7.2

7.2 Verify the left-hand side of Eq. 7.2 is dimensionless using the
MLT system.

Da
"e_viﬂ ﬁ(e D) where D =L Aﬁ

Thus,
D afy .
P‘l‘,,f sy /(L L)=m2'1’

That Is %f_’l is dimensionfess.
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7.3 The Reynolds number, pVD/u, is a very important
parameter in fluid mechanics. Verify that the Reynolds number
is dimensionless, using both the FLT system and the MLT sys-
tern for basic dimensions, and determine its value for ethyl al-
cohol flowing at a velocity of 3 m/s through a 2-in.-diameter
pipe.

 PpR s BT ). T
& /,17;_'?)/[7‘)(1.) = p°L°T°

Fe{jﬂojd-f num ber

ML= 7!
For ethyl aleohsl, p= 117007 G5 ank
p=787 M
Thus

o (161 3)(2 2)(% #)(os0wE)

19 xXip~% N5
m?—

= [.81x10°




7.4

7.4 What are the dimensions of acceleration of gravity, density,
dynamic viscosity, kinematic viscosity, specitic weight, and
speed of sound in (a) the FLT system, and (b) the MLT system?
Compare your results with those given in Table L.1in Chapter 1.

velocrty = L
+i'mee T = _
vnasE | o Mo FT fonag F= MLT'Z)
Unit Velume

accelera Eion ofF gra vity =

OQ:-.

E density =

L? 1@
-2
_ CJ p— V' ¢ _+ _ JILVeS.S — ...Eé‘. = -ﬁ-
/M = &g Re HIgESRIty = Veloc,-r9 grnd:i’nf T-! LT
. =2
: Lo dynamic visewsid . FL T . L
- : by o U ¥ = 4 =
-2/ j{mcmu—m ViseosiTy Tensity FrailctT T
ey Weght Foe (LT, pm7t
Y = Speafic weight = —m=rrm /3 E; L2
C = Speed of sound = ff’-ﬂgTh = L

+time

T

Thus,
(a) 1h The FLT Syskem,

g 2

Pi-.

M ELCPT
—y:ﬁ- LZT—I
b= EL3
e

N N

2

LTS

F'L-V-'T' 2

-

(L) in The MLT Sgskm)
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7.5 For the flow of a thin film of a liquid with a depth A
and a free surface, two important dimensionless parameters are
the Froude number, V/V/gh, and the Weber number, pV?h/co.
Determine the value of these two parameters for glycerin
(at 20 °C) flowing with a velocity of 0.7 m/s at a depth of 3 mm.

67 Z _
\/(7-3/ %)/0,003m)'

Z
(7260 ,‘,é;,és )/0-7%) /0'003”") = 293
6,33 x)p"% X -

oo

%0
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<
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b
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7.6

7.6  The Mach number for a body moving

through a fluid with velocity V is defined as V/c,

where c is the speed of sound in the fluid. This

dimensionless parameter is usually considered to

be important in fluid dynamics problems when its
value exceeds 0.3. What would be the velocity of

‘a body at a Mach number of 0.3 if the fluid is:

(a) air at standard atmospheric pressure and 20
°C, and (b) water at the same temperature and |
pressure?

(a) \_f_ s &8
c .
For air at Za"CJ c =343 3 -5”—'? (Table B 4 in Ap;ma’fxﬁ)
So That

V= 0.3 (3433 Z) = /o3 %

b) For water at Z2o°C, c = /%#8/ = (Table B, 2 m ﬂfpmd:}b’)
50 That

V=03 (181 %) = 94 2
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7.8

7.8 The power, P, required to run a pump that moves fluid within
a piping system is dependent upon the volume flowrate, (, den-
sity, p, impeller diameter, d, angular velocity, @, and fluid viscos-
ity, . Find the number of pi terms for this relationship.

Given that P=f(Q,p d,w, u)

where (see Table I.I))

P=FL/T, 9=M/z~‘ SFT/t Al ws 1/7, and
p = FT/L*

Thus k-r=6-3 =3 snce Here are k=6 yariables and r=3

basic dimensions (MLT) )
HGI?CBJ ;')l fake_g 3 p‘:‘]"e/‘/ﬂb‘ ! 7;' ¢(77;-) /7.;)




7.9

7.9 For low speed flow over a flat plate, one measure of the bound-
ary layer is the resulting thickness, &, at a given downstream location.
The boundary layer thickness is a function of the free stream veloc-
ity, V., fluid density and viscosity p and u, and the distance from the
leading edge, x. Find the number of pi terms for this relationship.

e b
Given fhat % T
- Voo —— i —
§=10%,p, 4 x) . =
where

. . .M ,
§2L, L= 7, 0245, ity and x4L
Thus, there are & variables and 3 basic dimensions (MLT)

so that
k-r =5~3 =2
//6/)ce) 2 pi ferms are needed: ﬂ,=,¢(7/}_)




7./0

7.10 The excess pressure inside a bubble (discussed in Chapter 1)
is known to be dependent on bubble radius and surface tension. Af-
ter finding the pi terms, determine the variation in excess pressure
if we (a) double the radius and (b) double the surface tension.

Given £ p =f(RJO‘)j where A/O-‘-z%—'- Z/‘)le, R2L, and

l--F__._’m
(T='-'/_-7:5_

Consider the (MLT) ynits sothat
k-r=3-3=0 since there 3 variables and 3 dimensonNs.
According to this there shovld be k-r=0 pI terms/?

/’/aulet/(i/‘J if we consider the (FLT) units we see that /¥ fakes
only Fand L, Tis not needed, so that r=2,

/‘/ence) k-r=3-2 =/, so 0/7/)/ //0/ ferm is needed.,

Thal f:) 77 = constant

To defermine T, consider

7 =2p R*? or »

AWRaVb :_'-:f;_:[-ﬂ ({-‘)b:l‘- L'Z‘fa“b

This:
F: Itb=0
Li: a=b-2=0

or b==| and a=b+z <1
//ence 7 =4 R or ég_@ =Cj where 5‘“”«?7{407‘.

Aﬂ? = —R— (1)
(@ If Ris dovbled , ap 15 redveed by half. (see £9.01)

(b) Tf T is dovbled, ap is dovhled. (See £q. ()




7.1

7.11 It is known that the variation of pressure, Ap, within a static

fluid is dependent upon the specific weight of the fluid and the ele-
vation difference, Az. Using dimensional analysis, find the form of
the hydrostatic equation for pressure variation.

Given sp ={(¥, 22)

where

ﬂf)-"-"/'_gi ) ¥ = ZE;-J and AZ =L o that k =3 andr=2 (c.e. FL)

Ths,
k-r =3-2=1 so that there js M/y | pi ferm s 7 = C=constan?
Consider

a b Ita (-2- b 0,0
WT:APKqAZbé({i)({E)(L):F L(ZBa-P),__FL
Hence,
F: [ta=0
L: -2-3a+b=0
so that a=-1 and b =2+3g =2-3=-/

Therefore,
T =ap ¥z =
ar

ap = C ¥aZ where C = constant

Throvgh experimentation it is fovnd that C=1. Note that this
agrees with the material in Chapter 2.

7-8




7.12

7.12 At a sudden contraction in a pipe the |
diameter changes from D, to D,. The pressure |
drop, Ap, which develops across the contraction
is a function of D, and D,, as well as the velocity,
V, in the larger pipe, and the fluid density, p, and
~viscosity, 4. Use D, V, and u as repeating vari-
ables to determine a suitable set of dimensionless
parameters. Why would it be incorrect to include
the velocity in the smaller pipe as an additional‘

variable?_
4p=#08,8,V 2 p)
dp=FL7 DL piL v2 LT ps FLYr? = FLPT
FFrom The pl Theorem, (-3 =3 dimensionless parameters Pﬁgﬂ/'r?o{- Use
D, V/ and Ji 45 repeating variables. Thus,
a b ¢
R Apay ¥ g
-2 <. o -]
) ) ) e T) S e
51 'ﬂhi‘
i / +C=0 (v[;r F)
_'2-!-4-1-5"25:0 (Ar' L}
—-b+ C =0 (For T)
It hllows Tt @=l, b==1, C=~|  and Therefore
. Apd
77} VR
Check dimensions using MLT System !
s iTR)L) 2
B By WML T 2o pegere ok
yre (LT mLT)
5}» 7/_'2_ : a b, C
me B2V
L (L)) (FUar) = poLer
=0 (—ér F)
[+ a+b -2¢=0 (for L)
wih g £20 ( for )
It fllows That &=-4 , k=0, c=0 , and Theve {ore
D.
s = )
Z DJ [Co}yi)




712 (Cont )

77, s obviously dimensionless .

5)’ 773 . a s c
Ty POV M

/FL-‘*TZ)(L)Q(LT-’) b(FL-zf') c=, Folere

Fr—_—— (for F)
—4 +a+ b -2¢c=0 (for L)
2-L+c =0 (for T)
It follows That a=l, b=1, c= = and Therefore
DV
M= 2L
o ) A
Check dimensions using MLT system :
DV . (LT )
/07-' = - -_,?___, = M°L°T® L oK
ML T

fhue, b D, DY
bt (305

From The Con/m-m}y eju@‘ﬁtén )
VED VR
Wheve Vs s the velocity 11 The smaller pipe . Since
- [B
= (R )Y
Vi 15 not )ncleppmlmz‘ of D b and V' and Thevehre
Should not be cluded as an independent vaviable.

7-[0




7.3  Water sloshes back and forth in a tank as shown in Fig.
| P7.18.The frequency of sloshing, w, is assumed to be a function
.. of the acceleration of gravity, g, the average depth of the wa-

. ter, h, and the length of the tank, . Develop a suitable set of
dimensionless parameters for this problem using g and £ as re-
peatmg variables.

f €

hf"lfam 7'711: p: ‘Hﬂeorcrrl ‘1‘ 7 = 2 d:mensmn/fss

Pammeier_: regu:red Mse 3 ana £ as repeating
Varmb/e_s Thus,

R N e 58 wf X.
d |
1 __“f“ (T-)(LT?) “m
j | | ﬂfd’.f Q-{-é iz /ﬁrﬁ)
I-ﬁ fo//aws 7'7tai- 23:77—’/'2“ b= Vo and Thereloye

r

e 3’

/.,4.@-1-5—'0 | (for L)
--2,4..-9 i . Cor T)

| _
- } ;_ _Z:,L -zé//ows at é;_:_a) b= l/_ :amfr Theretore
| ? 77,_2?;_; *", |

- 7=




7. 14

7./4  Assume that the power, @, required to
drive a fan is a function of the fan diameter, D,
the fluid density, p, the rotational speed, @, and
the flowrate, Q. Use D, w, and p. as repeating

variables to determine a suitable set of pi terms.
3 4

P=F£(0,pw, Q)
P= FL T'T' D= P /:L"’r" W= T_‘ Q= L3~

From The Pt Theorem , 5-3=2 P terms regmrpd- Use
D, @, and g as repenting vaviaples . Thus,

. Qhd . _ :
(L= ) (T=) (FCT) = Py
So That - ' ,
/I +C =0 ( for F)
/ ta -4c=o (For L)
~l-b +2¢c =0 . (for T)
Lt follows That a=-5, 5‘-'-—3) C==l, and Zhevwbore
= P ‘
[—ﬂ05w3
Check dimensions using MLT system |
P i _MLETTD = gepere ook
pO%wd () (r7)?
Fr T, ¢
L c
e @D wp
(127D () () (B 7)< puore
C=po (for F)
3+a -#e=o (for L)
~! =b +2¢=0 (for T)

(C’aﬂ:f)

7-12




7.14  |(con't)

A, :é//ow.s Thet a_:-B) .5*"'“/‘, -C—“OJ and Therefore

. @
.= D3

C heclkk  dimensions Using MLT system -

3.1 '
it g L3T = M°LT° )
D3w (LT

Thus,

/095 ?g /W)
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7.15 Assume that the flowrate, @, of a gas from a smokestack is a
function of the density of the ambient air, p,, the density of the gas,
p,» within the stack, the acceleration of gravity, g, and the height and
diameter of the stack,  and d, respectively. Use p,, d, and g as re-
peating variables to develop a set of pi terms that could be used to
describe this problem.

Q= £(s, 4,8 4 4)
o= L31" g 2 Mo GEhcT gRLT AL =L
Frem The pc Theorem, &-3= 3 P +erms regm}ed. Use
/i) d) and g4 as repeating variables. Thus,

m=Qn d° g

and
(L'ST"")/ML'B) Q./L)l- /LT-)C”: MeLoT°

So That
G =0 (for M)
3-3atb+C =0 (For L)
-] —-2¢C = o (for T)
It follows That a =0, = - %—) C = --é_ , and Theretore

A= _;-p %

Check o’/f-hcnsia-ns using FLT .Stf.sf'fm J

IS

a) . LBT-‘ - Falora )
d%Eg™ T (L% ()"

(eon't)

714




215 (Con't)

For 77; : o b ©
VTR
(a2) (M3)* (1) (L1722 moL°T "
[+ a=0 (for M)
-3 -3a+b+ C =0 (for L)
2L =o (4or T7)
It tellows That G=-1, b=o0, C=0, qnd Z%freéra
. %
- L
Which s obviously dimensionless.
/C;r 77_%: @ b c
iy = ’f/g_ d 2
@
(1) (me2) L) (LT3 = meLere
a =0 (A,,. M)
[ -3a+b+ C=0 (for L)
— 2C =0 (‘Aﬂr Vi
It toflows That @a=0, b==l, C=o0, and Zhere fore
R
77'3" 7

wWhich 1's obviously dimensionless.

Thus,
© _ 4 4
ds/-’;%—gﬁ(_f‘)?)

i 73



7.16

L I, The pressure rise, Ap, across a pump can
. be expressed as

Ap = f(D, p, , Q)
- where D is the impeller diameter, p the fluid den-
- sity, w the rotational speed, and Q the flowrate.

Determine a suitable set of dimensionless param-
eters.

dp= £L7* D=L es FLITTE =TT s LT
Frem The pi' theorem, 5-3 =2 pe terms required. Use
D, A and w as repeating varables. Thus,
77_/, _ dPDd AZU c

and « _ ' —0
o et (PR ()= 2
I+ b=0 (for F)
~2 ta -44 =0 (for L)
dé6—-¢ =o | (For T)
It follows That 4= =2, b=-1,c=-2 | ana heve bre
= 22
L D
Check dimensions 4siing MLT syshem -
AP . _MLT'T = MU°T° ok
D>ew?  (1)2(ML3)(T)*
For T, A b c
s QLW
(L3 )0)% (Frt72)  (7~) = poyere
b=o (hr F)
Srda—-%6=0 Chlov L)
-/l+2b-C=0 (for T)
It Lllows That a=-3,6=0, C=-l, and There bore
; o = Dfdu
Check dimensions UsIing MLT JqJ:Lem g
O - LT = Mo oTo o

D30 (L)3(7)

Thus
’ DZAPZZ = # /ng )

7/




7.17

7.07 A thin elastic wire is placed between
rigid supports. A fluid flows past the wire, and it
is desired to study the static defiection, J, at the
center of the wire due to the fluid drag. Assume - -
that

o=f(dp,uV,E)
where £ is the wire length, d the wire tiiameter,
p the fluid density, u the fluid viscosity, V the
fiuid velocity, and E the modulus of elasticity of
the wire material. Develop a suitable set of pi
terms for this problem.

S5L A1 d=L P FLr? A=FCT s Rl Y
From. The. pc Theorem , 7-3 = ¥ p/ Ferms regurred. Usze ‘
d,V, and E as repeating vaviables. Thus,

) = J'd‘tl/‘f c
a : < '.C - ¥y
= AL (LT (B 5 posoT
So Tha |
C=0 ; /ﬁ”" F)
/+& +b&~2c=o (for L)

-4 =0 (for T°)

)
d

S d

It wllows That Ga=-l, b=0, c=0, qnd Therefore

: # . - . I..
Which Is obviously dimension fess .

7,2 L d5ViE €

and as for 7, , @==/, b=0,c =0 50 That

e L

o

For s

Z=pd®V E°
(Fl-“?'z)ﬁ.)‘/lj"’ - /F['.)C:.: FoloTe

/|+C =0 (hor F)
~ ¥ v+ +b6—-2C =0 (A L)
A-b =o0 ( for 7 )

( Con't)

7-17




7.7

(conY.)

1 Follows That a=o, b=2, c= =, and Theretore
7{;: /i‘_’z {
£

Check d’/fhfﬂﬂbﬂ: usihg MLT .sq.s}m; N
2 B)Lr)” -
/%EL/ : (Mi! L“{r"z) Sl o ’ o 0K

Br T, :

( Fr2r)e) “CLr)t (Fr2)< < FLT”

/tec =0 (for F)
—2 tat+b AL =0 ' (for L)
l— b =0 (5‘6!‘ 7)
LIt tollows That a= -1, b=1, C==I, and Therefore
V ;
Ty < %

Check dimensions using MLT system -

. : o -t
pb o e T e,
dE (L) (ML T3) -

Thus,

7-1§
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7.18 Because of surface tension, it is possible, with care,
to support an object heavier than water on the water surface as
shown in Fig. P7.18. (See Video V1,9.) The maximum thick-
ness, h, of a square of material that can be supported is assumed
to be a function of the length of the side of the square, €, the
density of the material, p, the acceleration of gravity, g, and the
surface tension of the liquid, . Develop a suitable set of di-
mensionless parameters for this problem.

//L=7f/l,/’,g}v‘)
4=L 4L p FLMTT g2 L7t 0= LT

From The pi 'fhearem 5-3=27 pj F+erms régmf'u(, Use

ﬁ g 4nd/0 as /‘e/ofaémj wrméz/f_s Thus,

e A L% g /a
CLYCLYSCLT) Y OEL 2 ) = FoLe)
C=o
[+ a4 +b—-—ygec =o

-2b+2c =o

T# Kollows Tt as=-l, b=o, Czo  and There fore

gnd
So 77!:.15‘

97 = ':g-
Wwhich s obvisusly dimensjonless.

For 77;, a & <
T S 0’"ﬂ d‘( /
(FL ) (L)*(LT™2)° (/—'L""f‘)c =FLr°
/ + =0
—~/+a +b—YC=9

—_—2b +2c =0

L follows That & ==z, b==l, c==] and Therefore

- I
7

Check dimenspons nsing MLT syskm ' o .0
o . (mT) A WS

/@_2?;0 T LALTE) L)

Thus,
A _ T
3 = 05z )

(hv F)
(b r L)
(for T)

(fr F)

(r L)
(for 7))

0 A
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7.19  Under certain conditions, wind blowing past a rectan-
gular speed limit sign can cause the sign to oscillate with a fre-
quency w. (See Fig. P7.19 and Viden V9.9.) Assume that w is

' afunction of the sign width, b, sign height, h, wind velocny V,

- air density, p, and an elastic constant, &, for the supporting pole. -

|| The constant, k, has dimensions of FL. Develop a suitable set

of pi terms for this problem.

=J—’(A l Vi ) |
B FIGURE P7.19

BE LI i T 2 e ) LT. 02 FUTY 42 FL

H’ar&“hc P/ 7‘7160)‘?!74 6-3= 3 j=n Ferms r‘ezwrf’d Use
i ""—b ]/' and /a as re pm’z‘my variables. 777:4;

J|-1

dn;d ey 4 <y o 070
P (T-f)/L) (L; )/FL —) - Fy°
; ‘ Gk =he = 0 b LT 1 AR B
| -—l—b-rzc =o | (for T)
| Ii‘ fo//w(/_; ﬁ"i 62‘! !:“-“/ c= 0 , and There fore
wb
i 71_/ A7
| Cheok cffmmsxms ,
| | | rT"'){L) L ok
| SRRk Sume | .1/ (LT—) -
_ék 772"; —/7._/7 V/O
(1->(L) st =
| | | - G 0' i (44/ F)
— T—— 1—{-a.+1= lfC-O - (for L)
| — bt2¢ =0 CHor T)
: ﬁzL b llows Tat a;.-,/ b,’-;b, C:b}g,m THere bre
| which 13 ‘?“ﬁ”é’z climensionless. (o, 4 )
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4y | .(_“.C_'eﬂ..'t_) e

f_g,, f 775:-
aiEe 77} %L l/ /‘0 |
(/‘L)(L)“'(/. =i (/‘L""T)c—' FoLeT
e (for F)
l+atb-Ht =B | | e £
_.-Jp‘f'zc, -G‘ ' sl P (ﬂ:r )
I'f ﬁ//ows 7'71a7f gi==3, 5 =2, C=~1, and Theve fore
Fob e | *}%' |
SSELiuieearemeins 75 ] 55!/,0

C/veck a//meﬂ..vm} USIng /WZ. T’ .sry.s;‘emr

> s i
. | L3y = o il L’ QLT ) ML3)

=% bl b *

= MLT oK

T2




7.20

7.20.  The height, A, that a liquid will rise in
a capillary tube is a function of the tube diameter,
D, the specific weight of the liquid, y, and the
surface tension, ¢. Perform a dimensional anal-
'ysis using both the FLT and MLT systems for
basic dimensions. Note: The results should ob-
viously be the same regardless of the system of
dimensions used. If your analysis indicates oth-
erwise, go back and check your work giving
particular attention to the required number of
reference dimensions.

4=4(D¥0)
Using FLT system :

Fead =il y= Fr3 o el
From The pi theorem, #-2= 2 pi terms mgw}fed.
By (nspection for 11, (containms 4.)

= 7
Which 1s obviously dimepsionless .
For 77:2 (containing ¥ and ) -
. .= FL
T Y0 T T

) g
D° ¢ (afol
Using MLT system .

4= D=1 Y2 MOTTR e=mMT
A/ Though There a ppears to be 3 peference f//mfnsm}u‘/ only

L retevence cimensions ave actually Vegm;?pd (L and MT-Z)
fo describe e vavumbles. By inspection, for T, (see above)

!

- F@Lb

Thus,

=%
ancl +or 772 [&mz‘zuhmg & and a‘) x
T A pee

= - - aLa]-a
= ¥yp* (2 773)(L)? &

ThuS) (a.s déaue)
‘T‘é* %(;;z)

T-2Z
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7.Z1 A cone and plate viscometer consists of
a cone with a very small angle a which rotates
above a flat surface as shown in Fig. P7.2}. The
torque, J, required to rotate the cone at an an-
gular velocity, w, is a function of the radius, R,
the cone angle, a, and the fluid viscosity, g, in
addition to w. With the aid of dimensional anal-
ysis, determine how the torque will change if both
the viscosity and angular velocity are doubled. FIGURE P7.2|

T=Flr o, 4ty w5)
TFL  R=L  <=SPUT° u=FC*T @=T

~

thm 77)3 PL' fheayeml 5-3=- 2 F/‘ /'rrms }’65{//!.’84.
By m'ﬁ/oect/éu/ for T, (contarning 7).
g- - FL _: FQLO'/_'o
L wwR3 T (Frr)(T™) ()3
Check HSI'nj MLT 2
2

i = MLZT = M°L°T°® .ok

mw R (mTNT)L)’
The angle, o, can be usca as T, Since i# is dimensionless.
Thus,

or

It follows That i£ botn S and (o are  doubled
T will increase by a Factor of 4 .
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7.22  The pressure drop, Ap, along a straight
pipe of diameter D has been experimentally stud-
ied, and it is observed that for laminar flow of a
given fluid and pipe, the pressure drop varies di-
rectly with the distance, £, between pressure taps.
Assume that Ap is a function of D and f, the
velocity, V, and the fluid viscosity, x. Use di-
mensional analysis to deduce how the pressure
drop varies with pipe diameter.

ap=F 0,4,V 4)
Ap= Fr* D=L f=L ysLT™" 4= FL*T
From the pi Theorem, 5-3=1 pi terms reguived .
By inspection  for TI,  (containing Ap):
Ap D . (EL=2)( L) -
AV (Fr2r)(LT™)

—
—

FeLere

2

Check using MLT .
? apb . (met7-2)(1)

My (M) -
For 7 (C&n/ﬂ/.mﬁj f) y

MELeT?® ok

= 4
thich 1s obviously dimensionless. Thus,
dp 2 _ 4 /A
77— - ?{/—5) (1)

From The statement of The problem, dp< d S0 That
Eg () must  be of The form
4pd _ , £
AY °
thf’ye /< /;5 some L’O/?.Sfﬂ}'lt, I’[‘ Thus fo//ow.s W’Iﬂi
[

Ap <

7[0r a lven vVvelocity
g

| .,_,e\"""
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7.23 A cy.hnder with a diameter, D, floats upright in a liquid o cying
as shoyvn in Elg. P7.2 3. When the cylinder is displaced slightly - - ciomete
along its vertical axis it will oscillate about its equilibrium po- A
sition with a frequency, w. Assume that this frequency is a func- fi"i’j“{“"if'%%g? SR
. # 3 B B
tion _of the diameter, D, the mass of the cylinder, m, and the ﬁi&%sngagi ?é
spemﬁc weight, y, of the liquid. Determine, with the aid of ;%Eﬁigiz*gi B
& , ., Pk ad E e i g
dimensional analysis, how the frequency is related to these var- i e
iables. If the mass of the cylinder were increased, would the Sl ii .
frequency increase or decrease? i : b
sEEERL S 2
ag&sz;;f& :§§
- 7C ( D B’) i -
D = ) m, B
e Bl

o= FLT? x= ELUB

4-3= [ Pr Ferm Vegun.fed,

w=T DL

Frem The pi ’ﬂ‘leo;'fm}
85 H;g/oed-w"p 4

- -1-*
o wm o (TR
77 : B FL

o

FoieT?

—_—

ol
Check. us;}:_j MLT!
L (22 B o=
ble
Since There is enly | pr Hrm} i+ Lollows That

a Cgﬂs'llan‘[', Thui)

co VE

Eyom This result if A//aw_r that 1€ rm 15 Increased
w will decrease.

(T"l) M ' pjoT0
M P o & = T .. 0K
Ly w72 nt

&)here C s

w:

| B e R R R
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7Z.24

7.24 A liquid spray nozzle is designed to produce a specific size
droplet with diameter, d. The droplet size depends on the nozzle di-
ameter, D, nozzle velocity, V, and the liquid properties p, u, o. Us-
ing the common dimensionless terms found in Table 7.1, determine
the functional relationship for the dependent diameter ratio of d/D.

Given d=f(DV FJ/UI(T) so That k=6 (1here 6 variables)
and r=3 (i fakes MLT or FLT to describe them).

Hencej k-r =6-3 =3 which means that 2 pi ferms are
needed.

T = ¢(7T,, A ﬂjg)J where T1, = _gi /s c/ear/y Aimen<ion/ess,

With the independent variables (i.e. DV o, 4T if js clear
that 1he Reynolds number capbe one of the T terms.

Hence, set T = VD .
Ty must inclvde the svrface tension, T, sipee [ dpes not
appear in T} or Th.. Based on the information jn Table 7.1

it is seen that the Weber number, We, can be the other 77 ferm,
Hence, sef 7 = oV D/

Thes,
=957, &)
or

—g—=¢(ReJ We )
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7.25

7.25 The velocity, ¢, at which pressure palses travel through arter-
ies (pulse-wave velocity) is a function of the artery diameter, D, and
wall thickness, A, the density of blood, p, and the modalus of elas-
ticity, E, of the arterial wall. Determine a set of nondimensional pa-
rameters that can be used to study experimentally the relationship
between the pulse-wave velocity and the variables listed. Form the
nondimensional parameters by inspection.

c= (DR g E)
c:Lr? DEL ASL p=FACtTE pRRCR
From the P f'hebrem 5-3=2 pj Ferms requived.
By inspection, for T, ( cambmmg c)

'TT;T-' Q/—; 1 /j_r"’){l’l. 7') - F’lara
VE (FL™2) "2
Check using MLT:
e ‘/; ) (LT"'){M[--'?) = Mazorﬂ
e (92T %

Br Ty [ef

which Is obviously dimensionless. Thus,

Z-¢(3)

. Ok
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7.26  As shown in Fig. P7.26and Video V5.4, a jet of lig-

uid directed against a block can tip over the block. Assume that

the velocity, V, needed to tip over the block is a function of the
. fluid density, p, the diameter of the jet, D, the weight of the
block, W, the width of the block, b, and the distance, d, be-
tween the jet and the bottom of the block. (a) Determine a set
of dimensionless parameters for this problem. Form the di-
mensionless parameters by inspection. (b) Use the momentum
equation to determine an equation for V in terms of the other
variables. (¢) Compare the results of parts (a) and (b).

m FIGURE P7.24

ey | =L (p D W, b d)
S vET R FL'T " D=L W:if b=l d=L

] 'mm The P 771ear€m ) [,—3 =3 p/ 1Lfrrns H?fwred
“/91/ /ﬂ.s/vewf:m# ;pr 7’7‘ - cbm’ﬂmm; V)

| ._C'/'lec/( aslnj MLT

I/D j/_——’ (LT ‘XLJ

g "Hz—-_?

—er—

B )< HLT

L T-')/L.) FE) - P T

. ,,F?DV 77'2 /'ﬂ’f‘
| L T d
a ' ‘ ' ! 3 d 3
| dmt xa 77;? ann 77‘3 are aby/ou.r[, dimension Jess
= 7'hus' S |
EEANERp A i) b
:,4_ 25k — b
| 1 | Q{)
| [b) I" = /mpmdmg hp,omj ayvouna o - ’
i So ﬁ'la;t— n - d '

( cp,fyu &)

oR
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7.26 (ca,n),

Fram mernen i‘afm c’oﬂﬂde’ﬂaf/&ﬂ-r 4s1n4 he" cv Shaw}r
. fﬁu V m dﬂ Z ["
| Thﬂs -A’ﬁ‘rn E*g (1)

-

HHTTH

(2)

E'f (?-) Cﬁn be wr:#qn as

¢3)

Jo ;L tat | ﬁl(j; g) i.s ac:‘.unllg mzfefbm’tmf a}[ -- )

i |
|

! [
! |
! T
! !
i |
| |
| !
‘ |
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T 257

7.27  Assume that the drag, 9, on an aircraft
flying at supersonic speeds is a function of its
velocity, V, fluid density, p, speed of sound, c,
and a series of lengths, £, . . . , {;, which describe
the geometry of the aircraft. Develop a set of pi
terms that could be used to investigate experi-
mentally how the drag is affected by the various
factors listed. Form the pi terms by inspection.

B=Flvp . . A)
L= F Y=k 7™ e FL“"‘fz e LT all lengths, /pt. =/
From The pi Theovem ! (h#.)-3 = [+ PL Ferms veguired, theve

L 1S The number of [length +erms /t'=/,2, 3/91&-.).

By nspection ; for T, (contuinmng o8) .
= o =
1T T () )

F‘&LO/_‘O
Check using MLT N
.._ﬁ_. = MAeT = MeLeT? . ok
PViL® mL=2)(LT=") (1)
For 77, 4 Con%ﬁ/.n//}j c)
AR

and both ave obviously dimensionless .

For all o7ker pi terms containiio X,

w2

and These terms involving Te Ls are obviously dimensionless.

Thus
/yyz_ gL 4

Wheve _'jgf /5 a Sevies of p/ szrm_s/ jz L5 o he

.l
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7,29

The pressure drop‘.pr, over a certain length of hori-

zontal pipe is assumed to be a function of the velocity, V, of the
fluid in the pipe, the pipe diameter, D, and the fluid density and

viscosity, p and . (a) Show that this flow can be described in di-

mensionless form as a “pressure coefficient,” C, = Ap/(0.5 pV%) V. ft/s Ap, Ib/ftt
that depends on the Reynolds number, Re = pVD/,u, (b) The fol- :
lowing data were obtained in an experiment involving a fluid with 3 192
‘ p = 2slugs/f}, u = 2 X 107 Ib-s/ft>, and D = 0.1 ft. Plota 11 704
: dimensionless graph and use a power law equation to determine 17 1088
the functional relationship between the pressure coefficient and 20 1280
the Reynol ds number, i i ka
|

(c) What are the limitations on the apphcablhty of your equa—

tion obtained in part (b)?

(@)  Ap= £(v D, P )

dp=FLEY V =L—T"' DEL s s P T

Firom The pr ﬂearem 5‘ 4= 2 5 #frms :“ejra/rfd
Bq I-’isﬁec*ron ‘éf 175 ‘ ! ‘

el A ] FL'Z' . oo
77-'. = P FeLre . ox
1T v = (P>

--Cher.k usm9 MLT 5q.s/—em‘

AP pTE MOLOT® ok
| " M) ) |
For Mol .. /OVED - ECA LTI
SR U/ b iegs - rulas i 7=/ oL o3
Checlke using MLT system :
/VD (ML'3)(L“')/L)_.;. MOLT® L ok
£ Tact |

FoL'T ok

Thus, Ap . | g (ﬁ_/\{_b)

| A | | |
Smce cf s an unknown fund—m'n a factor

of 05' Can be /nc/uded ta T, (”C desired ) so

thet
/OI/D
| o 5-/\/2. = ¢ / )
777“5 . (PC
Lu/mz C /5 77)e pressure coe%cm.t qnd /Pe The Peyﬂo/ir
number

( con .'t )

i




7.2q"‘

(Conl)

(A) Using The c/a-i-a qiven,

q? P AP - é_P

is “2”“ (45)(2%: E V2
and o
."”r=a,a_v_a 2P |y
: Zon - -Pt:"

5u/a ted mlaes

771e da.‘f‘a are
Vv, ft/s A p, psf
3 192
11 704
17 1090
20 1280
| £ 250
| o .
{ o
T o a 0 4
o © 10.0
a 50
)
& 0.0

ﬁ?f wam:t Pe and a plot of

Shown be /pu)

Re Cp
300 21.3
1100 5.82
1700 .77
2000 3.20

%ﬁ Cp= 6387 Re™ -
0 500 1000 1500 2000

Reynolds number, Re

2500 |
{

The power law  relodionship s

(C) gd

5 &387
l,c"’, fipAe ]

7'774 em,o;r/ca/ Vc/a.haﬁ.sh:f EZ {/)
“./’P/{_Cﬁ‘/" / 'ﬂﬂ- /-?eqna/d.c hunﬁfr rﬂnqa

/Vo‘:':e.

Al ﬁamﬁ, 7’71e

(1)

5€d ar; 7,712 mrmé/ej ﬂjt’d ﬂnd ’/71e 7wen da.'t.La ;
ol cmly fte

um’:mn 16k E be valiz oué:zde
 This range, results should not— be exitrapolated

befmd “Tre mnfe a{ déta used.
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730 *

*7.30 The pressure drop across a short hol-
lowed plug placed in a circular tube through
which a liquid is flowing (see Fig. P7.30) can be
expressed as

Plot the results of these tests, using suitable di-
mensionless parameters, on log-log graph paper.
Use a standard curve-fitting technique to deter-
mine a general equation for Ap. What are the

Ap = f(p, V, D, d) limits of applicability of the equation?

where p is the fluid density, and V is the mean
velocity in the tube. Some experimental data ob- ap
tained with D = 0.2 ft, p = 2.0 slugs/ft*, and
V = 2 ft/s are given in the following table:

d() | 0.06 | 0.08| 010| 0.15 v
ap (b/fe) | 4938 | 1562 | 64.0 | 12.6

D

FIGURE P7.20

Ap= FL*  ps= FLTrr =TT pEL dEL
From The yZi Theorem , §-3=2 pi Ferms mgw;«u{ - By m‘_sFec.flah
for T, ( contaming 8p)

-2
e 2+ 2 2 YT
L AYE (EmtTA)(eTT)
Check using MLT - .
AP = ML-’F = Nul_oro
o (T
Fr T, ( contarning D and DE
D
.= |
(which +s obviously dimensionjess ). Thus,

L= 4(3)

o OK

2r*
Br The data given
D/d | 333 2.50 I Q.00 I /33

L17 l/f?.s ’5’.00 '/.55*

A,o//aw

A log-log plof of These data & shoun on The Following page,

(C&w’t)
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730 % (cen't)
100 S s
7 | =
T 10 ,/-
— 1’4
V4
/
//
V4
1
1 10
Pi 2

Since The data plet as « straight line on

a log- log ,D/ot/ The egt{a,éxém #or The deta
Is of The forsn 4

77;::61772;

w}?ere 7, = AP//"VZ Gna T3 = ,D/g( A pPower
law £ F of The detx G1ves

A= 0.505 and b =399
Thﬂ5/ AP .D 3.??

ﬁ—z = ¢ 50.5‘[-2-)
T Aus efx@%/o:q is applicable over The
Pange of date 1.33% 22333
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732 %

EEIME SR e N £, m h,m H,m

i | 11 RN - 2.0 0.10 0.833

T %732 As shown in Fxg 2 26 Flg P7 32, and Video V2. 10~ 4.0 0.10 0.833
a rectangular barge floats in a stable configuration provided the 2.0 0.20 0.417
distance between the center of gravity, CG, of the object (boat 4.0 0.20 0.417
and load) and the center of buoyancy, C, is less than a certain L 2.0 0.35 0.238
amount, H. If this distance is greater than H the boat will tip [~ 4.0 0.35 0.238

over. Assume H is a function of the boat’s width, b, length, €, |
and draft, h. (a) Put this relationship into dimensionless form. ‘
(b) The results of a set of experiments with a model barge with
a width of 1.0 m is shown in the table. Plot this data in di-
mensionless form and determine a power-law equation relating

the dimensionless parameters.

,‘(.4?)_; e

\
H ‘F(-Lﬂ- J‘) ﬁFIGURE P7.32

Fram .‘ﬂve p:. '/hearem 1/- =3 p/ Hrms regmreol B,
/ﬂ.s}sec.{-ron e

£-4(4,4)

/1// o-ﬁ 7'71: P +terms ave obwously d!mens:én/ess

(b) f’br The deta fwm 7‘45«,[4&4 values for Hb, h/b, ana L/,

h/b
0.10
0.10
0.20
0.20

. 0.35
0.35

are shawn below .

Hib vb N
0.833 2.0
82?? ;'8 0 ; Hib = 0.0833 (/o)™
0.417 4.0 206 +—m—
0.238 2.0 To4}b——
0.238 4.0 0.2
0 ! f Y
0.00 0.10 0.20 0.30 0.40

h/b

A'n mspec;r’-:aa of ’ﬂh’.‘i? da-{'l Vel/?a/s 'hm'[‘ H‘/b daeS
not clepend on J-/b % 'ﬂu same Value of H/b

/5 01""”’”"" 16»’ c/: Ffermt ua/u?.r ok ,6/1, Thus,

B

and ﬁ’am 7'71e pla of The dm’:a. usmg a Pawev-law-

egua_é.«an_ o
i 0. 0933(‘9‘)
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7.33

(a)

7.33  Thetime, ¢, it takes to pour a certain volume of lig-
uid from a cylindrical container depends on several factors,
including the viscosity of the liquid. (See Video V1.3) As-
sume that for very viscous liquids the time it takes to pour
out 2/3 of the initial volume depends on the initial liquid
depth, €, the cylinder diameter, D, the liquid viscosity, w,
and the liquid specific weight, . The data shown in the fol-
lowing table were obtained in the laboratory. For these tests
€ =45mm,D = 67 mm, and y = 9.60 kN/m’. (a) Perform
a dimensional analysis and based on the data given, deter-
mine if variables used for this problem appear to be correct.
Explain how you arrived at your answer. (b) If possible, de-
termine an equation relating the pouring time and viscosity
for the cylinder and liquids used in these tests. If it is not
possible, indicate what additional information is needed.

p(Ns/m?) | 11 | 17 | 39 | 61 | 107
((s) 15 | 23 | 53 | 8 [ 145

4= LU0 u &)
45T L1 DAL i ALUT yiFL?

From the pr Theorem 5-3=2 pi +erms regaived.
8y Ir13 pection ! For 77, ( containing t)
_E¥D o (TIE3)(L)
7e £EL 2 (DRG0 -
M (FL~*T)
Check dsing MLT system :
Lx0 (T)(ML'zT"Z)[L):- MeLT®
I O WD)
Fov T2 ( containing £)
M %

FelLere

.ok

Whieh 15 obviously dimensonless, Thus,

25D . 4 (£) (1)
ST = #15

or The data j/x/kn _‘_é = jg::—:: =847 { & constant).

Thus, Fvem Eg.(1) w/M £/D a eonstant T Follews
Pt EXD = constant. For The data given

(cont)
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/.33 (eon )

277 272

£0D
= 77
= B

R ’ 8§75

Since T, is essentially constant osver The vange of-

The experimental data The variables used fov The problem
o ppear Fo be eorrect. i

[L) The AVerage value Jfor T, 15 874  s6 That

*:ZLD = 9L
gna Therefore
t - _&.Zi ﬂ - 374/& -
&D (fﬁgx}oi#)(wxm m)
=13l

L1 ?h 1 oin secends Lf)hen/a (8 1 wmds of Mo /mt
Note That 7his restvicted qua,f/:on /3 0}7/7 valsd
74)}‘ /6/9= 5’-47-7/ D:é7rmm} and &= 7-\&045/\///"13 wi
2,/3 of~ The Initial yolume being poured.
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7. 34

7.34 In order to maintain uniform flight, smaller birds must beat
their wings faster than larger birds. It is suggested that the relation-
ship between the wingbeat frequency, w, beats per second, and the
bird’s wingspan, £, is given by a power law relationship, @ ~ €".
(a) Use dimensional analysis with the assumption that the wingbeat
frequency is a function of the wingspan, the specific weight of the
bird, v, the acceleration of gravity, g, and the density of the air, p,,
to determine the value of the exponent n. (b) Some typical data for
various birds are given in the table below. Does this data support
your result obtained in part (a)? Provide appropriate analysis to
show how you arrived at your conclusion.

uency,

Bird Wingspan, m beats/s
purple martin 0.28 53
robin 0.36 4.3
mourning dove 0.46 32
Crow 1.00 22
Canada goose 1.50 2.6
great blue heron 1.80 2.0

() Given w=f(£ & 9,0a) so that k-r=5-2-2 o 7 =9(7,)
weT 2L, WL MLAT g LT 0 2 M
Thvs, consider
7 = W@a‘ybﬂa
50 that
M: a=0

L -3a+bhtc =0 ‘ ‘ }
T: ~1-2b=0 , M/ﬁ/aﬁ qives a:OJ 55-2.) 6:11_

T/)VJ!
771‘ = W ..ﬁa

For 77, °
7 =0, gblc
50 fhanl

M: [ta=0
L*t-2-3atbtc=0
T:-2-2b=0

(.

7 VSN s A
= paLasbie 7o oy T

M T T L
M | ta L-Z-Ba +b+c 7""'2’2‘6

.

(con'f)
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7. 34

(con)

These eqyaﬁom qive a=-1, b= |, and c=0
Ths,

=9
7, 76

¥ g
Therefore, wyg = ¢(¢?P“) o w :Vggé(%)
which indicates that
w"’fﬁyz . That s a/'VZn where n=-3

(b) The q;‘uen_dar‘a is /o/m‘;‘ed below and a power law curve fit is
app/:‘edj with the resylts
w =2,62 f ’0""55) where w~ beats /s W/)Eﬂ ﬁ'“m.

The obtained, powen, -0.455, s very clue fo that predicfed by
dimensional maf/wd«) -0,500,

6
®
51
i \\ |
0
% 3 * \ ! -
& \ .
{}\-‘
5 o ~
3 y = 2.6207x 4%
0 - |
0 0.5 1 1.5 2

f-: wingspan} m
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*7,35

Fixed support
i it e

N

#7.35 The concentric cylinder device of the type shown in Fig.
P7.35 is commonly used to measure the viscosity, u, of liquids by
relating the angle of twist, 8, of the inner cylinder to the angular ve-
locity, w, of the outer cylinder. Assume that

g= f(w, Fe K, Dl’ Dz, f)

where K depends on the suspending wire properties and has the di- 7
mensions FL. The following data were obtained in a series of tests
for which . = 0.011b - s/ft2, K = 101b - ft, € = 1 ft, and D, and
D, were constant.

Rotating

Liguid outer cylinder

@ (rad) @ (rad/s)
0.89 030 e
1.50 0.50
2.51 0.82 D
3.05 1.05 ! 2 :

BFrFIiGURE P?7.35

Determine from these data, with the aid of dimensional analysis,
the relationship between 6, w, and p for this particular apparatus.
Hint: Plot the data using appropriate dimensionless parameters,
and determine the equation of the resulting curve using a standard
curve-fitting technique. The equation should satisfy the condition
that6 = O forw = 0.

o= Foloro w s 7--! /a s FL"ZT
K= FL pxL  p= Sk
From 1he pi Theovem, T-3%4 pr terms veguired. By m.specl“lo-n)
7,=6

For I, ( contanmg w) !

T = Ct)& ’23 = (r")/FL_zT)Q-)Z Felere
e & FL |

Check using MLT: | .
wpl’ {T“)(ML"T")./L) = MOLTTT L OK

-
-

& rL2
For Tl ana Ty ( contuiniis B and D) :
_ D, - o
iy 7

(Which ave obviously d:mensmu/es:). <

(con't)
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*7358

(con't)

wg
< a.3axfo 0.50x10" | 0.8200° | f.05 %157 L ‘HM_?'1 /,.w.uo 2.¢x06°
e ‘0.?1 ' [.S0 2.5/ 305 I %28 | $52 | ¢.%o

Thas, The dimensional analys:s y;e/a(:

orp( 2L’ 2, B

For a given JEV:ce, D/,e and D/.f aqre C&vs:lwn" Jo‘_
'/ﬁd’t j :
o= ¢ / wh )
and wi 1% The deta UL

wul® - ot )/""”"")/h‘f) X1

e 10 16 £t
ﬂﬂmy The & ys. w deta Supp l:w{ 1t follows That:

These datd are plotted below. 7he best linear curve 411 gives

6 cz,qu,;ﬁ(wgk 23) . o L

0 0.0005 0.001 0.0015 0.002 0.0025

wy 1%/k

Hence for The parﬁcalw device with L=1Ft qaud K= 10 lLf4,

So- That.

. (o gexi®)(1£2)’ [w (m//)}ya (16-sfee?)]

/o 16 £t

o= AWM

w;ﬁ & 1y rad 14»' ) Ih rwf/.s &m(/u m b S/Ff

7- 4




7.37

7.37 Airat 80 °Fis to flow through a 2-ft pipe at an average veloc-
ity of 6 ft/s. What size pipe should be used to move water at 60 °F
and average velocity of 3 ft/s if Reynolds nomber similarity is en-
forced?

For Reynolds pvmber similarity,

Reair = Re water » "
(V) -(¥2)
Y lair v |lwater
Thos,
D _[ Ywater\( Vair ) D. h
water ~( 3. )\ | Yair , Where from Tables B.] and B.2
air water
- x ¢
Yoater = 1210x165° 5y < hgni®E
60°F 80°F
Hence, .
_ / Lanoxgs B2 ) 6 /s i) =
Duster = 1.s7x 1571 (3f+/s)(l )= 028 ft
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7.38

7.38 To test the aerodynamics of a new prototype automobile, a
scale model will be tested in a wind tunnel. For dynamic similarity,
it will be required to match Reynolds number between model and
prototype. Assuming that you will be testing a one-tenth-scale
model and both model and prototype will be exposed to standard
air pressure, will it be better for the wind tunnel air to be colder or
hotter than standard sea-level air temperature of 15 °C? Why?

Let ( Jn and ( )y denote model and prototype, respedtively,
T/?V-g Rem -::Ref_) ,or

(){y!i)m :(%ﬁ) JO/‘
7 - . s
V., = —;% %%a = /07/’-:7\{9 Since Em =70 ff
If the windtupnel air is at standard sea-level conditions,
then % =% and
Vo = 10Vp, Hence, if V=55 mph, then Viy =550 mph, which is tor

large for simple tests. For one this, at 550mph compressibility

eflects become important. Al SEmph they are pot Ascome
the fest are condvated with % /% <I o thal mare realishec wind
torne! velocities are prescribed. ~ From the dafa in Table 8.4

at T=15°C, 2=/, 47x)0°°m* and the data shown below are
ob?tdfﬂﬁ'da B

N

%Q\QQ

\

®
n

R

- - |
-50 0 50 100 150 200

For % /%p <1 if follows that T<15°C. Henoe, if wovld po better to
have a cold Windtvmel. However, even with T=~40°C, which gives

Y4 % =0.707, fhe l/,, =5Emph wald regeive V), = 10 (0.707) SSmph =389mph.
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7.39

7.39 You are to conduct wind tunnel testing of a new football de-
sign that has a smaller lace height than previous designs (see
Videos V6.1 and V6.2). It is known that you will need to maintain
Re and St similarity for the testing. Based on standard college quar-
terbacks, the prototype parameters are set at V = 40 mph and
@ = 300 rpm. The prototype football has a 7-in. diameter. Due to
instramentation required to measure pressure and shear stress on
the surface of the football, the model will require a length scale of
2:1 (the model will be larger than the prototype). Determine the re-
quired mode} freestream velocity and model angular velocity.

Let ( )y and ( Jp dendte the model and prototype, respectively.
For Reynolds number simileriy, Re,, = Rep, or

Vi Dm _ M sothat with #, =9, (v.e. same air properises)

o
V, = gﬁ Vy = (5) (omph) = 20mph, since b, = 20,
Thus,
: f
y = 209 (B (b = 55 o1

For Strovhal nuvmber similardy, Sty = Stp, or

Wy Dy ) -
5 - _%;ﬁj where %fsaor/vm
He nce,

= Vm D }
= —(20m I -
W 7’ 7)’,;”? ..(Wmﬁll)(;)(soorpm) = 75 rpm
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7.49 A model of a submarine, 1 : 15 scale, is to be tested at 180 ft/
s in a wind tunnel with standard sea-level air, while the prototype
will be operated in seawater. Determine the speed of the prototype
to ensure Reynolds number similarity.

Let ( )y and( )f denote model and protot ype, res,oem‘/l/e//.
Thus, Rey=Re,, or

Valn _ V4
”;/m’"— -%f—,where n=7¢ bp

Hencej

YV _ =
= (5L )% =15(5)%
Alse

% :/,57)</o_l’lfsi and 1?5/,25)(/55:? S0 '!%ml

_ e/l 57x10 M s _
Vm ISKI,ZAXIU'SH"/J) Vf = VF
Thus,

V. ;-ﬁ_:__ /80—?—
f 187 187
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7.41 SAE 30 oil at 60 °F is pumped through a 3-ft-diame-
ter pipeline at a rate of 6400 gal/min. A model of this pipeline
is to be designed using a 3-in.-diameter pipe and water at 60 °F
as the working fluid. To maintain Reynolds number similarity
between these two systems, what fluid velocity will be required
in the model?

For Keynolds number similary )

Vo Doy _ YD
%, 7
or
Y = Zm b,
z L 1)
Since &
,/-: area
and 3&/ 23/ 1n /‘FfB )
Q [69’00 o (9‘” )(nzg{n - /43 ﬁ-?
)
6O mm
+hen /4.3 fL3
e . = 202 ##
2 S
7 G#)

774&:5/ from Eg.(1)
_ frz} /""-’f’f2 (3&) »

(5 £ £t )(,Z £t)
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7.42 The water velocity at a certain point along a 1 : 10 scale
model of a dam spillway is 3 m/s. What is the corresponding pro-
totype velocity if the model and prototype operate in accordance
with Froude number similarity?

f'?r Froude number simtlarity A

Viom %

o gl m——
i — =

| g,,,.@n; . Vg'f
. 3o That - - 7 Z
: AR |
and with J'—'jm ) ,f/fh=f0, Y, = 3mls

y= Vo () = 249 %

p—
e




743

7.42  The drag characteristics of a torpedo are to be studied
in a water tunnel using a 1:5 scale model. The tunnel operates
with freshwater at 20 °C, whereas the prototype torpedo is to
be used in seawater at 15.6 °C. To correctly simulate the be-
havior of the prototype moving with a velocity of 30 m/s, what
velocity is required in the water tunnel?

For dynamic 5!/?7//4/'/7‘_9 The Keynolds number must be e
Same for meode/ and ,Drafoiype Thus,

Vi By . VD
%‘n z

So Tt
_ Fm D
in™ = 5, ¥
5/”661 7{" (AJafer@o?o"C): /-DO#)UDH‘,/M% (7;&/3 B,.Z))
Y (Seawater @ 15.6°C) = 11T %107 m¥ (Tible L4), and
.D/D,m :5'/ 't follows That

-~

(V.00 xIb
m (1.7 x16™8

‘")
_,;) (5)(30%) = /279 &
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7.44 For a certain fluid flow problem it is known that both
the Froude number and the Weber number are important di-
mensionless parameters. If the problem is to be studied by using
a 1:15 scale model, determine the required surface tension scale
if the density scale is equal to 1. The model and prototype op-
erate in the same gravitational field.

For dynamic. similarity

Wi o f
= _1_/_. (F’mude number SIMNNJ’IB.)

2 L V';Tf
Fon Vim o . VL
s

T

and

(Webpr number $1mi ]arhlb)

To satisty Froude numbtr similarty  (witn 8=dm),

L. &
v A
and Therefore for Weber number similavidy

O o (o (Vi) S = Lo f A A = B (0N
SRS S C S d I €
Thus , with L M= 1/is and G =1,

-3
a, \L - 4 /0
___""__(/)(/—~5_> Yoy X
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7.45  The fluid dynamic characteristics of an airplane flying
at 240 mph at 10,000 ft-are to be mvestlgatcd with the aid of a
1:20 scale model. If the model tests dre to. be performed in a
wind tunnel using standard air, what is the'required air velocity
in the wind tunnel"’ Is this a realistic V\":I%;mty'?

For dynamsc 5/‘/)?/‘/4”1{3/ The Reynolds number must be The

—

Same for medel and prototype. Thus

oA
Jo 7?4-2'/: /{ l
- o
Mn’ 7 ‘/g yA ()
JMC(’) -7 lbes ~3 /
M= T8 & o 5 pTATsexib *’é;‘ (ELIeC.I)
=374 x 16" Ibis - -3
o Fin | St SR 5}‘;,’ (Tatle 1.7)
aud ,0-/,?,,,,, =20, 1t follows  From Eg. () That
(3740067 ’f;q._f_) (1.750x 15 JM‘ )
(ZO) (Z’;‘o mph)

" (3 536‘4’/07-’—5—5 ) (;32,(10 Sﬁﬁ)

Mo, 1F 15 not a realishi velocity — much doo high .

T=40
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7.44  If an airplane travels at a speed of 1120
km/hr at an altitude of 15 km, what is the re-
quired speed at an altitude of § km to satisfy Mach -
number similarity? Assume the air properties cor-
respond to those for the U.S. standard atmo-
sphere.

For Mach  num ber similarity ;

\4 v ,
(4, = (¥ 4

8 &om

T/]e .5/3,?{’0{ af Sound Con ée Ca/ca/mlep( #om The Ejﬂabdg
= (/%RT (Eg /.20)

and for alr h=iyo, R=280.7 J/%;-K

At /5 4m a/fti/‘ut/c,

T= —56.50°C +273.75 = 267 k  (Table C,2)
and qf g'ém‘l

T==36.9%°C + 27305 = 2362k (Table C2)
ThHSJ at 15km altitude

fé»m ]///6‘0)(25’4?_%7 )(2/47/<> 95 M
and at 8tlbm

Gt 1/(/40)(.2‘% = )(zaézx) = 308 &

From Eg. )
C L
\/ - § e V _[ 308 “20"?_’“"
~ 17 Fem
= /70 e
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7.4-7

mnmnei, Sec&on?Sl)FlowchatacmucsforaSO-ﬁ-dmmeter
prototype. pamchute are to bc detenmned by tests ofa l-ft-d:lamebcr

parachute indicate a drag of 17 lb whaen the water velocity i is 4 ft/s.
Use the model data to predict the drag on the prototype parachute

falling through air at 10 ft/s. Assume the drag to be a function of the
velocity, V, the fluid density, p, and the parachute diameter, D.

S =F(v, p D)

HF  pzLTt PR FLTT D=L
Evom 7he pi Theorem, 4-3=1 pe Ferm reguirec
Gna & dimensional analysis yields

0&“6

LY
where C 15 a (Co nstant. Th us, For J/:m Jar +s
between Inode| dand Pro fd'ég pe

oF . oL

A

So  Thek D
5L (E) z
B 2
] (2;3:: Ji;‘;’%) ( 4 £ jloﬁf) (171
= 117k

e 5
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7.48  The lift and drag developed on a hydro-
foil are to be determined through wind tunnel:
tests using standard air. If full scale tests are to
be run, what is the required wind tunnel velocity
corresponding to a hydrofoil velocity in seawater
of |5 mph? Assume Reynolds number similarity
is required.

For /Feyﬂo/df number JI‘MI./”"*.?,

V/m Km = ]_/Z
2L Vv
where L s some chanaclerishi length of The hydnhil
Thus,

M

and wi ,6/,&,,=1 //14// Scale -/rsf)
2 (/.57 x/o""——"‘st )
I = 15 mph)
Vin™ 37 ¥ (1.26 x10™% £L7) (15 mp
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7.4 A 1/50 scale model is to be used in a towing tank
to study the water motion near the bottom of a shallow chan-
nel as a large barge passes over. (See Video V7.16) Assume
that the model is operated in accordance with the Froude
number criteria for dynamic similitude. The prototype barge
moves at a typical speed of 15 knots. (a) At what speed (in
ft/s) should the model be towed? (b) Near the battom of the
model channel a small particle is found to move 0.15 ft in
one second so that the fluid velocity at that point is ap-
proximately 0.15 ft/s. Determine the velocity at the corre-
sponding point in the prototype channel.

(a) For Froude number simi]arity
Vom 4

—

Vimbm V34

Wheve L 1s some charactevistic /Phjﬂv} and Wity ;m:j.

Km:\j’eﬂ" (1)

| v T VT : |
Thus) v,m ~ U EIO (Is-zknp‘[‘s) = 2, J;_é./fénu'f‘s
From Table AL | Ant= (054%)(E281 )= |.LS

s

£t
So Anai v, = (212 ks (101 7, ) - ﬂf_&

(L)  Since from Eq. (1)

So ’hia.‘ﬁ‘
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7.50 A solid sphere having a diameter d and specific weight v, is
immersed in a liquid having a specific weight y,(y, > v,) and then
released. It is desired to use a model system to determine the max-
imum height, h, above the liquid surface that the sphere will rise
upon release from a depth H. It can be assumed that the important
liquid properties are the density, ?[/g. specific weight, y,, and vis-
cosity, p. Establish the model design conditions and the prediction
equation, and determine whether the same liquid can be used in
both the model and prototype systems.

Assume Tt '£: f(d/ +, 3;) Xh ;J/U:F) . Mete Tt by
ﬂ‘;C/udm'5 BGJ ¥, and 2., botn The mass and weisht of The
Hured and spherve  are faken into account. THIS follows Since
/d (dlensity) = d/g, . It would be incorpect o Ilist 372) 4, and

f as l-na’eﬂ’nden'?." Va.r/aé/t’s. We expect The mass of The sphewe

2 be im J;arémi since The sphere il have accelerated miotion.
Smce,

AL d5L KL GERCD QEFC gELTT s 0T

The pi Thevrem indicates Tut 7-3= 4 Pl Ferms rfgwr?d, A
dimensional analysis qields,

L4l &R

:,C
Thus , The model design conditons ave
oo B Um = B | [l ﬁf}/z
Ch i Fm A-/f- - Gm 4} U)" 4
and The Predrd-hén egaabén is
A
&  du

From The last model design Condition (w17 £7=0f"" ),

/k_.__f'm = Y I{—ai (r)
A GV ad

Since Ay [d i The Lensh scale  and /5 presumably not egual
1o one, Eg,[!} will net be setshéd 1 The same liguid 15

used. Thus, The same hguid cannot be used.
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7.51 A thin layer of an incompressible fluid flows steaduly over a
horizontal smooth plate as shown in Fig. P7.51. The fluid surface is
open to the atmosphere, and an obstruction having a square cross
section is placed on the plate as shown. A model with alength scale
of 4 and a fluid density scale of 1.0 is to be designed to predict the
depth of fluid, y, along the plate. Assume that inertial, gravitational,
surface tension, and viscous effects are all important. What are the
required viscosity and surface tension scales?

Free surface

BFIGURE P7.81

4 q_f/a.:é/ dynamiis problem for which inertul, fmw;‘ufmé{, Surface
Fension s WA viscous efbects are all impirbant reguires Froude,

Reynolds, and Webtr number similants (see Tople 7.1). Thus,
-,[ar Km . _M. |
Vol VEA

( Froude number .s;;m'/;r.-i‘_l;) f folows Tt ( wit g’a‘h«_}

Vo V?-_: |
y A
For ﬂ’yna/ﬂ's numbty similarcty ,
i 7

and , /H - 3/1-
s S Vi o fn_nyf?«_‘d_ﬁ.. é[d_@
. 7 _/0 vV d P d A P Ld
= (l.o) (—,'_—r)af" = —;— = 0,125
For Weber number similarity,
ﬂmﬂ\Vm: dﬂ" = FV_-.._E
e e
g gy e ((E) % - 5 )
-~ £ Vv d rila/ 4 o g

= (Lo)(—-&:)zz —'—lg = 0.0b25
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7.52 The drag on a 2-m-diameter satellite dish due to an 80-km/hr
wind is to be determined through a wind tunnel test using a geomet-
rically similar 0.4-m-diameter model dish. Assume standard air for
both model and prototype. (a) At what air speed should the model
test be run? (b) With all similarity conditions satisfied, the measured
drag on the model was determined to be 170 N. What is the pre-
dicted drag on the prototype dish?

ta) From Eg.7.19 , Keynolds number similarity is reguired. Thus,

o 2e _ WD
Where D 15 The dish diameter. It fllows Thet

and with ¥ [y =1

A...' B

(muv} = IToN

(/Voi‘e That a@ 00,,, n - This pro&lem, since  fvom The Can:/dwn
of f?eyna/afs num bey .s;m:/am'l'y) vY/v = o, /D* This is ned
true n general. )
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7.53 A large, rigid, rectangular billboard is supported by an elastic v

column as shown in Fig. P7.53. There is concern about the deflec- . e
tion, &, of the top of the structure during a high wind of velocity V. e
A wind tunnel test is to be conducted with a 1 ; 15 scale model. As- e =
sume the pertinent column variables are its length and cross- e
sectional dimensions, and the modulus of elasticity of the material S
used for the column. The only important “wind” variables are the e
air density and velocity. (a) Determine the model design conditions b
and the prediction equation for the deflection. (b) If the same struc- —
tural materials are used for the model and prototype, and the wind —
tunnel operates under standard atmospheric conditions, what is the e
required wind tunnel velocity to match an 80 km/hr wind? —_

Front View Side View

BEFIGURE P7.53

14ssmae' d= f(ﬂ, 2 [
whem S~ deflechon= L , A column /fryfh sl f ~oTher /en_g‘l}rs—

(U=1,3,~ef.) ;. Poair dens#y SFLMTE, Vo wmd Velm'fg =% o

En mot/u/us of elasherty =FL% F}'am The pt " Theorem,
(54l)-3= 2+l prTerms. required, and a dimensional analysis

ylelds - _§_=4{¢’/9_1{_)

(a) The meodel cdlesign econditions are

Rom . Ao ,e,,.v,,..._.,g!‘
L. 2

and The Pvedfcﬁon egum’—‘mf s

$.. 8
| s ﬁ
or wilth a lengty scale of [:/5
J /me

(6) F?am The second model design conditon
VZ:_, Em_ﬁ v
™  E (m
So That with E=Ewm ana p=/fom
: /e )2
#m

or V,'m":\/""?o'.z;
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- 7.54 A thin flat plate having a diameter of 0.3
ft is towed through a tank of oil (y = 53 Ib/f°)
at a velocity of 5 ft/s. The plane of the plate is
perpendicular to the direction of motion, and the
plate is submierged so that wave action is negli-
gible. Under these conditions the drag on the
plate is 1.4 1b. If viscous effects are neglected,
predict the drag on a geometrically similar, 2-ft-
diameter plate that is towed with a velocity of 3
ft/s through water at 60 °F under conditions sim-
ilar to those for the smaller plate.-

It viscous and wave effects qre neglected

A= £( 2,0, V)
where : K~ drag = F , d~ plate diameter =L ) P~ Fluid density = FL%’Z
and V'~ velocity 3 LT~ | From Ihe p/ /ﬁearem 4-3= [ pi term
Veﬁu:'rfd, and a d!lmensmmf analysis yjelds

T = ;'éi_:.
1T Y
Since Theve s only one pi +erm

"1’0”“ - b Constant
s YT
Where m refers 1o e smaller, 0.3- ft-diameter plate .

/
Thus) oﬂz _/i _v_’z iz oﬂ

(m r dm:- m (1)

From The date gjven :
L= 19 slugs/pt® 5 d= 242 V= 3/

- 53 /AT - " )
//0», m‘_ ) d,,,,—-dS"ﬂ; L/w 5&[1_) AM-/#/A

Themﬁre, From Eg.

oﬂ (1. 94 mj) (35?) (z#)"

53 15/&3 f_t
( 21‘%) > (3{)

(wh) = 204 b
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7.55 For a certain model study involving a
1:5-scale model it is known that Froude number
- similarity must be maintained. The possibility of
" cavitation is also to be investigated, and it is as-
sumed that the cavitation number must be the
same for model and prototype. The prototype
fluid is water at 30 °C, and the model fluid is water
at 70 °C. If the prototype operates at an ambient
pressure of 101 kPa (abs), what is the required
ambient pressure for the model system?

for Froude number 5/'/94/'/4'#/7‘; ,

Y
V3., lan Vgﬂ
So  That (wﬂ'h 92 m )
V- |
% o
For cavitation number similanty |
z’-/,,.,, J* PV

H

It follows Pt "
(- Fed ® %‘- = (-t

and making use of E‘j ()
(B m™ T 5 2t (p-4,)

Fov water (from Table B.2):
@ T0C S =TT1.8K8bm® ; 13, = 3116x107 Wi (abs)

@ 30°C P =H5TAm®, p = 243 0 W Gabs)

Thu.s from Eg.(2)

(?773%1 )

= _- N ygayzxim "’) 3u¢,xm—
. T _,% )( (/leo =+, = {24

= 5012 4 P (abs)
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7. 56 A thin layer of spherical particles rests
on the bottom of a horizontal tube as shown in
Fig. P7.56. When an incompressible fluid flows
through the tube, it is observed that at some crit-
ical velocity the particles will rise and be trans-
ported along the tube. A model is to be used to
determine this critical velocity. Assume the crit-
ical velocity, V. to be a function of the pipe di-
ameter, D, particle diameter, d, the fluid density,
p, and viscosity, g, the density of the particles, -
P, and the acceleration of gravity, g. (a) Deter- R ERHRT
mine the similarity requirements for the model, FIGURE P1.56

and the relationship between the critical velocity

for model and prototype (the prediction equa-

tion). (b) For a length scale of { and a fluid density

scale of 1.0, what will be the critical velocity scale

(assuming all similarity requirements are satis-

fied)?

() VC=7L(D,J,/°,/4,(.’P,3)

V.=LT™ DL d=L pz Fre? /u-.'-FL"'T ,c;):;:;_"'rl g LT

From fhe pc Theorem, T-3=4 pi terms reguired, and o
dimensiong] analysus yrelds

/OV"D—'f,é(“—)_f.)adj?l)
- ° #
Thus, he  similavity reguirements ave

iﬂﬂ-‘—"d‘ Lom = —ﬁ- ?md""’/om_ _d__aﬁ_z
m P Bm G e

The Predn'c-)-m'n e%uahbn I's
{0 Vc D = ﬂm V‘:M D"‘“
2

(b) If all 5|mclqr:+5 reﬁmremenb are satishied The prediction
-ezua.fmn indicates That

Vem .
v /; é{— (’-0)(/%")(2) & %ﬂ

From the Third similarity Y?ﬁulrfmoni ( witk g= gm

"fd'"')f’o \/ ) (o) = W

Thus From Eg.()

chn zv——' 0. 0"

-2

(r
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7.57 The pressure rise, Ap, across a blast wave, as shown

two blasts: the prototype blast with energy release E and a model
blast with 1/1000th the energy release (E,, = 0.001 E). At what
distance from the model blast will the pressure rise be the same
as that at a distance of 1 mile from the prototype blast?

FL.

in Fig. P7.57and Yideo V11.7 is assumed to be a function of |
the amount of energy released in the explosion, E, the air den- ————
sity, p, the speed of sound, ¢, and the distance from the blast,
d. (a) Put this relationship in dimensionless form. (b) Consider |

Air (p, ¢}

.
@t FIGURE P7.57

CLT

dsll -
/—rrms regm;?e/ (| and

HERERERRS 'F:dapr* The, pi Theorer 5 3= 2‘
T *aiiiaimeﬂsmm r qnalgsl,.r y/de.t
SEEERERERRAns M / , /, = ,+ A//w.; mi
R ] | d U '_'_.'f" C)l

i '.:'”':.._ B

o s i
P/e;/n:.ﬁo.ﬂ -Qj&(d i‘mn' 'N-\ aaui

l.'f?m = A

\%

\
|
I i
| ‘ |
|
| | | i |
i | i
L. — ! I
1 ‘ | |
| 1 I
1 {
; \ | §
| | 3 !
! i ;o
) 1
i i
] |
| i
1 i
H =
t ]
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7.58 The drag, 9, on a sphere located in a pipe through
which a fluid is flowing is to be determined experimentally (see
Fig. P7.58. Assume that the drag is a function of the sphere
diameter, d, the pipe diameter, D, the fluid velocity, V, and the
fluid density, p. (a) What dimensionless parameters would you
use for this problem? (b) Some experiments using water indi-
cate that ford = 0.21in.,, D = 0.51in., and V = 2 ft/s, the drag
is 1.5 x 1072 Ib. If possible, estimate the drag on a sphere
located in a 2-ft-diameter pipe through which water is flowing
with a velocity of 6 ft/s. The sphere diameter is such that ge-
ometric similarity is maintained. If it is not possible, explain
why not.

(a) Bz £ (4,0 V)
B=F d=L D=l Vy=LT" pFLT?
Frem The pr theorem, 5-3 = 2 pi +trms reguived, and a
dimensiona/ analysis gu.;/d;
L A
2h % (_b—)
Ar D

(b) The similari#s reZwrémmx’- /5
O . d

D, D
so That G2t s A &)
6, 5in. 2
and A= o 8+ ( regtm?fd diameter )

Thus, The prediction equation 3
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7.59  An incompressible fluid oscillates har-
monically (V = Vjsin wt, where V is the velocity)
with a frequency of 10 rad/s in a 4-in.-diameter
pipe. A § scale model is to be used to determine
the pressure difference per unit length, Ap, (at

where D is the pipe diameter, w the frequency,
f the time. p the fluid viscosity, and p the fluid
density. (a) Determine the similarity require-
ments for the model and the prediction equation
for Ap,. (b) If the same fluid is used in the model

and the prototype, at what frequency should the
model operate?

any instant) along the pipe. Assume that
Ap, = f(D, V, @, t, , p)

4¢, = FL7 D=L w=T" £2T a=R"T p=FC'T?
Frem The pi Theorem, T-3 = 4 pi terms reﬁu.-'rm; and a
dimensiona! analysis yields
4 v,D
D 4% =4,(‘_4§)th /0_/&_ )
rh*
(a) 774us} The Similarity regwr'emen-b are

gy
lo/-LA

bt Vot gy zwt LoD 10
D. D = ™ Hm H
and The prediction egtm,i-m'u 1S
D Aé@ D‘m‘déﬂm
P o G

(b) Bor Regnolds number similaridy ( The last Similariy rt’jmrem#n"l.))
with The same A 1w mmodel and Pfota‘f‘gpe ,

Vom . L
(o]

Jo 7711&5' ﬁ"ﬂm 7he ffrst .fl;nl'/ﬂr‘::/'_l, regwre'meni
D, Vo - (Duw)/Dw\w/Bu\?
t, Do o - (20)(5)<(B)

+ D
Thus, to satisty The rvemaimns ,su-m‘lqn'%;. Y?éuivemeni
Win tpy= T
or D 5, ;
2 - Fac
o, ~ %mdu = (FM)Q-'(’%) (/o~’f—;‘+4 = [0 TFF
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7.60 As shown in Fig. P7.60, a “noisemaker” B is towed behind a
minesweeper A to set off enemy acoustic mines such as at C. The
drag force of the noisemaker is to be studied in a water tunnel at a
% scale model (model % the size of the prototype). The drag force is
assumed to be a function of the speed of the ship, the density and
viscosity of the fluid, and the diameter of the noisemaker. (a) If the
prototype towing speed in 3 m/s, determine the water velocity in

the tunnel for the model tests. (b) If the model tests of part (a) pro-
duced a model drag of 900 N, determine the drag expected on the

prototype.

@ J={(V, o, 1, D), where oﬁéF‘ﬁ%,V'—‘f
/uézﬂ%mdbéz
Thus, k-r =5-3=2 50 that 7] = P(7),

where by inspection there are he /'ﬂyred/;emh for a Reynolds
number, Re = QVD/ju, and adrag coefljcient, c, =/ (pV*D%).

Hence,
Cy = P(Re)
For similarity, Re, = Re , or
€V Dn _ QYD <o fhat with G =0 and im
HAm A
Vo Dy = VD or with b, =+,
W = ﬁv =4V =432

(b) With Re, =Re it follows that o,y ZCn, 0r

I b
Ziﬁnvmlbml %PViDz
Thus, since Pm =P,

D

» o
2 % “zZpa OV
sz Dm v D

2 2 z2 4
) "‘(V‘,/,,) (T;D;ﬂ)oﬁ;, =(-,3—§n4};) (#)(900M) = Goo N
Note: The prototype has+he <ame drag asthe model
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7.61  The drag characteristics for a newly de-
signed automobile having a maximum character-
istic length of 20 ft are to be determined through
a model study. The characteristics at both low
speed (approximately 20 mph) and high speed (90
mph) are of interest. For a series of projected
model tests an unpressurized wind tunnel that will
accommodate a model with a maximum charac-
teristic length of 4 ft is to be used. Determine the
range of air velocities that would be required for
the wind tunnel if Reynolds number similarity is
desired. Are the velocities suitable? Explain.

For  Reynolds number similants i
/o;m V/M ’gM £ /.,O_Z—/-q

o P

Since. The wind tunnel s uhpresmn';;ﬂ/, The air properties will be
approximately The same or model and profotype. Thus, £g.¢1)

vetluces +o
cluces %z%;y

ang for The catn 7;1/(@4;)
- (204t _
Chl v M
7716%,6;'{) ot fow speed
Vi = .5'(20mph) = /oo mph
and at Aigh speed
V=5 (90 mph ) = 450 mph

So  That The model velocity vampe 1s 100 mph o 450 mph .

At The high Velearty 14 The Lomd Funnel, compressibility of The
alyr weould start +o become 4n Imporfint ﬁzc;br/ lhereas

Compressibility Iy hot importent for The protorupe. Thus, The
Nigher velecity vequired #r The mode/ would 0ot be subble,
Ho.

So f)!a.')é
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7.62 The drag characteristics of an airplane

. are to be determined by model tests in a wind

- tunnel operated at an absolute pressure of 1300
'kPa. If the prototype is to cruise in standard air
at 385 km/hr, and the corresponding speed of the
model is not to differ by more than 20% from this
(so that compressibility effects may be ignored),
what range of length scales may be used if Rey-
nolds number similarity is to be maintained? As-
sume the viscosity of air is unaffected by pressure,
and the temperature of the air in the tunnel is
equal to the temperature of the air in which the
airplane will fly.

For Reynolds numbtr similarty |
on Vo Se VL
i R
For an tdeq] gas, p=pRT, and with constant temperatyve
-;—-= Constant

Jo 7%&15

or 4
B, /[om

and Ez_U) Can be wrilten 4s [wﬁh /ﬂ,,,,l‘/«i)
da £ L
A o Vom

For The date given
Lo . 01 RR) ¥V

A7 (1300 4&R) Vom
and with V= (1 0.2)V, i+ follows That

L«_ i (101 AR) I
L (1306hP) (1£0.2)

N

Thus, The ramge of Jengh sailes is 0,047 +o0 0.077] .
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7.63

" 7.63 Wind blowing past a flag causes it to ‘‘flutter in the
breeze.”” The frequency of this fluttering, w, is assumed to be
a function of the wind speed, V, the air density, p, the acceler-
ation of gravity, g, the length of the flag, €, and the ‘‘area den-
sity,”” p4, (with dimensions of ML~ ?) of the flag material. It is
desired to predict the flutter frequency of a large £ = 40 ft flag
ina V = 30 ft/s wind. To do this a model flag with £ = 4 ft
is to be tested in a wind tunnel. (a) Determine the required area
density of the model flag material if the large flag has p, =
0.006 slugs/ft>. (b) What wind tunnel velocity is required for
testing the model? (c) If the model flag flutters at 6 Hz, predict
the frequency for the large flag,

cu:f(l/)/")}Jﬂ)/ﬂ)
W™ AT PR ML gs AT g2l LEMLT

From The pi Theorem, é-3 = 3 pi terms regu/rf’d anda «
dimensional 4nalysis g;e/d_s

Q)V—' ?Q(\ﬁe / /a,e )
(a) For :/}mldrf%y

)

n dom L

ana Since fo, =P |
WAt sl Slugs
//_q-)/m: @ = (—— )(O.DDL ztif) Dlo_i

4o ft

xg\

[1’) /‘:F 5/)71‘; lar 4‘5
Viow

Ym = VY
Vg Vg2

gna  with Im= ] e
VB G e

ce) With The similarity r?gmll/‘fm?nb satishied e prediction
Zua;l:mn is ' ” s
i 4
s0 That ] J‘IV/Z”"CU =;/i£,g (éH3>=I‘qO H}
o = l/;:" z bo £4 Se———
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7.65

9465 The drag on a sphere moving in a fluid

is known to be a function of the sphere diameter, 6
the velocity, and the fluid viscosity and density.
Laboratory tests on a 4-in.-diameter sphere were I R T - ¢
performed in a water tunnel and some model data ' / o
are plotted in Fig. P7, 65, For these tests the vis-

cosity of the water was 2.3 X 1073 lb-s/ft* and 2f——— g /
the water density was 1.94 slugs/ft’. Estimate the /‘T/
drag on an 8-ft diameter balloon moving in air at

a velocity of 3 ft/s. Assume the air to have a 0 2 4 6 ] 10 12
viscosity of 3.7 x 10~7 Ib-s/ft* and a density of Model velocity, ft/s

2.38 x 1073 slugs/ft*. FIGURE P7.65

Model drag, Ib

4//0: £ (d) \/) f’)/u,)
where! oI n drag=F, d~sphere diameter =L, Ve~ velecry = LT/
w~ flured dens}fj = FLUtT2 ~ Lluset msra.srl'_:, = FL,""T
£ ) S .
From 1he pr Theorem , ©=3= 2 pi Ferms mgy;r.(d/ and o
dimensional analysis 3ie/d.s

b ()
oV

[hus, [leynolds number similarity 15 reguired so tut
fom Vom dm - VA

/H/m
or
. M p d
Wi 2
(2.3 x16°% “’ )(2 S?Juo 5—55") (s ££) ;
- £—
(3“'0’“;;;1)(/% ”ﬁif) ,f) )
- £+
= 5,87 =

From The ?m/}?, for Vo =541 H/s/ a&’”: F308 B e
L hm
LV3da* T o Vo ™
- VAR |
so That ﬁﬂ [m Vo O i
i (23800 2% ) (3€8) (g52)"
(795 T ) (509 2 GER)

( I304) = 0.27% 11

=69
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Dy=0.05m
7.67 Drag measurements were taken for a sphere, with a diameter W o D.=lm
of 5 cm, moving at 4 m/s in water at 20 °C. The resulting drag on o P
the sphere was 10 N. For a balloon with 1-m diameter rising in air water
with standard temperature and pressure, determine (a) the velocity ar
if Reynolds number similarity is enforced and (b) the drag force if
the drag coefficient (Eq. 7.19) is the dependent pi term. mode| prototype

(@) For Reynolds number similarily, Reﬁ =Rem, where( ) o and ( m
refer to prm‘afype and medel, respectyyely . Thys,

B Vads o
%
Vo=(Z B

_ (146x195 m*/s) (o.osm)M
(oo )gem*/s) (1 m)

- m
m/s) = 2.

(b) CDP = Cbm, since CD‘¢(ﬁ€) and /Qe,,,‘-'/?eﬂ

Tﬁf{——i < __L&m___l
z fvp P 2l Do
Ths,

e S (BV(3e)

* 2
_ (23 ka/m®)_ [ 2.9/ m/s | m ——
(7982 ke/m*)\  4m/ss )(0,0501) (10¥) 2.8/N
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7.68

768 A pmwtype anmmebﬁe is designed to travel at 65 km/hr. A
model of this design is tésted in @ wind tunnel with identical stan-
dard sea-level air properties at a 1: 5 scale. The measured model
drag is 400 N, enforcing dynamic similarity. Determine (a) the drag
force on the prototype and (b) the power required to overcome this
drag. See Eq. 7.19.

For this model, ( Jn, and protofype, ( Jp, assume

Co =P(Re), where Re <Vi/y and = /(+oV* )
$s0 ."haf f{ Reﬂl Refj

{ﬁﬁn CDm :be

(@) Vi dm /%, = Volp /%, where % =),

Hence,
o= 0y (5)65 82 < sas he(ipom ey < gu s
/"i’/sroJ with Cf)m e Cof,

A &

'2‘.'(0,,, szjms- "W , 0r Since P’” = PPJ
Ve \X/ fo \* S km/hr N ) 2 _
;(_5) (%)o@’n = (L5220 (5 (pool) = 00N

325 km/hn

(b)) P= = power =0V <o that
B =V, = #0065 W) () (129072 = 730 AL
=7220W

NMote * ?,?: zzzaW(:I.Blf/x/o”"’—gﬂ) =9.68hp
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7.69

7.69 A new blimp will move at 6 m/s in 20 °C air, and we want to
predict the drag force. Using a 1 : 13-scale model in water at 20 °C
and measuring a 2500-N drag force on the model, determine (a) the
required water velocity, (b) the drag on the prototype blimp and, (c)
the power that will bé required to propel it through the air.

For this model and pr'ofafyﬁe , assume (see /:'7. 7.19)

Oy = ¢(R8)J where Re=V4/¥ = Reyﬂﬂ/a/\r number, and
Cy= 0/ (FpV*4*) = draq coetlicient

(8 Ths, with ( )y and ( )y dendting model and prototype, respectively

Rem=Ro
olo _ vy
/A
b’enco 6 2
.00 [9 Ny _ ”m
(%)( I )o = (3) (i ) (650 = 525

(b) C‘Dmscbf )Of‘

] ”M, " %
%gnvmz.ﬂmﬂ. E_L(opvﬂzﬂfz
Hence!

r Vo A
= SE (R )
2 é p_' 7 3
;;’Oz!fy//% Szmm-s/s)(w) (2500N) = 678N

© B=dfp= 678N(62) = #0708 _ yoroW

* Flvid properties are from Tables B.2 and B.#
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7.70

7.70 At alarge fish hatchery the fish are reared in open,
water-filled tanks. Each tank is approximately square in
shape with curved corners, and the walls are smooth. To cre-
ate motion in the tanks, water is supplied through a pipe at
the edge of the tank. The water is drained from the tank
through an opening at the center. (See Video V7.9.) A model
with a length scale of 1:13 is to be used to determine the
velocity, V, at various locations within the tank. Assume that

V=f(£ ¢, p, 1, g Q) where € is some characteristic length

such as the tank width, €, represents a series of other perti-

nent lengths, such as inlet pipe diameter, fluid depth, etc., p -

isrrthgiflgirdQens‘i.t_y,_ W @_s.__tbg:_ _ﬂqid vi_sc}o_sity, g is the accelcrf

(i)

From 7The p; 771f’an’m/ 7-3
di1mensional analysis
vﬁ

v=E£ (44, P,

ation’ of gravity, and Q is the discharge through the tank.
(a) Determine a suitable set of dimensionless parameters for
this problem and the prediction equation for the velocity. If
water is to be used for the model, can all of the similarity
requirements be satisfied? Explain and support your answer
with the necessary calculations. (b) If the flowrate into the
full-sized tank is 250 gpm, determine the required value for
the model discharge assuming Froude number similarity.
What model depth will correspond to a depth of 32 in. in
the full-sized tank?

) 4,0)

= 4 vl terms }"f’gau;fa' and e
yrelds

(,rza cp’*)/%%)

Thas, The s/milanty rfgu;remen%: are

/gL‘,m /Q;,

= —

Lm &

and The

@Z
153,

Vi=

CD 2
,ﬁ“"ﬂj

Prediction ejua.,zémn Iz
VIM /Q/M

5 O
Lo i

. LY
Ap

@ B
From 1he Jast similanty réja/mmen‘i, with g, =P O,rnp{/[/flmz/‘_

Cor

—

% 5

M.
Em  Mom
[Fowever,

gm=3

Sirce These

S =

lgac)
.

R R

/Mm 7716 Second Slm:/é?!’/'j'j Vegmremén’i Lwi17h

‘fuw }’egu/rfmf’né are /n C’Dn/c/:éf K

Follows Thet 1he similarty requirements Cannot

be satished.

e

(Con't )

“FoTZ




/.70 ( Lon?)

(b) For Froude number similari+y

Ym V.
Pgmlm VgL

and W/.ﬁ 541—,:5
Vom - ]/ﬂ,m’
v X

77)0!5 ﬂmm 7776. Predtcftan -ﬂﬁuafémn
VA®- Vo b

I‘f' 7@//&&05 Tﬁi}f.‘

Vo (Lo ) * - L " (Lo LY
£ e F L
so That W)ﬁ‘l ﬂm/g =1/3

&= (7_'3' 5/2(250 g—Pmr) = O. %o gpm

Note 'f7m1’: '/7:;,5 samée F-é’Su/é Can be 06‘-{2?/»191 fmm The secouc!
s/milarity reguirement ( wheeh corresponds 4o Froude

Number similar?y) Sihce

G = B~

;rf;{,,, 3
ano 7)’&""&5}’6 7-

= () @

Geometric similanty regmra_s That

Lim - L

Lom L
or ﬁt'/m - Lom — L,

Tx

se trat all /en;ﬂ?s scale as The JEn;Th scale . Thus,
_ [/
(de/fﬁ% )m,,de/ B T_’;)Kdepfh)})rofo{jpe
= (7_1_3')(52 ’h-) = 2.4 In.
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7. 7l

1.7 Flow patterns that develop as winds blow past a
vehicle, such as a train, are often studied in low-speed en-
vironmental (meteorological) wind tunnels. (See Video
V7.16) Typically, the air velocities in these tunnels are in the
range of 0.1 m/s to 30 m/s. Consider a cross wind blowing
past a train locomotive. Assume that the local wind veloc-
ity, V, is a function of the approaching wind velocity (at
some distance from the locomotive), U, the locomotive
length, £, height, /&, and width, b, the air density, p, and the
air viscosity, u. (a) Establish the similarity requirements and
prediction equation for a model to be used in the wind
tunnel to study the air velocity, V, around the locomotive.
(b) If the model is to be used for cross winds gusting to
U = 25 m/s, explain why it is not practical to maintain
Reynolds number similarity for a typical length scale 1:50.

(@) v=F(U L4 op p) .
VELT™ U= LT~ 3L h=L b=l PHFCOT u=FUT
From The pc ﬂlt‘.’ore'_nl 7-3=4% pr Ferms reguived and a
climensispal aqnalysis’ Yields

b 1%
L4540
Thu.s, The Simfla}'r'v"y Veju:rfmon-ks are

hU
ﬂ/m - __£ bdm = ,_b, fﬂn hm U - /.'i___.
fm Hm h om -

The pPrediction egua:étdu I
= VM\

T4

M

(L) Since The density and yiscosty of The air Flowing around The
frain ana The air 17 The wind Eunnel loyld be practicalle
The same (/e,”x/)/u,,,,:‘:/x.)/ 1t follows From The last
‘Sl'mflqn"/‘g V‘ezul}'emeni (whicu 13 T Qeynolds number)

S

That /4

U, (%) U
nu;js) wiTh a /t’nf'fh Scale of 1250 and wit
U= Zj-/m/s

UL, =(50) 25m4k) = 1 250 ™m/s

This required model veloeity 15 Mmuch higher Than
Can be dcheived /7 The wine tuynnel arnd
Thevedre 1+ s hnot practecal o /@eyna/;{;
Num ber 5/;71:./41’:'7"{7. The V-egqu:'e;/ model t/-e/ocH—g IS
Fo0_high. .

15

\1
|
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7.72 (See “Galloping Gertie,” Section 7.8.2,) The Tacoma
Narrows bridge failure is a dramatic example of the possible
serious effects of wind-induced vibrations. As a fluid flows
around a body, vortices may be created which are shed period-
ically creating an oscillating force on the body. If the frequency
of the shedding vortices coincides with the natural frequency
of the body, large displacements of the body can be induced as
was the case with the Tacoma Narrows bridge. To illustrate this
type of phenomenon, consider fluid flow past a circular cylin-
der. Assume the frequency, n, of the shedding vortices behind
the cylinder is a function of the cylinder diameter, D, the fluid
velocity, V, and the fluid kinematic viscosity, v. (a) Determine
a suitable set of dimensionless variables for this problem. One
of the dimensionless variables should be the Strouhal number,
nD/V. (b) Some results of experiments in which the shedding
frequency of the vortices (in Hz) was measured, using a
particular cylinder and Newtonian, incompressible fluid, are
shown in Fig. P7.7_ Is this a “universal curve” that can be used

to predict the shedding frequency for any cylinder placed in any

fluid? Explain. (¢) A certain structural component in the form
of a 1-in.-diameter, 12-ft-long rod acts as a cantilever beam with
a natural frequency of 19 Hz. Based on the data in Fig. P7.7 ,
estimate the wind speed that may cause the rod to oscillate at
its natural frequency. Hint: Use a trial and error solution,

(a) n=-F(D,V,'V)
v= LT~ 2= LTT

n= T~ D=L

0.12 - '
10 100 1,000 10,000

Re, VD/v
MFIGURE P7.72

!

From 7he pr ﬁeoremJ Y-2=2 7‘::(..' Ferms r‘e’zwred,
aAnd & ;//}nensm;:rq/ 4‘04‘/7.5/3 g/'f//,.s

nVD :qs(_:_/_.D

(b) Yes . TL the variables of purt (a) ave correct Then
this s a “universal or general velationshp

j’eﬁw-cen 7he Strouhal number dna 7he f«?egna/a’_s
humber. Tt 15 Valid over The range of

Peqno//.r numbers Coverved 11 The eiperiment .

(C’Dﬂ%)




7. 12

(Con't)

) For n=19Hy and D- . 2 =
Lt

%Y v
From Fig P1712, assume S.=021 and From

Eq.(. Hy) (5 £+)
7.0 0.z/=/m ’V)

so That V= AsuEt (514meh)

£+ ¢k
Chok Re: vo_ (7.5% 2)( 4 ££) _ Yoo,
ot P Vv IS"'leo“"&‘

From Fig, P772 ot Re =4o00, S&-a 2| and Therelre
assumed Value of Si 0l<

7~
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7.73 (See “Ice engineering,” Section 7.9.3.) A model study is
to be developed to determine the force exerted on bridge piers
due to floating chunks of ice in a river. The piers of interest have
square cross sections. Assume that the force, R, is a function the
pier width, b, the depth of the ice, d, the velocity of the ice, V,
the acceleration of gravity, g, the density of the ice, p,, and a mea-
sure of the strength of the ice, E;, where E; has the dimensions

(R) f'—'ﬁ(é; A}
R=F b=L d=L

veL '

FL™2. (a) Based on these variables determine a suitable sét of di-
mensionless variables for this problem. (b) The prototype con-
ditions of interest include an ice thickness of 12 in. and an ice
velocity of 6 ft/s. What model ice thickness and velocity would
be required if the length scale is 1o be 1/107 (¢} If the model and
prototype ice have the same density can the model ice have the
same strength properties as that of the prototype ice? Explain.

ﬁ,/e, Ei)
gELT™ po2 FUT? K

= FL™

From The pPC theovem, -3 =4 Pl Terms reguived, ana a

dimensiona ! an4/7:u.s

4 (2,7

3’#—

Eﬂ)-e Iﬂl_ﬁ

L AL)

(5) For similarity,

_Lf_n_ - 2 or é’l =
Am & A
Se ﬂbi—

(c) For similar:"f‘y;
V 2
/or.'m M =

m

'Thu-‘ 2

i (9(5)"

‘ﬂf'om Eg (1) (V "-___. 0{'_;(’1_"'
EL‘PM ‘:f# Et.

Since OAm /d( = ‘/"")

Ana model lc.;e,

Cannet have Same streng’ properties . _/_1__/___{;.
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7.74  Asillustrated in Video V7.9, models are commonly
used to study the dispersion of a gaseous pollutant from an
exhaust stack located near a building complex. Similarity re-
quirements for the pollutant source involve the following in-
dependent variables: the stack gas speed, V, the wind speed,
U, the density of the atmospheric air, p, the difference in
densities between the air and the stack gas, p — p,, the ac-
celeration of gravity, g, the kinematic viscosity of the stack
gas, v, and the stack diameter, D. (a) Based on these vari-
ables, determine a suitable set of similarity requirements for
modeling the pollutant source. (b) For this type of model a
typical length scale might be 1:200. If the same fluids were
used in model and prototype, would the similarity require-
ments be satisfied? Explain and support your answer with
the necessary calculations.

5

(@) Sjnece b2 LT LT™ p2.FL*T? Pop s FLU*T?

o LT 7 242 D=L, 1F Fellows f/?m The pc
Theorem That  7-3 = 4 o Ferms are reguived. A dimensional
analysis yrelds . VD VY s YA as a pessible

U’ v g0’ 3
set of P Herms. Thds, 7re sirmlar 4y requirements  would be
Vm . b b D . YDt L V2 ()., (pp)
Um U Ym B b FP TR

(_4) /Cb).. %”_’," = 2;{'0 and %mv = 7/5 7716 S€cond 5/‘/7’;-/47145

régus re mfnt 15 Ym - Tm D - 200 (see abore)

-—

Vv s Dm
However, From The Thitd simlarity reguivement Wit

gm=E v |[BL T

2R A’ 200
This  resalt  conflicts with That Fom The second
Similarity rejuiremeni'/ ana  Theresore The similarihy

reguivements Cannot  be sutisheéa undoy The stated
CondiFvons. Ko .
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7.75

7.75  River models are used to study many different
types of flow situations. (See, for example, Yideo V7.12) A
certain small river has an average width and depth of 60 ft
and 4 ft, respectively, and carries water at a flowrate of 700
ft*/s. A model is to be designed based on Froude number
similarity so that the discharge scale is 1/250. At what depth
and flowrate would the model operate?

For Froude rumber similari?sy

Vo

.
nt V32"

wher‘e f IS Seme chdfdcﬁe/:s.:f‘:é /pﬁwjﬁr) anad w7k f,,,,=j

Vm — | [
T ,
Since The Flowrate s P= [/,4) Where A Is The

a/oprppna'fe Cross sectrona ) dre,

O Y A _ [ L’ P

7: L A Vi A

Alse, Ao = (Zom )
A y | 5/

o et G (L)’ L ()
CP = j 250

g ﬁm'_: 0. 110

and #r 178 Pro-[-a'fypz dep?’?r oF Y H The
Corrfspond/kf model depth I3

Lom = (01100 (4££) = 0,440 F

The model Flowrate s d)p’}‘mhed —From Ez_ £l ¥s

0, = (55 Y700 ) = 2580 £

———
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7.76  As winds blow past buildings, complex flow pat-
terns can develop due to various factors such as flow sepa-
ration and interactions between adjacent buildings. (See
¥ideo V7.13) Assume that the local gage pressure, p, at a
particular location on a building is a function of the air den-
sity, p, the wind speed, V, some characteristic length, £, and
all other pertinent lengths, €;, needed to characterize the
geometry of the building or building complex. (a) Deter-
mine a suitable set of dimensionless parameters that can be
used to study the pressure distribution. (b) An eight-story
building that is 100 ft tall is to be modeled in a wind tun-
nel. If a length scale of 1:300 is to be used, how tall should
the model building be? (¢) How will a measured pressure in
the model be related to the corresponding prototype pres-
sure? Assume the same air density in model and prototype.
Based on the assumed variables, does the model wind speed
have to be equal to the prototype wind speed? Explain.

(@) =L (/v L 0;)
P=FL™* prprLrtrr oy LTl 42 £z
From The pr Theorepn, 5-3=2 pc +erms veguired, 4nd &
it mensional @nalysis '7/&/cl_r

* (%)

(5 B 7eame£w'c 5/}n,'/an4_9
j -

.

- L
—

-

L

Lim
So '177.'[.‘ & . &l:?
£ Li

and 1F follows Tuat all pertinent lengtns arve gealed wit
The Ieﬂj'f'h Seale fzm /ﬂ Thusl with L, /,Q = \/5oo

/m odel heigh{‘ = JoodE = o4 333 L4

Jeo0

(¢) With ieome%n&. similarity seladed 1+ fibws Thal
P - Fm
PYV> PV
Thus, Wwith  fm=p v \2
P= (VM) P
With the set of given variables Theve s no y‘egu:'remed

for the velochy scale Vrm/\/) so The Medel Wind Speed
does not have 4o be egud fue The prototype Wind

speed. No.

=81
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7.77 Start with the two-dimensional conti-
nuity equation and the Navier-Stokes equations
(Eqgs. 7.35, 7.36, and 7.37) and verify the non-
dimensional forms of these equations (Egs. 7.38,
7.41, and 7.42). .

j)‘: - %530 (Eg.7.35)
P é—”i+ui‘i+'r"’“ (924 + 32“) [
ot ] ax tH (et 5 £3.73¢)
- 2_0"' ._Z‘ = - —_
P (55 +u sl s —f’ R 3}(1 3j (£5.7.31)
As indicated n Sec;‘mu 7.10 /erf
*. U * v *_
7 Y V= v f’ -’f::f
* X * Y *_ £~
T X 772 £t F

DI T2y S B X

PY R Y VIR 2P VA VI Ve
PX T A& ox* 2y " X py¥ 3y T R oyt
axz ﬂ ox¥ L ox% [ ox A* 9wt
and similarly,
Y e S VST
S N TR S DU PE S £ RS

Br The local accelergteon,
2u . d(Vu*) st* - ¥ Ju
ot Tor* ot t ot*

amd  similarly,

Jr. v vt
JE = 221""ﬁ

(coﬂ%)
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773 | (con?)
oy 7he pressure  terms i

BP 24376*3)6*._. ﬁﬁ%
A

2X 2 ¥ o X
and .sm:ldr/g
_E A oop
i 23

Sué.s%n‘u:‘mr: of The vavious ttrms, ¢xpressed in terms of
The dimensionless Variables, can be made 1nt> The original

di Eevental eguations (£gs. 738 236, qna 7.37) o
glclﬂ’ Efs 738 737, and 7 4o . To obtain The F£rnel

ﬁfm Fop EgS 7.%1 ana T.42 divide each +erm
by /V’/I.
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7.78

_7.78 A viscous fluid is contained between wide, parallel-
‘plates spaced a distance h apart as shown in Fig. P7.78.The
_ upper plate is fixed, and the bottom plate oscillates harmonically

. A ; . . R D F
with a velocity amplitude U and frequency w. The differential —— _ 2200 Fired plate
equation for the velocity distribution between the plates is ] — 1
1
du  u Y
P ot K ay? T

— 1) = (/COS @
g

where u is the velocity, ¢ is time, and p and u are fluid density W FIGURE P7.78

and viscosity, respectively. Rewrite this equation in a suitable
nondimensional form using &, U, and w as reference parameters.

ot P P oE* ) ot*
ou . 2(Us”) oy I é&"(_’.)z .C_/'?_E‘:
oY 249* 2y oy*th h oYy

ajz: _}T -534-
771:45/ 7he ar;'g/hd/ a’nzaé’/fnz‘/é/ ézﬂa-ém}g becomes

/.oDw -/43732

oy +* v
wh? f_bﬁ - 2tu
ﬁ/u o +¥* Pk

7-84




7.29

7 74 The deflection of the cantilever beam of
_ Fig. P7.79is governed by the differential equation

d?
E[d—)j = P(x - ()
where E is the modulus of elasticity and I is the 47 P
moment of inertia of the beam cross section. The 7 Y
boundary conditions are y = 0 at x = 0 and J—x
dyldx = 0 at x = 0. (a) Rewrite the equation 2 . |
a

and boundary conditions in dimensionless form -

using the beam length; {; as the reference length. _ FIGURE P7.7¢
(b) Based on the results of part (a) what are the |
similarity requirements and the prediction equa- '
tion for a model to predict deflections?

(a) Let j“"=/g_ and  x*s X So That
dy . dlyg™)gx*. g dy* /1y . d¢t
X dx* d)( A Ax* (I) T dx*
dnd
ﬁi,g{( et . | d%"
X+ dx¥* \dx¥ / dx *® Zﬂ-’"

Thus, the origingl differential eguation becomes

5| L, = P (2et-2)

dx*?
ov dzbf- ) l:ﬂz. (,("'—;)
dx** LEI
and The boundary conditions are

r #
3:0 at x#lo and %’*=o azl JC*-—-C).

(b)) The .s;m;law'fy requivements are
% X X,
5 =x* or —j‘i-’- i and

Pl  PJ?
E.I. FEI

The préd:d—;:o” eﬁuafior; 1S
*

Y
ar Y . Y
A
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7.80

7.80 A liquid is contained in a pipe that is
closed at one end as shown in Fig. P7.80. Initially
- the liquid is at rest, but if the end is suddenly
opened the liquid starts to move. Assume the
pressure p; remains constant. The differential
equation that describes the resulting motion of
the liquid is
v, P v, 14dv,)
at e+”(ar2 +r8r)

where v, is the velocity at any radial location, r,
and ¢ is time. Rewrite this equation in dimen-
sionless form using the liquid density, p, the vis-
cosity, u, and the pipe radius, R, as reference

Jparameters.
, -
[. € Z'.' r ” - £' ) f g -t' )

P

and

o

End initially
closed

rl_-z — U, R
g x

e

I ¢
FIGURE P7.80

wlmﬂc T

1S Some combinations of The paramelers f, M, and R having The
dimensions of Etime and V is some combination of The same

/

parameters having fhe dimensions of a velocity. Let

%, —# 2 2
T:/jT/e x (FAFZJTQ:)-_: r
and /= o AT =
PR (FItT2)(L)

Wit These dm:;ens;on/ess Variables

D a(yuk) o*_ y I* ) ()4 LAY
3£ 2t T 44 JF (_i.‘- “Co,e)/a,ez)at"' /fé) Fa_f*"
oy (Vo) gpx o 11y LY 20z
3 o O W*/ﬁ)-(ﬁ)(ﬁ 75’-:7/%1 a
0Wp _ M D SN R Lyt L 275t
S e e ()5 T e )T 2R e

The origing! difterential equa tion can pow be expressed as

2L Ty [ ] ALy
[/o//o),93 ﬁ‘-}r*/“(ﬁa) 3)':" }.1&‘2",})
or
L her® L awt, o g
D S e
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7.81

7.8]  Anincompressible fluid is contained be-
tween two infinite parallel plates as illustrated in
Fig. P7.8/. Under the influence of a harmonically
‘varying pressure gradient in the x direction, the
fluid oscillates harmonically with a frequency w.

(VAL AL AL LSS LA S SIS A S SIS |

‘The differential equation describing the fluid mo- h yl__ —_—u
tion is o *
h
ou al VAL ALA LS TL SIS TISSSSSY 22
pE = X cos wt + ,u;
. . ¥ . FIGURE P7.8!
where X is the amplitude of the pressure gradient. e
Express this equation in nondimensional form us-
;ing h and w as reference parameters.
- - Uu
Let 3*= 4 P Z‘*—&Jf/ and w*= 3= 50 That
4 4w
U - 2 Mwu’”)i} £ 24 (w) = gwwa
ot Jt¥* JLh J
ou_ 2 bhwut) )y _ ( ) W .Q
2Y > 3* a_a, Iy*
2%u . ) w a 2y ¥ (_ ) = & %L
7 53"‘ gk R 93*2

The orfg;hq/ cf:ﬁfermﬁé/ egumﬁ'/a;n Can now be expressed as

[phe?] j—,f::

.Z._CoSZ(.' [/4&'} ag,*z'

or ”
ﬁ‘f :[—E— ]Cos‘i’.*-!— /az 32@_2
)t* | pAw* phw | dy*
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7.82

7.82 Flow from a Tank

Objective: When the drain hole in the bottom of the tank shown in Fig. P7.82 is opened,
the liquid will drain out at a rate which is a function of many parameters. The purpose of
this experiment is to measure the liquid depth, A, as a function of time, ¢, for two geometri-

cally similar tanks and to learn how dimensional analysis can be of use in situations such as
this.

Equipment: Two geometrically similar cylindrical tanks; stop watch; thermometer; ruler.

Experimental Procedure: Make appropriate measurements to show that the two tanks
are geometrically similar. That is, show that the large tank is twice the size of the small tank
(twice the height; twice the diameter; twice the hole diameter in the bottom). Fill the large
tank with cold water of a known temperature, T, and determine the water depth, A, in the
tank as a function of time, ¢, after the drain hole is opened. Thus, obtain & = A(t). Note that
t ranges from ¢t = O when h = H (where H is the initial depth of the water), to ¢ = t5,, then
the tank is completely drained (5 = 0). Repeat the measurements using the small tank with
the same temperature water. To ensure geometric similarity, the initial water level in the small
tank must be one-half of what it was in the large tank. Repeat the experiment for each tank
with hot water. Thus you will have a total of four sets of k(z) data.

Calculations: Assume that the depth, A, of water in the tank is a function of its initial
depth, H, the diameter of the tank, D, the diameter of the drain hole in the bottom of the
tank, d, the time, ¢, after the drain is opened, the acceleration of gravity, g, and the fluid den-
sity, p, and viscosity, u. Develop a suitable set of dimensionless parameters for this problem
using H, g, and p as repeating variables. Use ¢ as the dependent parameter. For each of the
four conditions tested, calculate the dimensionless time, tg'/2/H'2, as a function of the di-
mensionless depth, h/H.

Graph: On asingle graph, plot the depth, k, as ordinates and time, #, as abscissas for each
of the four sets of data.

Results:  On another graph, plot the dimensionless water depth, h/H, as a function of di-
mensionless time, tg'”%/H'?, for each of the four sets of data. Based on your results, com-

ment on the importance of density and viscosity for your experiment and on the usefulness
of dimensional analysis,

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

# FIGURE P7.8%

(Coaz)
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( Con't )

Solution for Problem 7.82: Flow from a Tank

H for big tank, in. H for small tank, in.
16.0 8.0

h, in. ts

Big Tank with T =57 deg C

16.0 0.0
12.0 9.2
8.0 20.0
4.0 33.8
0.0 57.0
Big Tank with T=20deg C
16.0 0.0
12.0 9.0
8.0 20.3
4.0 33.0
0.0 57.2
Small Tank with T = 57 deg C
8.0 0.0
7.0 3.1
5.0 9.5
3.0 18.2
1.0 30.1
0.0 41.4
Small Tank with T =20 deg C
8.0 0.0
7.0 3.0
5.0 10.0
3.0 18.1
1.0 32,5
0.0 43.0

(Cont)

tg1.’2!H1.’2

0.0
45.2
98.3
166.1

280.1

0.0
442
99.8

162.2
2811

0.0
21.5
66.0
126.5
209.2
287.7

0.0
20.8
69.5
125.8

225.9
298.8

h/H

1.000
0.750
0.500
0.250
0.000

1.000
0.750
0.500
0.250
0.000

1.000
0.875
0.625
0.375
0.125
0.000

1.000
0.875
0.625
0.375
0.125
0.000
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Problem 7.82
Water depth, h, vs time, t

L
L
|

14 ;
12 \ _ [
—+—Bigtank, T=57degC ||
< 10 s m Bigtank, T=20degC ||
= 8 e —&—Small tank, T =57 deg C
6 ’\ X Smalltank, T=20deg C
4 - -~ \
2 ™. __B.\.
0
0 20 40 60 80
t,s
Problem 7.82
Dimensionless Depth, h/H,
Vs
Dimensionless Time, t*(g/H)*0.5
1.20 T
1.00
0.80 —&—Big tank, T=57deg C
| Big tank, T=20deg C
\ — -A — Smalltank, T = 57 deg C
&= —
= 0.60 \ X  Smalltank, T=20deg C
0.40 1
'\ |
0.20 N
| ™
0.00 ; .
100 200 300 400

t*(g/H)"0.5
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7.83  Vortex Shedding from a Circular Cylinder

Objective: Under certain conditions, the flow of fluid past a circular cylinder will pro-
duce a Karman vortex street behind the cylinder. As shown in Fig. P7.83, this vortex street
consists of a set of vortices (swirls) that are shed alternately from opposite sides of the cylin-
der and then swept downstream with the fluid. The purpose of this experiment is to deter-
mine the shedding frequency,  cycles (vortices) per second, of these vortices as a function
of the Reynolds number, Re, and to compare the measured results with published data.

Equipment: Water channel with an adjustable flowrate; flow meter; set of four different
diameter cylinders; dye injection system; stopwatch.

Experimental Procedure: Insert a cylinder of diameter D into the holder on the bot-
tom of the water channel. Adjust the control valve and the downstream gate on the channel
to produce the desired flowrate, Q, and velocity, V. Make sure that the flow-straightening
screens (not shown in the figure) are in place to reduce unwanted turbulence in the flowing
water. Measure the width, b, of the channel and the depth, y, of the water in the channel so
that the water velocity in the channel, V = Q/(by), can be determined. Carefully adjust the
control valve on the dye injection system to inject a thin stream of dye slightly upstream of
the cylinder. By viewing down onto the top of the water channel, observe the vortex shed-
ding and measure the time, ¢, that it takes for N vortices to be shed from the cylinder. For a
given velocity, repeat the experiment for different diameter cylinders. Repeat the experiment
using different velocities. Measure the water temperature so that the viscosity can be looked
up in Table B.1.

Calculations: For each of your data sets calculate the vortex shedding frequency,
w = N/t, which is expressed as vortices (or cycles) per second. Also calculate the dimen-
sionless frequency called the Strouhl number, St = wD/V, and the Reynolds number,
Re = pVD/u.

Graph: On a single graph, plot the vortex shedding frequency, w, as ordinates and the
water velocity, V, as abscissas for each of the four cylinders you tested. On another graph,
plot the Strouhl number as ordinates and the Reynolds number as abscissas for each of the
four sets of data.

Dye injection

Cylinder

Karman vortex street

B FIGURE P7.93
Side View Top View




Results:  On your Strouhl number verses Reynolds number graph, plot the results taken
from the literature and shown in the following table.

St Re
0 <50
0.16 100
0.18 150
0.19 200
0.20 300
0.21 400
0.21 600

0.21 800

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

Solution for Problem 7.83: Vortex Shedding from a Circular Cylinder

- T,degF b, ft
70 0.50
‘ Data from Literature
- Q, fth3ls y, ft D, ft N t,s o,cycles/s V, fi/s Re St Re St
0.036 0.82 0.0202 100 13.2 0.758 0.0878 169 0.174 50 0.00
0.036 0.82 0.0314 10.0 19.9 0.503 0.0878 263 0.180 100 0.16
0.036 0.82 0.0421 100 245 0.408 0.0878 352 0.196 150 0.18
0.036 0.82 0.0518 10.0 30.1 0.332 0.0878 433 0.196 200 0.19
300 0.20
400 0.21
0.062 079 0.0202 10.0 6.3 1.587 0.1570 302 0.204 600 0.21
0.062 079 0.0314 10.0 9.6 1.042 0.1570 469 0.208 800 0.21

0.062 0.79 0.0421 10.0 12.5 0.800 0.1570 629 0.215
0.062 0.79 0.0518 10.0 15.1 0.662 0.1570 774 0.219

0.029 0.86 0.0202 10.0 19.2 0.521 0.0674 130 0.156
0.029 0.86 0.0314 10.0 28.2 0.355 0.0674 202 0.165
0.029 0.86 0.0421 10.0 33.1 0.302 0.0674 270 0.189
0.029 0.86 0.0518 10.0 36.7 0.272 0.0674 333 0.209

0.018 0.92 0.0202 10.0 31.2 0.321 0.0391 75 0.165
0.018 092 0.0314 10.0 41.3 0.242 0.0391 117 0.194
0.018 0.92 0.0421 10.0 62.2 0.192 0.0391 157 0.206
0.018 092 0.0518 10.0 65.3 0.153 0.0391 193 0.203

o = N/t
V = Qf(by)

St = @DV and Re = DV/v, where

v = 1.052E-5 ft"2/s

(6'0172)
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Problem 7.83
Shedding Frequency, o, vs Velocity, V

1.8

1.6 /o

1.4 //

1.2 ,
/ ‘l. —e—D =0.0202 ft |

1.0

V4 / —8—D =0.0314 ft
// —A—D = 0.0421 ft

—¥—D =0.0518 ft
/

o, cycles/s

't

5

o O O o o
o N b~ O

0.00 0.05 0.10 0.15
Vv, ftis

0.20

Problem 7.83
Strouhl Number, St,
vs
Reynolds Number, Re

¢ Experimental
/ | —#— Data from literature

0.05 |

' |
0.00 - | |
0 200 400 600 800 1000 '

Re
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784 Head Loss across a Valve

Objective: A valve in a pipeline like that shown in Fig. P7.84 acts like a variable resis-
tor in an electrical circuit, The amount of resistance or head loss across a valve depends on
the amount that the valve is open. The purpose of this experiment is to determine the head
loss characteristics of a valve by measuring the pressure drop, Ap, across the valve as a func-
tion of flowrate, Q, and to learn how dimensional analysis can be of use in situations such
as this.

Equipment: Air supply with flow meter; valve connected to a pipe; manometer connected
to a static pressure tap upstream of the valve; barometer; thermometer.

Experimental Procedure: Measure the pipe diameter, D. Record the barometer read-
ing, H, 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. Completely close the valve and then open it N turns
from its closed position. Adjust the air supply to provide the desired flowrate, Q, of air through
the valve. Record the manometer reading, A, so that the pressure drop, Ap, across the valve
can be determined, Repeat the measurements for various flowrates. Repeat the experiment
for various valve settings, N, ranging from barely open to wide open.

Calculations: For each data set calculate the average velocity in the pipe, V = Q/A, where
A = 7D%/4 is the pipe area. Also calculate the pressure drop across the valve, Ap = ygh,
where ., is the specific weight of the manometer fluid. For each data set also calculate the
loss coefficient, K;, where the head loss is given by k. = Ap/y = K V?/2g and v is the
specific weight of the flowing air.

Graph: On a single graph, plot the pressure drop, Ap, as ordinates and the flowrate, O,
as abscissas for each of the valve settings, N, tested.

Results: On another graph, plot the loss coefficient, i, as a function of valve setting, N,
for all of the data sets.

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

“feejt W FIGURE P7.84
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Solution for Problemr7.34: Head Loss across a Valve

D, in. Hatm, in. Hg T,deg F
0.81 287 70
h, in. Q, ft"3/s Ap, |b/fth2
N = 2 Turns Open Data
9.20 0.235 47.8
6.50 0.195 33.8
5.04 0.169 26.2
N = 3 Turns Open Data
9.40 0.479 48.9
6.33 0.386 32.9
5.01 0.341 26.1
3.62 0.289 18.8
1.92 0.214 10.0
N = 4 Turns Open Data
9.35 0.827 48.6
7.65 0.767 39.8
6.01 0.691 31.3
4.32 0.578 225
3.24 0.504 16.8
2.62 0.456 13.6
1.85 0.391 9.6
0.98 0.283 5.1
N =5 Turns Open Data
3.03 0.897 15.8
2.37 0.799 12.3
1.79 0.701 9.3
1.39 0.618 7.2
0.97 0.517 5.0
0.64 0.426 3.3
AP = Yu20™h

K. = Ap/(pV?/2) where
V = Q/A = Q/(n*D?/4)
and

P = Pam/RT Where

Patm = Yrg Hatm = 847 1b/ft"3%(28.7/12 ft) = 2026 Ib/ft"2

R =1716 ft Ib/slug deg R

T =70 + 460 = 530 deg R

Thus, p = 0.00223 slug/ft*3

(C’awf)

V, ft/s

65.7
54.5
47.2

133.9
107.9
95.3
80.8
59.8

2311
214.3
193.1
161.5
140.8
127.4
109.3
791

2507
2233
195.9
172.7
144.5
119.0

NN

W wwww

N N N N N N

g v O O

9.95
10.21
10.54

2.45
2.54
2.57
2.59
2.80

0.816
0.777
0.752
0.772
0.762
0.752
0.723
0.731

0.225
0.222
0.218
0.217
0.217
0.211

T 45
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Problem 7.84
Pressure Drop, Ap, vs Flowrate, Q
60
50 |
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~ 40 [ / : e
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0 0.2 0.4 0.6 0.8
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Problem 7.84
Loss Coefficient, K,
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7 Number of Turns Open, N
12 |
10
l
8 f ‘ —e—N=2
4 | #-N=3
X 6 a e N = 4
—©—N=5
4
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2 — \ \I
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7.85 Calibration of a Rotameter

Objective: The flowrate, Q, through a rotameter can be determined from the scale read-
ing, SR, which indicates the vertical position of the float within the tapered tube of the ro-
tameter as shown in Fig. P7.85. Clearly, for a given scale reading, the flowrate depends on
the density of the flowing fluid. The purpose of this experiment is to calibrate a rotameter
so that it can be used for both water and air.

Equipment: Rotameter, air supply with a calibrated flow meter, water supply, weighing
scale, stop watch, thermometer, barometer.

Experimental Procedure: Connect the rotameter to the water supply and adjust the
flowrate, Q, to the desired value. Record the scale reading, SR, on the rotameter and mea-
sure the flowrate by collecting a given weight, W, of water that passes through the rotame-
ter in a given time, . Repeat for several flow rates.

Connect the rotameter to the air supply and adjust the flowrate to the desired value as
indicated by the flow meter. Record the scale reading on the rotameter. Repeat for several
flowrates. Record the barometer reading, H,,, in inches of mercury and the air temperature,
T, so that the air density can be calculated by use of the perfect gas law.

Calculations: For the water portion of the experiment, use the weight, W, and time, 7,
data to determine the volumetric flowrate, @ = W/yt. The equilibrium position of the float
is a result of a balance between the fluid drag force on the float, the weight of the float, and
the buoyant force on the float. Thus, a typical dimensionless flowrate can be written as
Q/[d(p/Vg(p; — p))”*], where d is the diameter of the float, V'is the volume of the float, g
is the acceleration of gravity, p is the fluid density, and py is the float density. Determine this
dimensionless flowrate for each condition tested.

Graph: On a single graph, plot the flowrate, Q, as ordinates and scale reading, SR, as ab-
scissas for both the water and air data.

Results: On another graph, plot the dimensionless flowrate as a function of scale reading
for both the water and air data. Note that the scale reading is a percent of full scale and,
hence, is a dimensionless quantity. Based on your results, comment on the usefulness of di-
mensional analysis.

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.

A 1
Scale __—+|
reading - | Float
504
ol
TQ‘ % FIGURE P7.85

(00/12)
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Solution for Problem 7.85: Calibration of a Rotameter

d, in. V,inA3 py, Slug/fth3 Ham in. T,degF

1.40 1.50 15.1 29.05 78

Air Flow Data -~
SR Q, ft"3/s (Q/d)[p/(Va(pre)]1/2
14.6 0.229 0.142
215 0.321 0.200
28.1 0.413 0.257
336 0.491 0.305
39.2 0.564 0.351
448 0.644 0.400
50.2 0.714 0.444
55.9 0.798 0.496
63.1 0.888 0.552
68.6 0.973 0.605
735 1.05 0.653
76.2 1.08 0.671

Water Flow Data

SR W, Ib t s Q, fth3/s (Q/A)[p/(Va(prp)]1/2
13.1 6.52 19.9 0.0053 0.103
18.5 8.01 17.7 0.0073 0.143
242 7.02 10.4 0.0108 0.213
28.2 7.81 10.1 0.0124 0.244
37.1 8.20 8.4 0.0156 0.308
45.7 9.21 7.5 0.0197 0.387
52.6 8.19 5.7 0.0230 0.453

p = Pam/RT where

Paim = Trig*Hatm = 847 Ib/ftA3*(29.05/12 ft) = 2050 Ib/ftr2

R = 1716 ft Ib/slug deg R
T=78+460=538degR

Thus, p = 0.00222 slug/ftr3

(con ’t‘_)
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Problem 7.85

Flowrate, Q, vs Scale Reading, SR
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Problem 7.85
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