Chapter 3

Boundary layer
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Figure 8.1 Flow past a circular cylinder at Re = 0.16. The flow is from left to right.

It resembles superficially the pattern of potential flow. The flow of water is shown by
aluminum dust. (Photograph by Sadatoshi Taneda. From Album of Fluid Motion, 1982,
The Parabolic Press, Stanford, California.)

Stagnation

Figure 8.3 Flow around a blunt body and a streamlined body.
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Figure 8.4 Streamlined body that is stalled.
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Figure 8.5 Separation due to abrupt geometry changes.
Figure 8.6 Flow separation on a flat surface due to an adverse pressure gradient.
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Table 8.1 Drag Coefficients of Finite-Length Circular Cylinders* with Free Ends® and of
Infinite-Length Elliptic Cylinders

Circular cylinder Elliptic cylinder*
l.,ehgfh Cp JW(‘zjor a.w:s Re C
Diameter Che Minor axis
% 1 2 4 x 104 0.6
40 0.82 4 10° 0.46
20 0.76 - 2.5 %X 10% to 10° 0.32
10 0.68 8 2.5 x 10° 0.29
5 0.62 8 2 %X 10° 0.20
3 0.62
2 0.57
1 0.53

*C,. is the drag coeflicient for the infinite-length circular cylinder obtained in Figure 8.9.
*If one end is fixed to a solid surface, double the length of the cylinder.
¢Flow is in the direction of the major axis.
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Obj(’('l Re C[)
\2 30° > 10¢ 0.6
Cone — ) a =1 60° = 104 0.8
a 90° > 10! 1.2
: : ol > 10* 1.2
Solid hemisphere _, 1 - 10 0.4
. - = 10* 1.4
Hollow hemisphere _, q ~ 10 0.4
Parachute = 107 1.4
Automobile
1920 o = 10° 0.80
Modern, with square corners — = 10° 0.30
Modern, with rounded corners — = 10° 0.29
Van = 10° 042
Bicycle, upright rider 1.1
racing, bent over 0.9
racing, drafting 0.5
Semitruck, standard 0.96
with streamlined deflector 0.76
with deflector and gap seal 0.70
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A square sign, 3 m X 3 m, is attached to the top of a 18-m-high pole which is 30 cm in
diameter (Figure ES8.1). Approximate the maximum moment that must be resisted by the
base for a wind speed of 30 m/s.

3m

F—

—
! ] 3m
=L

18 m

30 cm —{[=—

Figure E8.1

Solution
The maximum force F| acting on the sign occurs when the wind is normal to the sign; it is

F|=CDX%pV2A

=1.1><%x1.2><302 X 32 =5346 N

15



.,
L8I$G1.2$+(. %#&SE33'()'&SN.&,")

where C,, is found in Table 8.2 and we use the standard value p = 1.2 kg/m® since it was

not given. The force F, acting on the cylindrical pole is (using the projected area as
A=18 X0.3m?

F;=CDX-%-pV2A

=08 X % X 1.2 X30% X5.4=23328N

where C}, is found from Figure 8.9 with Re = 30 X 0.3/1.46 X 10~° = 6.2 X 10° assuming
a high-intensity fluctuation level (i.e., a rough cylinder): since neither end is free, we do
not use the multiplication factor of Table 8.1.

The resisting moment that must be supplied by the supporting base is

M = d4,F, + d,F,
=19.5X 5346 +9 X 23328 =125kN-m

assuming that the forces act at the centers of their respective areas.
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Determine the terminal velocity of a 300-mm-diameter smooth sphere (S = 1.02) if it is
released from rest in (a) air at 20°C and (b) water at 20°C.

Solution
(a) When terminal velocity is reached by a falling object, the weight of the object is bal-
anced by the drag force acting on the object. Using ZF = 0 and Eq. 8.1.1, we have

W =F,

G ey S %ﬂR’ = Cp X %pVZA

USINg Yypere = S¥waer and projected area 4 = wR?, this becomes
1

SYarer X %‘n’R’ = Cp X E-sz‘trR2

The velocity can now be expressed as

s [SRS-ym,,]“z _ (8x0.15m X 1.02 X 9800 Nim* }'* _ 57.7
3pC, 3% 1.20kg/m* X Cp :;CD

The Reynolds number should be quite large so C, = 0.2 from Figure 8.9. Then

57.7
V = =129 m/s
\—/0.2 -

17
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We must check the Reynolds number to verify the C,, value assumed. It is

VD 129X 0.3

v T 16x10= =2.42 X 10¢

Re =

This is beyond the end of the curve where data are unavailable; we will assume that the
drag coefficient is unchanged at 0.2, so the terminal velocity is 129 m/s.

(b) For the sphere falling in water, we must include the buoyancy force B acting in the same
direction as the drag force F},. Hence the summation of forces yields

W =F,+B

7 ey 2 %wR3 = Cp X %pVZA + YVoare X %WR3

18
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This gives

(S — Dy X %wR’ =, x %pV%rRz

Using p = 1000 kg/m’, there results

v — [BRE = e " (8x0.15 % 0.02 x9800)” _ 0.28
3pC, 3 X 1000 X C, JCo

We anticipate the Reynolds number being lower than in part (a), so let’s assume that it is
in the range 2 X 10* < Re < 2 X 10°. Then C,, = 0.5 and there results

V = 0.40 m/s
This gives a Reynolds number of
Re — VD _ 040 X03 _ 12 % 10°
v 106

This is in the required range, so the terminal velocity is expected to be 0.40 m/s. Of course,
if the sphere were roughened (sand glued to the surface), the C,, value would be less and
the velocity would be greater.
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The velocity of a slow-moving, 30°C air stream is to be measured using a cylinder and a
pressure tap located between points 4 and B on the cylinder in Figure 8.10a. The velocity
range is expected to be 0.1 < V < 1 m/s. What size cylinder should be selected and what
frequency would be observed by the pressure-measuring device for V' = 1 m/s?

Solution

The Reynolds number should be in the vortex shedding range, say 4000. For the maximum
velocity the diameter would be found as follows:

4&)0:@.
Vv

_ 1.0m/s X D
T 1.6 X 1075 m?%/s
- D=0064m Select D =60 mm

AtV = 0.1 m/s the Reynolds number is 0.1 X 0.06/1.6 X 10~° = 375. Vortex shedding
would occur, so this is acceptable. The expected vortex shedding frequency at}V = 1.0 m/s
is found using a Strouhal number from Figure 8.10b of 0.21. Hence

_ /D
021= =
_ £ %006
1.0
~ f = 3.5 hertz
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A strut on a stunt plane traveling at 60 m/s is 40 mm in diameter and 240 mm long. Cal-
culate the drag force acting on the strut as a circular cylinder, and as a streamlined strut,
as shown in Figure E8.4. Neglect any viscous drag. Would you expect vortex shedding

from the circular cylinder?

Figure E8.4{a) Figure E8.4(b)

Solution
The Reynolds number associated with the cylinder and the streamlined strut is, assuming

air at T = 20°C,

Re = —
v

60 X 0.04

—W=I.6X105
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Assuming a smooth surface as in Figure E8.4a, the drag coefficient is C, = 1.2 from
Figure 8.9. The drag force is then

E, =C, X %pVZA

=12X % X 1.20 kg/m® X 60* m*/s* X (0.24 X 0.04)m* =249 N

For the streamlined strut of Figure E8.4b, Figure 8.9 yields C,, = 0.04. The drag
force is
1
F,=C, X EpVZA

=0.04 X % X 1.20 X 60* X (0.24 X 0.04) = 0.82 N

This is a reduction of 97% in the drag, a rather substantial reduction.
Vortex shedding is not to be expected on the circular cylinder; the Reynolds number
is too high. (See Figure 8.10.)
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ag
2P

% C Q4)$&'5(+) - $F<'SEHR ¥, #$ #5(+))$,#S,#4H), *2$@3.R #-$/(.3$
*(+R'L#-$5+R % #$* $/,0'&$5+R *+*, #$*.$)%4'(5+R, *+*, #D8
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3242F%8+C-.+.-") 5, = P= " P

Tl

| 7<'$&(+-$5.'11,5,'#$/.($)3+11$#%39'()$,)6 Cp(a) = Cp(0)(1 + o)

Table 8.3 Drag Coefticients for Zero Cavitation Number for Blunt Objects for Re = 10°

Two-dimensional body Axisymmerric body
Geometry (7] Cp(0)  Geometry 0 Cp(0)
Flat plate _/|"——~ 0.88  Disk 0.8
—J__
Circular cylinder 0.50  Sphere 0.30
120 0.74  Cone 120 0.64
Wedge I 90 064 - 90 0.52

— <3 60 049 — <3 60 0.38
To~— 30 028 = T 30 0.20
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3242F%8+C-.+.-")

LT<$<?&(1.,13@+,(/3P4'$9.&7D$,)$+8)<+4'$*<+*$,)$+)).5,+*'&$2,*<F5+R, *+*,.#8

Y)&$*.$1,/%$9.&,)$.%*$./$2+*'(8

Table 8.4 Drag and Lift Coefficients and Critical Cavitation Number
for a Typical Hydrofoil

Critical cavitation

Angle Lift coefficient Drag coefficient number
() Cy Cop T et
-2 0.2 0.014 0.5

0 0.4 0.014 0.6
2 0.6 0.015 0.7
4 0.8 0.018 0.8
6 0.95 0.022 1.2
8 1.10 0.03 1.8
10 1.22 0.04 2.5
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A hydrofoil is to operate 50 cm below the surface of 15°C water at an angle of attack of
8 and travel at 14 m/s. If its chord length is 60 cm and it is 1.8 m long, calculate its lift
and drag. Is cavitation present?

Solution
The absolute pressure p_ is

p. = ‘)’h +p.m
=9810 X 0.5 + 1.01 X 10° = 105.9 kPa absolute

The vapor pressure is p, = 1.765 kPa, so

e
212
5P

(1059 — 1.765) X 107 _

%xlOOOxM2

1.06

Answering the last question first, we see that this is less than 1.8; hence cavitation exists.
The lift force is, finding C; in Table 8.4,

F,=C, x %pV’A

=11Xx % X 1000 kg/m® X 14* m*/s* X (0.6 X 1.8) m* = 116.4 kN

The drag force is, finding Cp, in Table 8.4,

F, =Cp X %pV’A

=0.03 X 1 % 1000 % 14*(0.6 X 1.8) = 3180 N

2
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3242G%H**#*%|+$$

E/$+$9.&7?$+55'1'(+*)$,#$+$/1%,&:$).3'$./$*<'$/1%,&9$) % ((.%o# &, #-$*<'$9.&?$+1).$
+55'1'(+*)8

7<,)$5+#3$9'$+55.%#*' &$/.($9?7$+& &, #-$+35)3+11$3+))$3.$*<'$3+))$./$*<'$

9.&78

M'#5":$)%33,#-$/.(5")$/.($+$)?33*(,5+1$9.&7?6

dv,

F—-—F,=(m+m,)
dt

7<'$+8&&'&$3+))$5+#$9'$('1+*&$*.$*<'$/1%,&$3+))$OF9 76
- Q6$'8& &$3+))$5.1/,5,
Ma = KMy X4<'($ Q$'$C8e
f11,4).,8%0$ $C8F
T #-$571 #&(8$'$BSC
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A sphere with specific gravity 2.5 is released from rest in water. Calculate its initial accel-
eration. What is the percentage error if the added mass is ignored?

Solution
The summation of forces in the vertical direction, with zero drag, is

W —-B=(m+ m,)dVB
dt

where B is the buoyant force. Substituting in the appropriate quantities gives, letting
¥ = sphere volume,

S7muxV - 'Ywam-y = (p'awrSV + Osp'amV )d;B
This gives
dv,
S—-1)=(S +0.5)—=
g(S-1)=( ) 7
Hence
dVsy _ g(S—-1 _9825-1) _ 4.90 m/s?
dt S+0.5 25+05 -
If we ignored the added mass, the acceleration would be
dVy g(S—-1) _9825-1) _ -
dt S 25 88 ms
This is an error of 20%.
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4())%(‘$&.)*(,9%*, #8

S(+-$,)$/.%#8&$92%). 1R #-$*<'$9.06#&+(?$1+?'($'HY%+*, H) S @XRT)$
'HY%+*, #)D$/.($)<'"+($)*())6
T<#$ #°-(+*'8
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Figure 8.13 Lift and drag coefficients for airfoils with Re = Ve/v = 9 X 10° (¢ is the chord length).
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| b#,3%38&(+-$5./,5, #4)$/.($).3'$4+(*, 5% 1+($+,(/., 1) $5+#$9'$+)$1.2$+)$SC8CCle

L Y% (-$HY%: Y- )% - T)YE-9.%: #O9-:-#).<%o-$%+, () %I 24K 6L "-:"%o-$Y0)H+,%. " H#%
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Figure 8.21 Boundary layer on a curved surface.
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Figure 8.22 Boundary layer with transition.
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Figure 8.22 Boundary layer with transition.
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Figure 8.22 Boundary layer with transition.
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Figure 8.24 Boundary layer in air with Re_, = 3 X 10° (approximately to scale).
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Figure 8.25 Control volume for a boundary layer with variable U(x).
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Figure 8.25 Control volume for a boundary layer with variable U(x).
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Assume that the velocity profile in a boundary-layer flow can be approximated by a para-
bolic velocity profile. Calculate the boundary-layer thickness and the wall shear. Compare
with those calculated above for the cubic profile.

Solution
The parabolic velocity profile is assumed to be

— =A+By+ 0

U.
The fourth condition, which would be impossible to satisfy, of (8.6.9) is omitted; this
leaves
0=4
1=A+ Bé+C8*
0=B+20Cs

A simultaneous solution provides
A=0 B= = C=-
é

The velocity profile is then

~

Il
(%)
> |
I
9|
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— This is substituted into von Karmén’s integral equation (8.6.5) to obtain
2

s ; 2
T, = ol pr,[ZX J J[l _ % + "—)dy

dx Jo 5 & 5 &
2 . dé

=22
5P 2x

We also use 7, = p duldy |,-o: that is,

(8]

To =”'Um

Equating the two expressions above, we obtain

|

8dd = 15-—dx
U.

Using 8 = 0 at x = 0, this is integrated to

5 =5.48 f"—x
U.

This is 18% higher than the value using the cubic but only 10% higher than the more
accurate result of 5 \/vx/ U,.
The wall shear is found to be

2ul,

oy = T
= 0.365pU2  [——
xU,

This is 13% higher than the value using the cubic and 10% higher than the more
accurate value of 0.332 prJV/xU.,. Because the boundary layer is so thin, there
is little difference between a cubic and a parabola or the actual profile; refer to the
profile in Figure 8.24.
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_ " 7 Re, < 10’
Z'l — (L) n=148 10" < Re, < 10°
e 0

{ 9 10° < Re, < 10°
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51,5, #*)$+H#&$*<'$) <'+($)* () ('L +*, #)$5+#$9'$/. %o#&S

74



m———

L8hSN. UoH&+ET+2'($7<".(?

32P2F%(,&(E#).%R'()*+, T%M+T#,X%Y'LEM+L%Z',/
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B Aol
T, = 0.023pU; T3 dx J, 4 »

7<'$1.5+1$)Q,#$/(,5*, #$5.'1/,5, #*$5+#$9'S( 1+* &$*. $*<'$9. Yo# &P ($
*< SQH#))$+HESL.5+1$>'7#.18)$#%39'()$+)6

¢ = 0046[(‘—8]

: ) 5= 0.3&\-(,‘—»
U, x
cp = 0.059 Reiﬁ"< Re, < 107 = 0.38xRe_ " Re, < 107

.-))%3’#_$*%(9%1'#*$/12$
[(3$*<'$1'+&,#-$'&-
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C, = 0.073Re; " Re, < 10’
I E/$TS,)$+(.%0#&$I0PL)): $*<'#$
*<'('$,)$+9),-#,/,5+#*$1+3 #+($
C; = 0.073Re;"” — 1700 Re}' Re, < 107 )5*, #$ HS*<'$1'+& #-$'&-'8%
fH%+*, . #$,)$3.&,/,'&$+)$)%5<
L Y)&S/.($+S' 5~ eSm$BC

G #+117:$*<'$&,)41+5'3#*$+#8$3.3#%3$*<, 5Q#)) ) $5+H#$9'$/. Yo #&$+)6

5, = 0.048xRe:"
§ = 0.037xRe;"
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Estimate the boundary-layer thickness at the end of a 4-m-long flat surface if the free-
stream velocity is U, = 5 m/s. Use atmospheric air at 30°C. Also, predict the drag force if
the surface is 5 m wide. (a) Neglect the laminar portion of the flow and (b) account for
the laminar portion using Re,, = 5 X 10°.

———
o
e
-
e ———

X7

Xturb I

Figure E8.14

Solution
(a) Let us first assume turbulent flow from the leading edge. The boundary-layer thickness

is given by Eq. 8.6.27. It is
8 = 0.38x Re7"

-Us
=038 X 4 X (i) =0.0917 m
1.6 X 1075 ——

The drag force is, using Eq. 8.6.29,

F,=C X %pU,fLw

5x4 Y"1 Oy
=0073W XEX116kym X5 m’/s® X4m X Sm =128 N

e
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The predictions above assume that Re, < 10”. The Reynolds number is

__5x4
1.6 X 10~

Hence the calculations are acceptable.

=1.25 X 10¢

Cr

(b) Now let us account for the laminar portion of the boundary layer. Referring to Fig-
ure ES8. 14, the distance x; is found as follows:

UmxT
|4
1073

Re, =5 X 105 =

SXp=5X10° X 1.6 X =1.6m

The boundary-layer thickness at x; is, replacing the constant of 4.65 in Eq. 8.6.16 with
the more accurate value of 5,

5=5’ﬂ
U

_ 5 [L6m X 1.6 X 10~ ms
Sm/s

=0.0113m

The location of the fictitious origin of the turbulent flow (see Figure E8.14) is found using
Eq. 8.6.27 to be
x,us _ 5 (&)I/S
0.38\ v

sis V4
SX = [0'0113) ( > ) =0292m

0.38 1.6 X 10~°
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The distance x,,, is then x,,, = 4 — 1.6 + 0.292 = 2.69 m. Using Eq. 8.6.27, the thickness
at the end of the surface is

N
é = 0.38x (—)
U.x

0.067 m

-5 s
= 0.38 X 2.69 X (w) =

5 X 2.69

The value of part (a) is 37% too high when compared with this more accurate value.
The more accurate drag force is found using Eq. 8.6.30 to be

F,=C; X %pUiLw
=[0.073Re;”® — 1700Re;!] X %pUﬁLw

-Us -1
- [0.073(%) -1700(%) ] X 2 X116 X 5 X 4 X5
. O X

I
=]

.88 N

The prediction of part (a) is 45% too high. For relatively short surfaces it is obvious
that significant errors result if the thinner laminar portion with its smaller shear stress is
neglected.
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32P2G%!(,&(E#).%R'()*+, T%M+T#,X%V/1-,--+E%Z' /

7<,)$3*<.&$./$YoH&' () +H#8& #-$*% (9% 1 #*$/1.2$@/1+*$41+*:$i' (. $4("))%('$
-(+&,'#*D$%))$.9*+ #'&P&+*+8
b.($+55%(+*$*<+*$*<'$4.2'( A+2$/.(359%*$,)S<+(&'($*.$%)'8

7<$%,3" =FR'(+-'$*%(9% 1 H#*SR'L.5,*2$4(./, 1'$5+H#$9'$&, R, &' &S, #* SH4T +#8$
)8($7 (-,.#)8
TS H (B(-, H$,) B8 HES+)6

Vv

u _ f(ﬂ] |7 %6$)<+($R1.5*?
u, - U,r ?

7<'$.9%% ($(-, #$,)$&) #8$+)6

L’,A'x —_— H i 1‘
= f g Y 45=S6$2'1.5,*?$&'/'5*
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32P2G%!(,&(E#).%R'()*+, T%M+T#,X%V/1-,--+E%Z' /

7<'$#H# (B('-, #3<+H)S*<("$("-,.#)65R,)5.%)$2+11$1+?'(:$9%//'($i.#": $+#&$
*00(9%1'#*$i.#'8

Outer region
1 . I
~———————— Inner region ———1

1
Viscous i Buffer | Turbulent

i i
wall 1 zone zone !
]
_ layer ! ! !
u . : ] 1
— ! !
u. : ! ! .
P20 i ' : Increasing Re
i ! -
i i
i — u ury
~~—=2441In =—+49
10— u, v

W _try
f u; v
[ | | |
5 10 100 1000 10000
u y/'v
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32P2G%!(,&(E#).%R'()*+, T%M+T#,X%V/1-,--+E%Z' /

j<— QOuter region
: Inner region —»E
\"i.\x:t]\lu:\ i But’h:ri Turhul‘unl
7<'$5,8;)88'2699'96=8B/1%5*%+*)$5.#)*+#17D = | |
T2+ ' " Increasing Re
S &S+)SHEL ' +($* 3 =R (+-$4(/, 18 o S e
Z'(?$*<,#:$'07#&)$*.$2t$ude$ o 1, — T =244
! “ v l ! !
5 10 100 1000 10000

RAYG)$*<'$5<+(+5*(,)*, 5SL'H#-*<$,#E*<'$*%0 (9% 1'#*$, ##' ($(- | #F <'$
&,3'#), #1"))$&,)*+#5'$/(.3$*<'$2+11$,)$<'#5'6

u,y

.‘1,‘* =

7<'$(87*89%4('.)4$6 v
S'#&$9?7$+$1.-+(,*<3,5$4(./,1'8
G(.3%?t3u$eC3*.370$C8Be
T.5+* #$./$*<'$.%% ($'&-'$&'4'#8E) S #H$*<'$>"2#.1&) $#%39'(

7<$*8™$T')4$ 5.4##5)$*<'$R,)5.%0)$2+11$1+?"($+HE&S*<'$*%6(9% 1 #*$i.#'8
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32P2G%!(,&(E#).%R'()*+, T%M+T#,X%V/1-,--+E%Z' /

7<'$.9%0%($(-, #$('1+*)$*<'$R'1.5, *'>$&/5*$*.$?An6 ] ,
T<$ (L HSIHS)$/(3 0 < == = <015 bk — 37 gt
"9.R'$*<,)$(+#-'$O?h ASCBBEPS+$8++8/,4, )$Y ok e -
)

7<)$'HY%+*, #)$,#R.1R'$)<'+($R'1.5,*2$% 2<,5<$&'4'#&)$ #$2+11$)<'+(§.8
7.9/ #8$*<'$2+113)<+@GDS*<'$1.5+1$)Q(H*, #$5.//,5, #*$ HYo+*, #$,)$H#"& &S

+)$)"#6 0.455
= (In0.06 Re_)?
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32P2G%!(,&(E#).%R'()*+, TY%M+T#,X%V/1-,--+E%Z"

Ue—u

=-374In l—§—>

u,
| | I
0.01 0.1 0.15 1.0

/6
G.($*%(9%1'#*$/1.2$/(.3$*<'$1'+& #-$'&-":$*<'$)<'+($)*(")) $5+#$9'$ #*'-(+*'&SP
* B/ #E&S*<'$&(+-8
7<'$)Q#$/(,5*%, #%$5."/,5,#*$,)$*<'#6

0.523
f

= — ——  "55%(+*$%4$$  $BC
’ (In0.06Re, )

G.($*<'$5.33.#$*06(9% 1 #*$(-, #:$*<'$*2.$1.-+(,*<3,584(./,1)$+('$5.39,#'&$
+)$)<.2#$9'1.26
J+#3'+),17%/ #&$/(.3$%; _
Y. _ 2.441n£ +74

u, v
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Estimate the thickness 8, of the viscous wall layer and the boundary-layer thickness at the
end of a 4.5 m-long flat plate if U, = 30 m/s in 20°C-atmospheric air. Also, calculate the
drag force on one side if the plate is 3 m wide. Use the empirical data.

Solution
To find the viscous wall layer thickness we must know the shear velocity and hence the

wall shear. The wall shear, using Eq. 8.6.40, and the shear velocity at x = 4.5 m are

1
T, = Eprcf
_ lpUj 0.455
2 (In0.06Re, )?
= L X 1.2kg/m’ X 30°m*/s* D255 > = 1.404Pa
2 (]n006 30 X 45 )
146X 1070

u= (12 = 1.404Pa _ oo s
p 1.2kg/m*

The viscous wall-layer thickness is determined using Eq. 8.6.36 with y* = 5 as follows:

av—s—"— 5% 1.46 X 10~°
Cu 1.082

r

=675 X107 °m
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The boundary-layer thickness is found using Eq. 8.6.42:

Ue — 244102 4174

u, v

30 04 L®B2ZX8 o4 - 5=005m
1.082 146 X 105 -

The drag force is calculated using Eq. 8.6.41 to be

F,=C, X %pU,,Lw

(In 0.06Re, )" 2
- 023 - X L X 1.2kg/m® X 30° m?s* (4.5 X 3)m? = 218N
(an% 30 X 4.5 ) 2
T 1.46 X 107

The laminar portion of the boundary laver has been neglected.
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Estimate the maximum boundary-layer thickness and the drag due to friction on the side
of a ship that measures 40 m long with a submerged depth of 8§ m assuming the side of
the ship is approximated as a flat plate. The ship travels at 10 m/s. (a) Use the empirical
methods and (b) compare with the results using the power-law model.

Solution
(a) The boundary-layer thickness is found from Eq. 8.6.42. First we must find 7, from
Eq. 8.6.40 and then u,_ as follows:

- 0.455
To =z pUs ———
2 (In0.06 Re;)
= l X 1000 kg/m® X 10*m?/s? G255 ~ = 78.8 Pa
2 10 X40Y
In0.06 =

ey
p
’78.8N/m2
= m = 0.28 m/s

The maximum boundary-layer thickness is found using Eq. 8.6.42:

Ue —2241m™® 474

u, Vv
l = 2.44]n0'288 +74 .86=039m
0.28 10-5
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The drag is
F, = C; X 3pUiLw
= e o4 - X1X1000><102><40X8=29000N
(ln00610><40) 2 —
’ 10-°
(b) First, calculate the Reynolds number: Re = 10 X 40/107% = 4 X 10°. We selectn = 9.
Equation (8.6.25) becomes
s y o y 1o
= — 2| = 1—|= d
" b (6) [ (8) ]y
_9 pde
110" “dx

Equating this to the 7, of Eq. 8.6.24, we find that
8" dé = 0.281(vIU, )™ dx

Assume d = 0 at x = 0 and integrate. This provides

8 = 0.433x Re;!

—s
- 0.433(40)(101(’)‘_6“0] ~0.33m
This value is 15% too low.
The drag force is found to be
F, = 0.071Re;" X pU2Lw
s
- 0.071(10104640) X % X 1000 X 10% X 40 X 8 = 21600N

This value is 25% too low. Obviously, the power-law equations are in significant error.

88



/
O

e
L8hSN. UoH&+ET+2'($7<".(?

32P2P%M+/-)+,%R'()*+, TOM+T#,%VW(+.-)$

7<'$).1%*, HSA() #* &S HEX'S*, #SLBNBIS/. ($*<'$1+3,#+($9.06#&+(?$1+?' ($2+) $+#$
+44(.0,3+%'$).1%*, #$%),#-$+$5%9,5$4.17#.3,+1$* $+44(.0,3+*$*<'$R'1.5,*?$
4(J1'8

7<$+R,'( X*.Q)$HY%+*, #)$5+#$9'S),341,/,'&$*.$/ H&S+$9**($). 1%*, #8

")%3,#-$)*+&2:$,#5.34()), 01 $4L+#'S/L.2:$* <S4R, ( X*. QS HY+*, H+#&S
5.4#* #90,*2$ HY%+*, #$9'5.3'6

du du lap ) —
U— + z-'(— = ——(?—I + v( dx ay p dx ay-
ax ay p ox

Y,+)*E%R'()*+T 0
M+T#,9%VW(+.-)

P u M Pu)
ax* a4y’
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32P2P%M+/-)+,%R'()*+, TOM+T#,%VW(+.-)$

L 7<'$).1%*, #3/.($*<'$1+3 #+($9.%0#&+(?$1+?' ($284B0$ $CS3,)6

n=y U F F'=ulU. l(nF'—F) F"
VX 2
0 0 0 0 0.3321
| 0.1656 0.3298 0.0821 0.3230
2 0.6500 0.6298 0.3005 0.2668
3 1.397 0.8461 0.5708 0.1614
4 2.306 0.9555 0.7581 0.0642
5 3.283 0.9916 0.8379 0.0159
6 4.280 0.9990 0.8572 0.0024
7 5.279 0.9999 0.8604 0.0002
8 6.279 1.0000 0.8605 0.0000

U,*<63: 5 — 5\$ $$ESPS: 7, = ,.Lgi{ = 0.332pU2

Yy -0 xU,
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32P2P%M+/-)+,%R'()*+, TOM+T#,%VW(+.-)$

7<'$1.5+1$+HES-#(+1$5)Q #S/(,5*, #$5. 11,5, #)$+('$*<'#$/. %o#&$*.$9'6
_0.664

s JRe,

1.33

7 e,
7<'$&,)41+5'3#*$+#8$3.3'#*%3$*<,5Q#')))$+('6

VX VX
8, =172 f— = 0.644 f—
¢ U, 6 U.
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Atmospheric air at 30°C flows over a 8-m-long, 2-m-wide flat plate at 2 m/s. Assume that
laminar flow exists in the boundary layer over the entire length. At x = 8 m, calculate
(a) the maximum value of v, (b) the wall shear, and (c) the flow rate through the layer.
(d) Also, calculate the drag force on the plate.

Solution
(a) The y-component of velocity has been assumed to be small in boundary-layer theory.
Its maximum value at x = 8 m is found, using 8.6.51, to be

D= ﬂXL(nF’—F)
v X 2

\/1.6 X 1075 X 2

X 0.86 = 0.00172 m/s

where 0.86 comes from Table 8.5. Compare v with U, = 2 m/s.

(b) The wall shear at x = 8 m is found using Eq. 8.6.56 to be

v

1o = 0.332pU}

o

1.6 X 10~°m?/s
2m?/s X 8m

=0.332 X 1.16kg/m* X 2? mzlszJ

= 0.00154 Pa
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(c) The flow rate through the boundary layer at x = 8 m is given by

& VX 5
Q=I u Xwdy =w —ijF’dn
0 Uz Jo

where we have substituted for # and y from Eqs. 8.6.51 and 8.6.48. Recognizing that
JF’dn F, the flow rate is

0
=wU, JE[F(S)— F(9)]

|
— 2mx2m/s J16XIO mYsxX8m 3 28— 0.105m>s

(d) The drag force is determined to be

F, =% Uz LwC;
=l X 1.16kg/m* X 2°m?/s* X 8m X 2 m X S
2 J2 X 8/1.6 X 10~°
= 0.049 N
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32P2[%Y #$$(, 80, +*-#).%VI9#:.$

E/$+34())%('$-(+&,'#*$,)$+441,'&:$*<'$9.%#& =P ?'($/1.2$,)$+//'5*'&8
"$1+(-"SH -+ R'$4())%('$-(+&, # S5+#B('1+3,#+(,i'$+$*% (9% 1'#*$9.%0#&+(?$1+?'(8
"$4.),* R'$4())%("$-(+&, #*$5+%)" ) $*<'$9.%o#&+(2$1+7?'($*.$*<, 5QHS+#&S) 4+(+*8
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(2) dp/dx =0
y y
auay P*ulay?
(b) dp/dx < 0 (afavorable gradient)

" away Pu/oy?
(c) dp/dx >0 (anunfavorable gradienat)

Fu/ay?
(d) dp/dx > 0 (separated flow)

Figure 8.28 Influence of the pressure gradient.
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' . . _ Drag _ Lift
S(+-$+#&S$T,/*$5.'1/,5,'#*)$+('6 C, = A T T

Z.(*0$)<'&&,#-$.55%()$/(.3$+$571 #&'($2<'#$ICC$]$>'$]$BC:CCC

7<$I(HY%H52$./$)<'8& #-$,)3/. YoHE&S/(.3S*<'$X*(.%<+1$#%39'(8 St = ?

\L+#'$4. 7 #* +1$/1.2)$5+4#$9'$/. %o#&$9?2$)%4'(,34.) #-$),341'$/1.2)$9'1.28

Uniform flow: g =U,y ¢é=U,x
Line source: U= qqﬁ ¢ = qilnr
2 27
. r
Irrotational vortex: ¢ = ,)—lnr b = ')_H
2 27
Doublet : U= —E ing & = —E cosh
r r
1 1 1 y v r
T<'S)*(+3$/%HE*, HS/.(S+B(*+* #-$571 H&'(S,) Yo = Uy — Lsing + — Ins
r LT
U *<$*<'$571 #&'($(+&,%)6 "
RA
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7<'$R'1.5*?8$5.34 #'#*)$+('6

ol ol

U = — V= ——
dy ox
1 o ol
I T —— U — — —
r of ar

G.($+$1+3 #+($9.9%0#&+(?$1+?'($ #$+$/1+*$41+7'$@i'(.$4())%('$-(+&, #D:$*<'$
'0+5*$).1%*,.#$,)6

G.($+$*%6(9% 1 #*$/1.2:$*<'$4. 2+ 2$4(./, 1'D@$D6

/s Us
e 1% - xU, ™ L 1%
6 = 0.38x = 0.059 - C, =0.073| —
‘[ ) K ( ) ' [w, )

s

xU, v

7<'$2+11$)<'+($+#&B&(+-3/.(5'34' (3% &*<$+('6

1 r 1 ~ 72
Ty = ;ijb; FD = ?(jp(;L
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