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Pipe Flow [10-11]
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® FIGURE 8.23 Friction factor as a function of Reynolds number and relative roughness for round pipes—the
chart (Data from Ref. 7 with permission).
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PIPE LOOP" SYSTEMS
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[8.125 |

8.125 The flowrate between tank A and tank
B shown in Fig. P8.125 is to be increased by 30%
(i.e.. from Q to 1.30Q) by the addition of a sec-

6-in.diameter;,  6-in. diameter;
600 ft long 500 ft long

ond pipe (indicated by the dotted lines) running e ) I S R

from node C to tank B. If the elevation of the ' = ) ¥ %)) S
free surface in tank A is 25 ft above that in tank Vi
B. determine the diameter, D, of this new pipe. N3

Neglect minor losses and assume that the friction Diameter D, 500 ft long
factor for each pipe is 0.02. FIGURE P8.125

. . s 2 Vi 2 2
With 1he sm;/e,o/pe 41+_Yi+zﬂ=££+._ﬂ +Z‘*£'€f%*fzé% o
where f£=fs=0, Vy=Va=0 ,24=251f, 25=0,

and V= V,(smceD =0,),

_ (2+1) V? - (600+500)Ft V2
Thus, 25 = f, __1_1 __;’ or 25fl =(0.02) ) CYE:

"V =6.05 4 He/)ce Q=AY =Z () (6.058) = 1188 &' one PfPe'1
With the second p/pe @=r30(Li1ge k) =) 545 & ( f

- &j ____

Qi=Qu+ Thus, §,=1548 =0, 465 or Y= %-z’(i;% = 7654 i
; For fluid f/owmg f/'om A to B throwh pipes 1 and 2, |
| v? h Vi
a= h‘—l* ;L\L,_ 02;,4 —/74, {/D 25 *12 2 ‘; (see Eg.(/))
258 = (0.02) 6901 (7849) 0.02) s500ff _ Vo
(&H) 2220 ' (B#H) 2(s2.2%)
Herce, |y« 2,603
ana' 2 3
Q.= AVe=Z (&) (2.608)=0.5/, &
Thus, Qs =@ - Q=rs#& -osnt =034
| For floid flowing fran; A 108 throvgh pipes /and 3,
= L v} i
Sz x th Zy=h, th 24y thg, ) _ L0313
A= tla T:VS’ Ly~ L3 10 29 z; u/éere %03 A ED_," b
- 600 f (799;) 500f (___EL)_
25 (o.oz)?iﬁ) (322 +(0.02) Dy 202im)
or
D,=0.662ft

Note: With the parameters given, the solvtion is quite semsitive 4o
rovnd off errors in the colcvlations
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External Flows



External Flows [12]
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A small grain of sand diameter D = 0.10 mm and specific gravity SG = 2.3 settles to the
bottom of a lake after having been stirred up by a passing boat. Determine how fast it falls
through the still water,

§oLuTion

A free-body diagram of the particle (relative to the moving particle) is shown in Fig. E9.10.
The particle moves downward with a constant velocity U that is governed by a balance
between the weight of the particle, W, the buoyancy force of the surrounding water, Fp, and
the drag of the water on the particle, 9.

Fg

B FIGURE E9.10

to

From the free-body diagram we obtain

W =92 +F,
where
m .
W = Yuna¥ = SG Y0 ¢ D? Q)
and
T
Fg = mo¥ = ')’HzogD @)

We assume (because of the smallness of the object) that the flow will be creeping flow
(Re < 1) with C, = 24/Re (see Table 9.4) so that

1 w 1 T 24
D = = pyuolU? = D*Cp = = pyoU — D> | ————

)

or

37y, oUD

We must eventually check to determine if this assumption is valid or not. Equation 3 is called
Stokes law in honor of G. G. Stokes (1819-1903), a British mathematician and physicist. By
combining Egs. 1, 2, and 3, we obtain

m

T
6 D3 = 3‘”’LH20UD + ')'HZO-D3

SG 0 6
or, since y = pg,
U= (SGpu,0 = Pu,0)ED’
18
From Table 1.6 for water at 15.6 °C we obtain py o = 999 kg/m?> and Mo = 1.12 X 1073
N-s/m2. Thus, from Eq. 4 we obtain
(2.3 = 1)(999 kg/m*)(9.81 m/s?)(0.10 X 1073 m)?
18(1.12 X 1073 N-s/m?)

@

U

or
U=632x%10"3m/s (Ans)
Since
pDU (999 kg/m?)(0.10 X 103 m)(0.00632 m/s)
b 1.12 X 1073 N-s/m?

Re = = 0.564

we see that Re < 1, and the form of the drag coefficient used is valid.
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Hail is produced by the repeated rising and falling of ice particles in the updraft of a thun-
derstorm, as is indicated in Fig. E9.11. When the hail becomes large enough, the aerodynamic
drag from the updraft can no longer support the weight of the hail, and it falls from the storm
cloud. Estimate the velocity, U, of the updraft needed to make D = 1.5-in.-diameter (i.e.,
‘‘golf ball-sized’’) hail.

e
40,000
to -
50,000 ft T
movement

Ground

B FIGURE E9.11

§oLuTioN

As is discussed in Example 9.10, for steady state conditions a force balance on an object
falling through a fluid gives
W=D + F

where Fg = v, ¥ is the buoyant force of the air on the particle, W = v, ¥ is the particle
weight, and 9D is the aerodynamic drag. This equation can be rewritten as

™
YU S DICy =W — Fy (1)
With ¥ = 7D?/6 and since v, » v, (i.e., W » Fg), Eq. 1 can be simplified to
1/2
4 Pice gD
U=zl 2
(3 Pair CD) @

By using p,.. = 1.84 slugs/ft>, p,, = 2.37 X 1073 slugs/ft>, and D = 1.5in. = 0.125 ft,

Eq. 2 becomes
1/2
[ 40184 slugs/fi®)(32.2 ft/s?)(0.125 ft)
- 3(2.37 X 1073 slugs/f*)Cp
or
64.5
U=——= 3
Vo @

where U is in ft/s. To determine U, we must know Cp,. Unfortunately, Cp, is a function of
the Reynolds number (see Fig. 9.23), which is not known unless U is known. Thus, we must
use an iterative technique similar to that done with the Moody chart for certain types of pipe
flow problems (see Section 8.5).
From Fig. 9.23 we expect that C, is on the order of 0.5. Thus, we assume Cp, = 0.5
and from Eq. 3 obtain
64.5

U=—2=
Vo5

The corresponding Reynolds number (assuming v = 1.57 X 1074 ft2/s) is

_ UD _ 912 ft/s (0.125 f1)
T 1.57 X 10~% f%/s

For this value of Re we obtain from Fig. 9.23, C;, = 0.5. Thus, our assumed value of Cp, =
0.5 was correct. The corresponding value of U is

U = 912 ft/s = 62.2 mph (Ans)

This result was obtained by using standard sea-level properties for the air. If conditions at
20,000 ft altitude are used (i.e., from Table C.1, p,, = 1.267 X 1073 slugs/ft* and u =
3.324 x 1077 Ib-s/ft?), the corresponding result is U = 125 ft/s = 85.2 mph.

Clearly, an airplane flying through such an updraft would feel its effects (even if it were
able to dodge the hail). As seen from Eq. 2, the larger the hail, the stronger the necessary
updraft. Hailstones greater than 6 in. in diameter have been reported. In reality, a hailstone
is seldom spherical and often not smooth. However, the calculated updraft velocities are in
agreement with measured values.

= 91.2 ft/s

= 7.26 x 10

Re
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A 60-mph (i.e., 88-fps) wind blows past the water tower shown in Fig. E9.13a. Estimate the
moment (torque), M, needed at the base to keep the tower from tipping over.

§oLuTion
We treat the water tower as a sphere resting on a circular cylinder and assume that the total
drag is the sum of the drag from these parts. The free-body diagram of the tower is shown
in Fig. E.9.13b. By summing moments about the base of the tower, we obtain

D b\ .
= + =] + -
wes(o+2)a2) 0
where
R R e

gbs 2 pU 4 DsCD: (2)

and
1

@, = 3 PUBD.Cp, 3)

U = 60 mph =
88 fps

B FIGURE E9.13

(a)

are the drag on the sphere and cylinder, respectively. For standard atmospheric conditions,
the Reynolds numbers are

UD, _ (88 ft/s)(40 f)

= 24 x 107
v 1.57 X 10~* f12/s 22 10

Re, =

and

UD, (88 ft/s)(15 f)
v 1.57 X 1074 ft?/s

The corresponding drag coefficients, Cp,, and Cp,, can be approximated from Fig. 9.23 as
Cps =03 and Cp. =~ 07

Re, = 841 X 10°

Note that the value of Cp, was obtained by an extrapolation of the given data to Reynolds
numbers beyond those given (a potentially dangerous practice!). From Eqgs. 2 and 3 we obtain

D,

0.5(2.38 X 1073 slugs/ft> (88 ft/s)? %r (40 f1)2(0.3) = 3470 Ib

and

P, = 0.5(2.38 X 1073 slugs/ft>)(88 ft/s)*(50 ft X 15 f1)(0.7) = 4840 Ib

From Eq. 1 the corresponding moment needed to prevent the tower from tipping is
40 50
M = 34701 | 50 ft + 7ft + 4840 1b 7ft = 3.64 X 10° ftlb  (Ans)

The above result is only an estimate because (a) the wind is probably not uniform from
the top of the tower to the ground, (b) the tower is not exactly a combination of a smooth
sphere and a circular cylinder, (c) the cylinder is not of infinite length, (d) there will be some
interaction between the flow past the cylinder and that past the sphere so that the net drag is
not exactly the sum of the two, and (e) a drag coefficient value was obtained by extrapolation
of the given data. However, such approximate results are often quite accurate.

\,
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Open Channel Flow [13-14]

Rﬁ%; Re= "2 Fr=%; c=\g

yli

2

q

2 2
Specific Energy: £ = y+ S ;  Specific Momentum: M = y? + 4
gy

2 2

Energy Equation: yl+%+zlzy2+%+zz+Sfl = E=E+(S,-8)I
& &V,

min

E = atFr=1
2

dy _ S; =5,

dx I—Fr2

Uniform Flow: V =~ R S,°0 =" AR} 5,k = 1(SI)x =1.49(BGS)
n n

Hydraulic Jump: 2 %(—l+ 1+8Fr12) h—L =1—&+%Fr12[1—(&)2]

N 1 1 2

Sharp-Crested Weir: O =C,_,..u %«/ 2gh’b;0=C,nquier %tang 2gH".

2 0.65
Broad-Crested Weir: =C bJo (&Y *H*:.C, =— |
Q wb \/5(3) wh (1+H/[)w)1/2

Underflow Gates: ¢ =C,a4/2gy,
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AveRAGE W' VALUES

WLDE CHANMAET APPCOXIMATION

Res & by T —TTy
p b-i—?-—ltj / B
% q R;:\’_‘:‘j

m TABLE 10.1
Values of the Manning Coefficient, n (Ref. 6)
|

Wetted Perimeter

n

z/ e ) 2/ Hy
Q= K AR S, + K AR ST + kAR S

n, My, "

MOST EFFCIENT SECTION

Fg = EPL Q=
‘t——~ Henfm:s;u
-—

A. Natural channels

Clean and straight 0.030
Sluggish with deep pools 0.040
Maijor rivers 0.035
. Floodplains
Pasture, farmland 0.035
Light brush 0.050
Heavy brush 0.075
Trees 0.15
. Excavated earth channels
Clean 0.022
Gravelly 0.025
Weedy 0.030
Stony, cobbles 0.035
. Artificially lined channels
Glass 0.010
Brass 0.011
Steel, smooth 0.012
Steel, painted 0.014
Steel, riveted 0.015
Cast iron 0.013
Concrete, finished 0.012
Concrete, unfinished 0.014
Planed wood 0.012
Clay tile 0.014
Brickwork " 0.015
Asphalt 0.016
Corrugated metal 0.022
Rubble masonry 0.025
]
; 2/z _u
ke AR, S*
E Ma xtne tpe
B>
)
a Cimele.
=D
I==
e 7 2 Heen-}m
F-;\ 6c®
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Water flows in the canal of trapezoidal cross section shown in Fig. E10.3. The bottom drops
1.4 ft per 1000 ft of length. Determine the flowrate if the canal is lined with new smooth
concrete, or if weeds cover the wetted perimeter. Determine the Froude number for each of
these flows.

8 FIGURE E10.3

§oLution

From Eq. 10.20,

149 ARZ/S 51/2) 1)

where we have used k = 1.49, since the dimensions are given in BG units. For a depth of y
= 5 ft, the flow area is

=12ft(5f‘t)+5ft( ft>=89.8ft2

tan 40°
so that with a wetted perimeter of P = 12 ft + 2(5/sin 40° ft) = 27.6 ft, the hydraulic
radius is determined to be R, = A/P = 3.25 ft. Note that even though the channel is quite
wide (the free-surface width is 23.9 ft), the hydraulic radius is only 3.25 ft, which is less than
the depth.
Thus, with S, = 1.4 ft/1000 ft = 0.0014, Eq. 1 becomes
1.49 10.98
Q = — (89.8 ft)(3.25 f)/3(0.0014)!/2 = 1098
n

where Q is in ft*/s.
From Table 10.1, the values of n are estimated to be n = 0.012 for the smooth concrete
and n = 0.030 for the weedy conditions. Thus,

10.98 :
= — = SMoo
0-go-=oises  (SMoeTH)  (Ans)
for the new concrete lining and
10.98 :
Q= % = 366cfs  (ROUGH) (Ans)

for the weedy lining. The corresponding average velocities, V = Q/A, are 10.2 ft/s and 4.08
ft/s, respectively. It does not take a very steep slope (S, = 0.0014 or § = tan~! (0.0014)
= (.080°) for this velocity.

Note that the increased roughness causes a decrease in the flowrate. This is an indication
that for the turbulent flows involved, the wall shear stress increases with surface roughness.
[For water at 50 °F, the Reynolds number based on the 3.25-ft hydraulic radius of the channe]
is Re = R,V/v = 3.25 ft (4.08 ft/s)/(l 41 X 1075 ft2/s) = 9.40 X 10°, well into the
turbulent regime.]

The Froude numbers based on the maximum depths for the two flows can be determined
from Fr = V/(gy)'/? For the new concrete case,

10.2 ft/s

Fr= Go2r/e x sa - 0804 (Ans)

while for the weedy case
4.08 ft/s
(32.2 ft/s? X 5 f1)!/2

In either case the flow is subcritical.
The same results would be obtained for the channel if its size were given in meters.

We would use the same value of n but set k = 1 for this SI units situation.

= 0.322 (Ans)

Fr =

\,
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