUV traveling 65
mph on the inferstate,

P = power = Ul where aﬁ?cbi"pvlﬁ

so that
P=¢, 41U
/ N Himi 3
() P=0.12 (£)f000238 %)k/s%) %)J (4 f12)

=g b ! hp _
712 55 (550 H-Ib/.s) = 0.018¢ hp

.3
(b) P = 0.48(%)(0.00238 f%%‘)[(és %)(%)](35 #H2)

- ) H"Ib //719
= g0 11l —
17,800 = (550 /.15 /5 )”32.5‘5;’
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7.4

9.92 A rectangular wing with an aspect ratio of 6 is to generaie
1000 1b of 1ift when it flies at a speed of 200 ft/s. Determine the
length of the wing if its Hft coefficient is 1.0.

ASFecf {‘a\-ﬁ‘o})‘(; b% = C
b/c for f‘@c«iz:mju!ar " b

w;47
7716, /I'Fd‘ coeFhcient 7s ?1‘1}(/’3 éy,

ot
T

L=C, %f'U'zA where A=bc=6C*
I=C L‘U“(gcz)
1000 /b = /.0 (%) o038 Skt ) ( 200 )= (6c=)
Gez=2].0
=1.87 Ft
b=¢le)=¢(1.87F¢)
b= /1.4 Ft
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9434 A Piper Cub airplane has a gross weight of 1750 ib, a
cruising speed of 115 mph, and a wing area of 179 ft®. Determine
~ the lift coefficient of this airplane for these conditions.

For equilibriom X =W=17501b , where X=C, 4pUA
Thos, with U115 mph) B2 2 b

(0 mph)

&
C = - 175015 - 0.2889

‘£ zeUA %(0.00238%5)(/59%&)2(/79#‘) R

945

9.95 A light aircraft with a wing area of 200 ft* and a weight
of 2000 b has a lift coefficient of 0.40 and a drag coefficient
of (.05. Determine the power required to maintain level flight.

For eqz/i//'brium L= W=20000p =(, £pU 4

o

r2000 /b = (0.40) 4 (0.00238 f%?-) Uz(zoo )
Hence,

U= /458

Also, = power =7 U, where
L=C, pr"/) =(0.05)5(0.00238 Szf)(/#s&fl')z(zoa#’): 250 /h

Notei This valve of o3 covld be obtained from
W_#L_C _ O'W*'BJ - ﬂ,%‘l, _2____03.2.&,250/5

=

& o Cp 005 "
hes, fhl 1h
= ‘ ﬁ = #IL ( / =
P =250l (1458 ) = 3.63x10""F (g 1T : ) £5.9 /p
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9.9¢

996 As shown in Video V9.19 and Fig. P9.96, a spoiler is used
on race cars to produce a negative lift, thereby giving a better
tractive force. The Iift coefficient for the airfoil shown is C = 1.1,
and the coefficient of friction between the wheels and the pavement
is 0.6. At a speed of 200 mph, by how much would use of the
spoiler increase the maximum tractive force that could be generated
between the wheels and ground? Assume the air speed past the
spoiler equals the car speed and that the airfoil acts directly over

the drive wheels.
b = spoiler length = 4 fi

i 1.5
Spoiler I {

M FIGURE P92.96

e
oL
Tractive force = K = i A, . W T
where J = coer’f/aenfof friction =0.6 \14—‘ IM=E
Thys, \f;! , HA M=

AF-—/&AM* = B X, where 8F, ic he
increase in racfive force dve 4o the (domnward) //ff
| //ence wn% U= 200mph= 293 H/,

X = A =4 (0.0023¢ %)(2%&) (1.1)(1.58) (#+H) = 6 741§,
and,
ARy = 0.6 (674/b)= 405 [b

q-&1




9.97  The wings of old airplanes are often sawengthened by
the use of wires that provided cross-bracing as shown in
Fig. P997.. If the drag coefficient for the wings was 0.020 (based
on the planform area), determine the ratio of the drag from the
wire bracing to that from the wings.
Speed: 70 mph
Wing area: 148 ft2
Wire: length = 160 ft
diameter = 0.05 in,
® FIGURE P9.97
2
s = [ . .
90;&'!”9 z e wamg A wing
and
=4pU"¢ : 1
Oéuﬁ"e Cowire Puire 2
= =48 . = 0,02

wing  Cp wing A wing
Also, A, = £D= (160#) (2% 1}) = 0.667

4 Wire
and since 888 \, 0.0

v 1.57 x107% 22
From Fig.9.21, wilh Re=2720 we obtain C,=1.0

Hence,

Oﬁulire (1.0)(0.667 %)
oﬁw,',,g T (0.02) (148 1Y) =0.225 , or _gg
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9.9€

-9.9% A wing generates a lift ¥ when moving
through sea-level air with a velocity U. How fast
must the wing move through the air at an altitude
of 10,008 m with the same lift coefficient if it is
to generate the same Hft?

L ‘-“C;.__-g{"evzﬁ so with &,G , and A constant
Z
( PU )Sea level :(evz)zq,oaom

Hence,

_ L .
U _( Coea erel )ZU - f*“-—”%@ )2

10,000m 0 Vsea level 0. %14 ks, Q*eq level
iopo0 M m3
or
Uiq,ooom =172 Q‘ea level
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x (% c) y (% c) wlU

9.9'% Air blows over the flat-bottomed, two-dimensional object 0 o 0
shown in Fig. P9.91. The shape of the object, y = y(x), and the 9.5 372 0.971
fluid speed along the surface, v = u(x), are given in the table, 5.0 530 1932
Determine the Lift coefficient for this object. 75 6.48 1973
' 10 7.43 1.271
20 9.92 1.276
30 11.14 1.295
. .. 40 11.49 1.307
If viscous effects are negligible, then 50 10.45 1308
4 60 9.11 1.195
X = f g cost¥l — { peostdh M 70 6.46 1.065
Jower ypper 80 3.62 0.945
. . 90 1.26 0.856
where from the Bernovlli eyuahm 00 o papos

A @ = A 2,

przpu=ptsol (2)

The effect of almospheric pressore, g, er u

drops ovl when the infegration over RN mﬂw
the entire surface is performed. .

With 8=0on the lower corface and
with cos® dfi = cas € (Pds) =1 dx,
where L= wing span, Egs(l) and (2) give

Tﬁ l\lowef' svrface

L= f[fo + i“p (U™ az)] £ dx "_([ﬁ, +{-(>(I]z- aﬁ)]ﬁdx
lower Ypper
or, since w=Uop the lower sorface

X:=C X=1

L=~ %{’ﬁj(Uz- u*)dx =-;§-9U2£cj[(-§-)z* 1]dx” , whers x= % ()
X=0 x":o

TAVJ:} SInce

G = ’LPi;G; i ’%Fz’f yr it follows from £4.03) that
2
X% 7

’f{u 2 g FIGURE p9.99°
- , | |
= ([ o ST
X’=0’- . E u = UF N i x
* # 2
By using a standard numerical X &Y -1
infegration rovting with the dafa L. ~Foo
: ' 0.050 0.518
given we obtamn 0.050 0.5/8
0./ 00 0.615
= .200 0.5628
6=2.327 owo | o
- 0.400 0.708
0,500 0.7H
0. 600 . %20
0. 700 0.134
p. 800 ~0.107
0.900 ~-0.267
1000 - 0.3%9
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9.76}) A Boeing 747 aircraft weighing 580,000
1b when loaded with fuel and 100 passengers takes.
off with an airspeed of 140 mph. With the same:
configuration (i.e., angle of attack, flap settings,
etc.) what is its takeoff speed if it is loaded with
372 passengers. Assume each passenger with lug-
gage weighs 200 1b.

For steady flight X=C %pUVA=W

Let (), denole conditions with 100 passengers

an ( )3-,2 with 372 passengers . ﬂy_gj with c;mf an,
Broo="Fs72, and oo = Corz £q.0) gives

~%
Zioo _%1 or U, =1 ([580,000 +(372-100) (200118 )
Ls72 Uk e 002 580,000 Ib ’

Thos, U, = /46 mph

¢

with ] = 14omph

19, 102

9.102 Show that for unpowered flight (for which
the htt, drag, and weight forces are in equilib-
rium) the glide slopc angle, 8, is given by
tanf = C,/C,. ' :

For steady unpowered flight Uy
S'F, =0 gives &=Wsin8 e
and
R =0 gves I =Wcoso
Thus,
L _ Wsino & —;’:PU:;QCD Co

7 = Weesg - fan8 | where &=

. _Lp
/‘/eﬂce, tan@ = o

9-85
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9./63
9./63 If the lift coefficient for a Boeing 777 aircraft is 15
times greater than its drag coefficient, can it glide from an al-
titude of 30,000 ft to an airport 80 mi away if it loses power
from its engines? Explain. (See Problem 9./62)
Cp !
From Problem 9.102, tan6= 7" = 75
Hence, - 5 39000ff
39000 _ L op d=45x0%H —d
2 .
= 85.2p/
Hence, the plane can glide 80mi.
_67, 104 9.164  On its final approach to the airport an
airplane flies on a flight path that is 3.0° relative
to the horizontal. What lift-to-drag ratio is needed
if the airplane is to land with its engines idled %
back to zero power? (See Problem 9. /02.)
§=3°

/”/////////1/1/7///

From Problem 9.102,
A '
fan 6 = )

or
Lozt 3°= 00524 % - /9
c, Co

Y4
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9.105

9. /08 Over the years there has been a dramatic increase in
the flight speed (U) and altitude (h), weight (W), and wing
loading (‘W /A = weight divided by wing area) of aircraft. Use
the data given in the table below to determine the lift coeffi- -
cient for each of the aircraft listed.

Aircraft Year W, 1b U,mph ' W/A, Ib/ft*

h, Tt

Wright Flyer 1903 750 35 1.5 0
Douglas DC-3 1935 25,000 180 250 10,000

Douglas DC-6 1947 105,000 315 72.0 15,000
Boeing 747 1970 800,000 570 1500 30000

/. 75 x76°3 | Co4%

sonsi® | #e2 |

747 ] 6’?/)‘/‘74 8'35
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9.10&  The landing speed of an airplane such as the Space
Shuttle is dependent on the air density. (See Video ¥9.1.)
By what percent must the landing speed be increased on a
day when the temperature is 110 deg F compared to a day
when it is 50 deg F? Assume the atmospheric pressure re-
mains constant.

For equalibrivm , I/# = weight, or
-+ pUlCL A=W

Thus, with constant W, C, | andA,
(p v*)_ =T |
U!o" _.:(_Q:‘_? )%.Uso‘

! eno y _
But P =pRT so tha

or

= [/.1176

4 _fﬁ _ (&0/REO) _ (4‘6.0-1—!/0)
e ™ U 1670~ o5

Thus, |
Umo = V/j'i 76 ZL,, =10572 e or a 5.727: increase

J
i

!
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q.407 Commercial airliners normally cruise at relati{feiy
high altitudes (30,000 to 35,000 ft). Discuss how flying at this
high altitude (rather than 10,000 ft, for example) can save fuel
costs,

For level flight W =aircraft we:qfﬂf ==C,4pUA
Ths, for given W, €,  and A the dynamic /Of”é’-ilfﬁf'é’
is constant, independent of altifvde. That /s

Ga000\%
= 4 7% 79,000
“ P 1)0 oooff  ? ¢ v 2 000 §4 7 or gp 200 ( ) 19,000

) (002

Heﬁce go 000 >0, 18,000

Also, since fhe c/l"ﬂy is 8= szﬁ it fa//ﬂw that
/4 = i‘pqu} =Cp fpﬂﬂ) smce %p Jgoﬂﬂ ='£€p;zgaaﬂ

J0000 D 30,000 10,000

Hence, the aircrar! can fly faster af high alfitsded with the

same amom:‘ 0{. 0{1‘ ag ( a%m = Oggoaa)
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9.] 89 For many years, hitters have claimed that some baseball
pitchers have the ability to actually throw a rising fastball.
Assuming that a top major leaguer pitcher can throw a 95-mph
pitch and impart a 1800-rpm spin to the ball, is it possible for
the ball to actually rise? Assume the baseball diameter is 2.9 in.

and its weight is 5.25 oz.

If the liff pr odut,ed on the spimning ball is greater than its weight he

ball will rise.

Z=C 7eUA
where C, is a fonction of
as shoun in Fig. 7.39.

Thus, with y
wbh _ (/38 L )(
2T 2 (13‘? H’/.SJ

C; = 0.04

wD

garr—a—

2U

?41)

=0.163

Hence, for the given conditions

L =0. 04 )10 00238 sgf)( 139 -§-’f)"

X{%‘(%’H) = 0,0422 Ib
so that

TL=0.0%22/h < W=0328/b
The ball will pot rise.

Note * The above result is based

on smooth-sphere data, The resvls
for a haseball (with its rovgh surface
containing seams) will probably

qive 4 somewhal /a er it} because
for a given angw’an velocrly it can
‘drag” more air along as 1t spins.

w=]800rpm
=188 %i/ -_‘gqumph
=139 £1/s

W=5.250z =0,328 b

o8

® FIGURE 9.39 Lsftand
coefficients for a spinning smm

sphere (Ref. 23).
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9.110

9.1/¢ (See “Learning from nature,” Section 9.4.1.) As
indicated in Fig. P9.110, birds can significantly alter their
body shape and increase their planform area, A, by spreading
their wing and tail feathers, thereby reducing their flight
speed. If during landing the planform area is increased by
50% and the lift coefficient increased by 30% while all other
parameters are held constant, by what percent is the flight speed
reduced?

BFIGURE P91

X=C3eU#A |
Let (), denote landing conditions and (), denote normal flight conditions.
Thus, with & =&,

CL, (DU A bizngﬂﬁz

A 1[C.. 1 A
U UV’ b = W4 V@
V CLZ a jugﬂg }SZ'ZI

@z&Wéw
Hence,
U-U

ZU =0,716-] =-0,294
i

le, a 28,4 7, redvction in f/iq/ﬂt speed
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q.///

9,111 (See Fluids in the News article “Why winglets?,” Section

9.42) It is estimaied that by installing approprizwly. desipied
witiglets on a certain airplarie the dtag coefiicient will be teduced ..
by 5%. For the sare engine tivust; by whiit percent will the aircraft
speed be increased by use of the winglets?

Let (), denole without winglets and ( ), with winglets.

Thus, since drag equals thrust and Thrus , = thrust 2, i1 follows
that

A =d

or

G, 30U A =C, 10U, A,

so thal with A=A,

Cor ulle
U=Ul= =V __ =02
. 2 {) ng_ [ 0-9565‘, 60 'U,
Thus a 2.607, increase in speed is rea lized.

9-92




9.1/2_]

9.1/  Boundary Layer on a Flat Plate

Objective: A boundary layer is formed on a flat plate when air blows past the plate. The
thickness, &, of the boundary layer increases with distance, x, from the leading edge of the

plate. The purpose of this experiment is 10 use an apparatus, as shown in Fig. P9.112, to mea-
sure the boundary layer thickness.

Equipment: Wind tunnel; flat plate; boundary layer mouse consisting of ten Pitot tubes
positioned at various heights, v, above the flat plate; inclined multiple manometer; measur-
ing calipers; barometer, thermometer. '

Experimental Procedure: Position the tips of the Pitot tubes of the boundary layer
mouse a known distance, x, downstream from the leading edge of the plate. Use calipers to
determine the distance, y, between each Pitot tube and the plate. Fasten the tubing from each
Pitot tube to the inclined multiple manometer and determine the angle of inclination, 8, of
the manometer board. Adjust the wind tunnel speed, U, to the desired value and record the
manometer readings, L. Move the boundary layer mouse to a new distance, x, downstream
from the leading edge of the plate and repeat the measurements. Record the barometer read-
ing, Hy,, in inches of mercury and the air temperature, 7, so that the air density can be cal-
culated by use of the perfect gas law.

Calculations: For each distance, x, from the leading edge, use the manometer data to de-
termine the air speed, u, as a function of distance, y, above the plate (see Eq. 3.13). That is,
obtain u = u(y) at various x locations. Note that both the wind tunnel test section and the
open end of the manometer tubes are at atmospheric pressure,

Graph: Plot speed, 1, as ordinates and distance from the plate, y, as abscissas for each
location, x, tested,

Results:  Use the u = u(y) results to determine the approximate boundary layer thickness
as a function of distance, & = 8(x). Plot a graph of boundary layer thickness as a function
of distance from the leading edge. Note that the air flow within the wind tunnel is guite tur-
bulent so that the measured boundary layer thickness is not expected to match the theoreti-
cal laminar boundary layer thickness given by the Blassius solution (see Eq. 9.15).

Data: To proceed, print this page for reference when you work the problem and click rere
to bring up an EXCEL page with the data for this problem.

Flat plate

inclined manometer

Aok B FIGURE P9.19a

(con’t)
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7.1 | (con’t)

0.620
0.035
0.044
0.060
6.096
0110
0.138
0.178
0.230
0.270

pu/2 = Y0’L SING
where
P = Pun/RT where

Thus, p = 0.00222

0, deg Hairm, 0. Hg

25 29.09

y, in. L, in
Dataforx=7.75in.

0.620 0.20
0.035 0.35
0.044 0.48
0.080 0.70
0.096 0.95
0.110 1.06
0.138 1.21
0.178 1.44
0.230 1.70
0.270 1.85

Data forx = 5.75in.

0.20
0.42
0.50
0.71
0.98
1.06
1.30
1.54
1.76
1.88

slug/ft"3

X, in.
1.75
3.75

575
7.95

T, deg F YH20: b/ft"3
80 62.4
u, ft's y, in. L, in.
Data forx=3.75 in.
19.9 0.020 0.15
26.3 0.035 0.35
30.8 0.044 0.45
37.2 0.060 0.71
434 0.098 1.20
458 0.110 1.30
489 0.138 1.66
53.4 0.178 1.77
58.0 0.230 1.95
60.5 0.270 2.00 -
Dataforx=1.75in.
19.9 0.020 0.20
28.8 0.035 0.50
315 0.044 0.68
37.5 0.080 0.80
44.0 0.0986 1.51
458 0.110 1.70
50.7 0.138 1.90
55.2 0.178 1.95
58.0 0.230 2.00
61.0 0.270 2.00

8, in.
0.15
0.20
0.27
0.30

Solution for Problem 9.1{3: Boundary Layer on a Flat Plate

Pawn = Yuzo Ham = 847 Ib/ft"3*%(29.09/12 ft) = 2053 Ib/ft"2
R = 1716 ft ib/siug deg R
T =80+460=540degR

Approximate boundary layer thickness as obtained from the graph:

(con’t)

u, fi's

17.2
26.3
20.8
375
48.7
50.7
55.6
59.2
62.1
62.9

19.9
31.5
36.7
42.2
547
58.0
61.3
621
62.9
62.9
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2./12 | (con’t)

0.05 ~

0.00

Problem 9.1{32
Velocity, u, vs Distance, y
0.30
0.25 /f?
0.20 -

ﬂ /‘ —x = 775 in.
= ~g@—X =575 in,
= 0.15 st f ~4—x =3.75in.

—@—x = 1.75in.
0.10 ”
0.05
0.00
0 60 80
u, ft/'s
Problem 8.1i2
Boundary Layer thickness, &,
_ vs
Distance from Leading Edge, x
0.35 l
0.30 - ' >
0.25 |
// + Approximate boundary layer
= 0.20 . thickness
. / Best fit power-law curve
© o 0.112°%
6=0. X
0.10 4
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9.1i3

91}2  Pressure Distribution on a Circular Cylinder

Objective: Viscous effect within the boundary layer on a circular cylinder cause bound-
ary layer separation, thereby causing the pressure distribution on the rear half of the cylin-
der to be different than that on the front half. The purpose of this experiment is to use an ap-
paratus, as shown in Fig. P9.143, to determine the pressure distribution on a circular cylinder,

Equipment: Wind tunnel; circular cylinder with 18 static pressure taps arranged equally
from the front to the back of the cylinder; inclined multiple manometer; barometer;
thermometer.

Experimental Procedure: Mount the circular cylinder in the wind tunnel so that a sta-
tic pressure tap points directly upstream. Measure the angle, B, of the inclined manometer.
Adjust the wind tunnel fan speed to give the desired free stream speed, U, in the test sec-
tion. Attach the tubes from the static pressure taps to the multiple manometer and record the
manometer readings, L, as a function of angular position, 8. Record the barometer reading,
Hy,,, in inches of mercury and the air temperature, T, so that the air density can be calcu-
lated by use of the perfect gas law,

Calculations: Use the data to determine the pressure coefficient, C, = {p — po)/(p U2/2),
as a function of position, 8, Here py = O is the static pressure upstream of the cylinder in
the free stream of the wind tunnel, and p = ¥,,L sinf3 is the pressure on the surface of the
cylinder.

Graph: Plot the pressure coefficient, C,, as ordinates and the angular location, 6, as
abscissas.

Results: On the same graph, plot the theoretical pressure coefficient, C, = 1 — 4 sin’@,
obtained from ideal (inviscid) theory (see Secticn 6.6.3).

Data: To proceed, print this page for reference when you work the problem and cliek here
to bring up an EXCEL page with the data for this problem,

Static pressure tap

Inclined manometer

Cyiinder/

Water ' W FIGURE PS.1173

(con’t)
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9.1i3 | (con’t)

Solution for Problem 9.1)3: Pressure Distribution on a Circular Cylinder

B, deg Ham in.Hg T, ,degF U fUs

25 29.97 75 47.9
Experiment Theory
8, deg L, in. p, b/fth2 C, G,
0 1.2 2.64 1.00 1.00
10 1.1 2.42 0.92 0.88
20 07 1.54 0.58 0.53
30 01 .22 0.08 0.00
40 -0.6 -1.32 -0.50 -0.65
50 -1.6 -3.52 -1.33 -1.35
60 2.4 -5.27 -2.00 -2.00
70 -3.1 -5.81 -2.58 -2.53
80 -3.0 -5.59 -2.50 -2.88
80 2.7 -5.93 -2.25 -3.00
100 -2.7 -5.93 -2.25 -2.88
110 -2.6 -5.71 -2.17 -2.53
120 2.6 -5.71 -2.17 -2.00
130 -2.6 -5.71 -2.17 -1.35
140 -2.6 -5.71 247 -0.65
150 -2.8 -5.71 -2.17 6.00
160 -27 -5.93 -2.25 0.53
170 . -2.7 -5.93 -2.25 0.88
180 -2.8 -5.15 -2.33 1.00

P = Yo™L SN

P = Pan/RT where
Patm = YHg Hatm = 847 1b/ft"3%(29.97/12 ft) = 2115 |b/ft"2
R=1716 ft Ib/slug deg R
T=75+460=535degR

Thus, p = 0.00230 slug/fth3

C, = p/pU?r2)

Theory: C,=1-4sin’g

(con’t)
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9.713 | (cop’t)

| Problem 9.1i3
Pressure Coefficient, C, vs Angle, 0

1.0

/

+ Experimental

y 1.0
o -l | —— Theoretical (inviscid
15 | flow)
-2.0
s+*7** %40

2.5 — X /
-3.0

0 30 60 90 120 150 180
0, deg
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