*Q.s :

P = —5kN/m2

*9.3 “ Thﬁ: pressure distribution on the 1-m-diameter circular
?hjlskd“?sk Fig. P9.3 is given in the table. Determine the drag on
he disk. |

D
z

-~
-

o= (f””q "ff‘/’g =( plerrdr) — g, ZD? sirce df = 27rdr
i 2 0

Thos, o, os

ol = 277‘( rr dr - (‘5%)'3(//»1) '-'-'ZW{?O/‘ dr + 3.93 kN
° * where P %) r~m
Evalvate the infegral numerjcall y Using the folowing infegrand:

?lc’_\ﬁ

rom £, kN/m _ r(m) p (kKN/m?)
0 ) 0 4.34
0.05 0.2/4 - 005 , 4.28
0.10 0.406 | gig o
0./5 0.558 0'20 3'10
0.20 0.62.0 0.25 278
0.25 0.695 0.30 237
0.30 0.711 0.35 1.89
0.35 0.662. 0.40 1.41
0.40 0.564 0.45 0.74
0.4s 0-333 - 0.50 0.0
0.50 0.000 : —

l/s/ﬂf; a standard nvmerical infegration technigue with the above
integrand gives of = 5.43 kN
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9.4 A 0.10 m-diameter circular cylinder moves through air AN - -
with a speed U. The pressure distribution on the cylinder’s 1
surface is approximated by the three straight line segments 0 ; 6, deg
shown in Fig. P9.4. Determine the drag coefficient on the | 20\ 40 60 80 100 120 140 160 180
cylinder. Neglect shear forces. Tt | IR R TR —
: z
< -2

-3}~

-4

-5

-6

BFIGURE P9.4
,2;79.—: Spbrcose de =brf)0cased9

¥
O:qo = zbrfp cos6 do ;U_’_.

=0

Break up the infegration inty the following
three segments:

) 0<6=<70'=/222red where
p£=-73904+3 ;A,,Lz , Where 6~rad.
ie. f/ =3 and ﬂ] =-6
g=0 @=.222
2) 7o°$f5100° or [222<@ < | 745 rad wheré
p=8596-/6.5 Y here §~rad

m* .,
9=1.222 o). 745
and
3)100°<p=/80° or 1.745<0<3./% rad where
ﬁ ==/ ‘,g::
T/)VJ; J 100° [go‘

dA=brde
b =/ength

70
4 =zbr[ffcasﬁd0 +f p cos6 de +ffaar9d‘9] =2br[I, +L+1] ©
0 0’ °

7 100
where

(con't)
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(con't)
1,212 L.222
I = j(" 7396 +3) cos® do =[—7.39(cas¢9 +0 5in6) +3 5inB\ =-0, 79/
Cl74s © 1745
Ifj (8.596 - /6.5) 056 do =[ 8.59(cosO +6 sin8 - 16.5 siy 9]: -0.260
1222 1,222
and 3.4 prid
I= £(~/.5) cos@ df = ~/.5 siﬂé} = L477
1,745 1745
Hence,
o) =2brfo7a1 -0.260 +1477] = 0.852 br
or with
o 0.852br _  p.426

% =i’—pU‘W ~ feuizbr) T Lo?D®

Ny
But the pressvre at 6=0, the stagnation poinf, /s 3 m>.
Thus, +pU =3 ,—,,A/'z so that

C 0.424

-

b - _—3-——' = 00/#2




9.5

9.5 Repeat Problem 9.1 if the object is a cone made by rotating
the triangle A -B-C about the horizontal axis A ~C rather than
the wedge-shaped bar.

dA=2mr

— #as = (0.2)1U"

o0 = 4pU*AC, where Gy=0.5 and A= (0.3¢) = 0.097c>
Also,
=P A "“JP& sin@ dA where dA=2Trdx=2m(xsjn6)dx

; '@nc e, X=0.3¢/5/p6

b= -(-02) 400 (0.097¢2) + [ Ay, sin6 [27(x sin6)dlt]
X=0

or with fg. = average pﬁgssqre = constant ,’f:%, g ?}S?:;omes

0 =(02)£pU(009Tc?) + gy, sir'8 (27) | x dx

Xco
= (0.2)% pU(0.097¢*) + flg. sin*8 (27)(0.36/5in6) "/
or

J=|(002pU"+ g5 ](00f 7c?)

By combining Eqs. (1) and (3 we objaind

£ pU%(0.097c?) (0.5) =[(0.2)4pU* v ] (0.09 7 c?)
which gives |

o= (037 V"

(n

@

(3)




9.1

9.1 The wedge-shaped bar shown in Fig. P9.1 moves through a v > ﬂ ¢ A
fluid with its top (surface A -C) parallel to the free stream. The c

drag coefficient is 0.5 and the pressure on the base (surface , 03¢

A-B) is less than the free stream pressure by an amount equal to
20% of the dynamic pressure. Viscous effects are negligible, ‘
Determine the average pressure on surface B—C, BFIGURE P9.1

(a)

oﬁ':::,fpl/‘/—]’CD where A=Ay and'CD-’-D.S

2
Also, oJ = “fas /}ﬂg * Pac Ase sinb where s =(—0,2.)—2va
a”d /7’3(_' = /4,45 /Slha
Hence,
2 o 2
= (-0.2)7pV Apg *f, g%q—% sind =2V Ayg (0.5)
or

(02)30U" 44, =(0.)%pU* or g, =(03) 40V

9-1




9.2 |

Pave = — 1.2 kN/m?

- Tave = 5.8 x 10~2 kN/m?
9.2 The average pressure and shear stress acting on the surface

of the 1-m-square flat plate are as indicated in Fig. P9.2. U
Determine the lift and drag generated. Determine the lift and drag ————>
if the shear stress is neglected. Compare these two sets of results,

Pave = 2.3 kN/m?
Tave = 7.6 X 1072 kN/m?2

BFIGURE P9.2

Since SpI=freh and (T dA =20 A it follows that

L= -p A sina to, A, sind T A, cos + A, cosat

or with A=A, = Im* and « = 76; '

oJ= A sina (p,-p) +A) cosa (T +7;)
= (n*)sin7*(2.3~(~1.2)) % +(1n*) cos 7°(s.0x10%+ 24x157%) KK
=0.427 kN +0.133 kN = 0.560 kN

Note, if shear stress is neglected —ofJ =.0.42 7kN (e, T =7 =0)

/q/so, L= "ﬂ/’z cosX * 0, A, cosox = TA sina -G Ay sind
%E:: 46050((/’:."/0;)"/4, sina (T +%)

=(Im*)cos7°(2.3-(-1.2)) R4 — (|m*) 51 7° (5:8010%+ 26x/57%) kY,
= 3.47 kN — 0.0/63 kN =:3.9<5 kN

Note, if shear stress is neglected X'= 3.47 kN

Note: If the general expressions o = { P cos® dff + (7 sindA

and X=-(p sin0dp +{ T cos8 dA are use , be careful aboot
the Sighs jnvolved. On the Yoper surface

0,=97° and p and U, are positive as indjcated ?_\w~\’)9‘:9 7°
in the figure.  On the lower surface 6,=277°
and p and Y, are positive as indicated in the
/awe/‘)of/ypreu ?‘;'\f\
For example, with this notation <0 on the lower sordsce. (71— _
L =—(-12 %)s;b??o(/m") ~(2.3 %)31})2777//»") 0, =277°
+(S5.8x10* % ) cos 97°(Im?) +-76 X/o'z-f%) cos277°(Im*)
= 3.45 kN , as oblained ahove. |




9.6

9.6 A 5-ft-long porpoise swims with a speed
of 30 ft/s. Would a boundary layer type flow be
developed along the sides of the animal? Explain.

Re= ,or Wlf/)j éf;‘ U= 30)(‘_14”6{1/_/.2/,‘/05{{1
(¢ e, 60Fu/a7‘e/~)

Re = I-(fl—%)%gl = [,24x/0°  This Reyﬂo/«/s nemberis_arge

enovgh_fo %/76‘4//‘6’ boundary layer
ﬂa‘_ﬂ_; (Re 21000 js often assumed
to be the lower limii.)

Q-7




97 Typical values of the Reynolds number for various an- __Animal | Speed 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 20 m/s 300,000
cous effects dominate? For which cases would the flow be lam- (c) large dragonfly 7 m/s 30,000
inar; turbulent? Explain. (d) invertebrate larva I mm/s 03
. . (e) bacterium 0.01 mm/s 0.00003

Inertia important if Rex/ (i.e whale, duck, dragenfly)
Viscous effects dominate if Resl (i.e larva , baclerivm)

Boundany layer flow becomes fyrbvlent for Re on e
| order of 1040 /0 (/.e, whale and perhaps the dyck)
The flow woold be laminar for the dragonfly, larva, and
bacterivm and perhaps the duck.
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9.9 Approximately 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
~ smokestack.

Re=S2 <l or U<K if viscass effects are fo be important
i‘hroyzbouf the flow.

For standard air 2/ =457x15% £

Thys,
i
L57XI0
Us<——5——, where D is the diameter in feet.
object [ D, f | U, &
twiq 2.08X0% 7.54x107°
hair 333x/07 0.47/
Smokestack | 6 2.62x10°
9-9
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9.0 A viscous fluid flows past a flat plate such
that the boundary layer 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 Jaminar flow § =CVX | where C is a constant,
Thus
g 12x16°m

(S = V ~ 6~
( = i — -— O, 0/05 6 0. ()105 X WbEI‘f X m m
,v-—-'v = I" -— O/ A )

X,m | & m |6 mm
0.2 | 0.ooxm| 470

2.0 0.0/48 /14 8
20.0 0.0470 | 470

9./

9.11  If the upstream velocity of the flow in
Problem 9.10is U = 1.5 m/s, determine the ki-
nematic viscosity of the fluid.

| vx_ vd*
For laminar flow d=5 ,or ¥ =55

Thus,
V=

(1.52)(12x15°m)"
25 (1.3m)

2
=6.45 X/o’éﬁé’l’-

9- 10




7./2

9.12  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 distances of x = 1.5m and x = 15 m -
from the leading edge.

From the Blasivs solvtion for bovndary layer flow on a flaf plate,
w=U fiy) , where n, the similarity variable, is

n= )']/7/%— . Valves of f1n) are given in Tabla 9./

.. 0.028) (15m) 5 .
Since Rey = tix ST axgtmE = 2:68x10° s Jess than the

critical Rey,, = 5x/|05; it Follows that fhe bovndary layer flow is laminar.

At X=1.5m and y = 19010°m_we obtajn:
_ -3 028 = 1.0/
}7"‘(/0)('/0 M)‘/(/nlz)(/o.‘-gf) (.5m) /.09,
Linear interpolation from Table 4.1 gives:

’ 0.3938 - 0.2647)

Hence,
U, =Ufn) =(0.022)(0.359) = 0.00718 2

m——

Similarly, at X, = 15m and }/,=/0X/0'?m we oblain
-3 0.02.5 _
N, = (10x19"m) (LIZXITEmE) 15,y = 0:3%5

Linear infarpa/m‘im from Table 9./ grves’

/_ (0.1328 -0.0) ,
f'= 00 + (0807 (0345 -00) =0, /145
Hence,

U, <U f /(i;z) =(0.02 2 )0.1145) = 0.00229 £
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9.13* | (con¥

Also, fhe mementum  thickness , @, /s
o.owam

& = ‘(U(l""_ )dy = 4%‘§V—"(l %941 h ) dy

y=o
Nomerical integration of the tabulated data gives @ = 2.23x0m

F—

Y, m (1-#9¢1n) Vi (1-494F)
0 / 0

0.002] 0.49/ 0.0506
0.0043 0.282 0.0410
0.0064 0.210 0.0335
0.0107 0.109 0.0197
0.0150 0.051] 0. 0098/
0.0193 0.0194 0. 00386
0.0236 0. 00584 0.00/18
0.0268 0 0
0.0293 0 0
0.0327 ‘ 0 0
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9.13%

%9.13 A Pitot tube connected to a water-filled U-tube ma-
nometer is used to measure the total pressure within a boundary
layer. Based on the data given in the table below, determine the

boundary layer thickness, 8, the displacement thickness, &*, and
the momentum thickness, ©.

From the Bernodlli egvation , with

Pd n << PH;O I.* {OI/OW-S Um‘l’ | m——
T
Vi=t, =0, £=0, and p,=¥,,h 43 211

107 32.5

T/ws / 2 dfqo }/2@800 5 hm 159 %9
123 2, 258 e

29.3 41.0

a /126.2 , Where h~m, u~2 327 410

For Y >26.8mm we see that h=4/.0mm

Thus, U =1/26.2(0.0%) = 25.55 %

For y=23.6mm, u=126.2 [(0.0405)
=25402

25,40 -

- 2L 55 = 0.994

Thus, &= 23.6mm

or

]

“
U

%

The displacement sf/w'c/mess , 6, s
6‘-’-';§(’ ""Uq")c/y or since

126.2VK
w _ J26.2fh _ %74]//7 this becomes

U ~ 2553

x 0.0268 m

3= ((1-29410") dy
y=0

Nomerical integration of the tabulated data gives &= 418x10°m

(con’t)
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9.14  Because of the velocity deficit, U — u,
in the boundary layer, the streamlines for flow ,
past a flat plate are not exactly parallel to the v= ¥ 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. P9.14, plot the
streamline A-B that passes through the edge of
the boundary layer (y = dyatx = () at point B.

sume laminar boundary layer flow.

ve _ (18)(4m)

layer flow remains laminar along the entire flz//afe. Hence,
iy ) M"”J -

§ = 5 "%{‘ or 6855[ I = 0.0382.m

a—

S
The flowrate carried by the actval boundary
layer is by definition equal fo that carried by v
a vniform velocity with the plafe displaced
by an amomt 8" Since there is no flow S|
throvgh the plate or streamline A-8, L

Q,q =QB, or U){q = (63“J;)U
where J‘=/«7.Zl zX L
or 4 [ (146 x/o‘s-g”—’f)(t/m)J >,

$g =172 ra = 0.0/1315 m
S

T/“/S) ? ]
Yo = JB _JB = 0.0382m -0.0/13/5m = Q,025)m

Hence, for any x-location :
Qs=Q or V};q=U()/',‘J')' m—p
O y=y g’y +1720 = _

-5m’
=0,025Imt /72 [ (’“"‘;’; )X 'ﬂ]

0.04

That is, plot y = y(x) for streamline A-B. As- FIGURE P9.14

' = _ 5 S
Since Rel—“;f‘— Vel 2.74x10"< 5X10° the boundary

6‘
—q-—-
n
streamline
I
y

0.035 {—

0.03 1

0.025 ="

. £ oo
g > 0.015
0.01

0.005

0

1 x,m 2 3

J-1#
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9.15  Air enters a square duct through a 1-ft
opening as is shown in Fig. P9.15. 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 a function of x for 0 < x < 10 ftif Uis to

remain constant. Assume laminar flow.

For incompressible flow Qo = @) where @, = flowrate into the dyet

and

Thus,

Qo"U(d“ZJ‘)Z or c/=/ff+2cf') 0

Q)= UA, where A=(d -28") s the effectiye area of the
dvet (allowing for the decreased flowrate jp the
boundary layer),

_,; FIGURE P9.15

=VA=CH0fY=2 &

W/78/‘e ‘ i _y‘ﬂl . Jé
§¥= /.72/]/"1‘/17)'(— =/72/ [{/'57;/0-&* )X = 0,0/52Yx 1, where x~ft

Hence, from £q,(1)
d= |+0.,0304 X ft
For example | d=1 #f at x=0

S

and d= 1096 ff af x=Joft,

1.10

dvsx

1.08

1.06

_—

& —

1.02 -2

1.00

0.98

x, ft

9-/15




9.76

9.16 A smooth, flat plate of length £ = 6 m and width b=4m
is placed in water with an upstream velocity of U = (.5 m/s.
Determine the boundary layer thickness and the wall shear stress
at the center and the trailing edge of the plate. Assume a laminar
boundary layer.

0% ‘
(Lizx10 * %) X

: , .
6'*':5 %X_=5 = Z48x/0 VT”’; where X~m

o5
and e ooa k8 N 10y 3 NS
3 [ ' Yo [ (999-55)(1.12%10° 53
?;=O.332U4 erﬂr=0.332-(0'5f§m) 1/( m3 (X m )

O{[{;—? 7,,/'-/1 y Where X~m

, =3
Thus, at x=3m &=748x10")& = g.o130m

_ 0.124 6 N
[ o il

while ot X =6m §=7.48x/57V8 = 0.0183 m

0,124 N
7"('/:: Vé—' = 0.0506 mg

——

9-16
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9.17

9.17  An atmospheric boundary layer is formed

when the wind blows over the earth’s surface.

Typically, such velocity profiles can be written as . u ~ Y040
a power law: u = ay", where the constants ¢ and . )
~n depend on the roughness of the terrain. As is
indicated in Fig. P9.17, typical values are n =
0.40 for urban areas, n = 0.28 for woodland or
suburban areas, and n = 0.16 for flat open coun-
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)? 0 A
(b) If the average velocity is 10 mph on the tenth FIGURE P9.17
floor of an urban building, what is the average T
velocity on the sixtieth floor?

450}

E 300}

-

(a) u=¢C yo"é , where Cjs a conslant

T/,”S, u vy (016 0.16
2 _ (Y _ o £t [30ftY
—u—l' = (__)_/‘g_) or U,=20-% —7;7.7) = 27._6 —f—st

b) u=¢C y°'4 , where T js a constant

Thus, y, ;.X&O.‘IO 0 ¥
U w5 o wmromh(45) < 20z

—

U~y

0.16
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vé 0

9.18 A 30-story office building (each story is 12 ft tall) is
“built in a suburban industrial park. Plot the dynamic pressure,
" pu*/2, as a function of elevation if the wind blows at hurricane

strength (75 mph) at the top of the building. Use the atmospheric
boundary layer information of Problem 9.17.

From Fig. P3.17 the boundary layer velocity profile is given by
wu "~ yo'ze y or u=_C yo.ze) where C is a constant.

0.28
88 =108t
Thos, __L%. =(—)>/Ii—) ___y_,;s'zsmpi{f—é—g-”mp) L
or y 0.28
u= //0(5(,?) éi where y~H :
| a o _
fenae, L eape s a|pms
2 _ -3¢ f o o =
4 ou*=%(2.38x10 T%)[”O(za—a‘)zt} 20
or 0.56 77777% 977.

, 77
':lif’uz'_‘/%q '3%?)') ‘i‘?‘z s where y~ft

This is p/affeé’ /;7/73 figure below.

y vs pu’/2

400

350 7/

300 //
250
= /
- 200
= 200
150 //
100 |

=
50 : '/

0 5 10 15
pu’l2, Ibift?
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7.19

9.19  The typical shape of small cumulous
clouds is as indicated in Fig. P9.19. Based on
boundary layer ideas, explain why it is clear that
the wind is blowing from right to left as indicated.

FIGURE P9.19

As indicated in F}g P2.17, becavse of the atmespheric boundary
layer the velocity of the u//m/ generally increases with alfivde. 7%;«
the top portions of a clovd travels faster thap its base — the clovds
tend to “tip” toward the direction of the wind. That i is, the wind
is from right to leff.

450 f

E 300}
SR«

150 f-f

0 il
BFIGURE P9.17
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9.20

9.20 Show that for any function f= f(n) the velocity
components  and v determined by Eqgs. 9.12 and 9.13 satisfy
the incompressible continuity equation, Eg. 9.8.

l/ /
Given wu=Uftp , V= '%,1(/—)2(}7 fon - fom)

Wb@l‘e )]:.:r (.;/%_)'/3', and ( )I = adg
Show that %ﬁ% +%—}!‘ =0 for any f(n).

o o dt an o __ Uty -%
%,%=U'5;-U'd7 W, where Sx == J— X
Thys %
Y ? 2 % UAAZ. {‘I/
U __ / _lT = - —w———l———-
s =Uf [z'%/‘éx 4] 2x% y% @
and

% ‘.
9 = (50 [2 wnin 3 -2 2]

(BB 1]

#x /
%5 vy ‘ U Yz
=(F It where = (F
Hence, P L 2,
2 iy U Y2 U“yf
%‘(%ji(?%‘)yf (77)? = oaE e (2)

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

x +%'L =0 for any fonction f(}).
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9.21  Show that by writing the velocity in terms
of the similarity variable 5 and the function f(n)
the momentum equation for bound: ary layer flow
on a flat plate (Eq. 9.9) can be written as the
ordinary differential equation given by Eq. 9.14.

7he gwemmg eqvations are
%X' + ;— 0 and )

a}é—- +V 1/%:%_ (2

Consider U= Uf/)?) and v= (4)() (7 F=f) where ()= 37, (2.1)

and 7= (7‘) 4
TﬁI/S ))?‘ y_‘ X z=__ _)7% and g_)_)}_:_v—gx"lz/ (2)
S0 7‘/7a1‘ , -

W= g (UF) = -vd - g Uy ®
a”d 2 V/4 -1
= (B0 0 F - 0 = (2P (nd"+£- £V = (22 oy £V %
0 Vi (5)
;%fw‘-%‘?zf

Thus, by vsing Egs. (X and (5) we see Hhat Fqll) s satistied for
any funcf/m f(n).

/)/30, - #3517 () o @
P=GEV Y () 1= 4 »

Thus, 6 y vsing Egs. (2.1),(6), and (7) with £7. (2] we obtain

(VL) (R -
which Sll’lp/t’ fies fo ¢ :

From Eq.(2.1) the boundary cw)d;imﬂs at y=0 (i.e. =0) becams
u=0=Uft) and v=0=(LL)% (0 fln-f(o)
Thatis, f(0)=0 and f(o)=0

Similarly, as y—> 0 (i.e, h)—) we require u—U, Ths, from

57(2/) f""/asi .

r— |

9-21
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9.22  An airplane flies 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 105, 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 :

X ‘ _5g7 it
@ Re,, = Uycr’ where yzlfoompl,(%ggrs) 52,3?#) =587 4

-7
] 3.534X/0 " “f7
7- C" = e o - SR
and from able s V=7 1756 x 163 slug.

S

| F¥ f1*
| ‘ . =2.01x0 " 1
/Veﬂce, with /?excr= 5x/0”,

- 2'
/4 R%r _ (z.olx/a“l;i)(.fx;os)

v 587 ff

S

Xer = = 0.7/ #

At sea-level:
(b) ReXc,-: U’!/Xc:rJ where U=4OOMP/2(3I}"' ) 5280#)__:587%

6008 mi
_ 2
and 7 =/57x]0 lff’;—t

Hence, —y 4% 5
Xop = LBeer _ (L5700 )(500%) _ o o
cr U 587 & ==

The |aminar bosndary layer occupies the first 01344 of the
wing at sea level and (from part (a) above) the first 0,17/ f
at an altifvde of | 0,000 1. Th;s is dye /774/'/14/ to the Jower dc/}.r//}'

(larger kinematic. viscosity ). The dynamic viscosities are approxmately
the same.

9-a&




7. 77

8.24 A laminar boundary layer velocity profile is approxi-
mated by u/U = (2 — (y/8)](y/8) for y=26, and u = U for
y > 6. (a) Show that this profile satisfies the appropriate bound-
ary conditions. (b) Use the momentum integral equation to de-
termine the boundary layer thickness, & = o(x).

(a) —vr@'=g(7)=2Y—~Y1 where Y = y/4
Ths, G| <0 asif most, %] _ 51 121 o u=Uaty=4

)’;0 ’ y=

as 11 must.,

Also, 4&=T[2 -2L] 5o that -z—’,%/; 7[2-2]=0
y=

(b) From the momentym integral oqvation,

/
4= —%%-% , Where C, = g; (1-2)dY apd ¢, = j%/w
77}V:, , /
6= [ GY-Y*)(1-2Y+T*) AT = [(2Y -sT*447°-7*)dY

2

— | -5 -L - 2
=/ :9’*/ 5 75

and
C, = (2 —ZY[ =2

so that I

2(2)7x _ [309x
§= Zy VT
I\S: Tx
Hence, with Re, = Z% |
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9.25
file is approximated by the two straight-line seg-
ments indicated in Fig. P9.25. Use the momen-
tum integral equation to determine the boundary
layer thickness, 6 = &(x), and wall shear stress,
T, = 1,.(x). Lompdre these results with those in
Table 9.2. ~

A laminar boundary layer velocity pro-

FIGURE P9.25

From the momentum infegral equah'on
2C, vX
d= ““L , where C —(9(/ g)dY and C,= 5%! (1

and

—g—=g(Y) with Y
For 0= Y“‘“ , 9=4, *b Y with the constants a, and b, obtained from
g-—-—m‘Y ‘2‘: and g= 0 af Y=0, Thos , a, = 0, b= =4

g=3 Yf 0<Y<+
Hence, ¢, =%
3

or

(2)
Simlarly, for #<Y¥< , 47 671 '/'bz with g=% at Y=% and
This, | gl
o 5°4,*2b, and |=a,+b, which qive q,~ 3 P b,= '32;
g= §L+-§-Ylfar +s¥<l y |
Hence, G, = (g(1-9)dY = [ £ (I-$1)dY +j(%+§=r)(/—g--§my
% @ :
=4 ’2(3/Y -#Y) Y f‘?:’ f( 1#2Y)(]- Y)dY which opon infegra-
° : % tion gives

C =0.157% (3)
By combining £gs. (1),(2), 4/74[3) we obtain

2 (%) vx 1%
4= [ 0157407 | T %12 _1{5?!_ or JRei—‘f’z
Also R
T - ’ /gUsz gpU - _2¢ec, \/2(01574)(—*) _ 0.648

%wcfv VRex VRex

Compare these resvlis 1, 7%03:3 in Table 4.2.




9.26* |

The valve of Cycan be agproximated as C, =

and the valve of C, can be bﬁfaé.ﬂ'ed from nomerical

integration,

Y g(1-3)

0 0
0.8 0.115
0.16 0./95
0.24 0.239
0.3 0.250
0.40 0.233
0.48 0./98
0.54 0.153
0.6%4 0./109
0.72 0.07/
0.80 0. 042
0.88 0.023
0.9 0.0/2
1.00 0

926* An assumed dimensionless laminar L — u'y
boundary layer profile for flow past a flat plate is -0 0

given in the table below. Use the momentum in- 0.080 0.133

tegral equation to determine d = J(x). Compare 0.16 0.265

your result with the exact Blasius solution result 0.24 0.394

(see Table 9.2). 0.32 0.517

0.40 0.630

) 0.48 0.729

From the momenfum integral  equation 0.56 0.811

y 0.64 0.876

2 Ca vx__ = & 0.72 0.923

$= =g . where G #l | 0.80 0.956

- Y=0 0.88 0.976

and 0.96 0.988

C, =f9(1—9)dY with & =9(Y) and Y=3}L 1.00 - 1.000

(2]

A(u)' 0.133
2 A(.,)I oom"é‘S

6

The result of the integration s

Cﬁ{;(k?’)ﬂ, = 0.13] so et

i
J 2vx (1.66) 1% _ yxVE
5"_17‘* (0.131) ] = 5.03(4%)
or § 5.03

_f?—-‘ where Re, = pYx

P

/Vofe Tf)e B/a.sws Jo/vt'/m /)4:5 /)ofé’ 03

- 9-25




9,27%

d

* 1\ , x (m) v, (N/m?)

, S —

“ \ 0.2 13.4
0.4 9.25

15 0.6 7.68
$ 10 \ 0.8 6.51
A' AN - 1.0 5.89
' o] | 1.2 6.57

i | T 14 6.75

; 1.6 6.23

° | 1.8 5.92
0.0 0.5 1.0 15 2.0 20 526

9.27*  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 O = 0 at the leading
edge, x = 0.

Since T, eU dX fffolows fhaf dé = GUZ
which can be infegrated to give (vsing §=0 at x= =0)

- :l
?vz fT dx (0. 86)(4000 )(52)* §7' dx

or

@=465x/0" gTw dx | where @~m, x~m, and ?‘;,'v;;-,vz (I)
7]

For O<X<2.0m, infegrate Eq. () to determine @ as a fonction
of X. Todo so, we need the valve of T, af X=0, which is not given
in the tfable. Theoretically , T, =2 af 7‘/79 /eao/my For oor porpeses,
based on the extrapolated curve below, assume T =225 atx=0

X, m

A standard numerical mfeqramw fea/mwue gives the following resulls.
0.0008

E 0.0004 ]
® _—
0.0002 " ‘
0 -
0.0 05 ; 1.0 1.5 2.0
k X, m
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- 9.28

9.28
- four equ

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
cally.

The square flat plate shown in Fig. P9.28a is cut into |
al-sized prices and arranged as shown in Fig. P9.28b. y

laminar boundary flow. Explain your answer physi-

tb)
MFIGURE Po.28

For case (a):

/.328 1328 :
oﬁ=§"‘(7UZC A where C,, = T = e d A=F*?
f (T4 of Fg 1 an
“ RETIT

Thos, n |
b =% evz—#—i—Lf—W: 2% = 0.66% (oU%W 7% Q)

For case (b): 2 , .
G@fb=‘2LPUZCDf/4 where Ch:ﬁﬁf and A= (?‘l)(r) =/
Thus, | v R

L, =%ev” -——~”,-—-112U3V212 = 5 (0.664pU %17 £%) (2)

By comparing zé'gs- (1) and (2) ‘:we see that
J;Ca = 2.0 0@ 5

In case (b) the bondary layer on the rear plate is thicker than on
the front plafe. Hence the shear stress is less on the reg plate than
it /s on that plate in con figoration (a), giving less dpag for cace (b)
than for case (a), even thomh the fofal areas are Hhe same.
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9.29

9.29 The two flat plates shown in Fig. P9.29 are to have the

- {
same drag. Determine the ypstream velocity U, in terms of r. "_‘.r
U, and n. Assyme laminar flow. Explain your answer phys- ‘
ically. w i Be— o
U, - y, . ;
= |<|~ A [ pLaTE |7
- : . U
a.
(@ ' (b
BFIGURE P9.29
oﬁa = oﬁb
or A > :
*AC =4 | ()
0V A, G, =#pUs A, Coy
1.328 /,328 l.32g
- - 7 = =25 0/‘;,6 = = C;—,_,\,-

Thus, Eq.(1) gjves
2 2
A Coa =Up Gy,

or
: 4 Us (nf
V*‘%!'- = y"%—"" where Re, = —%’,—L and Reb=—é7/£‘)
ea €
Hence,
ULy {Unk/v
or
/.
Ua3 "= Ub%/ n’
Thus
)
Uy = n* U,

‘ 9-2.9




9.30

9.30  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.

For laminar flow £=4eV"Cpr A, where @f‘ﬁ"‘i‘a‘
Thos, | 7

b= 400" L2 f <0664 pf T %~ y%

7

*f-_
// €nce, oﬁU

and

1-24
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9.3/

9.31 Air flows past a parabolic-shaped flat plate or1< nted
parallel to the free stream shown in Fig. P9.31. Integrate the
wall shear stress over the plate to determine the frlctlon drag

on one side of the plate. Assume laminar flow. U=3 s

@ %ﬂi

y, ft

Treat each stripof thickness dy and length £=Aly) é.r a small
flat plate with drag dd& where for laminar Flow

dlf= Cy, 4pU*dA with dAi=1dy and Gy, = 22 = 1328

Thes,
1.328 2 |

db= oo 10U Ldy =0.66%up
ragr 4ot

But £= #-y* so thdt

+2
0 = [ = [0.664 Vg U V772 dy
ye-2 |

U VI dy

i 2
3
=2 (0.664)\pp U/ (177 dy
[/] _ 2
3/
._,/329‘V U z[y?‘f—yz +’7‘S/b’l(%)’(a{'.)
o

=s328ug U ’L‘[#sin“’(l)]
‘?/2 ’ A
=1328\up U " (27) (%)

T/)I/.S‘;

(%)
Note: The vni 3/: on the infegral

are f*2 (;o. 2m= L 3/‘)

L= 1328 [3.74¢x/0 ’f{;‘ (2 3ex/o'“—’”2§)] (3 ﬁ’) (m) fi%

= 6. 47x10°(b
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9.32 It is relatively easy to design an efficient nozzle to
accelerate a fluid. Conversely, it is very difficult to build an
efficient diffuser to decelerate a fluid without boundary layer
separation and its subsequent inefficient flow behavior. Use the
ideas of favorable and adverse pressure gradients to explain
these facts.

For g nozzle as shown, the pressure decreases in the direction
of flow and %>0 . Thus The

boundary layer flvid flows in a bomdary layer

region of favorable pressurs v, s 2T
gradient <0, This redess T
the chance of boundary layer ——x  linviscid core

separation. The flvid follows the
nozele contour with liftle difficolty, regardless of its shape.

For a diffuser as shown, the pressure increases in the direction
of flow and % <0. Thus the
boundary layer flvid flows in a
region of adverse pressure
gradient , % >0. If the pressore
gradient is 100 large (i.e, the diffvser
angle foo large), the boundary layer will
separate and the diffuser will not fnction properly.

- 9-3




9,33

9.33 Two small holes are drilled opposite each other in a

circular cylinder as shown in Fig. P9.33. Thus, when air flows '
past the cylinder, air will circulate through the interior of the el
cylinder at arate of Q = K (p, — p,), where the constant K de- "~

pends on the geometry of the passage connecting the two holes.

It is assumed that the flow around the cylinder is not affected .‘.-2-—,»
by either the presence of the two holes or the small flowrate  (0)
through the passage. Let Q, denote the flowrate when 8 = 0.

Plot a graph of Q/Q, as a function of @ for 0 < § < 7/2if (@) ~~""""=w. .
the flow is inviscid, and (b) if the boundary layer on the cylin- e
der is turbulent (see Fig. 9.17¢ for pressure data).

® FIGURE P8.33

(a) For inviscid tow :
- L

Thus, @ = K(p,-p.) = Kllp-po) -(p-py)]
= K[ 0U*(1-%5in*6) - £ pU (1~ 45in*(0+7))]

= /- 4%s/p?@

but sin*8 = sin*(8+7)
Hence, Q= Q for inviscid flow . Mote : This ss fo be expectod
T becayce of the J‘}/m/}ye}[/’/'m /
pressvre disiribotion,

(b) For a turbvlent boondary layer :
Q= Kp-p) =Klp-p)-(p-p)] = 407K [G - G, ]
where Cp, is for 6 am/%é}z /s for /180-6 dey .
Obtain C,o data from f;y 9./7
Nofe: C,, =/ for @<0 and Cp =0, % for 6</¢04eq
Thos, §, = Ql =4 eV K[/ -(-om] = 14 (+007K)

8=0
so that |
_Q... = _;:’fIPU:K [Cp,'fp,_] = C,O/ —Cp2
Qo L4 (+ Pvlk) | /4

The resvlfs are faba/a;‘ed and plotied below.

(cont)
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733 | (con'f)
0,deg 180 -6, deg Cp1 Cp2 Q/Q,
0 180 1.00 -0.40 1.00
15 165 0.70 -0.40 0.79
30 150 0.00 -0.42 0.30
45 135 -0.90 -0.43 -0.34
60 120 -1.70 -0.45 -0.89
75 105 -2.10 -1.30 -0.57
90 90 -1.90 -1.90 0.00
Q/Qo vs 6

1.0

0.8

06 \\\\\;

0.4 N

, 02 \\g\

g 00 f‘

% 02 \\ /
o4 \\\ /
-0.6 \ /

-0.8 \/
-1.0 + -
0 15 30 45 60 75 90
0, deg
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9.34 Water flows past a trnangular flat plate oriented paral-
lel to the free stream as shown in Fig. P9.34. Integrate the wall
shear stress over the plate to determine the friction drag on one

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

——1.0.m

™ FIGURE P9.34 |

oﬁ:f’r‘;’d/] where 7;,::0.332(7% f—)-#
T/ws
z/ﬁ
o = 0332U V(j;(? X=0.5 y =0,5-X
= 03327 %\, (2) [ dy dx
V-(r. 'x:a y 0 TL’*—

=0,332 7% r(z)f 0‘5 X
| 2.5

=03327 W(ZJ[ 5% -5x 41
0

3, 3
— : my=z k -3 /. -2 2
=0.664(02 299918 (11ani* Mg ) [ o5 - F(0.5)%]

or
Dﬂ = 0 02.95/‘/
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9.36

9.36 A ceiling fan consists of five blades

Lef dM= torque tromthe drag
dfl of the blade

Ml = ("ﬂ;‘ "%ﬂfﬁln)y 2(19

where U=y and w= /00,;5

0.10-m width which rotate at 100 rpm. Estimate the torque needed
to overcome the friction on the blades if they act as flat plates.

7 (

Orw:'/o»#/’ ',"g"i

of 0.80-m length and

on e/e/ﬂenf

Uc fd/))y

mm)( 2

6

7rrad
Irev

L‘ 0.80) B an |

JRey  VUZ
S0 f/)av‘ from Eq. (1)
= PUZ 13287

TOL (£ dy)

=/.328 (1235 (10.47
or

The maximom Rey will occor a}l_foiﬂf () where y=L or
Rey = UL - wif _ (1047 °57) (0. Om)(0lm)  _ o prio*
4" v v 146 X107 2
Thus, at all points on the blade Re, < /?e = 5%10° apd Hhe flow is laminar,
_ 1320 _ 4328V7

d/ﬂ—/azsew V""’yzd

Yy = Asza(oU%Vﬁydy , bt with U=wy

d
cad )34[( 148 %06 2L)(0.1m)] : ydy

/;7:5{6//}7 = 5_(?5%7569 y

=0
or 4

M=0.0438 N-m

dM = 0.0669 y% dy WNm
Thos, the net forgue on the four blades s
54

“a

, where y~m

0.8

= 5(0.0669)(%) y2

0o

935




9.37

9.37  As shown in Video V9.2 and Fig. P9.37q, 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. P9.37b. Com-
ment on reasons why the two sets of values may differ.

For a fla plate =400y A whore »
A=171t(2f1) =34 H” and Cpy [sa fynction of Rey= 57

Thv
ReSJ—'—’ 178 T

T o' 7 o
Consider /| <U= 83}'{ , or L%0x[0 éRe, <//2x/0
From Fig. 9./5 we see that in this Rey range the bovndary layer
Flow is inthe framifianaé;;gy& Thus, from Table 73
CD{ = 0-“"55/(/09 Ree) B /700/Re1 (3)
By Gombl'/?/ﬁy Eqs. (1),(2) and (3):

o0=% ( /'q’,’L{fc‘%i)Uacof (342 or

. .
b=330T7 [0'455/ (log (1.#0x10°0)f = 1700/ (1.40x10° T “
The resvlts from this equation are plotled below.

. | U, ftrs| O 1b
| 7 | 0.0986
/ 2 | Ol
3 0.909
° | . 4 /.58
measured valves /// 5 2.42
o >/ 6 3.43
b % 8 5.90
A1 theory
) s (Eq.(%)
// |
z M FIGURE P9.37
= |
/’

2 4 6 8.
Kayak speed U, fi/s
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9.38

9.38 A sphere of diameter D and density p, falls at a steady *
rate through a liquid of density p and viscosity u. If the Rey-
nolds number, Re = pDU/ u, is less than 1, show that the vis-
cosity can be determined from u = gD*p, — p)/18 U.

For sfeady flow ZJF =0

or

L+l =W |, where

s *—fbuoyaﬂf force = pg¥= pg(‘gﬁ)ﬂ‘ (‘%‘)3
W = weisht = 0. g¥ =g (£)m(%)

and L= dray = CD '7’?6’ 277[‘02, or since Re<l
=37 DY

Thos,
s7oUp+ og(E)a( )" = eug(£)7(3)
which can be rearranged to 9ive

ﬂ:ﬂiﬁ@iﬂ
187

: ‘q—37




9.39 9.39  Determine the drag on a small circular -

disk of 0.01 ft diameter moving 0.01 ft/s through
oil with a specific gravity of 0.87 and a viscosity
10,000 times that of water. The disk is oriented
normal to the upstream velocity. By what percent

. 1s the drag reduced if the disk is oriented parallel
to the flow?

D= CzPUA , where p= (087).9#548) = 1408 & ()
and = /oig,,za = 10%(2.34x/6 5—%‘-2 )=0.23% -’ﬁ}—;‘
 cp SIVgS .01 L
s, o = L3P o IR0 - 75150
so that fhe low Re data of Tabls 9.4~ #*

ﬁz

is valid,
For the disk normal fo the flow, G = ”%‘ = --—%Qj—(:—z; = 28300
so that from Eg.(l) 721%/0
L= 28300(F)(1. é88 %%’-)(0,011?)23@ (0.00#) = /.88x157* I3
If the disk is parallel 1o the flow, Gy = %= so that

Lharattel G =

a*; aralel (\DM’“”Q«I = ( ;jf#) = 0667, g 33.3 Z redpetion

nor‘r»al (an,.mal (7?é— —_— e e e -

940 ]
9.40 For small Reynolds number flows the drag coefficient
of an object is given by a constant divided by the Reynolds
number (see Table 9.4). Thus, as the Reynolds number tends to
zero, the drag coefficient becomes infinitely large. Does this
mean that for small velocities (hence, small Reynolds numbers)
the drag is very large? Explain.

For-a given object C, - -)% (where the valve of C depends
on the shape of the object), provided Re <1. Thus, qs
Re —0, C,—= o0,

However, , ; .,
b= ¢, “:’:pl'//)-‘—(—é@j FeUA~TU
y 7

That is, as U—~"0 (ie. Re—0) then i~ U
Thvs, does Gy —c° mean that off—eo? Ne.
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| 9.4 |

9.41 A small spherical water drop of diameter
0.002 in. exists in the atmosphere at 5000-ft al-
titude. Will the drop rise or fall if it is in a thermal
(an upward flowing column of air) having a speed
of 4 ft/s? Repeat for speeds of 1 ft/s and 0.1
ft/s. :

60 dm D=0.002in.

In stationary air the parf/'c/é falls with ;
speed U svch that o +I5 =W, where tv
i# Re =52 <l then

o =drag =3TDUp Also, W=§,,¥ Z
and g =%; ¥ =% & (%‘) = byoyant force

Since . <<Uo we can neglect the buoyant force.

That is, oﬂ‘W, or

= %Z‘(.:Q)’?: we/g/ﬁl m

3mDUu = (2) or U= %j“Dz
/H an alhfl/de 0"" 50007‘:/ g M= 3.437x10 _I.%_:g_
1h
K :f # ) (CE2 ) = 0,245t
18 (3 §37x167 “é s

Thos, the drop will rise if the gpward velocily is 48 o 12 bot
it WI// fall , f /f s 0/—1

/Vofe The above is cor‘rec?l if /?e“l Since Re = !L—Q

-35 f ,002.
or g - @0tox10 58026 OCFEH) _ 54 the low e drg

Ib.s
£3
3.637x10" " equation, Eg. (1), /s valid.
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- 9.42.

9.42 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.

For steady rise =IF; =0

or ;
Fg = W*oﬁj where L =drag =G, U ED
W = weight = 0.0245N8

waler
M P

3
FE = Av«oyaﬂf force =8V = 3'%71(%)

Thes, ,
PEERY =W+ Loy LD

or -
, 3
(4.80*103;,”»'3) %’Z (&%ﬁ)m = 0.02¢45N + z‘-co( 999 ~,5,,% ) 2—}(0,0331,;7)3

or

G, U*= 0,455 , where U~ 5 )
- UD
Also, Re = 37
o U (0.0381m) 4
Ro = Jizxweas— = 340 x10"U, whore U~ & @
Finally, from Fig. 921 G| e~ ()

Trial and error solvtion: /%wmf eCD ; obtain U from Eq.(1), Re from
Eq.(2); check Cy from Eg.03), the graph

Assome C,=0.5 —= U= 0954 — Re = 3.24x/0"—> Cy=04 %05

Assume Cp=0.4 —= U= 106 2 —u Ro = 3,62x/0"—> Cp=0. % (checks)|

Thys, U= los &

Note : Becavse of the gra;oh (Fig.9.21) the apswers are not
accvrate to thres significant figures.

G40




*q, 4t |

*9.44 A 3-m-diameter metcorologxcal balloon
that w, eighs 6 N when deflated s filled with helium
having 7 = 1.63 N/m’. Plot a graph of the rate
at which it rises as a function of altitude for al-
titudes from sea level to its maximum altitude. 25' =143
Assume standard atmospheric conditions (Table fle

C.2) and that the diameter remains constant.*

For steady rise EF =0 or F =W 1o + Uy,
where L= o 2(’U £0* aﬂd = y¥= P73 47’(*)
Thus,

09 (2 0)'= 6 4G, £ QUL (2 +{iss ) (Y
or

CDUZ,-: %00g — _;9_5:3_’ wﬁ?,.e U~ 2 , o~ _ﬁ% )
/9/80, Re“ UD 3
” Re = , where /ﬁ"' & ()
Finall) , f/’vm Fy./.Z.? \\
Y (3)
" Re

For a given alfifode obtain @, 4 from Table C.2, Then a frial and
error solvtion for U: Asseme Gy ; obtain U from g (1), Re frem £4.(2);
check Cp from £4.03), the graph.
Note: The maximom alfifvde will occor when U=0 (ie. =0 so féaf
F = W*M/e) From £g('2-) this qives e= 29%:: 0. 2/—%
777/5 occurs at an altilode of approximately 2= 15,000 m.

Since Frg. 9.23 is not in equation form,combive a aompufe/‘/gm,ab
solvtion: a) select an altifvde z<15,000m; b) bookup p, g (see fable
C.2 ;) assme a valve of Cy and calcvlate U from Eq. (1); d)calculate
Re from Eq.(2) and lockup Gy in Fig.9.23; e) compare new G
valye with the assumed one — iterate until they agres ; §) back o
slep @), The resvlts are shawn below.

“In an actval weather ballon the diameter increases sonsidorably
as it rises (i.e., as the surrounding pressure decreases.

(con't)
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944 | (con't)

14

12

10

U, m/s

z,m U, mis
0 11.41
1000 11.76
2000 11.62
3000 11.71
4000 11.78
5000 11.55
6000 11.56
7000 11.52
8000 11.42
9000 11.25
10000 10.97
11000 10.83
12000 10.47
13000 9.59
14000 6.72
15000 0
’\\
\(
0 2000 4000 6000 8000 10000 12000 14000

Z,m
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9.45 A 500-N cube of specific gravity SG = 1.8 falls

through water at a constant speed U. Determine U if the

cube falls (a) as oriented in Fig. P9.454, (b) as oriented in
Fig. P9.45b.

|

8

(a) (®)
UFIGUREﬁF’@.so 100

For steady fall £ F=ma=0 %
or | ¥
W=l +Fy , where W-=weight=500N \yf a)
Fz = buoyant force = ¥ D?
and =20 UC,A =drag
But

J

‘ 3
W=¥,D’= s6 ¥D° or 500N =18(9.80x10°2% ) D
77’-”% D=0.305m so {hat from E‘l‘ (1)

’ 3
500 N = 'zL(?qq;/:%) VZCD (0.305 m)* '*(7»80"1037,,&3)(0.30507)
or

UZCD = 478 where U~ &

@) For casefa) Cy= 080 (see Fig. 9.29)

_ 4,78 "‘5.:_ mn
HeﬂceJ U= (78—0— = 2,44 5

(b) For case (b) ¢, =105

174 .
4.78 2% _ . m
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9.46 A snowflake with a diameter of 0.15 in
fall through still air with a speed of 2.5 ft/s. The

is gbserved to

drag coefficient

is assumed to be 1.5. (a) Estimate the weight of the snowflake.
(b) Estimate the number of these snowflakes it would take,

when melted, to fill a one-gallon jug with water,

@ If the fa///ny speed js constant .

W=d) = 2pU"A¢,

J-( slvgs

2 (0.00237 —ﬁ%—)(z.s
or

W = /.36X/0'6/$

then the weight is balanced by Yhe drag.

£

S

. (”" #) (15) = 1.36x19 sl

() Since 1gallon = 231in’ = 0, 1337 2 if follows that e weight

of 1gallon of water is
W

94
Thus if n=number of snowfls

water,
%7/“{ J

n‘W
8.34/b . _

Hake
L36x10781b

94/

_ Wour _
"~ Wi

That is ,

4

= 0.1337 1 (524 43s) = 8.
kes that it fakes to make g qa//m of

6.13 miflion snowf /'0'/?” per galfon !/

* Yt 0, 0r
34 /b

/3 x 0%

—
v
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9.47 A 22 in. by 34 in. speed limit sign is supported on 3 5 3!{.,'0
‘@ 3-in. wide, 5-ft-long pole. Estimate the bending moment mp h ) -l
in the pole at ground level when a 30-mph wind blows ' ‘ U I7 . ‘
against the sign. (See Video ¥9.6.) List any assumptions T —_— T
used in your calculations. r 7 -
| . ; Cor—Re
For eym//ér/(/m ,ZMy, =0 or 3
n VAY, , o
My = 2.5Hdp+(5+ 8| whers 0

a@a = 6{/‘ aq on 7%6' /yo/e aﬂa/ a/g = c//}xy 0(7 7%&' .s‘/;'w
From Fig. .28 with £/D <0.l for $he sign,
CD: =/ 7 B
From Fig.9./9 if the past acts as q Sqvare rod
with shary corners Cop =22 Thus, with U=30mpp = 44 £ ,

0@} .—:'%'PUZCDS /)J = 2%'(0.00238 %ﬁ’;ﬁ) (4##)2(/9)(2?6{.’;"9){{2)&22'715
and

bp =% U Cyp Ap =4 (0.0038 22 (g £ Prea)( B () = .o
Thus, from Eq.(1)% |
Mg = 2.5 ft (6:3%0b) +(5 +1Z)ff (22.714) =

{62 1k
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9.51 If for a given vehicle it takes 20 hp to @vercome
* aerodynamic drag while being driven at 65 mph estimate the

horsap@wer required at 75 mph.

P =power = Ul = UCD:Z'-?U/‘} C{'()Uﬁ

Thos,

B _ 5020(65) A

75

as  Cpp(58)°A
Hence,

65

3
) = /5% provided fthe valves of Cp
 are independent of U (¢.e, Re).

B, =L54P, < L54(20kp) = 30.8 4p

ST —

i1
{
i
1
i




| 9.49 |

949 Repeat Problem 9.48 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.
v,
| ) 4 D ~
For equilibrivm s M =‘i‘,‘o@ *(’/, - “i‘% )aﬂz L 4
» _ Gl |

where /f,=20m}[2_—2-5m, and D,=2p, iy
From the solvtion to Problem 948 , g—'—aﬂ," 7,080 Nem (2)
Also,

Bo=Co PULD, | where fum Fig. 9.30 with 2 = 25 = /.26
we oblain C,=0.08,
Thus, | | L
of, = 0.08 (1) (123 ‘é,%)(% ) (25m)(2m) = 98.4 N (3)
By combining Egs. (1),(2), and (3) we obtain |

M= 7,080 Nm +(20m=1m) (984 N) = 8,450 N-m
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9.48 |

9.48 D@ten;nim the moment needed at thc- base of 20-m-tall, — e D
0.12-m-diameter flag pole to keep it in place in a 20 m/s wind. rﬁ
— £ |
| ) Yy | a
- For equilibrivm ,; M= 5 where l(', . a
‘; 2 | ‘
=G zeV ZDD (202)(0.12m) M
S =L ST Tl 164 x0°5 it follows from Fig. 921
o 1o = = - =/ J-, It Tollows Trom rig. 7
Sl/)CG Re 7 14410 5:%?‘2. | Y / g

that C = 1.2
 Thus, B= 1.2 ()23 X )(202)* (20m)(0.12m) = 708N
. Hence, from Eq.(1)

M= 232 (7080) =_7080 m

——
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9.52

9.52 How much more power is re
peddle a bicycle at 15 mph into a 20-n
wind than at 15 mph through still air?

CD-OSS

frontal area of 3.9 ft* and a drag coe

quired to
nph head-
Assume a
fficient of

and 77—
Thus,

a) With a 20mph /)eaa/w:na{
Thos,

Thus,
R =00898(22)" =425

p*power = [éoﬁ qna’ aﬁ—é

wind speed relali u;

p:(,, f— -988)("‘)(00023

£ = o898 (5.3 = 236
b) With st/ air , U=15mph=221

Hence J need an additional P

C,4eU*A | where U = speed of 1he bike
D 2 (D 7 wnere —./5 Iz{ 88% )—'ZZL

\ 501 lm

e 1o bike.

SV (394%) = 0.0895 * RN
ft " with V~ft ~
V= 6’5*20) /___é?_rfiﬁ_ = &/,3 4
H-/é
., £
) s Hby 14
ower of - £ =(236-43.5)5 (gg;@?__g‘)
=0.35M,o

949




9.53  Estimate the wind velocity

necessary to

knock over a 10-lb garbage can that is 3 ft tall

and 2 ft in diameter. List your assumptions.

If the can is about fo tip ar
corner O, then 21N, =0, o

o 15C,pUA=W A

;
Ths, :

(15 1)(+) (0.00235 4%) p
or U=230.6 -Sﬁ

e

- D=2H|.—
—y-r -O}q— 3 3f}
1L5ft W
ound [ 0l,] 0,
r L5D =/ W all 0,

/ypica/ ’Va/lle of CD for a cy/inder
Cp=/ (see Fig. 9.21)

2 (2F)(371) = 10ftb, where U~ £
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7.5%

9.54 On a day 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
appropriate analysis. ‘

~ Trip with the larger power lost dve to qeradymm/;é drag will wee ;%e
“most gas. Lef () mean nowind” and ( ), mean “wind’.
) /Vowmd e ST )
- D =GxeUA for bth A=B ard -8
B ?:power =Tl = 20U GA
(2) W/nd ( Uw= W//IJ :,oeed‘;a;w)ﬁe%< 7):
o GLe(UAIA fr fe8
Beatpr B frbn
7= 2p(U,)TGA for A8

- Energy vsed = £ w}ere‘fz‘ = Limé fo g0 f}“o,»;f/{-—*b’ au?—?ﬁ -
E
ard 2_ J S B R
b= 2o UGAL +3p(0-B, TCAE
Fr (TBPTHT-R)T 207 42870 Ty (gm)°

S

S 2(ROTGAN (ke Fackr of 2 fr A v

’E':-‘I"‘l |, oo more foel needed when wind




9.55 |

9.55 By paying close attention to design details, the drag
coefficient for a typical car has been reduced over the years as
indicated in Fig. 9.27. How fast can one drive a 2005 style car
if it is to have the same aerodynamic drag as a 1940 model
being driven at 65 mph. Assyme that the frontal area of the 2005
model is 85% that of the 1940 model.

%0
or

10Uy A Gy, = 40Us Ay G

Z @ Yy My Dysg = 2P Vs My Dog 1
Thos

U =[—Q£L.H;C‘Dﬂ]‘/1%0 - [ 0.57 Ya

where U, = 65 mph,

0.85(;[3'3)"] (65mph) = 37.2 mph

Ay = 0.85 Ay and from Fig.921

=0. =03
GD:,:, 057,C,,,= 0.30

P ———
e s e s
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9.36  As shown in Video V4.8 and Flg P9. 56 the aerody- { i
namic drag on a truck can be reduced by the use of appropri- i 5
ate air deflectors. A reduction in drag e@efﬁcwm from
Cp = 0.96 to Cp = 0.70 corresponds to a reduction of how
many horsepoer needed at a highway speed of 65 mph?

{a) Cp,=0.70 (b) €, =0.96
W FIGURE P9.56

gmwer = JU ﬁW/i&/'e

= 'iL P UZCD /q ‘
T/)y,g AP = redvction in power |
A -7 |

zZp UBA [Co Cha]

Wn(h U= 65/»,0/7 ?5-360:}

57’7 =3 (o, 0023851—02') (9538 IOH)(IZH) [o 96 -0.70]
_ / /z . oy b
=32/00 L—( Qggz,gb
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9.57

b 24 ft -
9.57 The structure shown in Fig. P9.57 consists of a cylindrical li_ L ZZﬂ
Suppart post to which a rectangular flat-plate sign is attached. -
Estimate the drag on the structure when a 50-mph wind blows
against it.
30 ft
3ft
BFIGURE P9.57
2
=4oU%4 . :
G= gy * put, where &, =26V Ry Coy,  and

0‘27@1! =4 ev 1ﬁpad Co,mf /
Alss, Ay, = 1244 (24 1) = 288 F#* and v
Ppost = 3FF (3041) = 9of#* '

From Fig. 9.28 for a thin flat plate with 1/Ds0.1, Cy=1.9
Thus, Cy . =19

Alse, for The cylinder ( poet), Re = ZR2 where

= ..’_'.7_; lh 5280{\* -
V=so (’(75!5‘5'3) T = 73.3 &
50 That |

(33f) zhy ‘
Re = 1.57x107 % £ = 140X/

Ky '
Hence, from Fig. 9.2 Cp post = 0-8
By Usfl)y the above dafdj Eq. (1) g/"ut!.s
ﬁ-—: %Pva[ﬂsiqn CD,;,‘W, +ﬁpm{- Gﬂpaaf]
= 4(0.00238 f_ggi)(?ga Lighy

L—Ud

L Y

288 12(1.9)+ 01*(0.8)]
or

0&:—' 3,460 b

()
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9.59

989

- vertical wind speed needed if a

coefficient data.

For eqw'//'brium condit jons
W=dd=C, 4 0U°A

Assume W =/801b and
T hus,

/60 1b = (£)(0.002385!%s

[ mi ) 36005

As shown in Video V9.5 and Fig. P9.59
© wind tunnel can be used for skydiving practice. E

® FIGURE pg.sg

a vertical
stimate the

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

W

4]
C,A=9 A (see Fig. ?-30)

77{7‘7&) where V”ét

2
or
U:(/zz_sfi)( 52806 '\ "1 Ahn

| Note : If the skydiver Zorled

-

=83.2 mph

yp into a ball’, then Cy A= 2.5 #¢

(see Fig.9.30) and U= /58 mph




960" |

9.60*  The helium-filled balloon shown in Fig.
P9.60 is to be used as a wind speed indicator. The
specific weight of the helium is y = 0.011 1b/ft3,
the weight of the balloon material is 0.20 Ib, and
the weight of the anchoring cable is negligible.
Plot a graph of § as a functionof Ufor1 = U =

- 50 mph. Would this be an effective device over
the range of U indicated? Explain.

S F=0 aﬂdfF*O

and WHe = gl'fe (O oll 25
Thys, Eq.(1) becomes
0.3204h =0.2.1b + .00 4

or
ol tan 6 = 0.0743 /b

For the balloon fo remain éfaﬁona/‘)"

2-ft diameter<,

T/?IJS, 0s O Oﬁ

and. F; - Wt Tsipb +%e D=dia.=2 f}
Wb/.C/) CO”?biﬂe fo 9/‘1/8 | ! =fé”5i0” /'/7 Ca‘b/g‘
Fg =W+ tané +W//g | , «

But W=0.2 b 99 V =(7. é5 x/0 '253 ﬂ(—é H = 0.3204/b

2) 8L (241)°= 0.0461 I8

n@ +0.044] [b

Also, o) = Gy ’Q{'PUZED
=g, U*(o. ooz3a£-‘i’f)15(sz)"
= 0.00374C,U" /6, where U~

Thus, select variovs |n
Egs. (2),(3),(#) to obtain 6.

/)éU‘SOw

Hence, 9. |

0.00374C U  fan  =0.0743 or 1inO= prz 2
U

Also, Re = b . (?'f sz or Re=127x10% (] (3)

) vV o 157xj07%fE
and from Fjg. 9.21 |
)\ ,
| \// (4)

h (e 1471 <= 733ﬁ ) and vse
Plotted resvlfs are s/)own be/aw

con't)

9-5¢




9.60" | (con')
U, mph Re cD ©, deg
0 0 90 |
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 0.33 7.10
20 254000 0.10 13.02
25 317500 0.08 10.48
30 381000 0.09 6.52
40 508000 0.12 2.76
50 635000 0.16 1.32
100
90 «\
80 ~\
70 \
60 \
theta, deg 50 \
40 \
30 \
20
’\
0 -
0 10 20 30 40 50
U, mph

Nots : Because of the sudden
change in C, when the
bowndary layer becomes
torbvlent (a 7‘ abot 15 mph),
the O ys U curve is highly
nen-linear. .Zo fact. for some
valves of © there is mare than
one pessible valve of U, It
wovld pof wa/*k well as a wind
speed indicator in s range.
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9.61

- 9.61 A 0.30-m-diameter cork ball (SG = 0.21) is tied to an

object on the bottom of a river as is shown in Fig.

Estimate the speed of the river current. Neglect the weight of

the cable and the drag on it.

For the ball fo remain stationary

ZFK=0 and £F,=0

Thus, o = Tcos 30° or T :

and ,
Fs = W+Tsjp30

Hence, F =W+ & tan 30"

Thys,

0.1385 kN =0.029/ 4N +o7

or

P9.61.

WM
U e
aﬁ T o _ L"‘X
= dlﬂ~ D =0.30m
c0s 30"

where Fy = pg¥ =(.80 7,;4) ( & ( {%_3’0”")3)

W =8V =(&)r¥=60F,
=0.2/(0.1385 kW)
’!a”-?a" =0.029/ N

J=0.189 kW, where &=C, 20V°A =¢, U™ (£)(999 X4 (% (0.0))

2
Hence = 35.3CU" N, where U~2
35.3G,U%=/89 o C U™ 5.35 0
'9/;”’ He ’:%Q = T%Q;ﬁf = 2.8 x/0°U ()
an ‘ <
from F;'y. 7.21 G &_\ _ (3)
[__‘/ ;

Re

Trial and error solvtion o

and Re frem
/93.301”3

Cﬂ
%

Assume C.=0.15 — [J= §.9
Assume C, =019 — U=45.3

Thes, U=5.318

r U Assome Cy ; calcolate U from £4.0)
AE?. {Z); ChEC/( CD fpam EQ'(J)J fbe 9raﬂ/7.

0.5 —~U=3.272 —~Re=8.76x10°—~C,=0.15%0.5

7% —=Re=1.60x10°—+ C, = 0.20%0.5
m

,‘_‘s?'——o-

Re = 142x 10—~ C) = 0./9 (checks)

758




9 7 ,

9.62 Air flows past two equal sized spheres (one rou;
smooth) that are attached to the arm of a balance as is indicated i;;‘.;':,‘;‘ @* , e i
in Fig. P9.62. With U = 0 the beam is balanced. What is the AN

minimum air velocity for which the balance arm will

clockwise?

For clockwise rotation to start, ZIM, <0

b - 0.1m

Rough sphere

D = 1.25 x 102

V (I)L (z)l

G

FIGURE P9.62

That is 034 20545 | where £ =G, 40U"4 and

Thos,

oLy =Cp, 50Ul A,

0.3 CDl%prA, =050, toU; By , or since U=U and A=A,

this gives
CDZ =06 60,

Caﬂsiq’er the curves in F;'g.

Con.

Re

4
Assume Re = 6x10° — &y

Assome Re= 7x10% — o,

25 x/0°%

o)
925 with -E- =0 and % =125 /072

Trial and error solvtion }o fipd
Re so that Eq.Q1) is salistied.

CD:.

1 =05, Gy =046 or 22 = 092406
Assvme Re = 8x10% — Coy =

Dy
=0.5, Cy, = 0.2/ or %952. =042 ¢+0.6
()

=0.5, G, = 0.33 o %%z'_ =0.66 %0.6
(0.im) U

~ ¢ UD
Thus, Re = 7.1x10*= %

 Iexio S22

or U= Jo4 2

P —
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9.63

circular cylinder { in. in diameter and 4 ft long.

Determine the bending moment at the base of 1 /0/"1 b
the antenna if the car is driven 55 mph through
still air. U=55mph »
ey i &
=078}
For equilibrivm y ZMy=0,0r M= %oﬁ L-21f
2
where =G 2oV /2 74 (s H) (5 LR
~ 0, 8 4§
Since Re =42 = = =107x/0
¢ Re=7 1.57x15 ) Mo

it follows from Fig. .21 that C =13
Hence of =1.3(#)(0.00238 %@),{80.7—?)2(4 #) (75 ) = 0.8%0 kb
Thus, M,=(2f)(o.8408) = |,48 f-1b

: -
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9.64 Determine the power needed to overcome the aerodynamic
drag of the antenna in Problem 9.63.

P = power = Ut = V[Cy #pU°A]

or
P=¢, ,.pU A’ where ‘U < S5mphy= 8078
80.7 % )
Since Re = =4 N 57){/)0(33?‘) - =/ Q7X/0‘f it follows from 5'9.?.2/ Hhat
Cy =13
Hencg

P = 13(4) (000238 5 ) (007 By (4413 5 #0) = 67,9 B Tk (i W
= 0./123 hp
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9.65

9.65 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.

J=Cy4eV°A ,

Assvme your hand is %in.

where U

885

=(55 mph) ( somph

2=.) = go,7 &

by in. in size and acls liks

a thin disc with Cy= 11 (see Fig.9.29),

Thus,
& =(1.1) ($)(0.00238) (80.7 £

AH)EH) = 142 b

If your hand is pormal to w‘he fhe 1/# force is zero

For U=550mph =go7 & (;
drag will increase by a factor o

Note : We have assomed that
it is not a fonction of either

e, a 10 fold increase in V) the
floo (ie, F~U ) or L= /6‘2/5

G is nof a fonction af U, Tﬁm‘ is,
R&”‘ “" or /Wa
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9.67 A 2-mm-diameter meteor of specific
gravity 2.9 has a speed of 6 km/s at an altitude
of 50,000 m where the air density is 1.03 x 10-3
kg/m?. If the drag coefficient at this large Mach
number condition is 1.5, determine the deceler-
ation of the meteor.

3 k 2 %1073 m \3
LJ=ma where m= P‘V =@ %’Z(—E_D-) = (29)(997—’;)%)%2 (—«-zn)-(_,.é_—-{.”-.)

Alse, 0 =Cy%oU*A 2 .
= /.5(—2!:)(/.03‘:(/0’3% )§C¢5x/03—g'l) %(2x/o‘3m) = 8,74 x/0 “N

Thus, S
a=£Q~ = 82X N _ 02
Am 1.2]x10"° kg e

EmmmTmT
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9. 6 8 " o N
| [: « By
o ‘ () 0
9.68 A 30-fi-tall tower is constructed of equal 1-ft segments as
is indicated in Fig, P9.68. Each of the four sides is similar. Estimate (2
the drag on the tower when a 75-mph wind blows against it.
U

Assume no interference be}ween the
front and back }Dorﬁon,s of )‘/‘)e fower.
Also, neglact the drag on the sides of

2 in.—»

FIGURE P9.68 | 1 4 1.
the tower. Hence for #nm‘)' one-fool ‘ L *_.’ o
segments |
b= 30(£er(Co fy 1 ), 4G, At Gu),, ] »
where
U= 75 mpb(ff‘sh) 110 ﬁ'
From Fig. 928 C,=/98 | ¢ =182

TS P Plpk l?

Co;.,_ ~ /9 —

T/IUS from Eq (1)

5 =30(%(. 002335./_095)(uo§) )[(/ 18)(2)( IH)( ZH)+(. 9)(aA)(B2E +81Z H)
+ (1.82) ())& ) +(1.9 )(,g_g)(ﬁiéf_a_vg_ H)]

or

=859 I
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9.69

9.69 A 2-in.-diameter sphere weighing 0.14 Ib is suspended
by the jet of air shown in Fig, P9.69 and Video V3.1. The drag
coefficient for the sphere is 0.5. 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 exi

For equilibriom, & =W

.

Area = 0.6 ft?

or

CD %Pvzz/qzl% wée,.e /9 =%02 %@i s‘"aﬁ%?i?ﬁ {”% 59
Thus,
r2w %
VZ'[CDP"’D"/?] Py 1v2_
=[ _____8 (0.44/) z] - Jon it
0.5(0.0023851’?{4&;)7( 722.-__ ) a

Also,

V,/q,=Vz/93. or V,
and ,

4 tEel, =f, +2pl
Thus,

—
=

. 4

.34 ff
ﬂ_ﬁ ;.(/Oq_ét).g?—z; =52.0<

) Where £,=0

£ = 2014 V"] = 4 (000235 58] 04 2)'- (52085

_ %
= 965 e

S s ————
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9.70 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 Problem 9.17) and the wind speed halfway up the building

is 20 m/s. k—b-—i

@ D=0, +pVUA=13(}) 123 M) 202 Y (154m)525m)
or |

05= 4‘.3/7(/06/\/ = 43/ MN TI77777777
YL
h=15%nm
(b)  For an urbap area, U=C yd'# X l
Thos, with u=202 4f y=£~"=77m '

IIP77777777777

we obtain |
_ 20 _ i 0.4 .
C=—om =352 o0 u=352 "% i) y.nm

The total drag ;s y= Is#

b = (d? = (G, +ou*dA= +pc, (G52 % (825) dy
y=o

s yom

or 154

s .
L =%(123)(1.3) (3.52f(g75s) | yo’edy = 867(75-) ( /5"‘)1 - %17 xj0%
Thus, 0

D= 417 1
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7.7]

9.71 A 0.3-in.-diameter wire is draped across a river in which 5
the waier velocity is 3 ft/s. The length of the wire in the water U

is 420 ft. Determine the horizontal and vertical components of i <
force of the water on the wire. - D k-

o7

The harizontal force is ewal to f/;e d,-% 4

D=6 2eUA  where Cyis a fonclion of the Reynolds number.
Thus, with Ias

_eUD _ Lew EE (3#4)(0,3/n2 #)
Re . ﬁ/—,z—' = -

2o s/ = 622X if follows from Fip .2,
that ' |
Cp=13
Hence, / s
J = 1.3(%) (1.9 ) (3 8 (92 1) (420 ) =119

The vertical force is equal to the buoyant force, Fp.
Fa= 0V =624 %’}3 (%20#)?(%‘%{;)2: /2‘,’9_/_4_

Pt
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| 772 |

9.72 The fishing lure shown in Fig. P9.72 floats on the syrface
of the water when there is no tension, T, in the line. However,
it is designed to sink when reeled in. If it is reeled in oo fast
(i.e., U is too large) it will sink to the bottom and get snagged.
Show that the depth (or equivalently, 8) increases as U increases.
Start with a free-body diagram of the lure including the tension
in the line, the weight of the lure, the buoyant force, the lift

BFIGURE P9.72

A free body diagram of the lure being pulled throvgh the water is
shown below. Nete that fhe

ift is shown acting downward, T<lension in line is‘buoyan{ force
line an inverted wing or 4 spoiler ‘3\
—
on a4 race car. ——-J = drag
Thus, 2. F, =0 and ZFy=0 give * 1 W = weight
i = lift
Tcos® = o (1) _ L= lif
and
Tsin8 =& +W-Fy (2)

Dividing Eq. (1) by Eq. (2) gjves
tan@=XtW-Fs _G10VA +W-f _ ¢, +(W-R)/iev?A)
& «

s

CD E'PU’)? - Cb
or
(3 tan@=a- -53 , where a= ‘c% and b =%(5—;“/—) are positive constants
c
(Mote that Fy > W becavse {he lure Floats en the surface when T=0
From Eq.(3) the graph of 1an8 vs U looks as a)=-—=—= =
shown. Thys, as U increases tan € increases.  tand /
That is, 4s U increases 6/}90{‘8 ases. //
—
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9.73 A regulation football is 6.78 in. in diameter and
weighs 0.91 Ib. If its drag coefficient is Cj, = 0.2, determine
its deceleration if it has a speed of 20 ft/s at the top of its
trajectory.

/ 0.9/ |
aﬁz ma , Wﬁere m= ;/ = ,322 f?‘" = 0.0283 s/(/gs
and | $*

b= Cy 4 pUA=02(3)(0.0023 :é%*”-‘gé) (20 _?_)“(g('%gﬁz)) c 002t |
Thus,

a=% = 0'0?-3?3/4 = 0.84 l_:f,;
m 0.0283shgs  ___S%
9lap




| 7.75 |

9.75 The paint stirrer shown in Fig. P9.75 consists of two
circular disks attached to the end of a thin rod that rotates at 80
rpm. The specific gravity of the paint is SG =
its viscosity is u =2 X 107%1b-s/fi®. Estimate the power
required to drive the mixer if the induced motion of the liquid
is neglected. '

1.1 and

If we neglect the effects of
the paint to be stationary , then

ol

C

s w0

in

=0

FIGURE P9.7s

the shaft and rod and consider

M=2LR , where M= torgue fo rotate shaft

and

0= drag on one disk = C,4pU°A

/)/.ra} U=wR and P=power to rotate shaft = Mw

Thus,

P=20R w = 26 4p(wR)FOR w

or 3 .
P=EC, e’ RPD* =FCopU D*  where © =56 €0

¢)]
With Re= €42 = 2<liuolD
/ = \/u,
where Iminys 27 rad\( /.54 7% +
y 2778 —
U= wR = (80558 )(gn)(4LLad)( L5278 1) =/, 3554
7 .

o, have 598 251,353 8 (smt) _ , .

T 2xeE R

f1*

For a circolar disk , Cp =14 if Re>10° (see Fig. 9.29)
while Cp = -Z-%ff it Re<l (see Table 9.4 *»

For this particvlar problem

/< /?e =/0.5 </03

Nofe: If the fow Reynolds number resvlt (Eq @) is vahid yp o Re=s0.s,

= 204 _ - Cp=20.4/Re
then Cp= 225 = /9% | G| X Gt
To be on the conservative side (i.s., mavimm power) | i~

vse the larger Cy — C, = 1.9% From Eg, (1)

o - —

T R T T

ol | 10 107 10°17R,

P =T (19900 1009% 282 ) (1,353 8y 7 1)?

+
= 0.0428 .fl’é:;’é

or
. | h
79.1(0,0428 Hs ’é)( 550 ﬁ{fi)

-5
=7.78x/0 hp
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q.77

9.77 The football shown in Fig. P9.77 can be blown from its
kicking tee by pivoting freely about point (1). The drag
coefficient (based on the cross-sectional area of the football,
wD?*/4) is a function of its orientation, 6, as shown. Plot a graph
of the wind speed needed to blow the football from the tee as
a function of the angle 6.

MFIGURE P9.77

From 1he free lbod)/ oliaqramﬂf

30 60 90

6, deg

the football, summing 1 00 '

moments abevt the pivel pant (1) gjves Fy
ZM =0 or W cxb = f fsinb
Thos, W=dJ tn6 =G, 2eV A tan6 which gives

14
U:[ _2W }
. Cp p/7 tan 6
or ‘

2 (0.9116)

¥
A ]
Cp (0.00238 slvgs/ Hs):',;r ( %58- H)z fan©

Hence, U=55.1[1/(c, o)

Using valves of Gy from Fig. P4,

6,deg drag coef CD U, ftfs
0 0.20 ©
15 0.26 208.8
30 0.36 120.9
45 0.60 711
60 1.00 419 U, ft/s
75 117 26.4
90 1.20 0

77, the Tfollowing resvlts are obiained:

(

250 -

200 o \

1%0 : \

100 \

(4,
o

0 20 40 60
Theta, deg




9.78

9.78  An airplane tows a ban
0.8 m tall and £ = 25 m long at
km/hr. If the drag coefficient bas

er that is b =
a speed of 150
c:d on the area

btis 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 Iar},cr drag toru, and why?

70=05U, where /=0 ‘—ﬁ-(ov/) with A=bl,

Thus , with Cy= 0.06and U=(I50 7;(2)(

this

II/GS

! hr
3400s

1000m
| km

)= 4742

P = (o 06) (£ )(1.23 X8 (41725 (0.8m)(25m) = 5 3.5 316" W =53.5 kW

For a rigid flat plate
P=L8U=2C,40U34

( the factor of two is needed hecause the

drag cosfficient is based on the drag on one
side of the p/a/e)

Y]
With Rey= Ub = (£:73)(2
F/g 9.15 a valve of C

Thys,

L4EX10° —'g—

25m) = 7./#x/07 we obtain From

0. 0025 for a smooth plate.

P = 2(0.0025)(+)(1.23 L NYoY 725(0.8m)(25m) = 4 44 x10°W = 4 44 kW

For the Haf plate case the drag is relatively small becavse if is |

dve entirely to shear (viscous)
ba/mer, a good porf/bo of ifs
pressure forces . It s pof

;fafces. Dve o the ”f///ﬁ’er/'ﬂy"o/' the
drag (and hence power) is a resolf of

mr streamlined as a p/;o/b/ Yat plate.
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9.79 By appropriate streamlining, the drag coefficient for an
airplane is reduced by 18% while the frontal area remains the
same. For the same power output, by what percentage is the
flight speed increased?

P=lU, where of=<C,%0VUA

D

Let ( )0 denole 1he oﬁy/na/ copf/yw‘afioﬂ and ( )S the streamlied one.
Thes, with B =2 we obtain

2 ) | )

Coy 20U AU, = Gt UA U, or mith A=A, | =p
3 3 U _ Cp 4 Coo 1

U6, 80, The, = 82] ] JF = rosm

e, a 6.8% 7 speed Increase

Note: P~ Ua[;o so that §P = 3V"c, U +VU’Scy . Thos, with
570‘0, This gives ivgz—é 5% - ——05{—6- =+0.06 =67,

Cp

Coo ~O:I8CD,
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9.80 The blimp shown in Fig. P9.80 is used

9.80

events. It is 128 ft long and has a maximur

at various athletic
diameter of 33 ft.

If its drag coefficient (based on the frontal area) is 0.060,

estimate the power required to propel it

(@) at its 35-mph

cruising speed, or (b) at its maximum 55-mph speed.

B FIGURE P9.80

P=U where F=6, 7¢
Thus, with

slgs

U4

aﬁ"0060( )(0 00238 5 ).Uz‘g(&’»ﬁ')z
= 0.06/1 U* Ib, where U~ fi/s

(@) Thus, with U= 35 25 (5o < 55 fi4s

L =006l (5/,3) =161 1b
so that
P=LU =1611b (513 ﬁ/s)(—

() S l‘mf/a/'/y ; with /=55 mp/)-“‘

W =0.0611 (80.7)*= 399 b
so That
P=fU =398/ (8.0.7?)(

80.7 H/s,

£50 f4- /6/4‘) 58 6%/’




9.8/

9.81  Estimate the power needed to over
namic drag of a person who runs at a rate of
still air. Repeat the calculations if the race is
headwind; a 20-mph tailwind. Explain.

In still air P=dU, where
From Fig. 9.30 , G,A=~9 H*

Thes, - (+)(0.00238 —M‘S)(
and
P=(9.6¢18)(308) (5

|

Im‘o a 20mph =243 & headwin

oﬁ* DzP(U + 29.3% £)°A or

b= (£)(0.00238 —i"f-')(3o+

Th
* p= (327 )30 ) (55

come the aerody-
100 yds in 10 s in
run into a 20-mph

b=Cy4eVA with U< 3%=304,
o2 (982 = 9.6 18
i) - 2526 bp
d P=dl., where U= 30 =rupners;
speed

zq.s)zgff;(g #2) = 37.7 /b

With a 20 mph = 29.34 fail wind f/?e relative headwind thal Hhe
ronner feels is T, - 293 f -(30-20.3) & = o078

Thys,
oﬁ‘( )(0. 00238 Hs )(p 7f—

Ths,
703 (0.00525/5) (30 iy

(942 = 0.00525 Ib

=0,000286 hp

WNote : 7he tailwind essen //a//y czwce/s the relative wind speed
prodvced by the runners farww*d motion.
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7.83 |

9.83 A fishnet consists of 0.10-in.-diameter

83 A ; 0.10-in~dia. cylinder
strings tied into squares 4 in. per side. Estimate

the force needed to tow a 15 ft by 30 ft section V’*‘{'ﬂa lr |
of this net through seawater at 5 ft/s. 4in. // 7 ;//’
4 g S " A
2 . / - //,/‘/
I section /4// — /‘ ’
“ ,
The net can be treated as one /0/79 4t

0.10 ~in. —a//amez‘er cirgvlar <:y//}7c/er with

=0z (OU /} where U=5 Each ] 7 section of the net
confam.s 6 fem[ of 57(/‘//7 ( a'a’ﬂof cwnf the edges twice). Thus, the
total string Jength is a,o,o/o/t/mafe/y Z=(¢ —g )(15H)(301) = 2700 f

Also, since =199 Sﬁf drm’ v=/26x/0"5 t (see Table 1.5)
Re = U2

()982 4)

1.26x1075 £

=33/0  Hencs, from Fig. .21 that G=11
Thos,
og_._(/,/)(—;)(/.wéggé)(sﬁ)( L)) (27004) = S/61b

9-77




9.84

9.84 As indicated in Fig. P9.84, the orientation of leaves ona
tree is a function of the wind speed, with the tree becg
“more streamlined” as the wind increases. The resuylting
coefficient for the tree (based on the frontal area of the tree, HW Strong wind (' 0.3
as a function of Reynolds number (based on the leaf length, L) o=
is approximated as shown. Consider a tree with leav

L = 0.3 fi. What wind speed will produce a drag on the tree

is 6 times greater than the drag on the tree in a 15 ft/s wind?

ming
i dl‘&g
HW)

es of length

0.6 —
05|
0.4

0.2
0.1

that

18,000 100,000 1,000,000

Re = pUL/u
RFIGURE P9.84
UL
o = CD?.LPUZ/} and Re= %~
or . 5 '
D=0, 7(0.00238)U"HW = 0.00119 HW G U 1)
an sl '
_ 0.00239%% U(o.3) _ N
Re = 3.75‘)\(/0'7']5@/#" = 1909 U/ W/)f.’/‘e U H/S‘ (2)

Thus, with U =15 ft/s, Re = 1909 ( /5 :’)= 28,600 so that from Fig. P9.84

CD = Q.46 So

A, = 0.009 HW (0.46)(15)" = 0.123 HW

For the drag 6 fime as great,
Thvs, from Egs. (1) and @)
0.738 HW=0.00119 HW G, /.
er
CyU = 621
Trial and error solvtion:
Assume C,=0.3 so that from £q

J'=6d)=6(0.123 Hw) =0.738 W  3)

(4

.(#) U= V% 2455k and from Eq, (2)

Re =1909 (45.5) = 84900, Thys, from Fig. P9.8% C,=033#0.3 the

assumed yalve.
Try again. Assume 0y =0.33—

U= 43.4fts ~Re =82 900— C, = 0,36 0,33

Try Cy=036—U = 4.5 fifc— Re =79 300 —~C) = 0. 3¢

T/n/sl U= 415 /s
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9.85 A Piper Cub airplane has a gross

weight of 1750 1b, a

cruising speed of 115 mph, and a wing area of 179 ft2, Determine
the lift coefficient of this airplane for these conditions.

For equilibrivm & =W =

175016 , where X = C%(JU/?

Thos, with U5 mpt) BEL) /69

X

/]7501/b

=0.288

C B e - d ]
“ zeUA %(0.002385%1‘35)(/59{3)"(/79;;1) —

9.8¢6

9.86 A lightaircraft with a wing area
of 2000 1b has a lift coefficient of 0.40

of 200 ft* and a weight
and a drag coefficient

of 0.05. Determine the power required to maintain level flight.

For equilibrium X=W= 2000/6 =C, $pUA

0r2000 /b = (0.40) §_L (0.00238 f%?l) U2(200 £42)

Hence,
U= /451
/4/50 = power =7 U

u//}ere

L= Cy # U =(0.05) (0.00238 SHE) (145 ) (2001)= 250

Note: This valve of o3 covld be oHaMepl from
%S%—--gﬁ:a“o..,g or M«-’—'gf__oo_/é5250/é

Co 0.05

Thus,
D =250/ (/»945-_7?) =

3, 6’? x[0 =5

#f!/é _
L5 i‘;I)_ 5.9 4p
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9.7 ]

9.87 As shown in Video V9.9 and Fig. P9.87, a spoiler is used
on race cars to produce a negative lift, thereby giving a Qﬁt&r

the pavement is 0.6. At a speed of 200 mph, by how much woyld w
use of the spoiler increase the maximuym tractive force that could
be generated between the wheels and ground? Assume the air i
speed past the spoiler equals the car speed and that the airfail
acts directly over the drive wheels. -

where Z = coeffizientof friction =0.6 '
77?%“, g o \f/
A5 =/'ZA/V2 =/ﬂ'a?fl where AF, jc Hhe .
increase in Tracfive force dve to the (downward) Iift
Hence, with U= 200mph= 293 s

X =40U%C, A =4 (0.0023¢ :}é{é’i) (295 8)°(1.0) (1.58) (441) = 67448,
and |
ok, = 0.6 (67418)= 405 [b

I

|

Tractive force = F = My | JW —

b = spoiler length = 4 ft
tractive force. The lift coefficient for the airfoil shown is Spoiler , 1.5t
€. = 1.1, and the coefficient of friction between the wheels and '




g, ‘88.‘

9.88 The wings of old airplanes are often strengthened by
the use of wires that provided cross-bracing as shown in
Fig. P9.88. If the drag coefficient for the wings was (.020 (based
on the planform area), determine the ratio of the drag from the

wire bracing to that from the wings.

Speed: 70 rgnph

Wing area: 148 ft2

Wire: length = 160 ft
diameter = 0.05 in.

| FIGIJ’R’E’ Pg.83

J{W.ﬂy = %PUZCD
and

W

wire

wing A wing

= 1“!‘-PUZCDW/}WQ

oéﬁm» _ waire Awire

AW[F&' S0 '/han‘

2.
be/‘t? /qu//”y 5/4‘8{71 , Cﬁw;”ys 0;02.

/)/so) Awire =/0D= (/50#)(—-0-"&5 )= 0.667 f*
nd since g8t
a R _ _U__Q - (70MP/7)(_‘£Q”,‘,Z 2 H) = 2720
T 1.57 x107% £ R

From Fig. 9.21, with Re=2720 we obtain C,=/.0

Dire _ _(1.0)(0.667*)
Dwing ~ (0:02) (148 £1?)

=0.2 or 22.52
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9.89

a speed of 570 mph at a cruising altitude of
percent must the power be increased if the
to maintain its 570 mph flight speed at sea

P

 Let
 Ths,

The jet engines on a Boeing 757 must develop a cer-
tain amount of power to propel the airplane through the air with

pawer = oﬁU = 'LPUBC;, A
), and ( Dos a’eﬂoz‘e condjtions ar‘ ¢4 /eue/ aﬂo/ 35000 f’?’ rw,oev/n

VV‘J

J.Po A

o hat
600 /40

76s ?2;
G

l!

o?élw& a4 ;éN

@w @

0. 002.38

~

(\

.s‘/ S
0. 000733 _.#;-

35,000 fr. By what
same airplane were
level?

‘Wifb(l Vq/l/ﬁ: f/‘om b/e G; /

= <?;22§:=: 32?—% )

///40 ‘/43.5 4/7/ Qbo @3{

Incréase -

Hhos
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9.90 A wing generates a lift £ whe
level air with a velocity U. How fast
through the air at an altitude of 35,000

coefficient if it is to generate the same lift?

L=

2 2
( PU )sea level = ( ¢ v )3%000”’!

) -
/ZU —[2.38x10 3,"’”
sea 2

Hence,
U Bestee
35000# ™ )
35000 ff
or
lés,o‘oaﬁl = 1.80 [Zcea level

moving through sea-
must the wing move
ft with the same lift

GzeUA so with X, G, and A constant

level \7.38x10% slvg Qéea level

13




; X (% ¢) y (% c) wly
9.91 Air blows over the flat-bottomed, two-dimensional object 0 0 0
shown in Fig. P9.91. The shape of the object y = y(x) and the 2.5 3.72 0.971
fluid speed along the surface, u = u(x), are| \given in the table. 5.0 5.30 1.232
Determine the lift coefficient for this oby:ct*y 75 6.48 1.273

i 10 7.43 1.271

1 20 9.92 1.276

] 30 11.14 1.295

; 40 11.49 1.307

I viscous e#ecf.s are ney/:y;b e ﬂfl&ﬂ 50 10.45 1.308
60 9.11 1.195

L= _( §p cosbd] — f pcosbdh () 70 6.46 1.065
Jower ypper | 80 3.62 0.945
where from f/)e Bernov// / eyyafmn 1(9)?) (1,‘26 g'gfg

priput=prdevt
The efr’ecf of m’mps,obe/‘/c ppe{‘wre bLo,
drops oul when the infegration ver LA

the enfire surface s per{'ormed L . lower sorf ace
With 6= 0 on the lwer corface and

with cos6 dfl = cas @ (Lds) ‘-—Z’/x
where £ = wing span, Lgs(l) dﬂa/ (%) give

0 2)
r Y upper surface

Z=([p+to(U*a)]Ldx - f[,q, +p(U u?)] Ldx
lower Lpper
or, since “s U on the lower m'-face

Z=-tol ey =29v3fc_(g-g-)‘-,j4x' | whera X=X g
X=o0

X=0
TAI/S) since
G = xz. = g Uas 7 it follows from £4.43) that
2 (:{V ﬂ e (r y
= l uenwd FIGURE P9,
. p3 | 2
By using a standard numerical x" | ) -1
) . - . -— o
infegration rovting with the data 0025 Ta0%
. . . 0.518
qiven we obtamn » 3,'3?;’ 0.62]
o | i
Q =0.327 ' 0300 0.677
0.500 0.711
0. 600 0.428
0.700 0.134
o.aw -0.107
0.900 -0.267
1,000 -0.3¢9

g-s4




9.93

9.93 A Boeing 747 aircraft weighing 580,000
Ib when loaded with fuel and 100 passengers takes

off with an airspeed of 140 mph.
configuration (i.e., angle of attac

With the same
k, flap settings,

etc.) what is its takeoff speed if it is loaded with
372 passengers. Assume each passenger with lug-

gage weighs 200 Ib.

For steady flight £=C $eVA =W

Let ( )oo denote conditio
a0 )gsp with 372 passe

/9/00 = /4372 ’ and Coo = Csaz
r Uree _
100 _ Y00 qm

or Uan =

Thus, Uy, = 146 mph

NS WI.‘I/) 100 pPassehgers

Eq.0) gives

hgers . 7%4/3, with C;_ y

00 = Q-’*‘“ ¥

( [580,000 + (372 - 100) (zoo)] /

| 580,000 16

(1)

with ] = /% omph

1 7.94

9.94  Show that for unpowered flight (for which

the lift, drag, and weight forces

are in equilib-

rium) the glide slope angle, 6, is given by

tanf = C,/C,.

For steady unpowered flight

ZF, =0 gives £=Wsip8
and

= F =0 gives
Ths,

X = Wecos6

c
Hence, tan0=7>
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9.95

943 If the lift coefficient for

times greater than its drag coefﬁcxengt 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 9.94.)

ﬁom p/"OA/em ?; qlf" 7"0”6 = _‘?_D_ =

Hence,
30,000

P2 o L or d=45x05ff d
N

Hence, the plane can glide

80mu.

(

a Boemg 177 aircraft is 15

/.5
39000f}

2/)‘7/'

———

7.96

9.96  On its final approach tg the airport an

airplane flies on a flight path th

to the horizontal. What lift-to-drag ratio is needed
if the airplane is to land with i

back to zero power? (See Problem 9.94.) ///%///

From Problem 9.9 4,
fan 6 = CD

or

%9— =t 3°= 0.0524
L

at is 3.0° relative

its cngines idled , %

//’////‘*/////?///f///////

£ = /9.1




.99 |

9.99  The landing speed of an airplane s
Shuttle is dependent on the air density. (
By what percent must the landing speed b

uch as the Space
Se:

¢ increased on a

e Video V9.1)

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.

--;prlc,_/‘l =W

Thes, with constant W, C, | andA
[ 772 _ 2
(pU )7'=//o' (PU 2}'

i

)

IIO_° eno

But P =pRT so

T hus

J
U = V11176 o = 10572

U&‘a' or a ,, 7z

=(£§2 )ZUSO'

=50°

Eso _,_(ﬁso/RZ}o) _ (%60+0)
e (o /RT) ~ (H60450)

For equalibrivm | I/f} = weight, or

1%

Cire

D]

=/.1174

e,
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effects of nonuniformly heated air. What vertic
needed if the sail plane is to maintain a constant

glide with a slope angle 8, where
o= Wsin® and £=Weos®. Hen
or since &= ‘i’(vzé}, A and

L=2 eV CA if follows that

With no vertical air motion ipe sailplane wovld

9.97 A sail plane with a lift-to-drag ratio of 25 ﬂi;s with a speed
of 50 mph. It maintains or increases its altitude by flying in

thermals, columns of vertically rising air produced by buoyancy

al airspeed is
altitude?

since S F =0
& Wsinb

ce,
tan8= _g.?. . Therefore in st

air the sailplane wovld loase alfivde ot a rate of Usin®, where

0= faﬁl(—gf) =tan’ (._ 2% ):2.29". Hence, an upward wind of(50mph) sin 2.29°
= 2,00 mph will alfow horizontal flight.




9.98

9.98 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/fi® h, ft

Wright Flyer 1903 750 35 15 0
Douglas DC-3 1935 25,000 180 25.0 10,000
Douglas DC-6 1947 105,000 315 72.0 15,000
Boeing 747 1970 800,000 570 1500 30,000

- % _w__

Wright Fyer | z,3ex° | $2.3 | 45 |oxso|
DC-3 | /.‘7}:(/0'3 2544 250 ‘

Dc-6 3 /,Sax/of‘:' ﬁ%;z§ 72,0 |o#5l

747 | ewxd* | g3¢ | sso
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9.103  Boundary Layer on a Flat Plate

Objective: A boundary layer is forméadl on a flat plate when air blows past the plate. The
thickness, 8, of the boundary layer increases with distance, x, from the leading edge of the
plate. The purpose of this experiment is to use an apparatus, as shown in Fig. P9.103, to mea-

sure the boundary layer thickness.

Equipment: Wind tunnel; flat plate;

boundary layer mouse consisting of ten Pitot tubes

positioned at various heights, y, above the flat plate; inclined multiple manometer; measur-

ing calipers; barometer, thermometer.

Experimental Procedure: Position
mouse a known distance, x, downstream

the tips of the Pitot tubes of the boundary layer
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 mano

meter and determine the angle of inclination, 6, 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 re

peat the measyrements. Record the barometer read-

ing, Hy,, in inches of mercury and the air temperature, T, so that the air density can be cal-

culated by use of the perfect gas law.

Calculations: For each distance, x, fr
termine the air speed, u, as a function of

om the leading edge, use the manometer data to de-
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, u, 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
of distance from the leading edge. Note
bulent so that the measured boundary la
cal laminar boundary layer thickness giv

Data: To proceed, print this page for r
to bring up an EXCEL page with the da

Boundary layer mouse

Pitot tub

Flat plate

!Inclined manometer

a graph of boundary layer thickness as a function
that the air flow within the wind tunnel is quite tur-
yer thickness is not expected to match the theoreti-
en by the Blassius solution (see Eq. 9.15).

eference when you work the problem and efick here
ta for this problem.

B FIGURE P9.103

(c 0{7’;‘)

|
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9.100 Commercial airliners normally cruise at relatively
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 weight = X=01pUA
Thus, for given W, C,  and A the dymamic pressyre
is constant, independent of altitvde. That /s y
G000

i, oos) 19,000

U:z ) Uz
f? /)Q,OOOf'/ z¢ 3&000# 4

//3’7“", go,oao > 6/’0,000

Also, since thedrag js o=

30,000

//eﬂce, i%e a/'/"am/J can f/)’ far:fe}‘ ai‘ /7/% a/ //'/l/Jﬁn/ w//b 7%8
same GM@WN‘ ”70 dl"d? (algo/,mp ”%&M)

”

or

19,000

v

9-90

30,000

$0UA i Follows that

L 2, . .y,
Lrooos =007 ) = %07A) since $0Tpm =t o




9.102

9.102 For many years, hitters have claimed that some baseball
pitchers have the abﬂxty to actually throw a nsmg fastball.
Assuming that a top major leag\wr pitcher can throw a 95-mph
pitch and impart a 1800-rpm spin to the ball, is it possubic for
the ball to actually rise? Assume the baseball diameter is 2.9 in.
and its weight is 5.25 oz.

If the litt prodvced on the spinning ball is greater than its weight Hhe
ball will rise. |

w :IﬁOrpm

=/8§ ra
L= i"pUz/) = / U=35mph
where C, is a fonction of 22 =139 f1/s

2

as shown in Fig. 9. 39,

Thus, wiih

rad
wD (/38 )( H) = 0,163 0.8
20 2 (/39 H/s)

‘CL = 0.04

W=25.250z =03281

Hence, for the qiven conditions

& = 0.04( -{-),(0.002385;;? (139 £)

x g -7;?#)‘ = 0,0422 [b
so that
I”g. 0422 /b < W:O.:%ZE’ /b , 0.2 , ;
The ball will not rise. L.

(9

Cp €,

Note * The above result is based % 2
on smooth-sphere data, The resvlts |
for a baseball (with its rovgh sorface Coclficents for a spinaing amooh !
containing seams) will probably = e (e
9ive & somowhal larger litt because
for a given ar)gu/an veloorly if can

drag” more air along as it spins.

abi2U

o~
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7.103 | (con’t)

Solution for Problem 9.103: Boundary Layer on a Flat Plate

6, deg
25

y, in.

Ham, in. Hg
29.09

L, in.

Data forx=7.75in.

0.020
0.035
0.044
0.060
0.096
0.110
0.138
0.178
0.230
0.270

0.20
0.35
0.48
0.70
0.95
1.06
1.21
1.44
1.70
1.85

Data for x = 5.75 in.

0.020
0.035
0.044
0.060
0.096
0.110
0.138
0.178
0.230
0.270

0.20
0.42
0.50
0.71
0.98
1.06
1.30
1.54
1.76
1.88

pu?/2 = y0™L SiNG

where

p = pam/RT where

L, in.

0.15
0.35
0.45
0.71
1.20
1.30
1.56
1.77
1.95
2.00

0.20
0.50
0.68
0.90
1.51
1.70
1.90
1.95
2.00

T,degF Yrzo, 1D/

80 62.4

u, ft/s y, in.
Data for x = 3.75 in.
19.9 0.020
26.3 0.035
30.8 0.044
37.2 0.060
43.4 0.096
45.8 0.110
48.9 0.138
53.4 0.178
58.0 0.230
60.5 0.270
Data for x = 1.75 in.

19.9 0.020
28.8 0.035
31.5 0.044
375 0.060
44.0 0.096
45.8 0.110
50.7 0.138
55.2 0.178
59.0 0.230
61.0 0.270

R = 1716 ft Ib/slug deg R

T=80+460=540degR

Thus, p = 0.00222 slug/ftA3

Patm = Yr20 "Hawm = 847 Ib/ft"31(29.09/12 ft) = 2053 Ib/ftr2

Approximate boundary layer thickness as obtained from the graph:

X, in.
1.75
3.75
5.75
7.75

8, in.
0.15
0.20
0.27
0.30

(c:m’c‘)

2.00

u, ft/s

17.2
26.3
29.8
37.5
48.7
50.7
55.6
59.2
62.1
62.9

19.9
31,5
36.7
422
54.7
58.0
61.3
62.1
62.9
62.9

9-93




9./93 | (con’t)
Problem 9.103
Velocity, u, vs Distance, y
0.30
0.25
0.20 _
—~o—x=775in.
£ —M—x =575 in.
> 0.15 —a—x=23.75in.
—o—x=175in.
0.10 T
0.05
0.00 .
20 40 60 80
u, ft/s
Problem 9.103
Boundary Layer thickness, 5,
V'
Distance from Leading Edge, x
0.35
0.30 —»
Pl
0.25
- 0.20 - /e * a;i)gl:g:igate boundary layer
';.\ 015 / ; ~—Best fit power-law curve
&= 0.112x%48
0.10
0.05
0.00
0 2 4 6 10

-4




9. 104

9.104 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. P9.104, 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, 0. Record the barometer reading,

Hy,p, 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)/(pU?/2),
as a function of position, 6. Here p, = 0 is the static pressure upstream of the cylinder in

the free stream of the wind tunnel, and p = v, L sing 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 Section 6.6.3).

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

Static pressure tap

Inclined manometer

& FIGURE P9.104

<’<:§/;’f)
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(con’t)

Solution for Problem 9.104: Pressure Distribution on a Circular Cylinder

P. deg
25

6, deg

0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180

P = Yu2o*L sinf

Haim, in. Hg

29.97

L, in.
1.2
1.1
0.7
0.1
-0.6
-1.6
-2.4
-3.1
-3.0
2.7
2.7
-2.6
-2.6
-2.6
2.6
2.6
2.7
2.7
-2.8

P = Pa/RT where

Patm = Yrg*Haum = 847 Ib/f
R = 1716 ft lo/slug deg R
T =75 + 460 = 535 deg

Thus, p = 0.00230 slug/ft*3

C, = pl(pU?/2)

Theory: C, = 1-4 sin%

T, deg
75

R

F U, fts

47.9
Experiment

P, Ib/ftr2 Go
2.64 1.00
242 0.92
1.54 0.58
0.22 0.08
-1.32 -0.50
-3.52 -1.33
-5.27 -2.00
-6.81 -2.58
-6.59 -2.50
-5.93 -2.25
-5.93 -2.25
-5.71 -2.17

- -5.71 -2.17
-5.71 -2.17
-5.71 -2.17
-5.71 -2.17
-5.93 -2.25
-5.93 -2.25
-6.15 -2.33

t"3%(29.97/12 ft) = 2115 Ib/ftr2

Theory
Co

1.0

0.88
0.53
0.00
-0.65
-1.35
-2.00
-2.53
-2.88
-3.00
-2.88
-2.53
-2.00
-1.35
-0.65
0.00
0.53
0.88
1.00
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Problem 9.104
Pressure Coeff cient, C,, vs Angle, 6
1.0
0.5 /
0.0 ¢ :
-0.5 / ¢ Experimental
Oa' -1.0 \ / —— Theoretical (inviscid
flow)
-1.5 i /
-2.0 JOL Y. K I
-2.5 - .
N/

-3.0 i

0 30 60 90 120 150 180

0, deg




9,105

9.105 (See “Armstrong’s aerodynamic bike and suit,” Swaon
9.1.) By appropriate streamlining, the amount of power needed to
peddle a bike can be lowered. How much must the drag e@eﬁf cwm
for a bike and rider be reduced if the power a bike racer expends
Wwhile riding 13 m/s is to be reduced by 10 watts? Assume the
cross-sectional area of the bike and rider is 0.36 m?.

oJ= 0, (“U/) and P = power =’aﬁU

T/)l/.sJ

AP=$pUA(26,)

or

10 watls =10 A’_;:—'—”i =4 (123 —f;,%)(ls 2y (0,36 m*) Ac
Hence,

AC =0.0206

Note from Fig. 9.30 the valve of the drag coeficient for a
racing bile is abouvt 0.88. :




‘7. /06’

9.108 (See “Learning from nature” Section 94.1.) As
indicated in Fig. P9.108, birds can significantly alter their
body shape and increase their planform area, A, by spreai!ing
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 P9.108

X=C3pUA
Let (), denote landing conditiops and ( ), denote normal flight conditions.
Thus, with 56, =&, ,

C,_’ '{‘p (/,2/9, =0, 2"(9 Uz-zﬁz

or

. ][ﬁ -V C 4‘, A Al
/], = = 2 = 1! CL

‘“}-2 I)" ﬂz CLZ. Ul- /'Sﬂl —VJ !
or

3¢,
U, =076 U

Hence,

U-U
7 ~ =0,716-] =-0.294

z‘,e,)’i a 2847 redvction i flight speed
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9.109 (See “Why winglets?,” Section 9.4.2.) It is estimated
that by installing appropriately designed winglets on a certain
airplane the drag coefficient will be reduced by 5%. For the
same engine thrust, by what percent will the aircraft speed be
increased by use of the winglets?

Let (), denote without winglets anal (), with wing lets.
Thus, since drag equals thrust ard thrust, = thrusty | it follows

that

0&; 'zaﬂz.

or

Co 20U A =C, 10U A,
so that with A, “As,

Co :
L=Ul2 =US__ =0z
2 ) 601 { a—;z:‘c"o’: 60.01

Thvs a 2.607, increase in speed js realized,

9-102.




9.106

9.106 (See “Dimpled baseball bats,” Section 9,3.3.) How fast
muyst 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
(acylinder) 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 j;g'a(/m,o/e.s' redvce drag for Re= e;u@ % #x10*
T/)I/SJ assume Re = #x jo* for 1he /MJ’ 50 that

Ub _ %
-Qp——— = #X/0

or
(0.00238 slugs) U(:?'/‘i§ fi) _
(3.7#x 1077 %)

4x/0

Thus,
U=2s¢ 4t

T —————
—_—————
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9.107 (See “At 10,240 mpg it doesn’t cost mu;ch to ‘fill ’er
up,’” Section 9.3.3) (a) Determine the power it takes to
overcome agrodynamic drag on a small (6 ft® c%ross section),
streamlined (Cp = 0.12) vehicle traveling 15 mph. (b) Compare
the power calculated in part (a) with that for a large (36 ft* cross-
sectional area), nonstreamlined (Cp = 0.48) SUV traveling

65 mph on the interstate.

P=power = Ul where 0(7"505"@(/1'9

so that
P=C,10UA
(a) P=0.12 (£)f0.00238 *ig-g—’)lb

=49,/2 fj—”’

! hp

\

(

=

(b) P=0.48( £ )(0.00238 3%5)[(657’;’% (

550 fHib/s /

/ hp

5280 fmi.

( 38005/ hn
=0.0166 h

vt o et e

3
5280 ft/mi
3600 s/hr )] (361)

. mi
&K

B ) )}3(5 f1*)

= /7 goo fi:1b
1§90 75 (550

f1:1b /-

—) = 32.%hp

9-/00




