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Chapter 1 — Problem Solutions

1.2.1

E| = energy req’d to bring ice temperature to 0°C
E,; = (250 L)(1000 g/L)(20°C)(0.465 cal/g-°C)
E; =2.33x10° cal

E, = energy required to melt ice

E, = (250 L)(1000 g/L)(79.7 cal/g-°C)
E,=1.99x10’ cal

E; = energy required to raise the water tempera
20°C

E; = (250 L)(1000 g/L)(20°C)(1 cal/

E; = 5.00x10° cal

Eqm =E; + E;+E;=2

</,

see Table 1.1).

(1200 g)(97°Gy> 452C)(1'¢al/g-%C)
E,=6.24x10" ca
E, = energy required to/vaporize the water
E, = (1200 g)(597 cal/g)
E,=7.16x10° cal

Ecotas = E| + E»=7.79x10° cal

ent pressure), the boilin, a

ired to bringyth ter temperature to

1.2.3

E; = energy require ge r to ice

E; = (100 g)(

L 4
tal energy remove %ater and vapor.

0* cal

The temperature change possible with the remaining
energy is:

8.30x10° cal = (100 L)(1000 g/L)(1 cal/g-°C)(AT)
AT = 83°C, making the temperature

T = 93°C when it evaporates.

Therefore, based on Table 1.1,

S P=0.777 atm



1.2.5
E| = energy required to raise the temperature to 100°C
E; = (5000 g)(100°C — 25°C)(1 cal/g-°C)
E,=3.75x10° cal

E, = energy required to vaporize 2.5 kg of water
E,= (2500 g)(597 cal/g)

E, = 1.49x10° cal

B = By + B, = 1.87x10° cal

Time required = (1.87x10° cal)/(500 cal/s) =
3740 sec = 62.3 min

E| = energy required to me

he temperature of the 1
2.41 *BTU = (10 slugsy 2 slug)(120°F —
T)(1 B :
T, =45.2°F ¢

The energy lost By t N (to lower its temp. to
45.2°F) is that requiredto melt the ice. Now you have
5 slugs of water a and 10 slugs at 45.2°F.

Therefore, the final temperature of the water is:

[(10 slugs)(32.2 Ibm/slug)(45.2°F — T)(1
BTU/Ibm-°F)]

= [(5 slugs)(32.2 Ibm/slug)(T; - 32°F)(1 BTU/Ibm-°F)]

T, = 40.8°F

F=ma Letti esults in Equation 1.1

W=m sides of the equation by volume
el

v

T at 4°C

,000 N/m*)/(9810 N/m”)

S.G.=13.6 (mercury)

1.34

The force exerted on the tank bottom is equal to the
weight of the water body.

F=W=m"g=[p (Vo] (g)
F =[1.94 slugs/ft’ (n - (5 ft)* - 3 ft)] (32.2 ft/sec?)
F =1.47 x 10* Ibs

(Note: 1 slug = 1 Ib-sec?/ft)



1.3.5 1.3.8

Weight of water on earth = 7.85 kN (1 N)[(1 1b)/(4.448 N)] = 0.2248 1b

m = W/g = (7,850 N)/(9.81 m/s?)
m = 800 kg 1.3.9

Note: mass on moon is the same as mass on earth (1 N-m)[(3.28 2248 1b)/(1 N))]

1.3.6 (air)/ u(Hy0) g = ' 1.002x107)
W =mg = (0.258 slug)(32.2 ft/s?) [ )
W=8311b 0 y S1/00. 3

W (moon) = mg = (800 kg)[(9.81 m/s?)/(6)]

W(moon) =1310 N

Note: a slug has units of (Ib-s?)/(ft)

Volume of 1 gal = 0.13

Yllguld/ Ywater
y=(8.311b 2.0 Ib/ft

S.G. = (62. b/ft)

?&

Density can be expr

water decreases with temperature. Also, the values of

kinematic viscosity (V) for air and water are much

p=m/Vol closer than those of absolute viscosity. Why?

and even though volume changes with temperature,

mass does not. Thus,
1.4.2

Vol)) = Vol,) = constant; or
(P(Vol) = (p2)(Voly) w(water)sec = 1.002x107 N-sec/m?

Vol, = (p1)(Vol)/(p,)

Vol, = (1000 kg/m*)(100 m®)/(958 kg/m®)

v(water)yec = 1.003x10°° m%/s

(1.002x10° N-sec/m?)-[(0.2248 1b)/(1 N)]-
Vol,=104.4 m* (or a 4.4% change in volume) [(1 m)*(3.281 ft)*] = 2.092x107° Ib-sec/ft*

(1.003x10° m*/s)[(3.281 ft)*/(1 m)*] = 1.080x107 ft*/s



143 1.4.5 (cont.)

(a) 1 poise = 0.1 N-sec/m* Solutions:
(0.1 N-sec/m?)[(0.2248 1b)/(1 N)][(1 m)*/(3.281 ft)*] = y=0ft, T=-9.00 N/m’
2.088x107 Ib-sec/ft*

alternatively,
1 Ib-sec/ft* = 478.9 poise
(b) 1 stoke = 1 cm?/sec

(1 em*/5)[(0.3937 in)*/(1 em)*][(1 ft)*/(12 in)*] =
1.076x107 ft*/sec

alternatively,

1 ft*/sec = 929.4 stoke Based on the g 0 incline
Tshear force 1 > TA= H.(dV/ dy)A
144 Ay =LAV / T(W)(sin15°)]

Assuming a Newtonian

T = w(dv/dy) = p(AWAy

ft/sec)/(0.25 ft)]

orce = T-A;  Where A is the surface area

\ (of the cylinder) in contact with the oil film:
1.4.5
) A = (n)[(5.48/12)ft][(9.5/12)ft] = 1.14 ft®

y is

v=y’ -2y, wh inches and v is in ft/s

14.7
“ Ib/ft%)(104)(30 ft)
< Fy=0 t velocity motion)
W f

) , , ) Now, t=W/A = (0.5 b)/(1.14 ft*) = 0.439 Ib/ft?
Making units consistent yields

= u(dv/dy) = w(Av/Ay), where
v = 144y? — 24y, where y is in ft and v is in ft/s T T H(dvidy) = p(Avidy), w

. L Av = (the velocity of the cylinder). Thus,
Taking the first derivative w/respect to y:

v=(1)(Ay)/p

v = [(0.439 1b/ft*){(0.002/12)ft}] / (0.016 Ib-s/ft?)

dv/dy = 288y — 24 sec’

T = p(dv/dy)

, . v=457x107 ft/sec
7=(0.375 N-sec/m”)( 288y — 24 sec™)



1.4.8
T = u(Av/Ay)
7= (0.0065 Ib-sec/f*)[(1 ft/s)/(0.5/12 ft)

1= 0.156 Ib/ft®

1.5.1

h=[(4)(o)(sin )] / [(1)(D)]

Butsin90°=0,6="7.132

and y = 9790 N/m’

F = (1)(A) = (2 sides)(0.156 Ib/f%)(2 ft) thus, D = [(4) (h) 3.0 cm

F=0.6241b D =[(4 32x10° N/m)] / [(9790 N/m*)(0.03m)]
=9.71x 102 cm;

1.4.9 ,D=0.0971¢

w = t/(dv/dy) = (F/A)/(Av/Ay);
Torque = Force-distance = F-R; R = radius
Thus; p = (Torque/R)/[(A)(AV/Ay)]

_ Torque/R B
Q2r)(R)(h)(@-R/Ay

(150N

e a line force is logical for two reasons:

e surface tension acts along the perimeter of

i

1.002x10” N-sec/m )\

p=(

.603x1072 N-sgc/ Z

R
Torque = J‘ (ryd
0

Torque = T(r)(u)(
Torque = [ () .y (@M =0
{ W= )2r)dr

T = Qo) (@) §, s
orque \ _([(r ydr

Torque = (27)(1.603- 102N -sec/m?)(0.65rad /sec)

(Im

Wuation for capillary rise.

1.5.3

o =[(xD)]/ [(4)(sin6)]

o = [(0.6/12)ft(1.94slug/ft*)(32.2 1b/ft*)(0.02/12)ft]/
[(4)(sin 54°)]

o =1.61 x 107 Ib/ft

)4

0.0005m
Torque =32.7 N-m

|

4

|



154 1.6.1

Capillary rise in the 0.25 cm. tube is found using: E, = -AP/(AVol/Vol) = 9.9 x 10° N/m’

h = [(#)(c)(sin6)] / [(1)(D)]

where 6 = (6.90 x 10%)(1.2) =8.28 x 10 N/m 1.6.2
and y = (9752)(1.03) = 1.00 x 10* N/m’ Py =25bar=2 =2.50 x 10° N/m’
h— 4(8.28-10”N/m)(sin30) ) AR/

(1.00-10*N /m’)(0.0025m)

1.5x 10° N/m” —
(2.2x10° g/m2

V

h=6.62x10>° m = 0.662 cm

9 lume increase)

A
Vol/Vol = 9.3 x 10™ \ i
155 V&Ap/p =-AVol/V, .093% (density decreases)
Condition 1: h; = [(4)(c1)(sin6;)] / [(

hy = [(4)(c1)(sin30°)] / [(v)(0.7 mm)]
ug/ft*)(120 ft*) = 233 slugs
3slug ec’) = 17,500 Ib

Condition 2: h, = [(4)(a5)(

hy = [(4)(0.90)(sif142°)

hy/hy =[(0
alternatively see example 1.3
_ 3
h, % bout a 20@ [1+(-0.545/120)] = 1.95 slug/ft
< \

P; =30 N/cm® = 300,000 N/m* = 3 bar

AP =30 bar — 3 bar = 27 bar = 27x10° N/m?

Amount of water that enters pipe = AVol
Volyipe= [(m)(1.50 m)*/(4)](2000 m) = 3530 m’

AVol = (-AP/Ey)(Vol) = [(-27x10° N/m?)/

AP = P; — P, (internal pressure minus external pressure) (2.2x10° N/m?)[*(3530 )
2x m m

YF,=0; 2n(R)(c) - AP(m)(R*) =0 AVol =-433 m’

AP =26/R Water in the pipe is compressed by this amount.

.. The volume of H,O that enters the pipe is 4.33 m’



Chapter 2 — Problem Solutions

2.2.1 2.2.3 (cont.)
P = yh; where y = (1.03)(9810 N/m’) = 1.01x10* N/m’ The percentage erro

(using the specific weight of water at standard
conditions since water gets very cold at great depths)

P =y-h=(1.01x10* N/m’)(730 m)
P =7.37x10° N/m’ = 1,070 psi

The pressure given is gage pressure. To get absolu
pressure, atmospheric pressure must be added.

The atm. press d Myproblem 2.2.3 is 99.9 kN/m?
222
Pam= (

¥
a) The force exerted on the tank bottom ali to'the
weight of the water body. =(99.9 kN/m?) / [(13.6)( 9.77 kN/m*)]

F=W=m g=[p (Vo . =75.2 cm = 2.47 ft

F =[1.94 slugs/ft’ @ - (5.8 1 (32.2 ft/sec?)

e tank bottom is equal to the
times the area of the bottom.

A= (187 b)Y %)

F=147x10%1 The force exerted on the sides of the tank may be found
in like manner (pressure times the area). However, the
223

pressure is not uniform on the tank sides since P = y-h.
Therefore, the average pressure is required. Since the
pressure is a linear relationship, the average pressure
occurs at half the depth. Now,
Ywater at 30°C =9.77 kN/m’
Poyg = V'have = (9.79 KN/m’)(3 m) = 29.4 kN/m’
Papor at 30°C = 4.24 kN/m’
F =Py -A = (29.4 kKN/m’*)(36 m®)
Patm = Pcolumn + Pvapor
F=1,060 N
Pum = (9.8 m)(9.77 kN/m?) + (4.24 kN/m?)
Obviously, the force on the bottom is greater than the
P.on = 95.7 KN/m* + 4.24 kN/m” = 99.9 kN/m’ force on the sides by a factor of two.



2.2.6

Wiota = (VOlcontainer)(Ywater) + (VOIpipe)(YWater)

Woow = (3 f1)°(62.3 1b/ft)
+ [(m)(0.50 ft)*(30 1)](62.3 Ib/ft)

Wotar = 1680 1b + 1470 1b = 3,150 Ib
Ppotom = Yh = (62.3 1b/ft*)(33 ft) = 2060 Ib/ft*

Fhottom = (2060 1b/ft5)(9 %) = 18,500 Ib

(vertical) acting on it. Don’t forget t
the container top. Now, to.determine the side force:

Py = Yy = (62.3 1b/A @
F =P, A = (1960 16/’

)

F= 17,6@
2.2, *
bottom gage + (Yquuid)(l 4 \
3

N/m’) = 7830 N/m’

Yiiquid = (SG)(Ywater) = £0-
" Protiom = 4.50@1 (7830 N/m?)(1.4 m)

Pbottom =5.60 x

960 1b/ft*

The pressure at the bottom of the liquid column can be
determined two different ways which must be equal.
Hence,

(h)(Yliquid) = Pgage + (Yquuid)(l 1’1’1)

h= (Pgage)/ (yliquid) + Im

h = (4.50x10* N/m?)/7830 N/m’ + 1 m = 6.75 m

2.2.8

Yeawater = (SG)(Yavater) = (1.03)(9790 N/m’)

10* N/m®)(6 m)

Pascals) = 8.79 psi

)(Ywater) = (0.88)( 6203 1b/ft 5 s
it = Pair T (Yoi)(10

P.ir = Prog - (Yoi

Pair =23,

t%) — (53.0 Ib/ft*)(10 ft)
107 1b/ft* (20.0 psi); Gage pressure
Pam = 20.0 psi + 14.7 psi

/ft?); Absolute pressure

al\advantage in the lever increases the
ered to the hydraulic jack. Thus,

The pressure developed in the system is:
Pinput = F/A = (450 N)/(25 ecm?) = 18 N/em®
Pinput = 180 kKN/m’

From Pascal’s law, the pressure at the input piston
should equal the pressure at the two output pistons.

.. The force exerted on each output piston is:
Pinput = Poupur €quiates to: 18 N/em® = F /250 cm®
Foutput = (18 N/em®)(250 cm?)

Foutput = 4.50 kN



24.1 245

Since the line passing through points 7 and 8 represents A surface of equal pressure can be drawn at the
an equal pressure surface; mercury-water meniscus.

l)7 = PS or (hwater)(YWater) = (hoil)(YOil) Ppipe + (2 ﬁ)(YWater) -
However; (hoin)(Yoit) = (hoi) (Ywater)(SGoi), thus (16.8 Ib/in*)( )(Vwater) = (0)(V11g)

(2 f1)(62.3 Ib/ft)) =
(h)(13.6)(6248,Ib/ft’)

hoit = (hyater)/(SGot) = (52.3 cm)/(0.85) = 61.5 cm

24.2

A surface of equal pressure surface can be drawn at the
mercury-water meniscus. Therefore,

Using the “swim through” que start at the end of
(3 ) (Ywater) = (h)(Ynge) the manometer to the atmosphere and

thus equal to z ressure. Then “swim through”
h = (3 ft)(Ywaer/YHe) = (3 ft) / (SGrg) the man ressure when ¢ swimmipg”

down a ting when “swimming” up until you
h =0.221 ft =2.65 in. reach th e computations are below:
6 m)(ycr) + [(0.66 +y + 0.58)m](yar) -
0.58 m)(Yoit) = Ppipe
243
ecific weight egligible when compared
e a registered by the ga o fluids, so equation can be dropped.
. he liquid heights. “Thus,
0 T)(¥) = (0.58 m)(SGoin)(v)

(1.60)(9790 N/m*)
—(0.58 m)(0.82)( 9790 N/m°)

0 kN/m?  Pressure can be converted to

height (head) of any liquid through P =y-h. Thus,
24.4 \ hyipe = (-15,000 N/m?)/(9790 N/m*) = -1.53 m of water
A surface of equ re can be drawn at the
mercury-water meniscus. Therefore,

2.4.7

PA + (y)(Ywater) = (h)(YHg)
A surface of equal pressure surface can be drawn at the

Pa + (0.034 m)(Yywater) = (0.026 m)(yy,) mercury-water meniscus. Therefore,
P4 = (0.026 m)(13.6)(9,790 N/m’) P+ (h)(y) = (h)(v) = (h2)(SGrig)(¥)
- (0.034 m)(9,790 N/m?)

P + (0.575 ft)(62.3 Ib/ft’) = (2.00 ft)(13.6)(62.3 Ib/ft’)
P, = 3,130 N/m’ (Pascals) = 3.13 kN/m’
P = 1,660 Ib/ft* = 11.5 psi



248

A surface of equal pressure surface can be drawn at the
mercury-water meniscus. Therefore,

Ppipe + (h1)(¥) = (h2)(Yrg) = (h2)(SGrg)(y)

Pyipe + (0.20 m)(9790 N/m’) =
(0.67 m)(13.6)(9790 N/m’)

Pipe = 8.72 x 10° N/m’ (Pascals) = 87.2 KPa

When the manometer reading rises or falls, mass
balance must be preserve in the system. Therefore,

VOIres = VOltube or Ares'hl = Atube'hZ
hi = hy (Aupe/Ares) = hz [(Duube)/(Dies) ]

hy = (10 ecm)[(0.5 cm)?/(5 cm)*] = 0.1

24.9

Using the “swim throug
“swim through” t

) [(1.0 ft)(0.82) — (533 ft)
(1.67 £)(18.6)]

1,130 Ib/ft* = 7.8

L 2
2410 \
Using the “swim ” technique, start at P, and

“swim through” the manometer, adding pressure when
“swimming” down and subtracting when “swimming”
up until you reach P;. The computations are:

Py + (Ah)(p1-g) + (y)(p1-g) + (h)(p2-g) - (h)(p1-g) -
)prg =P

where y is the vertical elevation difference between the

fluid surface in the left hand reservoir and the interface
between the two fluids on the right side of the U-tube.

Py — P, = (Ah)(pg) + (h)(prg) - (h)(pr-g)

2.4.10 — cont.

When the manometer reading (h) rises or falls, mass
balance must be preserve e system. Therefore,

Using the “swi ” technique, start at both ends
of the manometers which are open to the atmosphere

gage pressure. Then “swim
and subtracting when “swimming”

u reach the pipes in order to determine P,

a s are below:

3)(13.6)(v) -

(46)(0.8

;. Pu=269

) — (40)(y) = P

,PA=PBandh=0

ing the “swim through” technique, start at the sealed
right tank where the pressure is known. Then “swim
through” the tanks and pipes, adding pressure when
“swimming” down and subtracting when “swimming”
up until you reach the left tank where the pressure is not
known. The computations are as follows:

20 kKN/m? + (4.5 m)(9.79 kN/m®) - (2.5 m)(1.6)(9.79 kN/m®) -
(5 m)(0.8)(9.79 kN/m’) = Py

Piere = -14.3 KN/m* (or -14.3 kPa)
P = (-14.3 kN/m®) / [(SGg)(Y)]
Py = (-14.3 kN/m?) / [(13.6)(9.79 kN/m*)]

Pg=-0.107 m = 10.7 cm (Hg)

10



2.5.1 2.54

F=y-k-A= (9790 N/m')[(3m)/(3)}[6 m’] Frguare =7+ A= ) = (y/2)L?

F =5.87 x 10* N = 58.7 kN F

tri =

3
yp=t0 5= [amyam)* 136]

+1.00m
Ay [(4m)(3m) / 2)1.00m)

Yp =1.50 m (depth to center of pressure)

2.5.2
F=y-I-A=(62.3 I/fE)[(30 ft)/2]-[(30 fr)(1

F = 2.80 x 10* Ibs per foot of length K

Fep=7- h-A 0'N/m*)(0.5 m)[(1.41m)(3m)]

R OTEYOMIE
Ay [Gomamlism

Yp = Fiet = here A is “wet” surface area)

S [(3m)(1 41m)* 112

yp =20.0 ft  (depth to/the center@f pressure) = +0.705m

dam (called a righti . inclined e to center of pressure)
ic force tends to tip it over

1b/ft)-(6.67 ft) —

> ftolbs

M=1.14 x 10° ft-m ing; dam is unsafe)

Lo 5o 3418 112]
A4y [3)141-h))0.705-h)

+0.705-h

Yp =

2.53 ¥p = (0.940-h)m; Moment arm of force from hinge:

F=y-h-A4=(9790 N/m*)(1 m)(m)(0.5 m)’ Y” =2 m - (W/sin 45)m + (0.940-h)m = 2m — (0.474-h)m

F=7.69x10°N="7.69 kN ; 7=/ /sin45° The force due to the gate weight: W =20.0 kN
’ ’ Moment arm of this force from hinge: X =0.707 m
Iy |ramyised]

=2+
Y7 emy? raf1 414m)

Summing moments about the hinge yields: > Myizee= 0

+1.414m
(20.8-h%)[2m — (0.474-h)] — 20.7(1.53) — 20(0.707) = 0

yp = 1.46 m (distance from water surface to the center

of pressure along the incline). h=1.25 m (gate opens when depth exceeds 1.25 m)

11



2.5.6 2.5.9

F=y-h-A=(62.3/f)[(7 ft)]-[n(6 ft)*/4] F=y-h-A=(9790 N'm)@.5 m)[(m)(1.5 m)*~(1.0 m)’]

F=1.23x10*1bs F=149x10°N =

Ao - 7(6/1)* /64
=y Y |ﬂ(6ﬁ)2/4[7ﬁ)+7ﬁ

yp=7.32ft (depth to the center of pressure)

Thus, summing moments: > Myjnge = 0
P(3 ft) — (1.23 x 10* Ibs)(0.32 ft) = 0

P=1.31x10"1Ibs 3)(2:8m)[(5/cos 30°)(3 m)]

F=424x10°

m)(5.77m)’ /12]

2.5.7
In order for the balance to be maintai 4 feet, Y - m)(5.77m)](2.89m)
the center of pressure sho at the pivot point (i.e.,

+2.89m

1
P =
k is zero). As the 3.85m (inclined depth to center of pressure)

water rises above h = 4 feet, the cénter of pressure wi
rise above the piv int'and open the gate. Below h ing moments ab base of the dam; ¥ M =0
4 feet, the cente ufe®will be lower t th
pivot point :!ii gate Will remain closed. Thps, ). A8)(5.77m/2) = 0
0 €

e, the center of pressure is

FAB

+9ft

- A= (62.3 Ib/fE)[(d/2)ft])[{(d /cos30)ft}(8 ft)]
Thus, the horizontal'axis o ation (0-0°) should be
14 ft — 9.93 ft =4.07 ft above the bottom of the gate. F =288-d" Ibs

I — |®@rcos3oey/12]
Yp=——*y= S =
Ay [(8)(d / cos30°)|(d /2 c0s30°)

+(d /2cos30)
2.5.8

F oo A= (979 NImY2.5 m{() (15705 m] yp = [(0.192:d) + 0.577-d)] ft = 0.769-d (inclined depth)

F=1.54x10°N =154 kN Thus, summing moments: Y Mhinge = 0

) . (288-@)[(d/c0s30)-0.769d] — (5,000)(15) = 0
Ty, [eGm)* 164 - z(1m)* /64)] rs

- Ay I [ﬂ(3m)2 /4— 71-(1m)2 / 4k2_5m) ' d=8.77ft A depth greater than this will make

Yp

v,=2.75m (below the water surface) the gate open, and anything less will make it close.

12



2.5.12 2.6.1

The force on the side of the gate can be found as: Obtain the horizontal component of the total hydrostatic
pressure force by determi the total pressure on the

F=y-h-A4=(9790 N/'m*)[(h/2)m][(h m)(1 m)] vertical projection of the cu
F = (4.90 x 10*)4* N (per meter of gate width)

3
¥, =2 45 AW T12] s 3)hm

5T [omker2)

The force on the bottom of the gate can be found as:

F =p-A = (9790 N/m*)(h)[(1m)(1m)]
F=(9.79 x 10°)2 N (per meter of gate width)

This force is located 0.50 m from the hinge. B 6nr .

Summing moments about the hinge; Y M, =0 = 1.09x 10" N = RQQ kN:Qy The total force is
- 2 12 _

[(4.90 x 10%)][h - (2/3)h] = [(9.79 x F=[O79kN) 17 =1470kN

-1

h=173m 0 =tan

static pressures pass through point A
re all normal to the surface upon which they

2.5.13 ust also pass through point A.

The total force from can be found

orces must be equal, opposite, collinear.

L 2
(va)(ha)[m(d)*/4 (hihfn(d)*/4]

¢ fotee e ining the total pressure on the
ical projection of the viewing port.

1= (1.03-9790N/m*)(4m)[n(1m)*]=127 kN

ha® [(ve)/(74)|(hs) hydrostatic pressure force by combining the weight of
the water column above the top of the viewing port

\ (which produces a downward force) and the upward
2.5.14

force on the bottom of the viewing port (equivalent to
the weight of the water above it). The difference in the
two columns of water is the weight of water in a hemi-

F=y. h- A= (623 Ib/fE)[(30 ft)]-[(10 ft)(6 ft)] spherical volume (the viewing port) acting upwards.
F=1.12x 10’ Ibs (Horizontal force on gate) Fy, =y -Vol =(1.03-9790 N/m*)[(1/2)(4/3)n(1m)*] = 21.1 kN
Thus, summing vertical forces: > F, =0 F =[(127 kN)* + (21.1 kN)*]"* = 129 kN

Tup -W- F(Cfriction) =0

_ -1 _ ° ':
T =3 tons (2000 Ibs/1 ton) + (1.12 x 10° 1bs)(0.2) 0 =tan” (Fv/Fy) =9.43

The resultant force will pass through the center of the

_ 4 epps .
T=284x10"1bs (lifting force required) hemisphere since all pressures pass through this point.

13



2.6.3

The vertical component of the total hydrostatic pressure
force is equal to the weight of the water column above
it to the free surface. In this case, it is the imaginary or
displaced weight of water above the shell since the
pressure is from below).

Fy, =y Vol = (62.3 Ib/f)[(1/2)(4/3)(m)(3.0 ft)’] = 3,520 Ib

The weight must be equal to this; thus W = 3,520 1b

2.6.4

Obtain the horizontal component of the total h
pressure force by determining the total pressur
vertical projection of curved surface AB (b

2.6.5

Obtain the horiz ponent of the total hydrostatic
pressure force by determining the total pressure on the
vertical projection of the curved gate. The height of the
vertical projection is (R)(sin 45°) = 8.49 m. Thus,

Fy =y-h- A= (9790 N/m*)(4.25m)[(10 m)(8.49 m)]

Fy=3.53 x 10° N = 3,530 kN

Now obtain the vertical component of the total
hydrostatic pressure force by determining the weight of
the water column above the curved gate.

2.6.5 (continued)

The volume of water above the gate is:

Vol =[(12m)(8.49m)-(12
Vol = 92.9 m’

ress pass through point O
allto the surface upon which they
ust’also pass through point O.

ince all hydrostati

orizontal component of the total hydrostatic
rce by determining the total pressure on the
curved gate. Thus,

0 ft)[(8.0 ft)(1.0 ft)]

90 Ib (per unit length of gate)
ical component of the total hydrostatic
y determining the imaginary (displaced)
water column above the curved gate. The
isplaced water above the gate is:

(Arectangle + Aarc - Atn'angle)(length)

Vol = [(4 ft)(3 ft)H(53.1°/360°)m(10 ft)* - (1/2)(8 ft)(6 ft)](1 ft)
Vol = 34.3 ft’

F, = y-Vol = (62.3 Ib/ft’)(34.3 ft)
Fy=2.14x10°1b=2,1401b; The total force is
F = [(3,490 1b)* + (2,140 1b)*]"* = 4,090 Ib

0 = tan” (Fy/Fy) = 31.5° =~

The resultant force will pass through the center of the
gate radius since all pressures pass through this point.

14



2.6.7

The force on the end of the cylinder is:
F=y-h-A4=(0.9)(62.3 Ib/f)(10 ft)[x(2 ft)’]
F =17,050 1b

The force on the side of the cylinder is:

Fy =y-h-A=(0.9)(62.3 Ib/ft*)(10.0 ft)[(10 ft)(4 ft)]
Fu=22,400 1b

Based on the same theory as Example 2.6, the vertica
force is downward and equal to the weight of
in half of the tank. Thus,

F, =y -Vol = (0.9)(62.3 Ib/ft})[n(2ft)?

Fy =3,520 Ib (acting downward);

are normal to the

and thus his point.

2.6.8 2

btain the horizontal comp N: otal hydrostatic
préssure force by determiningithe total pressure on the

vertical projection OX urface ABC.
Fy =y -h- A<RIERID] = 20)(R)?

Now obtain the vertical component of the total
hydrostatic pressure force by determining the weight of
the water above the curved surface ABC. The volume
of water above the curved surface is:

Vol = (Aquaarter circle + Arectangle - Aquarter circle )(unit length)

0l = (Arcciangie)(unit length) = 2R)(R)(1) = 2(R)*

Fy =y Vol =y[2(R)’] = 2(1)(R)’

2.6.9

Obtain the horizontal component of the total hydrostatic
pressure force by determi the total pressure on the
vertical projection of the pr ing surface. Thus,

ft

pressure
e water displaced by
rts (and using Table

equal to the
e quadrant and the ng
-1 to locate the force e ha

FVTriangle ’ 6 Ib/ft’ H(1/2)(8 f)(4 f)I(1 ft)

FVTriangl@b upwards 1.33 ft from wall

=y - Vol = (62.3 Ib/f))[(w4)(4 ft)*](1 fr)

1.70 ft from wall

ertical forces at work on the cone plug.
s when Y F, = 0.
The|pressiire force of fluid A on top of the plug (down):

Fypp = 7 - Vol = (9790 N/m®)[(0.15m)*(0.3m)] = 208 N

The pressure force of fluid A on the cone sides (up):

F ysides = 7 - Vol = [1(0.15m)*(0.3m) + (w/3) (0.15m)*(0.3m)
- (@/3) (0.05m)*(0.1m)](9790 N/m*) = 274 N

The pressure force of fluid B on the cone bottom (up):

=y -Vol = (0.8)(9790 N/m’) [x(0.05m)*(1.5m) +
(n/3) (0.05m)*(0.1m)] = 94.3 N

F Bbottom

YF, = 208 — 274 — 94.3 + (Yaon)(1/3) (0.15m)*(0.3m) = 0;

22,700 N/m’; S.G.=2.32

'Ycone

15



2.6.11

Everything is the same as in problem 2.6.10 except:

The equivalent depth of oil based on the air pressure is:

h = P/y = (8,500 N/m?)/[(0.8)(9790 N/m®)] = 1.09 m

The pressure force of fluid B on the cone bottom (up):

Fporom =7 -Vol = (0.8)(9790 N/m*) [n(0.05m)*(1.09m)
+(n/3) (0.05m)*(0.1m)] = 69.1 N

YF, =208 — 274 — 69.1 + (Yeone)(w/3) (0.15m)*(0.3m) = 0;

Yeone = 19,100 N/m S.G.=1.95

2.6.12

The horizontal component of the h
force due to fluids A and B are found @

Fraren = y-h-A=(08) 6 m)[(1 m)(1.41 m)]

Fuaper = 66.3 kKN

FHARight by

Fu

“A=(1. 5)(97QN

55.5kN ; Thus

BRight

The vertical compon tal hydrostatlc pressure
are found as follows:

force due to flui

Fyarop = (0.8)(9790

FVATop =60.1 kN

Frasonon = (0.8)(9790N/m*)[(0.707m)(1m)(6m)+m/4(0.707m)’(1.0m)]

FVABottom =36.3 kN

Fraponon = (1.5)(9790N/m*)[(0.707m)(1m)(5m)+m/4(0.707m)(1.0m)]

FVBBOttOm = 577 kN
W yinder = (2-0)(9790N/m’)[m(0.707m)*(1.0m)]

Thus, Fy=3.2 kN T

0 N/m’)(5.65 m)[(1m)

5.35 m)[(1 m)(0.707 m)]

41m)(1m)(6m) - 7/2(0.707m)*(1.0m)]

=30.7 kN

07m)

2.8.1

The buoyant force equals the weight reduction. Thus,

B=301N-253N=48.0 In addition,

B = wt. of water displacéd = y- Vol = (9790 N/m’)(Vol)

Thus, Vol =4.

or floating bodi 1ghit equals the buoyant force.
W =B; w & L for width & length of blocks
ya(H)( +yp(L.5-H)w)(L) = v (2 H)(w)(L)
(1.5)=7v@2); va(1+225)=y(Q2);

.615y; and siiice yg = 1.5-y4 = 0.923y

e is lifted off the bottom, equilibrium in
ccurs with W = B. Therefore,

B = Yeea(4/3)7(0.15m)°] + Yeea[(0.25m)3(0.30m + h)]
B =0.0145y +0.0607 y + 0.202-h- y

Equating; h=1.45 m

2.84

Theoretically, the lake level will fall. When the anchor
is in the boat, it is displacing a volume of water equal to
its weight. When the anchor is thrown in the water, it is
only displacing its volume. Since it has a specific
gravity greater than 1.0, it will displace more water by
weight than by volume.

16



2.8.5 2.8.7

; the weight, buoyant force,
ant force is

When the anchor is lifted off the bottom, equilibrium in Three forces act on the ro
the y-direction occurs (3_F, = 0). Therefore, and the hinge force. The

T (sin60°) + B=W;  where T = anchor line tension B = (62.3 Ib/ft’)(0. in 0) = 109 1b/sin 6;
B = buoyancy force, and W= anchor weight B =109 Ib/si oyant force acts at the
B = (62.3 Ib/f*)n(0.75 ft)*(1.2 ft) = 132 Ib ged portion. W =150 Ib
W = (2.7)(62.3 1b/ft))n(0.75 ft)*(1.2 ft) =357 Ib suming the rod i eneous,

Substituting, T = 260 1b

0 attan 0 = (sin‘@ s B)and dividing by cos 0
2.8.6 i 0.6515» 0=40.6°

.5 ft/tan 0) — (1 s0)]=0

Two forces act on the gate, the hydros ure and
the buoy force. The hydrostatic press
2.8.8
F=y-h-A=(9790 N/m*)(1.5m)[(1 ' o
T t avity (G) is given as 1 m up from the
F =29.4 kN; acting nor o gate surface. om of’the barge. The center of buoyancy (B) is

The location of th

(@]
D

% where Io is the waterline

rtial’@bout the tilting axis. Chopping off

aterline and looking down we have a

rectangle which is 14 m by 6 m. Thus,

it L Gp (14m)6m)’ /12

Vol (14m)6m)1.5m)

-0.25m=1.75 m;

Note: Vol is the submerged volume and a negative sign

Yy’ = (2m/sind5%) = m=0.628 m is used since G is located above the center of buoyancy.
The buoyant force (on half the sphere) is M =W-GM -sin6

B =y-Vol=(9790 N/m*)(1/2)(4/3)n(R)* = 20.5(R)? kN M = [(1.03)(9790 N/m’)(14 m)(6m)(1.5m)](1.75m)(sin 4°)

2 Miinge = 0, ignoring the weights (gate and buoy) M =155 kKN'm (for a heel angle of 4°)

(29.4 kN)(0.628 m) — [20.5(R)’ kN](1 m) =0 M =309 KN-m (for a heel angle of 8°)

R=0.966 m M =462 kN-m (for a heel angle of 12°)

17



2.8.9

First determine how much the wooden pole is in the
water. Summing forces in the y-direction, W =B

AV

Rk
P

(VoL)(SGy)(y) + (Vol)(SGy)(v) = (Voly)(y) + (Vol,)(
[(4/3)1(0.25m)’](1.4)+[n(0.125m)*(2m)](0.62) =

[(4/3)m(0.25m)’ J+[n(0.125m)*(h)];

0.0916m’ + 0.0609m’ = 0.0654m” + (€

ing the principle of m
+0.25m) + (W

](hg +0.23m) =
09m®)(1.

1,/Vol 'Y

= [(1/64)m(0.2 ‘Nmm3 +(0.0491m’*)(1.77m)]

MB=126x1

GM=MB+GB=126x10"m+0.15m=0.151 m

2.8.10

If the metacenter is at the same position as the center of
gravity, then GM = 0 and the righting moment is

M =W-GM-sin6 = 0. With no righting moment, the
block will not be stable.

2.8.11

The center of gravity (G) is estimated as 17 ft up from

the bottom of the tube basedyon the depth of the water

inside it. The cente

bottom since 4

ubmerged volume and a positive sign

located below the center of buoyancy.

-sin@

buoyancy (B) is 1.4 m from the bottom since the draft is
2.0 m. Therefore GB = 0.3 m, and GM is found using

|2m)4.8m) 112

=0 4 —0.3m=0.660 m;
Vol o 0 (2m)48m)em)

Note: Vol is the submerged volume and a negative sign

is used since G is located above the center of buoyancy.
M =W-GM -sin®
=[(1.03)(9790 N/m*)(12m)(4.8m)(2m)](0.660m)(sin 15°)

M =198 kN'm; The distance G can be moved is

d =GM (sin 8) = (0.66 m)(sin 15°) = 0.171 m

18



Chapter 3 — Problem Solutions

334
3.3.1 F, F
\% Vin Vout
F
From Equation (3.7a), YFy = pQ(Vyou - Viin); there are ~ NO exit pressus s since the water is exposed
no pressure forces (water is exposed to the atmosphere), d herd, and the entrance pressure force is

Viow=0; Vi =3.44 m/sec ,000 N/m?)[7/4(0.60 3 kN

Q = V-A= (3.44 m/sec)[(n/4){(0.20)m}*]= 0.108 m*/sg

-F, = (998 kg/m®)(0.108 m*/sec)[ 0 - (3.44 m/sec)] =-371 N

: sing Equation ; =PQ(Vxout - Vxin)
763 kN -F = (9 m*)(1.1 m*/sec)[(15.6 — 3.89) m/sec]
ay

(Force on water; control volume)

Thus, F, =331 N «—F,=0N; F,=0N;s
flow into the control volume is x

outflow is zero in the y and z directio

is equal in all directions. Note: This i
(Force on the connection)

.

ssure force exists since the water is exposed

on the water (control vo the plate. The force
exerted on the plate b equal and opposite
F,=371N—>

0 exit
tot mosphere, and the entrance pressure force is

F,=P-A =0.196P;

The force on the control volume from the nozzle is:

3.3.3
- —> v, F (nozzle) =F = -43.2 kN
—\\ — V, Vout = Q/A = (0.9 m’/s)/[(m/4)(0.25m)*] = 18.3 m/s
Since the flow is turned 1807, Viin = - Vot = -V Vyin= Q/A = (0.9 m*/s)/[(n/4)(0.50m)’] = 4.58 m/s
SFy = pQ(Vou - Vain) = pQRV) = p(V-A)2V) Using Equation (3.7a); - 2.Fx = pPQ(Viou - Viin)
233 1b = 2(1.94 slug/f)[(/4) {(1/12)f12](V)? 0.196'P — 43,200 N = (998 kg/m’)(0.9 m*/s)[(18.3 - 4.58) m/s]
V = 105 ft/sec P =2.83 x 10° N/m’ (Pascals)
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3.3.6

Fin = P-A= (15.1 Ibs/in®) [(1/4)(0.5ft)*] = 2.96 Ibs
Fou = P-A= (14.8 Ibs/in?) [(1/4)(0.5ft)*] = - 2.91 Ibs
V = Q/A = (3.05 ft'/s)/[(n/4)(0.5ft)*] = 15.5 ft/s

Using component equations (3.7a) and (3.7b);

F,=94.71b +—
sz = pQ(Vy,out - Vy,in); (T
Fy -2.911b = (1.94 slug/

Fy=94.61b

F=[(94.7

. Abositive sion.
ative sign and %e actual a&is opposite.

3.3.7

Fip = P-A= (10 m)(9.79 kN/m’)[(m/4)(0.6m)*] = 27.7 kN
Fou =P-A= (9.8m)(9.79 kN/m*)[(n/4)(0.6m)*] = 27.1 kN

Q/A = m/p = (985 kg/s)/(998 kg/m®) = 0.987 m*/sec

3.3.7 (continued)

V =Q/A = (0.987 m*/sec) / [n/4(0.6m)*] = 3.49 m/s

Using component equations a) and (3.7b);

Vyour= (16.0 m/sec)(cos 30°)=13.9 m/sec; Vy = 8.00 m/sec
IR = pQ(Vy

4,420N - 497N- F, = (998 kg/m*)(0.0707 m*/s)[(13.9 - 4) m/s]

—inn ) ; (—» +) assume F, negative

out

2F, = PQ(Vyout —Vy. )5 (I +), assume Fy is positive

287N + F, = (998 kg/m’)(0.0707 m*/s)[(8 - 0) m/s];
Fy,=3220N «— F;=851N T The resultant is

F=[(3220 N)*+ (851 N)’]"*=3330 N

and its direction is @ = tan™ (F,/F,) = 14.8° —

20



3.5.1

To determine the friction factor, we must solve for the
relative roughness and the Reynolds number.
¢/D = (0.045 mm)/(1500 mm) = 0.00003

V =Q/A = (3.5 m’/s)/[(w/4)(1.5 m)*] = 1.98 m/sec
Nr =DV/v = [(1.5m)(1.98 m/s)]/(1.00 x 10 m?%/s)
Ng=2.97 x 10° From Moody diagram; f = 0.011

Thus, the flow is turbulent — transitional zone.

3.5.2

To determine the friction factor, we 0 or'the
relative roughness and the Reynolds

e/D = (0.15 ft)/(10.0 ft) = 0.015

V =Q/A = (628 ft'/s)/[(z

Ng = DV/v =[(10.0,ft)(8§0 (1.08 x 107 ft'/s)
Nr=7.41x 0 ody diagram; f= 0.0

Thus, the

t — rough pipe

*

0015 mm)/(15 mm N
< Ny s
V=Q/A= (0.0lmW% 015 m)*] = 0.943 m/s

3 m/s)]/(1.00 x 10°° m?/s)

Nr =DV =[(01015m
Ng =1.41x 10* From Moody diagram; f = 0.028
Determine the friction head loss and convert to AP
he=f (L/D)(V*/2g); for a 1000 m length of pipe

he = (0.028)(30m/0.015m)[(0.943 m/s)*/(2:9.81 m/s%)]
hy=2.54 m; and from Eq’n (3:15a)

AP = (9,790 N/m?)(2.54 m) = 24.9 kN/m*

3.54

The pressure drop is computed from the energy eq’n:

.= f(L/D)(V*2g); fi th of pipe

= (0.0165)(65fti2 5 TOR(14.7 ft/s)*/(2-32.2 f1/s%)]

hy=2.88 ft; an m the energy equation (v, = v,);

PP,

L — I +h = (65 f)(1/50)+2.88 ft=4.18 ft

1b/ft*)(4.18 ft) = 260 1b/ft* (1.81 Ib/in?)

e found from energy eq’n:

+&+h2 +h, ; where h; = h¢
e

e/D 04 mm)/(400 mm) = 0.00001; V =7.95 m/sec
N = DV/v = [(0.4m)(7.95 m/s)]/(1.57 x 10 m%/sec)
Ng =2.02 x 10° From Moody diagram; f= 0.011

he = f (L/D)(V?*/2g); for a 50 m length of pipe
he=(0.011)(100m/0.4m)[(7.95 m/s)*/(2:9.81 m/s%)]
hy=8.86 m; from the energy eq’n (V, =P, =P, =0);
h= (V2)2/2g + h, + hy ; w/datum at the ground elev.
h=(7.95m/s)*/(2:9.81 m/s*) + (-2 m) + 8.86 m

h=10.1 m
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3.5.6

Use the Darcy-Weisbach equation:

he= f (L/D)(V*/2g);

4.6 m = f (2000m/0.30m)(V*/2-9.81m/s%)

The Moody diagram is required to find f. However, V
is not available so Ny can not be solved. Use (¢/D) and
the Moody diagram to obtain a trial f value by assuming
flow is in the complete turbulence regime.

e/D = (0.26 mm)/(300 mm) = 0.000867; £~ 0.02, an
4.6 m = (0.02)(2000m/0.30m)(V*/2-9.81m/s?)
V =0.823 m/sec; Now withv=1.31 x 10° m?¥/se
Np =1.88 x 10° From Moody; =0

4.6 m = (0.0205)(2000m/0.30m)(V>/2-08

V =0.813 m/sec; Q= m’/sec

3.5.7

First use

3m + 100m = 76.7m + Om + hyshh;=31.6 m

¢
e/D= (0.9 mm)/(400x 00225;
V is not available so Npicamrnot be solved. Use e/D and

the Moody diagr tain a trial f value by assuming
complete turbulence. Thus f= 0.014, and solve
he=f(L/D)(V*/2g); to obtain a trial V. Hence,

31.6m = (0.014)(4500m/4m)[V*/(2-9.81 m/s?)]
V =6.27 m/sec; Now with v=1.00 x 10° m%/sec
Nk =2.51x10" From Moody; f=0.014 ok

Q = AV = [(1/4)(4m)*](6.27 m/s) = 78.8 m*/sec

3.5.8

Apply the energy equation to determine V;

;thus Vi =0=P;
fore V,=V and P, =0.

o/D = (0.0006 ft)/(1.5 f & :
is not available so n not be solved. Use e/D and

btain a trial f value by assuming
us £=0.016, and solve for V
(2-32.2ft/s%)](1 + 3520-0.016)

sec; Now with v=1.69 x 107 ft*/sec
.03x10° F oody; £=10.017 ok - close
20-0.017); V =7.69 ft/s

(7.69 ft/s) = 13.6 ft*/sec

Fro n (3.15a) and noting 16.3 psi = 2350 Ib/ft*:
(P, — Py)/y =hy = he; (2350 1b/f%)/(62.3 1b/ft’) = he
hy=37.7 ft; Substituting this into Darcy-Weisbach
e/D = (0.0005 ft)/(0.5 ft) = 0.001

V = Q/A = (1.34 ft'/s)/[(m/4)(0.5 ft)*] = 6.82 ft/sec
Nk = DV/v = [(0.5 ft)(6.82 ft/s)]/(1.08 x 107 ft¥/s)
Nr=3.16x 10° From Moody diagram; f = 0.0195
he= f (L/D)(V?/2g); for a 6-in. diameter pipe

37.7 ft = (0.0195)(L/0.5ft)[(6.82 ft/s)*/(2-32.2 ft/s%)]

L =1340 ft
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3.5.10

Apply the Darcy-Weisbach eq’n: hy = f (L/D)(V?/2g)
9.8 m = £:(200/D)[V¥/(2-9.81m/s%)]; but V = Q/A = 4Q/nD?
Thus; V = 4(0.010 m*/sec)/[n(D*)] = 0.0127/D* and

9.8 m = £:(200/D)[(0.0127/D**/(2-9.8 1m/s*)]; yielding

D’ =0.000168f ; Neither D nor V is available so ¢/D

and Ny can not be determined. Iterate with f=0.02 as a

first trial, which is near midrange of typical f values.
Solving for D: D° =0.000168:(0.02); D =0.0804m
Now, e/D = 0.045mm/80.4mm = 0.000560 =

V =0.0127/D* = 1.96 m/s; and w/v = 1.00.x.10°

Ng =1.58x 10° From Moody, f=0

D’ = 0.000168-(0.019); D = 0.0796m

.08 *=0.0136°F;
can 1ot
rstitrial, which is n
ing for D: D’ £0.
nd noting 43 psi = 6190 1b/ft™: _e/D =

3.5.12

First, apply the energy equation to the pipeline;

Thus; V = 4(0.
2lm="f

D

e determined. Iterate with £=0.02 as a

i idrange of typical f values.
3.5.11 02); D=0.194m
From Eq’n 0.00186
V =04

90 1b/f2)/(62.3 h

bstituting this into the Da bach
“he=f (L/D)(V*/2gY, we have
4 ft

) £(5,280/D)[V*(2-32. N = Q/A = 4Q/aD’
L 2
Thus; V = 4(16.5 ft3% 21.0/D? and
99.4 ft = f-(S,Z@O Y/(2-32.2 ft/s%)]; yielding
it

D’ =364-f; Ne or V is available so e/D and Ny
can not be determined. Iterate with f=0.02 as a first
trial, which is near midrange of typical f values.
Solving for D: D’ =364-(0.02); D =1.49 ft

Now, /D = 0.002ft/1.49ft = 0.00134

V =21.0/D> = 9.46 ft/s; and w/v = 1.08 x 107 ft*/s
Ng =1.31x10° From Moody, f=0.022; the new D:

D’ = 364-(0.022); D =1.52 ft= 1.5 ft

s; and w/v =1.57 x 10°m%/s

3.5.13

Substituting equation (3.19) into (3.20) for one of the

V’s in the V* term yields:
R=P _ (L) (R=P)D* |V
¥ D 324l 29
f_ 0419
y VD
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3.5.14
First, apply the energy equation to the pipeline;
v PR %

Ve B h =Y B h i where by = by
29 7y 29 7

Vi=V,; P, =P,; Thus, h; - h, =hs

Now use the Darcy Weisbach equation to find hy .
e/D = (0.045 mm)/(200 mm) = 0.000225

V = Q/A = (0.08m*/s)/[(1/4)(0.20 m)*] = 2.55 m/s
Ng = DV/v = [(0.20m)(2.55 m/s)]/(1.00 x 10 m?/s)
Ng=5.10x 10° From Moody diagram; f= 0.

Determine the friction head loss and convert to sl

he=f (L/D)(V?/2g); for a 100 m leng
he = (0.017)(100m/0.20m)[(2.55 m/s)

hf=2.82m; h/L=2.8 00282 or S =2.82%

ch of the gage

tion loss for horizonta 0
ow rate then be
quation

ence in flow
ermined as

the upstream {1 is

(P, -Py)ly=h, = ,000 N/m?)/(9,790 N/m®) = h
hs=2.35 m; Substituting this into Darcy-Weisbach
he= f (L/D)(V¥/2g);

2.35 m = f (100m/0.30m)(V*/2-9.8 1m/s?)

The Moody diagram is required to find f. However, V
is not available so Ny can not be solved. Use (e/D) and

the Moody diagram to obtain a trial f value by assuming

hy = f(l%x
£ (100m/0.30m)(V*/2-9.8 1m/s%)
he Mo i

3.5.15 (continued)

flow is in the complete turbulence regime.

e/D = (0.26 mm)/(300 mm)<50.000867; £~ 0.02, and

2.35m = (0.02)(100 9.81m/s?)

V =2.63 m/se 1.00 x 10° m%/sec

0° "From Moody; f=0.0195, ok - close

N
00 N/m?)/(9,790 N/m’) = h

this into Darcy-Weisbach

ody diagra quired to find f. However, V

available so

e solved. Use (e/D) and
trial f value by assuming

turbulence regime.

Nr=7.50x 10° From Moody; £=0.0195, ok - close
2.13 m = (0.0195)(100m/0.30m)(V?/2-9.81m/s?)

V =2.54 m/sec; Q=AV = 0.180 m*/sec (180 L/sec)
Therefore, the leak is:

Qup — Q gown = (188 — 180)L/sec = 8 L/sec

Even though this does not seem like much of a leak, it
amounts to almost 5% of the pipe flow. Further

investigation is required to prevent the loss of water.
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3.7.1 3.7.3

All the equations can be written in the form: hy = KQ™ First, apply the energy equation to the pipeline;
a) Darcy-Weisbach: K = (0.0826fL)/D°, m =2

e/D = 0.26/300 = 0.000867; v=0.800 x 10 m*/sec
V =Q/A = (0.320 m*/s)/[n(0.15m)*] = 4.53 m/sec
Ng = VD/v = [(4.53)(0.30)]/0.80 x 10°=1.70 x 10°

From the Moody diagram, f=0.0195

K = (0.0826-0.0195-6000)/(0.30)° = 3980

hy = KQ" = (3980)(0.320)> = 408 m

b) Hazen-Williams: K = (10.67L)/(D**"-C"*); m =5=KQ"=(50. 7& 314 m*/sec

K = (10.67-6000)/(0.3**"-130"*) = 27 Now V = Q/A s)/[1(0.25m)*] = 1.60 m/sec
hy=KQ™ = (2770)(0.320)"* = 337 60)(0.50)]/1.0 x 10°=18.00 x 10

¢) Manning: K = (10.3-n>L)AD’*); m = diagram, f=0.0165

K = (10.3-0.011%6000)/(0 580 .0826-0.0165-1200)/(0.50)° = 52.3

=KQ™ = (5213)( =0.309 m*/sec

>

h2 + hf: 5280 + hf
he=5=KQ™=(60.2)(Q)*; Q= 0.288 m’/sec

Both equations be n in the form: hy= KQ"

a) Hazen-Willia = (4.73L)/(D*¥-C'%%); m = 1.85

K = (4.73-2:5280)/(2.5*47-110"%%) = 0.0964 3.74

he= KQ" = (0.0964)(77.6)"% = 302 ft; hy= 5582 ft (oK) There are some additional empirical equations available

in the literature (some just to estimate the “f” value for
b) Manning: K = (4.64-n*L)/(D>*); m=2 . .
Darcy-Wiesbach), but none are as widely used or

K = (4.64:0.017°2:5280)/(2.5°%) = 0.107 accepted as the three covered in your textbook (Darcy-

hy= KQ™= (0.107)(77.6)> = 644 ft; h,= 5924 ft (Not ok) Weisbach, Hazen-Williams, and Manning)
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3.7.5 3.7.7

First use the energy equation to determine hg; The energy equation yields, h; - h, =h; =20 m
Vi P, Vg Py . .
E + 7 +hy = E + 7 +hg +hg; The Hazen-Williams eq’n'¢an be written as: hy = KQ™

where h; = hy, V, = Vg, and use B as a datum elev.
8.3m+ 100m=76.7m + Om + hy; hy=31.6 m

Both equations can be written in the form: hy = KQ™
a) Hazen-Williams: K = (10.67L)/(D**-C'®*5); m = 1.85
K = (10.67-4500)/(4.0**"-110"*%) = 0.00939

he=31.6 =KQ™ = (0.00939)(Q)"*; Q =80.6 m*/sec

b) Manning: K = (10.3-n>L)/(D*¥); m =2 sec: Wot as much flow!!

K = (10.3-0.017%-4500)/(4.0>**) = 0.00828

he=31.6 =KQ™ = (0.00828)(Q)*;

The Hazen-Williams solution compares fav@fably to

Darcy-Weisbach; but thg olution does not!

1 +&+h S W
29 7
1 = hy; Thus, (P, N
anning equaﬁ c itten as : hy=KQ™

Manning (n = 4.64-n*L)/(D**’); m =2

K = (4.64-0.012* #3)=0.0000166-L 3.7.9

he=29.9 = KQ™ = (0.0000166-L)(30)>; L = 2000 ft The energy equation yields, he= (P, - P )/y
Manning (n = 0.013): K = (4.64n>L)/(D*¥); m =2 he = (366,000 N/m?)/(9790 N/m* ) =37.4 m

K = (4.64-0.013%L)/(2.0°%%) = 0.0000195-L hy=37.4 m=KQ" = (K)(0.136)"**; K =1500
he=29.9 = KQ™ = (0.0000195-L)(30)% L = 1,700 ft K =1500 = (10.67L)/(D**-C"*) =

The length changes by 15%! (10.672000/(0.30**-C"); Ciy = 99.9
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3.11.1
Contraction: h, = K [(V2)*/2g]; V, is the small pipe
V,=Q/A = (0.106 m*/s)/[n(0.075m)*] = 6.00 m/sec
h = (0.33)[(6.00 m/s)*/2-9.81 m/s*] = 0.606 m

Expansion: hg = [(V - V,)%/2g]; V, is now large pipe
V,=Q/A = (0.106 m*/s)/[n(0.15m)*] = 1.50 m/sec
hg = [(6.00 m/s — 1.50 m/s)*/2-9.81 m/s*] = 1.03 m

Enlargement loss is much greater (70%).

3.11.2

e diffusor loss is much greater,

\ 4

greatly from the ab c ion and expansion.

both are reduced

The headloss is expressed as: h; = [K,] (V)*/2g

AP/y = (100,00 N/m?)/(9,790 N/m*) = 10.2 m = h,

V = Q/A = (0.04 m*/s)/[1(0.04 m)’] = 7.96 m/sec; thus
10.2 m = [K,] (7.96 m/s)*/2:9.81 m/s*

K, =3.16

3.114

The headloss is expressed as: h; = [YK,] (V)*/2g

AP/y = (5.19 Ib/in.?)(144 in. X/t 31b/f%)=12.0 ft=hy

12.0 ft = [2.5 + 10] ( , 'V =7.86 ft/sec

ft}*] = 2.74 ft'/sec

1 = 0.5 (Table 3.5), Thus
85/9.79)=[1+0.33](V,*/2g)+(265/9.79)
—no more iterations needed)

)] = 0.430 m*/sec

nergy equation to the pipeline;
Ve

ha =E+i+ hg +h_; where

Pa/y = Py/y + [f(L/D) + YK](V*/2g)

V = Q/A = (0.006 m*/s)/[n(0.02m)*] = 4.77 m/sec

N = DV/v = [(0.04m)(4.77 m/s)]/(1.00 x 10" m%/s)

Ng = 1.91 x 10°; ¢/D = 0.045mm/40 mm = 0.00113

From Moody; f=0.022; Thus, the energy e’qn. is

PA/(9,790) = (192,000/9,790) + [0.022(50/0.04) +
(0.15) +2(0.17)][(4.77)%/2-9.81]

P, = 510,000 N/m’ (Pascals) = 510 kPa
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3.11.7

Applying the energy equation from the surface of the
storage tank (1) to the outlet of the pipe (2) yields;

2 2
VL+—+h1 =V—2+&+h2+hL;whereP1=Pz=0;
29 7 29 7

hy = he+ [YK](V*/2g); Vi =0and h, = 0. Thus
hy =[1 + f(L/D) + YK](V*/2g); where V, = V (pipe V)
and K.=0.5; K, =0.19 (R/D=2); K,=0.15; and
assuming complete turbulence for the first trial:

e/D = 0.00085ft/0.5ft = 0.00170; thus; f=0.02

hy = 60.2 = [1+0.022(500/0.5)+0.5+2(0.19)+0.15](V/

Apply the energy equation he surface of the
supply tank (1) fo the s of the receiving tank (2):

V2 R _p
—+—+h =—=+—=+h, +h_; where P, =P, =0;
29 7y g 7

hy = he+ [YK](V?/2g); and V| = V, = 0. Therefore
hy - h, = [f(L/D) + YK, ](V*/2g); where V is pipe V;
K.=0.5; K, =035 (R/D=1); K4q=1.0 (exit loss);
and assuming complete turbulence for the first trial:

e/D = 0.26mm/150mm = 0.00173; thus; f = 0.022, and

3.11.8 (continued)

hy - hy = 5 = [0.022(75/0.15) + 0.5 + 0.35 + 1.0](V*/2g)

V =2.76 m/sec; Ng= DV/v =[(0.15)(2.76))/(1.0x10°)

Ng =4.14 x 10°; Fro ody; new f = 0.0225; Now

ain yields V =2.74 m/s and

solving the en

$)[1(0.075m)*] = 0.0484 m’/sec

this usually
es not affect the findl res loss coefficient of

.5 is often use -edged entrances.

3.11.9

plyingthe energy equation from the surface of the

torage tank (1) to t let of the pipe (2) yields;

2
LNy

h, h, ; where P, =P, =0;

Q = d(Voly/dt = (aD*4)dh/dt; and

Q=AV = (nd*/4) [2g(hy/(1 + ¥K)1"%
where d = pipe diameter; D = tank diameter. Now,

(nD*4)dh/dt = (nd*/4) [2g(h)/(1 + YK)]'?

dt = [(D¥d*dh]/ [2g(h)/(1 + YK)]"?
h,=3
t=[(1 + YK)/2g]"* (DYd?) jh '

t=[(11.5)/2-9.81]"% (5%/0.2%) 2[(3)"*-(1.5)""]

t =485 sec
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3.11.10

Determine the difference between the head losses under

existing conditions and the proposed conditions.
Existing Pipeline: Friction losses (Darcy-Weisbach):
hy=f (L/D)(V*2g); e/D = 0.045/200 = 0.000225

V = Q/A = (0.10 m*/s)/[n(0.10m)*] = 3.18 m/sec

N =DV/v = [(0.20m)(3.18 m/s)]/(1.00 x 10 m?/s)
Ng = 6.36 x 10° ; From Moody; f = 0.0155;

he = (0.0155)(800/0.20)(3.18%2:9.81) = 32.0 m

Note: The friction losses, apart from any minor [9ssess

use up almost all of the available head (84 m):

New Pipeline: Friction losses (30 cmpipe):

hy=f (L/D)(V*/2g); e/D =0.045/300 = 0.00015

V =Q/A = (0.10 m*/s)/[x(0.15m)’| = 1.41 m/sec

Ng = DV/v = [(0.30m)(1.40m/s)I(1.00 x 10° m*/s)
N =4.23410° ; From Mabdy; f=0.0155;
hy=(0.0155)(0.94-800/0.30)(1.41%/2-9.81) = 394 m
Friction lasse§(20 cm pipe); 6% ef existing pipe losses:
he=(006)(32.0m)= 1.92m

Confusor: h,' = K(VARg]; V. is the small pipe
V, = Q/A = (0.10%s)/[#(0.10m)*] = 3.18 m/sec
With A, /A=0.444, extrapolate Fig 3.11; K.' = 0.025
he' = (0.025)[(3.18 m/s)%/2-9.81 m/s*] =0.0129 m
Total Head Loss =3.94 + 1.92 + 0.0129 = 5.87 m
Pressure Head Gain = 32.0 - 5.87 =26.1 m

Note: Theoretically, the pipe entrance loss may change
slightly with a bigger pipe. However, this will be minor

in comparison to the friction losses.

3.11.11

The contraction headloss is expressed as:

h = K [(Vs)*/2g]; where Vg8 the velocity in the
smaller pipe. Based'on Table 3:5)the value of K,
ranges from 029 to 0.38%er Ds/D; = 0.5.

The expansionhieadlossiis,expressed as:

he = [V, )*/22]; where V| is the velocity in the
lafger pipe and Vg is the smaller pipgfvelogity. But,
= [V — Vi)"/22] = (1 - Vi/Ve) [(Ms)/28]
whichyis in the same form asgh, abové, Sinee

Vi = (As/AL)Vs = 0.25: N ssfor Dg/Dy = 0.5

hig=[1 - (0.25Vs)/VsJ i(Vs) /2] = 0.563 [(Vs)*/2g]
The expansion/coefficient (0.563) is always larger

than the contraction coefficient (0.29 to 0.38 range).

8.12.1

Ber the parallel pipé system (Fig 3.19);

hi =hp =hg and Qp s Q; 7Q, From Table 3.4:

g [(10.3n°L)/D” Q™ PorManning equation (SI) or
Q = [(P>*)4010.3n°L)]"%; Substituting into the flow
eq’n above for pipes 1, 2, and E and simplifying yields:
(DALY = (D)0 L] + (D™ )(n’La)]?
(D P)/@e"Le) " =3 (D) (L) P i=1to N

and |this 1s appropriate for both systems of units.

3.12.2

For the parallel pipe system (Fig 3.19);

hs =hp=hg and Qg=Q; + Q, From Table 3.4:
he=[(10.7-L)/(D**'C"**)]Q"*: Hazen-Williams (SI) or
Q = [(hD**'C"*)/(10.7-L)]""*; Substituting into the
flow eq’n for pipes 1, 2, and E and simplifying yields:
[(DE*Ce BYLg] " = (D70, )Ly + (D6 )Ly
[(DE4.87CE1.85)/LE]1/1.85=Z [(Di4.87ci1.85)/Li]1/1.859i — 1 to N

and this is appropriate for both systems of units.
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3.12.3

Reworking Example 3.10 using the Manning eq’n and
arbitrarily letting D = 4 ft and n = 0.013 yields

[(Ds”*Y(ne"Le)]"? = [(DF)(n,"L)] " + (D2 ) (n,°Ly)]

[(4°%)/(0.013%Le)]" = [(3>**)/(1800-0.013%)]"* +

[(2°**)/(1500-0.013%)]"2
LE = 4430 ft. Then thF = thB + thC + thF

hear = [(4.641800-0.013%)/4%3]120° + [(4.64-4430-0.013) +
473311207 + [(4.64:1500-0.0132)/4>33]1207

hgap= 12.6 +30.9 + 10.5 = 54.0 ft; Flow in pipe branches,
hese = 30.9 ft = [(4.64-1800-0.013%)/3°*1Q,% Q, =

hese = 30.9 ft = [(4.64-1500-0.013%)/2°

3.124

Reworking Example 3. zen-Williams and
arbitrarily letting 00 yields

[(D 487C 185 185)/Ll]1/1 85 + [(D 487C 1. 85
[(4487 10 (3487 1001 85)/ 1/1%

[(24 .87 1001 .85

Flow in pipe branches

. 2 .
heap= 14.0+31.2+ 116 = ,
hesc=31.2ft=[(4.43-1800)/(3%57-100'*%)]Q,"*; Q; = 87.0 cfs

hepc=31.2ft=[(4.7 (2*%7-100"%)]1Q,"*; Q, =33.0 cfs

3.12.5

Find the equivalent pipe to replace Branches 1 and 2,

arbitrarily letting D =3 m and f = 0.02 yields

[(D:)/(fLe)]" = [(DO)(E L] + (DO )(ErLo)]"?

[(3%)/(0.02-Lg)]" = [(2°)/(0.018-1000)]"2 +

[(3%)/(0.02-:800)]"

3.12.5 (continued)

LE =444 m. Then thF = thB + thC + thF

hear = [(0.0826:0.02-1000)/3%16
3%180% + [(

[(0.0826-0.02-444) +
351707

8 m; Flow in pipe branches,
8:1000)/2°]1Q;% Q; =20.4 m*/s

260.020-800)/3°] =59.6 m/s

¢

es. In Example 3.10, an equivalent pipe was found
ing in 3 pipes in series. Now
ipes with an equivalent pipe.
= 0.02 for the pipe
L)) (o)D) (£ Ls)(D5%)]
=[(0.02:1800)/(4)] + [(0.02-3310)/(4)]

-1500)/(4°)]

for the parallel pipes resulting in 3 pipes in series. Now

you can replace these 3 pipes with an equivalent pipe.

Letting D =3 m and f= 0.02 for the pipe

[(feLe)/(De)] = [(FL)/D) H(E LD +(Fy Ls)(D5”)]

[(0.02-Lg)/(3%)] = [(0.02-1000)/(3%)] + [(0.02:444)/(3%)]
+ [(0.02:900)/(3%)]

Lg =2344 m. (Note: The individual pipe lengths could
be added directly since all of them

have the same D and f.
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Chapter 4 — Problem Solutions

4.1.1

velocity or pressure head. The HGL is located at the wa 0o since there is no velocity head.)
b) The drop in the EGL moving from reservoir A intofp unts for the ent $s.)

¢) The slope of the EGL in pipe 1. (This account

d) The separation distance between the EG

e) The drop in the EGL moving from pipe 1 to‘pipe 2. ntraction loss.)
n pipe 1). (This unts 0r the friction loss. Since
ol

nergy to friction is gr tance; hy=f (L/D)( V*/2g)
smaller and V is greater th pipe'1.)

to reservoir B counts for the exit loss, which is one

HGL both start a

; ¢) the separation distaneg,between the EGL and h accounts for the velocity
*/2g, is less with the lar end, d) the slope of the EGL,
epresents the fiiction los ngth, is le ddle pipe than the smaller end pipes,

and e) the pipe contl

e HGL meets t t e at reservoir B.)
4.1.2 a GL from the res:'; ce (on the left).and move to the right accounting

rawing where the
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4.1.3

4.1.4

4.1.5

From the Moody Diagram, any value of Reynold’s number greater than about 1.0 x 10° is in the complete
turbulence regime (f=0.02). Since NR > 1.0 x 10%; VD/v=VD/(1.0 x 10° m*/s) > 1.0 x 10°. Therefore,
V-D > 1.00 m%/s; and for V=1 m/s, D =1 m; for V=2 m/s, D = 0.5 m; for .0 m/s, D = 0.25 m; etc.

(Note: Velocities of 1 m/sec to 4 m/sec are not unusual in water transmi

. . Vi P v: P,

Applying the energy equation; ——~+—2+h, =—*+—+h +h; =Vp=P,=Pp=0,
2g 7 2g

hy = he + [YKI(V)*/2g; K. = 0.5, K, = 0.19, K, = 0.15

hy - hg = [f(L/D) + YKI(V*/2g) = [f(200/0.25) + 0.

V = Q/A = (0.50 ft*/s)/[(m/4)(0.25 ft)*] = 10.

VAZVBZPAZPBZO,

=05 K,=10,K’-=0.3 , .0 (exit), and hg = (Vs - VL)2/2g. Thus,

& V. are the small & large pipe velocities

Vs*/2g) + hg + [f(L/D)L)( g);
1210V /2g) + (Vs - £.(200/1)(V, /2
7/4)(0.5 m)*] = =0.18 @0036
m)(6.11 m/s)]/(1.00 x 10 “m?/s)e8.06 x 10 1o =0.0155;

m/sec; e/D
00% 10° m%/s) = 1.53
5)+12]1(6.11)%/2g] + (641 -

hA =750

" s ov:op, V2 B o
Applying the e uation; ——+—=+h,=——+—+~ +h;; where Vo =0, V|, =V (pipeline V),
\ 28 7 2g 7
[>K 2g; hy =10 m, h; =7 m, and Po/y = Py/y = (9.79 kN/m?)/(9.79 kN/m’) = 1 m. Thus,

hL =h
Py =Q- h, - [1 + fL/D) + YK](V*2g) =4 m - [1 + f(L/D) + TK|(V*2g)

V =Q/A =(0.0101 m*/s)/[(n/4)(0.102 m)*] = 1.24 m/sec; e/D = 0.045mm/102mm = 0.000441

Ng =DV/v =[(0.102m)(1.24 m/s)]/(1.00 x 10° m*/s) = 1.26 x 10°; From Moody; f = 0.02; Thus,
P/y=4m-[1+0.02(10m/0.102m) + 0.5 + 12.0][(1.24 m/s)*/2-9.81 m/s’] =2.79 m; P; =27.3 kPa
For P,, the energy equation yields: P,/y =P /y + h; - h, - hy, where hy =h¢= f(L/D)(V2/2g). Thus,
Po/y =279 m+ 7 m -2 m — [0.02(5m/0.102m)[(1.24 m/s)*/2-9.81 m/s*] = 7.71 m; P,=75.5 kPa
For Ps, the energy equation yields: Py/y = P,/y - hy, where h; = h;= f(L/D)(V*/2g). Thus,

Py/y =7.71 m — [0.02(5m/0.102m)[(1.24 m/s)*/2:9.81 m/s’] = 7.63 m; P;=74.7 kPa
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(Problem 4.1.6 — continued)

For P, the energy equation yields: Py/y = Ps/y + h; - hy - hy, where h; = he= f(L/D)(V*/2g). Thus,
Pyy=7.63m+2m-9.5m - [0.02(7.5m/0.102m)[(1.24 m/s)*/2-9.81 m/s*] = 0.0148 m; P, =0.145 kPa
For Ps, the energy equation yields: Ps/y = P4/y - hy, where h; = hy= f(L/D)(V*/2@), Thus,

Ps/y = 0.0148 m - [0.02(5m/0.102m)[(1.24 m/s)*/2-9.81 m/s°] = -0.0620's_ P4= -0.607 kPa

For Pg, the energy equation yields: Pg/y = Ps/y + hs - hg - hy, wheregghy = he= f(L/D)(Vz/Zg). Thus,

Pe/y =-0.0620 m + 9.5 m - 7 m - [0.02(2.5m/0.102m)[(1.24 m/s)%/2:9.8 Lmlg?l= 2.40 m; Ps=23.5 kPa

4.1.7  Applying the energy equation; V—j + L +h, = V—BZ + & + hg + hpy, where V=V =Pg=Pp=0,
28 7 2g 7

h; =hs+ [ZK](V)Z/Zg; K.=0.5,K,; =12, Ky, = 10, Kg= 1.0(exit coef)., and h, 4hg=2.5m" Thus,

2.5 m = [f(40m/0.102m) + 23.5](V*/2g); where V 1S pip@V» Assume complete turbulencefor the first trial:

For commercial steel: /D = 0.045mm/102mm = 0:000441; thus; f= 0.0165 and solvirig energy eq’'n

2.5 m =[0.0165(40m/0.102m) + 23.5](Vi2g); V#1.28 m/sec. Nowawe cathsolve for Reynolds number,

Ng = DV/v = [(0.102)(1.28)]41.00x10:%) = 1.31 x 10%; From Moody; néw fi= 0.02; and the new V is

2.5 m = [0.02(40m/0.102m) + 23.51(V’/2g) V = 1.25 m/secdNp ®» DW= 9.73 x 10*; = 0.02; OK

Thus, Q = V-A = (1.25 m/s)[(m)(0.402m)*] = 0.0102 m’/seeé 10,2 L/sec

. . Vi P, B B
4.1.8  Applying the energy equation; gy +—L+h, = ™ o+ — i+l whéreW ,, = Vg =P, =P =0,
g 7 g W

h; =diy& [ZK](V)Z/Zg; K.=0.5, Ky = 10(exit coefs), and hy — hg=9,m." Thus,

9'm = [f(700m/0.4m) + 1.51(V*/2g); where V ispipe V. Assume complete turbulence for the first trial:
a) For.commercial steel: e/D = 0.045mm/400mm = 0.000413; thus; £= 0.012 and solving energy eq’n
9= [0.012(700m/04m) + 1.51(V29); V = 2.80 m/sec. Now weican solve for Reynolds number,
N = DV/v = [(0.40)(2.80)1/(1.0x10°) = 1.12 x 10% From Moo@ new f = 0.014; and the new V is

9 m = [0.014(700n1l0.4m), + WS](V?/2g); V =2.61 m/see. New Np = 1.04 x 10°%; & new f=0.014 ok
Thus, Q =V -Als.(2.61 m/s)[n(0.2m)*] = 0.328 m*/sec

b) For cast.ironse/D =0.26mm/400mm = 0.00065; thus; f=0.018 and solving energy eq’n

9 m = (0.018(700m/0.4m) + 1.5](V*/2g); V =2.31 m/sec. Now we can solve for Reynolds number,
Ng = DVAR=((0.40)(2.31)]/(1.0x10°) = 9.24 x 10°; From Moody; new f = 0.018; ck

Thus, Q = V-A = (2.31 m/s)[n(0.2m)*] = 0.290 m*/sec

¢) For smooth concrete: ¢/D = 0.18mm/400mm = 0.00045; thus; f = 0.0165 and solving energy eq’n

9 m = [0.0165(700m/0.4m) + 1.5](V*/2g); V =2.41 m/sec. Now we can solve for Reynolds number,
Ng = DV/v = [(0.40)(2.41)]/(1.0x10°°) = 9.64 x 10°; From Moody; new f = 0.017; and the new V is

9 m = [0.017(700m/0.4m) + 1.5](V*/2g); V =2.38 m/sec. New Ng = 9.52 x 10° & new f=0.017 ok
Thus, Q = V-A = (2.38 m/s)[n(0.2m)*] = 0.299 m*/sec

Lowest capacity: cast iron. Highest capacity: commercial steel. % Gain = (0.328-0.290)/0.290 = 13.1%
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4.1.9

4.1.10

4.1.11

Applying the energy equation; V—j+i+ hy =V—Bz+ﬁ+ hg +h; ; where Vo =Vp=P,=Pp=0,
2¢ 7 2¢ 7
hy =he+ [YKI(V)*2g; K. = 0.5, K, = 0.17, Kg = 1.0 (exit coef.), and hg = (Vg= V1 )*/2g where Vg & V| are
the small & large pipe velocities. Thus, hy - hg = [f(L/D)s + YK](Vs*/2g) + hg FPL/D), + YKI(V,*/2g);
60 ft = [f5(1000/0.667)+0.51(Vs*/2g) + (Vs - V1)*/2g + [f.(1000/1.33) + 4(0. 14 + 1.0J6V,*/2g)
Based on the continuity equation: (As)(Vs) = (A)(VL); Vs = [(D@Ds)*]-(Vi).= 4V.; and now
60 ft = [f5(1000/0.667)+0.51[(4V1)*/2g] + (3VL)*/2g + [f.(1000/1.3%) +4(0- 1) + 1.0](V,*/2g)
e/Dgs = 0.00085/0.667 = 0.00127; e/DL = 0.00085/1.33 =0.000639; Assuming complete turbulence:
from Moody; fs = 0.021 and f; = 0.018; and substitutingyinto the energy equation yields;
60 ft =[0.021(1000/0.667)+0.51[(4V)*/2g] + (3VL)72g + [R018(1000/1.33) + 4(0.4F).+ W01(V: “/2)
Vi =2.69 ft/sec, and Vg =4V = 10.8 ft/sec.“NoWwndetermine the Reynoldsthumbers and ¢heclaf
Ng = DVg/v = [(0.667 ft)(10.8 ft/s)]/(1.08 x 10™ 1s) = 6.67 x 10°; From Moody; fs $0.021;
N =DV /v =[(1.33 ft)(2.69 ft/s)]/(1.08 x 10 8%s) = 3.31 x 10°; From Mabdy; f, = 0.0185; thus
60 ft = [0.021(1000/0.667)+0.510@W:) /2] + (3VL)*/2g + [0.0185(000/1.33) # 4(0.17) + 1.0](V */2g)
Vi =2.68 ft/sec, Vs =4V £10.7 ft/secpand’ Q = (VL )(AL) = (2:68)[1:0.667)*] = 3.75 cfs
For a 16-inch line throughout: 60 ft = [ (2000/1.33) + 0.5 +4(0.17) + 1.0](V,*/2g); Try f_ = 0.018
60 ft =[0.018(20004s33) + 0.5 + 4(0.17) + 1.0](V/28); Wy, = M5 ft/sec; N = 1.42 x 10°; fis ok
New Q = (Vo)(AL) = (11:8)[1:(0.667)*] = 16.1 cfs; the capacity increases by 429%.

v: p K2 P
Appl¥ingthe eflergy equation; —4- + —44 iy =B — B 1 ;o 1 JgwheteV, = Vg =P, =P =0,

2g @ L 4
he s+ D K]V)2g; K. = 0.5 48 %1 .0 (exit coef.), hy <liges 18 m, and V = Q/A = 0.0727/D*. Thus,
18.4 m&[f(600m/D) + 1.5]-[(0.0727/D)*/2g]. Assume )= 0.2 mjthus V = 1.82 m/s, /D = 0.36/200 =
0.0018; Ng = DV/u= [(02)(1.82)]/(1.00x10°%) = 3664 x 10°; and f = 0.023; solving energy ¢’qn for new D;
18.4 m = [0.023(600mR) +,51-[(0.0727/D*)?*/2g[; D =0.183 m which differs from the trial size, thus
V =2.17 n/s, ¢/D =0.0019%; Ng = [(0.183)(2.17)]/(1.00x40°) = 3.97 x 10°; and new f= 0.0235; and
18.4 m = [0:0235(600m/D) + 1.5]-[(0.0727/D*)*/2g]; D = 0.184 m; close enough so D = 0.184 m
Withouf minor, [08ses; 18.4 m = [0.0235(600m/D)]-[(0.0727/D*)*/2g]; D = 0.183 m; essentially the same.

Note: The, solution process is a little easier without minor losses; solve this first and add minor losses later.

. Vi . P, Vi Py
Applying the energy equation; ——+—2+h, =—>+—"+4+hz +h; ; where Vo =Vp=P,=Pp=0,
28 7 2¢ 7
hy =he+ [YK](V)*2g; K. = 0.5, K, = 10, Ky = 1.0 (exit coef), hy — hy = 4.6 ft, V.= Q/A = 3.18/D*. Thus,
4.6 ft=[f(75 ft/D) + 11.51[(3.18/D*?*/2g]. Assume D = 1.0 ft, thus V = 3.18 ft/s, e/D = 0.00015/1 =
0.00015; Ng = DV/v =[(1.0)(3.18)]/(1.69x10”) = 1.88 x 10°; and f = 0.018; solve energy e’qn for new D;
4.6 ft=[0.018(75 ft/D) + 11.5]-[(3.18/D**2g]. D = 0.82 ft; differs from trial size, so V = 4.73 ft/s, e/D =

0.000183; N =[(0.82)(4.73)]/(1.69x10”) = 2.30 x 10°; new f = 0.0165; solve energy eq’n. D = 0.82 ft. ok
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4.1.12

4.1.13

4.1.14

Apply the energy eq’n; V—j + i +h, = V—B2 + i +hg + h; ; where V= Vp; hy=hg; and h;=hs.
2g 7 2g 7

Also, (P5 — Pg)/y =(0.05 m of Hg)(13.6/1.1) = 0.618 m (pressure head for the water/glycerin solution).

In addition, Q = 0.0000833 m*/s; and V = Q/A = 0.000106/D*. Substitutifig isfto the ehergy eq’n,

0.618 m = [f(2.5/D)]-[(0.000106/D*)*/2g]. Assume D = 10mm (0@g), thus Vo= 1.06 m/s, e/D = 0.003/10
=0.0003; Ng = DV/v = [(0.01)(1.06)]/(1.03x10”) = 1,030; laminar flow#=64/1030 = 0.0621; solving
energy e’qn for new D; 0.618 m = [0.0621(2.5/D)]-[(0.000106/D%)*/2g]. D = 0.0108 m which differs from
the trial size, thus V = 0.909 m/s, N = [(0.0108)(0.909)}/(1.03x107}) = 953; new f = 64/953 =90672; and

0.618 m = [0.0672(2.5/D)]-[(0.000106/D*)*/2g]. D =9,010%m (0.9 mm)

Apply the energy eq’n; V—Az +i+ h,& ﬁ +ﬁ 0y + hy ; where V= 0;(PA/y 3P/ V=V (pipe V);
2g 7y 28

Py /y = (39,300 N/m?)/(9790 N/md)=4.010; h; = h;+ [YK](V)*/2gfK. =0.5, %, = 12.0. Therefore,

Po/y + 10m =4.01m + [1 + f{10/0.102m) +12.5]-(V*/2g) + 7m._Assuining/complete turbulence;

e/D = 0.045mm/102mm = 0.000441;%From Moody; f = 0.0165; dnd@ubstituting into the energy eq’n,

Poly = 1.01 + 15.1(V*2g) Since there are too many unkfiGwns,apply the energy eq’n for A to B:

Vi P Vi P

A Ay p =L+ B by + by where V= Vg = 0aPa/y = Po/y; Pals 0; hy=10 m; hg = 7.5 m;
2g 7 2g 7

hy =heh [SKIEV)/2g; K. = 0.5, K, = 12000K 5,100, K, = 1.0. Again substitutelinto the energy eq’n,
Bify + 10m = 7.5 m + [f(40/0.102m) £23.5]-(VARg)¥ind assuming complete tifbulence with f=0.0165;
Po/Yi€ -2.5m + 30.0(V*/2g); Equating’the Values of Py/y fiin'the tWe energy expressions yields

W= 2.19m/sec. Now, N = DVIAE=[(0,102)(2.15)]/(1.00%10°) =219 x 10°; and new f = 0.0185; thus
Po/y = 1.01 + 15.3@V*/2g)and Py/y = -2.5m + 30.8(V?/28); eqUiatinig and solving yields V =2.11 m/s

Substituting this intd either Pgly expression; Py/y = 4.48 im; anld Py = (4.48 m)(9790 N/m2) = 43.9 kPa

Replace thegarallelpipes with an equivalent pipe letting D = 2 ft (to match AB & CD); Cyw = 100. Thus,
[(De*S @095 L1155 = [(D,*¥7C, 5)/L, 17155 + [(D,*¥7C,"*5)/L,)] "5 Therefore,

[*7- 100" ) Ep)] " = [(1*¥7-100"%)/28001""* + [(1.5**7-100"%)/3000]"" **; thus Lgpc, = 6920 ft.
From the energy eq’n; hgap = ha - hp = 130 ft; from equivalent pipe theory; heap = heap + hype + heep ; thus
heap= 130 = [(4.73:3000)/(2*37-100"%%)1Q" + [(4.73-6920)/(2*7-100"%)1Q"53 + [(4.73-2500)/(2*%"-100!%%)]Q "33

Q =22.8 cfs, which is the discharge between the reservoirs and also the discharge in pipes AB and CD.
To determine the total head at B and C we again use the expression: hy = [(4.73-L)/(D**"-C"#%)]Q"**; thus
heas = [(4.73:3000)/(2*%7-100'#%)](22.8)"*° = 31.5 ft; therefore, Hp = hy- heap= 230 ft — 31.5 ft = 198.5 ft
hege = [(4.73:6920)/(2**7-100'#9)](22.8)"*° = 72.6 ft; thus, H¢ = hg - hgse= 198.5ft — 72.6ft = 125.9 ft
Finally, the discharge in pipes BC1 and BC2 can be found using the headloss from B to C (hgc);

heger = 72.6 = [(4.73-2800)/(1**7:100"%%)]Q"**; Qg1 = 6.00 cfs; and Qpcz = Qpc - Qper = 22.8 — 6.00 = 16.8 cfs
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4.1.15 Replace the parallel pipes with an equivalent pipe letting D = 2 ft (to match AB & CD); Cyw = 100. Thus,
[(DE*¥7Ce )/ Le] 155 = [(D,4¥7C, 5)/L, 17155 + [(D,*¥7C, *)/L)] "5 Therefore,
[(24.87_1001.85)/LE)]1/1.85 — [(14.87.1001.85)/2800]1/1.85 + [(1.54.87.1001.85)/3000]1/1.8
From the energy eq’n; heap = ha - hp = 130 ft; from equivalent pipe the
heap= 130 = [(4.73-:3000)/(2*%7-100"%)]Q" + [(4.73:6920)/(2**7-100"*
Q =18.0 cfs, which is the discharge between the reservoirs and al

To determine the total head at B and C we again use the ¢
heap = [(4.73-3000)/(2*%-100"*°)](18.0)"*° = 20.3 fi; t
hse = [(4.73-6920)/(2*7100"*)](26.0)"* = 92.6
Finally, the discharge in pipes BC1 and BC
hiser = 92.6 = [(4.73-2800)/(1*57-100"%)]

4.2.1 d the summit, w, cavitation is most likely to occur,
and the pressure at t herefore, balance energy

termine the velocity. Thus,

; hp — hg =25 m; and head losses are

e
); and thus 7.0 m = (4.14) s/y + 0.5+ 0.018(150/0.20)](4.14)*/2g;
Pg/y =-6. 10\ m; no cavitation concerns; see paragraph prior to Example 4.4 in book)

4.2.2  Applying the gnergy equation from the reservoir surface (A) to the outlet of the siphon (B) yields;
VA P La
+—+ hg +h; ; where Vo= 0; Py =Pg =0; Vy=V (siphon V); and

2g 4 2g Y

hy =0.8m+1.8m=2.6m. Also, hy —hg=15.0 m, thus Sm= V2/2g +2.6m; V=6.86m/s

Thus, Q = V-A = (6.86 m/s)[n(0.06m)*] = 0.0776 m*/sec (77.6 L/s)

Balancing energy between the upstream reservoir and the summit yields;

V—3+PA +h, = VS PS
28 7 2g 4
-2 m = (6.86 m/s)*/2g + Pg/y + 0.8 m; Pg/y =-5.20 m. Thus Pg = (-5.20 m)(9,790 N/m?) = -50.9 kPa

+hg + h; ;5 where Vo= 0; Pa/y =0; hy = 0.8 m; hy — hg =-2.0 m; and thus
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4.2.3

4.24

4.2.5

Balancing energy between the upstream reservoir and the summit, where cavitation is most likely to occur,
would yield two unknowns, the velocity and the pressure at the summit. Therefore, balance energy

between the upstream reservoir (A) and the downstream reservoir (B) to dete the velocity. Thus,

V—j+&+ hy, :V—l§+&+ hg +h; ; where VA= Vg=0; P, =Pg=0; hy — head losses are
2 7 2g 7

hy =h;+ [ZK](V)Z/Zg; where K, = 0.5, K4 = 1.0 (exit coef.). The

50 ft = [f(200/2.0) + 1.5](V*/2g); where V is pipe V. Assfime ¢amplete turbulence for the first trial:
For rough concrete: e/D = 0.002ft/2.0ft = 0.001; thus; solving energy eq’n

50ft = [0.02(200/2.0) + 1.5](V*/2g); V =30.3 ft/sec. e cain solve for Rey

Ng = DVA =[(2.0)(30.3)]/(1.08x107) = 5.6

Now balancing energy from A to the sun

no
oody; new f=4.02;

2 2
P

V_A+i+hA=V_S+_S+hS+ ft K. =0.5; and thus
2¢ 7y 2g

2
n°) and converts to a pressure head

44 in*/ft*)/62.3 1b/ft’], cavitation will occur.

tive pressure will occur

phon carries water to a

Applying the energy equation just upstream (A) and just downstream (B) of the confusor yields;

y: p v: P

A Ay p, =-8 1B 4 hy+h ; where hy =hg; Py = 84 kPa; Py/y = - 8 m; h, = 0 (smooth); and
2¢g vy 2g vy

Va = Q/A = (0.440 m*/s)/[(n/4)(0.40 m)*] = 3.50 m/sec; thus

(3.50m/s%)%/2g + [(84 kN/m*)/(9.79 kN/m?)] = V5%/2g - 8m; Vy*/2g =172 m; V5= 18.4 m/s

Vg = 18.4 m/s = Q/Ag = (0.440 m*/s)/[(n/4)(Dg)’]; Dg= 0.174 m = 17.4 cm
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4.2.6

4.2.7

Balancing energy between the supply reservoir (A) and reservoir (B) yields

H,+H,=Hp+h;;where Hs — Hy = 50 m; and hy = hy+ [YK](V)*/2g = 11[(V)*/2g]; Therefore,

H,=50m+ 11[(V)’/2g] = Equation (a)

Balancing energy between the reservoir (A) and the inlet of the pump (C

2 2
V_A_,.ﬂ.,_hA =V_C+&+hc+hL;whereVA= 0; Vc=V (pipe
2¢ 7 2g vy

Balancing energy from rese

2 2

V—A+&+hA:V—S+&+hS —h;=4.0 m; and

2g 7y

hy =hs+[YK m/s. Therefore,

mm/800mm = 0.00075

d the vapor pressure of

pressure is found by subtracting

‘
ssuréhea
ituting back into the energy equation;

9.95)/2g; s L=56.0 m

and the receiving tank (3) yields

+=2+hy +hy; where Vi= 0; Ps/y = [(32.3 Ib/in®)(144 in*/ft%)]/(62.31b/ft%) = 74.7 ft;

2g Y
h; =20 10 ft; Vo = Q/A = (8 ft'/s)/[(n/4)(1.0ft)*] = 10.2 ft/sec; and head losses are

hy = he + [YK](V)*/2g; where Kq = 1.0 (exit coef.). Thus, hy = [f(130/1.0) + 1.0](V*12g); & V is pipe V.
For ductile iron: /D = 0.0004ft/1.0ft = 0.0004; Ng = DV/v = [(1.0)(10.2)]/(1.08x107) = 9.44 x 10°;

From Moody; f=0.017; and h; =[0.017(130/1.0) + 1.0]-[(10.2)*/2g) = 5.18 ft; now from the energy eq’n;
(10.2)2/2g + Po/y + 10 ft =74.7 ft + 20 ft + 5.18 ft; therefore, P,/y =88.3 ft and P,=38.2 psi

Now balancing energy from the suction side of the pump (1) to the discharge side (2) yields;
WA i b : )
by +—+Hp= ey +—=+h, ; where V,=10.2 ft/s; V| = Q/A = (8 ft'/s)/[(n/4)(1.33ft)"] = 5.76 ft/sec;
g 7 g 7
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(Problem 4.2.8 — continued)
P,/y = 88.3 ft; h;=h,; Hp = 111 ft; and thus (5.76)%2g + Py/y + 111 ft = (10.2)*/2g + 88.3 ft; yielding

Pg/y = -21.6 ft which is above the vapor pressure of water of 0.344 Ib/in® (at 68*B, found in front jacket
of the book and Table 1.1) or a gage pressure of -14.4 Ib/in” (P, - Py, = 0i3444b/in"14.7 Ib/in®). This
converts to a pressure head (gage) of -33.3 ft of HyO [(Py - Pum)/yam(-14.4 Iblin® x 144 in*/ft)/62.3 1b/ft’],

therefore cavitation will not occur. The EGL and HGL sketch appears below,

P

Pressure
Tank

|

-............' Pump
Sketch the EGL and HGL such thata) the EGL and HGImstart belew the pump, b) they are separated by the
velocity head, ¢) the pumip adds a significant boost(@brupt tise) to the EGL, d) the EGL slopes toward the
tank based on the frictionloss, ¢) the HGL run§parallel to,and below the’'EGL separated by the velocity

head, and f)the HGlmefds at the tank a distance aboyethe water surface dye to the pressure head.

Balancifigrenergy between the upstreamgeservoir (A) and the downstreamireservoir (B) yields

4.2.9
H Hp =Hy +h; ; where Hy — Hp =80 m; hy =hs+ [ZK](V)2/2g; Kg= 0.5, K4 = 1.0 (exit coef). Thus,

30 Mm% H, = [f(2000mM0,40m) + 1.51V*/2g); whepd Vg pipeV. Ifthe flow is to be doubled;
V =2(3.09 m/s) = 6.1&m/s¢e (based on doubling the velocity, from Example 4.4). Now
N =DV/v = [(0.40)(6.18)}/(1.31x10°) = 1.89 x 10°. Ffoml Moody; f = 0.0105; and solving energy eq’n

30 m + Hp =40.0105(2000m/0.40m) + 1.5]-[(6.18)%/2g); Hp = 75.1 m

4.2.10 Balancing enetgy between the summit and the downstream reservoir (B), yields,

Ve P Vs P

S+ S 4 hg=-L8 +-8 4 hy+h; ; where Vy=Pg = 0; hg — hg = 22 m; Pg/y = -6m; and head losses are
2g 7y 2g vy

hy = he+ [YKI(V)*2g; w/K, = 0.15; Ky = 1.0 (exit). Thus, 22m + (-6m) = [f(150m/0.20m)+1.15](V*/2g);

Assume complete turbulence: e/D = 0.12mm/200mm = 0.0006; thus; f~= 0.018 and solving energy eq’n
16m = [0.018(150m/0.20m) + 1.15](V*/2g); V =4.63 m/sec. Now we can solve for Reynolds number,

Nr =DV/v =[(0.20)(4.63)]/(1 .00x10'6) =9.26 x 10%; From Moody; new f=0.018; OK
Now balancing energy from A to B; H , + Hp =Hp+h; ; Hyi- Hg=25m; K. =0.5; K, =0.15; K4=1.0

25 m + Hp = [0.018(300m/0.20m) + 1.65]-[(4.63)%/2g); Hp=6.30 m
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(Problem 4.2.10 — continued)
Start drawing your EGL and HGL from the reservoir surface (on the left) and move to the right accounting

for head losses along the way. Note that a) the EGL and HGL both start and end’at the reservoir surfaces,

b) the minor losses (entrance, valve, and exit) are accounted for with an
¢) the separation distance between the EGL and HGL accounts fo velocifiphead, V3/2g, so they are
parallel lines, d) the slope of the EGL represents the friction loss o e) the pump adds energy

shown as an abrupt rise in the EGL and HGL.

L &

_ EGL
A
H
VA
( > Q B
4.2.11 1 ocation for ne ¢ in a pipelinggs;a & point in the system. Since

oint nd 5 are at the same h , chvose point 5 sin

ses have a@ Now applying the ener,
+hA— \ +h; ; where V4 =0, Vs

/y = 0 (to meet the condition of the problem), and h, = h;+ [YK](V)*/2g; where

, &/D =0.045mm/102mm = 0.000441, assume f= 0.02 (not likely full turbulence) thus,
/2g +9.5 m + [0.5+ 0.02(32.5/0.102)+12]-[V*/2g] and Py/y = 19.9[V*/2g] - 0.5 (eq’n 1)

ipeline V), hy =10 m, and hs; =9.5 m.

Also, PA/y =Py/y a

ViR, V2

Py
Balance energy from A to B to get V; 2—A+—+ hy +~L8 + hy +h, where V4 =Vg=Pg=0,and
g 7

2g 7

Po/y + 10m = 7.5 m + [0.5 + 0.02(40/0.102) +12 + 10 + 1.0]-[V*/2g]; Poly =31.3[V*/2g]-2.5 (eq’n 2)
Solving equations (1) and (2) simultaneously yields; V = 1.86 m/sec; thus

Ng =DV/v = [(0.102)(1.86)]/(1.00x10°) = 1.90 x 10°; From Moody; new f = 0.0185; thus

Poly = 19.4[V?/2g] - 0.5 (eq’n 1) and Py/y =30.8[V*/2g] - 2.5 (eq’n 2) and new V = 1.86 (and f is OK)
Therefore; Py/y = 19.4[(1.86)%/2g] - 0.5 =2.92 m; and Py = (2.92 m)(9,790 N/m’) = 28.6 kPa
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431

The middle reservoir’s water surface elevation is a good first estimate for the total energy level at the
junction (P). It reduces the number of computations in the first pass through the problem, and the result will

indicate whether a higher or lower energy level is needed for the next iteration.“Fhus, the direction of flow

(to or from) the middle reservoir is established. The following spreadsh

Three Reservoir Problem (Exam 6)
Reservoir Water Total Head
Surface Elevations at Junction (m) Pipe Diamete
WSI1 = 120 M P= 99 D1 = 0.30
WS2 = 100 M Trial until Y Qs D2 = 0.50
WS3 = 80 M Balance D3 =
L 4
Pipe Lengths Water Temp. esses
L1= 1000 M 0060 m
L2= 4000 M i 0.00060 m
L3= 2000 M 0.00060 m
Pipett e/D Turb. Revised Q
e (m’/sec)
3333 0.0238
8000 0.0221
5000 . . 0.0221
ew f
0.0238 0.161
0.0222 0.065
0.0221 0.231
using the Swamee-Jain Equation
fP<WS2 ¢ = -0.004 Flows
IfP > WS2 -0.135

\ 4

432  Asafifst gux P = 5150 ft (elevation of middle reservoir), or 5150.01 to avoid division by zero.

Three Reservoir Problem (Prob 4.3.2)

Reservoir Water Total Head
Surface Elevations at Junction (ft) Pipe Diameters

WS1= 5200 Ft P= 5150.01 D1 = 4.00 ft
WS2= 5150 Ft Trial until Y Qs D2 = 3.00 ft
WS3= 5100 Ft Balance D3 = 5.00 ft
Pipe Lengths Water Temp. Pipe Roughnesses

L1= 6000 Ft TCF)= 68 el= 000040 ft
L2= 2000 Ft Viscosity e2=  0.00040 ft
L3= 8000 Ft v= 1.08E-05 e3= 0.00040 ft
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Pipe#t e/D Turb. L/D h¢ Velocity Nr Revised Q
f (ft) (ft/sec) i (ft'/sec)
1 0.00010  0.0120 1500 50.0 13.38 4.96E+06 0.0124
2 0.00013  0.0127 667 0.0 0.28 7.678+04 00196
3 0.00008  0.0115 1600 50.0 13.24 6.13E+06 0.0119
(using revised f value) revised V NEWANR, new f
1 13,15 487E+06 0.0124 165
2 0.22 G\ 7E+04 0.0204 2
3 13.01 6.02E+06 0.0119 255
* Revised™f” using the Swamee-Jain Equation
IfP <WS2 >Q= -88.5
IfP > WS2 Q= -91.74- To much outflow; elevation at juiiction isteo high.

By trying a few different water susface elevations, flows were quickly balanced,when P = 5141.8 ft. If the
pressure head (P/y) at the judction is 30Mt, then the elevation of thejunction'is P — 30 ft = 5111.8 ft since
the position head, pressure head, andwelocity head must add to tétalshead (P) at the junction. Recall that
the velocity head is assumed to be'negligible.

Three Reservoir Problem (Prob 4.3.2)

Resenvoir Water Total Head
Surface Blevations at Jun€tion (11) Pipe Diameters
WS1=/ 52005 Ft P& 51408 D= 4.00 ft
WS24&5150  Ft Frial until Y Qs D2 = 3.00 ft
WS83= 5100 Ft Balance D3 = 5.00 ft
Pipe Lengths Water Temp. Pipe Roughnesses

L1= 6000 4t TCF)= 68 el= 000040 ft

L2= 2000 ¢\ Ft Viscosity e2=0.00040 ft

L3= 8000 Ft v=0.0000108 e3= 0.00040 ft
Pipett e/D. Turb. L/D h¢ Velocity Nr Revised Q

f (ft) (ft/sec) f* (ft'/sec)

1 0.00010 0.0120 1500 58.2 14.44 535E+06  0.0124

2 0.00013  0.0127 667 8.2 7.91 2.20E+06  0.0134

3 0.00008 0.0115 1600 41.8 12.10 5.60E+06  0.0119

(using revised f value) revised V new Ng new f

1 14.21 5.26E+06  0.0124 179

2 7.70 2.14E+06  0.0134 54

3 11.87 5.50E+06  0.0119 233

* Revised “f” using the Swamee-Jain Equation
IfP <WS2 >Q= -0.2 Flows balance.
IfP > WS2 >Q=  -109.0
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As a first guess, try P = 2080 m (elevation of middle reservoir), or 2080.01 to avoid division by zero.

Three Reservoir Problem (Problem 4.3.3)

Reservoir Water Total Head
Surface Elevations at Junction (m) Pipe Diameters
WSI1 = 2100 M P= 2080.01 DI'% 1.00 m
WS2 = 2080 M Trial until Y Qs P2 = 0.30 m
WS3 = 2060 M Balance D3 = 1.00 m
Pipe Lengths Water Temp. Pipe Roughuesses
L1= 5000 M TCC)= 20 el = 0.000045 m
L2= 4000 M Viscosity e2= 01000045 wm
L3= 5000 M v=0.000001 €3 = €0.000045, mM
Pipe# e/D Turb. L/D hy Velocity Ne Revised Q
f (m) (m/sec) T (m*/sec)
1 0.000045 0.0108" 5000 20.0 2.75 g/775E4#06  0.0115
2 0.000150 0.0130 13333 0.0 003 LOTE+04  0.0311
3 0.000045  0.01030, 5000 20.0 205 2.75E+06  0.0115
(using reviseddfwalue)* revised V' new Ng new f
1 2.62 2.62E+06  0.0115 2.055
2 0.02 6.528%03  0.0352 0.002
3 2.62 2.62E406 M, 0.0115 2.056
* Revised Sf™using the Swamee-Jain Equation
IfP'< WS2 >Q=  0.000
IEP > WS2 >Q= [ -0003% Flows balancé!

No other trials are fiecessary since the flows balarice when P =2080, the elevation of the middle reservoir.
In fact, the astute sthdentmayshave guessed this based on theé'symmetry of the branching pipe system.
Howevergthe system design is probably not realistic singe the pipe from the middle reservoir carries no
water at thesebeservoir elevations. However, it is possible to have reservoir levels fluctuate, and note that
the pipe from the thiddle reservoir is much smaller than the other two pipes. So even if the reservoir levels
were quitedifferent, it would not need to carry as much flow as the other two pipes. Now let’s address the
other questions. If the total head (elevation) of the junction is 2080 m, then the pressure head (P/y) at the
junction is 10 m (P — 2070 = 10 m) since the position (elevation) head, pressure head, and velocity head
must add up to equal the total head (P) at the junction. Recall that the velocity head is assumed to be
negligible. Finally, let’s estimate the velocity head at the junction. Since all of the flow from the first pipe
is passing through to the third pipe, the velocity head is roughly 0.35 m [V?/2g = (2.62 m/s)*/2g = 0.350 m].
The velocity is taken from the table above. You can readily see that the velocity head is not that significant

even in the rare case of no mixing in the junction (i.e., pass through flow from pipe 1 to pipe 3).
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4.3.4  The Hazen-Williams equation is easi

er to use on branching pipe systems because the roughness coefficient

(Cuw) is not dependent on flow velocity. The spreadsheet below depicts the procedure. By trying a few
different water surface elevations, flows are balanced when P =5141.9 ft. (Elev(J) =P —30=5111.9 ft.)

Three Reservoir Problem (Prob 4.3.4)

Reservoir Water
Surface Elevations
WS1= 5200 ft
WS2= 5150 ft
WS3= 5100 ft

Pipe Lengths
L1= 6000 ft
L2= 2000 ft
L3= 8000 ft

Total Head
at Junction (ft)
P= 5141.
Trial until Y Q

ft
ft

\ Pipe Lengths

Pipe Diameters

L1= 6000 ft D1 = 4.00 ft
L2= 2000 ft D2 = 3.00 ft
L3= 8000 ft D3 = 5.00 ft
Pipe# n h¢ S* Ry** %k Q
(ft) (ft) (ft/sec) (cfs)
1 0.011 58.8 0.00980 1.00 13.4 168
2 0.011 8.8 0.00440 0.75 7.4 52
3 0.011 41.2 0.00515 1.25 11.2 221

* S =hy/L (i.e., friction slope or EGL slope in this case) IfP<WS2; Q= -0.5

** Ry, =D/4 (Equation 3.26)
*x% Y = (1.486/n)R,*?S** (Equation 3.29)

IfP>WS2; YQ= 3367
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4.3.6

4.3.7

4.3.8

The energy level at the junction is 4085 m. (V,;*/2g + Py/y + h; =0 + 13.0m + 4072m) Note that the velocity
head at the junction is assumed negligible and Py/y = (127,000 N/m?)/(9790 N/m®) = 13.0 m. Now we
ould yield Q,. Thus,

realize that flow is from the J to the middle reservoir (2), and balancing energ

2 2
P,

V—J+&+hj :V—2+—2+h2 +h; ; where V, =P, = 0; and h; = hy= fi

2¢ vy 2¢g 7y

velocity and we are ignoring minor losses. Assume complete turb

4085m = 4080m + 0.026(1000/0.2)((V,)*/2g); V, = 0.869amisec. , Qy=VyA,=0.0273 m*/sec. Now,
2 2
LB h, = L6 Iy + hy ; where V3 = Py= 0; £(3000/0.50)(V*/24
2g 7y 2g vy

velocity; again ignoring minor losses. Assu

4085m = 4060m + 0.0205(3000/0.5)((V. =2.00 m/sec. Thus, Q ‘ 0.393 m*/sec. Now,
Based on mass balance at the junction, +0.393=0.420 m’ /s,&ng final energy balance;
2 2
E+ﬁ+hl =V—J+&+h 1=P;=0;and hy =h 0.30)(V*/2g); where V is pipe
22 7 2y

cefe/D = 0.002; thus; f =0.024 and
m/sec. Thus, h; =4373 m

sume complete tur

CrwR, 63805 )A) =
herefore, the flovipto rvoir 3 is 75.0 — 60.5

=145 cfs=VA \ RSS%3)(A) = (1.318)(150)62t/4)* % (hy/3000)°* (n/4)(21t)
h;=6.4 fQT’Qhe ater surface elevation at reservoir 3 is 3150.3 - 6.4 = 3143.9 ft. = 3144 ft

Letting the gr e the datum, assume the total energy level at the junction is 7 m (4 m above shower):
Qur=( W3S = (1/0.011)[(n/4)(0.03m)*](0.03/4)**(1m/2m)"* = 1.74 Li/sec; Qpy=0;S=0;

Qic = (1/m)A(Ry)**S"* = (1/0.011)[(7/4)(0.03m)?](0.03/4)**(4m/5m)""* = 2.20 L/sec.

Since the outflow exceeds the inflow, assume a lower energy level at the junction, say 6.95 m.

Qs = (I/n)AR)**S" = (1/0.011)[(1/4)(0.03m)*](0.03/4)**(1.05m/2m)"? = 1.78 L/sec;

Qpr = (1/m)ARy)*?S"? = (1/0.011)[(/4)(0.03m)*](0.03/4)*3(0.05m/2m)""* = 0.39 L/sec.

Qyc = (I/n)ARy)**S" = (1/0.01 1)[(7/4)(0.03m)?](0.03/4)**(3.95m/5m)"? = 2.19 L/sec.

The flows balance, so the assumed flow of 2.19 L/sec to the shower is correct.
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44.1

a) Pe=Py—Pyg— Ppc— Pcyy— Pur =489.5-803-119.4-59-116.5=167.4 kPa

This is the same pressure obtained in the example problem through a different path. It should not be
surprising since energy was balanced as part of the process. Occasionally slightWariations occur due to
rounding error or computations end before the network is balanced completely’

b) The lowest total energy in the system is at node F. This is true,because all flows move toward F (all
network flows are incoming), and water always moves toward the point.ofleast total energy.

¢) One possible solution is to increase some pipe sizes,gerhaps a few critical pipes where head losses are
the greatest. It may also be possible to substitute new@r/smoother pipes to reduce the frigfionloss.

d) The following spreadsheet represents computer software used4o analyze Example 4.8

Pipe Network Problefimn(Example 4.8)

Storage Tank Network Inflows
Elevation (m) (m’/sec)
A= 50.00 A= 10.300
Junction Eleyafions Network Outflows
All 0.00 (m’/see)
= 00050
Roughness (e, itim) =0.150
All 0.000260 Gs 0.100
Pipe (0] Length  Diameter: e/D f K
(m’/sed) (m) (m) (sec’/m°)
AB 0.200 300 0.30 0.00087 0.0190 193
AD 0.100 250 0.25 0.00104 0.0198 419,
BC 0.080 350 0.20 0.00130 0.0210 1894
BG 0.120 126 0:.20 0.00130 0:0210 676
GH 0.020 350 0.20 0.00130 0:0210 1894
CH 0.030 125 0.20 0:00130 0.0210 676
DE 0%100 300 0.20 0.00130 040210 1623
GE 0.000 125 0.15 0.00173 0.0226 3068
EF 0.100 350 0.20 0.00130 0.0210 1894
HF 0.050 125 0.15 0.00173 0.0226 3068
Loop Pipe 0 K hy h/O New Q
(m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
1 AB 0.200 193 7.74 38.7 0.205
(clockwise) BG 0.120 676 9.74 81.2 0.125
GE 0.000 3068 0.00 0.0 0.005
zhf(z = 17.48 1 199 Ez(hic/Qc)
1 AD 0.100 419 4.19 41.9 0.095
(counter) DE 0.100 1623 16.23 162.3 0.095
Yhee = 2042 2042  “2(w/Qe
AQ= -0.0045
Loop  Pipe 0 K B QO  NewQ |
(m’/sec)  (sec’/m’) (m) (sec/m?) ‘ (m’/sec)




2 BC 0.080 1894 12.12 151.5 0.077
(clockwise) CH 0.030 676 0.61 20.3 0.027
2he = 12.73 171.8  =X(ht/Q,
2 BG 0.125 676 10.49 84.2 0827
(counter) GH 0.020 1894 0.76 37.9 0.023
Thee= 1125 1221 G2
AQ= 00025
Loop Pipe (0] K hr O New Q |
(m’/sec)  (sec’/m’) (m) (sec/mi’) ‘ (m’/sec)
3 GH 0.023 1894 0996 42.6 0.036
(clockwise) HF 0.050 3068 TG 153.4 0.063
Yhe = 8.63 196.0  =>(h/Qy
3 GE 0.005 3068 0.06 14.0 -0.008
(counter) EF 0.100 1894 18.94 189.4 0.087
Bhie= 919.00 2033 @ 2R
AQ= -0.0430
Loop  Pipe 0 K hy o WNewQ |
(m’/sec) (sec”/m’) (m) (Ses/m) ‘ (m’/sec)
| AB 0:205 193 8.10 39.6 0.204
(clockwise) BG 0.127 676 10.92 85.9 0.127
Yhe = 19.01 125.5 =>'(ht/Q.)
| AD 0.095 419 382 40.0 0.096
(couinter) DE 0.095 1623 14.79 154.9 01096
EG 0.008 3068 022 25.9 0.008
s @3 (020.8% Rl
AQs=n,. 0.0003
Roop  Pipe 0 K h /O™ NewQ |
(m’/sed)™ (sec’/m’) (n) (see/m?) ‘ (m’/sec)
2 BC. 0.077 1894 11.37 146.7 0.080
(clockwise) CH 0,027 676 051 18.6 0.030
2he = 11588 1653  =X(hw/Qy
2 BG 0.127 676 10.87 85.7 0.125
(couiitey) GH 0.036 1894 2.39 67.2 0.033
Phee= 1326 153.0 20w
AQ= -0.0022
Loop Pipe (0] K hr h/Q New Q |
(m’/sec)  (sec’/m’) (m) (sec/m?) ‘ (m’/sec)
3 GH 0.033 1894 2.10 63.1 0.033
(clockwise) HF 0.063 3068 12.17 193.2 0.063
EG 0.008 3068 0.20 25.0 0.008
2he = 14.48 2814  =(he/Q
(counter) EF 0.087 1894 14.34 164.8 0.087
Thee= 1434 1648 20l
AQ=  0.0002
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4.4.2

443

Pipe (0] 0 Length  Diameter hy AP
(m’/sec)  (L/sec) (m) (m) (m) (kPa)
AB 0.2043 2043 300 0.30 8.1 79.0
AD 0.0957 95.7 250 0.25 3.8 376
BC 0.0796 79.6 350 0.20 12.0 1176
BG 0.1246 1246 125 0.20 10.5 102.8
GH 0.0332 33.2 350 0.20 2.1 20.4
CH 0.0296 29.6 125 0.20 0.6 58
DE 0.0957 95.7 300 0.20 149 145.6
EG 0.0083 8.3 125 0.18 0.2 2.1
EF 0.0872 87.2 350 020 14.4 140.9
HF 0.0628 62.8 125 0.15 12.1 118.5

Flow rates could be assumed in each pipe and @atraditiofial Hardy-Cross tabular method could be employed.
However, since there is only one loop €otaining twe pipes, a direct solutidn is possible.

a) For concrete (avg), e = 0.0012 ft, and \=4.08 %107 ft*/sec (68°F)amAssuthe complete turbulence:
e/D; =0.0012/1.5 = 0.0008; thus; £ =0,019and /D, = 0.0012/2.0 £0.0006; thus; f= 0.018;

h, =hs= f(L/D)(Vz/Zg); and based on conservation of energys hy | = hys#Therefore,
[(0.019)(4000/1.5)](V)*/2g =£0.018%(3000/2.0)](V,)*/2g;

V, =Qy/A, = Qitn/A.5)"]1 = 0.566:Q; and V, =0,/A3% Q./[(m/4)(2.0)*] = 0.318-Q,; therefore
[(0.019)(4000/1.5)](0.566:0,)*/2g = [(0.018)(30602.0)0.318-Q,)*/2g; which results in

Q; =0.410Q,; from mas§balance, Q; + Q, = 50.0 cfsjsubstituting yields @3=135.5 cfs; Q; = 14.5 cfs
Cheékingithe frigtion factors; Ng = DV Vip=0.566-Q; = 8.21 ff/segpand V, =0.318-Q, = 11.3 ft/sec;

N = DIVaAw=1(1.5)(8.21)/ (1.08 x 109),=1.14'x 10™ £=10.019.0K

Npz =D, Vv = [(2.0)(11.3)/ (108 x102) =2.09 x 10% = 0.018OKyand the head loss is
he=Ef(L/D)](V/2g) 1(0.019)(40004°5)](8.21)*2gm53.0\ft (usihg pipe 1 parameters)

b) Find the equivalent pipéto replace Branches 1iand 2,/let D =25 ft and thus from e/D; f=0.017
[(De")/(feLe)]" = WD NE BN + [(D2)/(fLo)]™; flondEquation (3.47)

[(2.5%)/(0917- LW S[(1.5°)/(0.019-4000)] + [(2°)/(0.018-3000)]"%; L = 4870 ft and from Table 3.4
hiag = [0:0252:fL)/D°]Q” = [(0.0252-0.017-4870)/(2.5)°1(50.0)* = 53.4 ft

Flow ifi pipe Bianches, hy=53.4 ft =[(0.0252-0.019-4000)/(1.5)°]Q,*; Q; = 14.6 cfs

he = 53.4W=7(0.0252:0.018-3000)/(2.0)°1Q,%; Q, = 35.4 cfs; same thing from Q; + Q, = 50.0 cfs

Flow rates could be assumed in each pipe and a traditional Hardy-Cross tabular method could be employed.
However, since there is only one loop containing two pipes, a direct solution is possible.

a) For cast iron, e = 0.26 mm, and v = 1.31 x 10"® m?/sec (water at 10°C). Assume complete turbulence:
e/D; = 0.26mm/40mm = 0.0065; thus; f = 0.033 and ¢/D, = 0.26mm/50mm = 0.0052; thus; f = 0.030;

hy = hy= [f(L/D) + YK]-(V*/2g); and based on conservation of energy, h; = h;». Therefore,
[(0.033)(25/0.04) + 2(0.2)](V1)*/2g = [(0.030)(30/0.05) + 2(0.2)](V,)*/2g;

Vi =Qi/A, = Q/[(/4)(0.04)*] = 796:Q;; and V, = Qy/A, = Q./[(1/4)(0.05)*] = 509-Q,; therefore
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444

(m3/s& ) (m)
AB 0.50 0.45

(Problem 4.4.3 — continued)

[(0.033)(25/0.04) + 2(0.2)](796-Q,)*/2g = [(0.030)(30/0.05) + 2(0.2)](509-Q,)*/2g; which results in
Q; =0.598Q,; from mass balance, Q; + Q, = 12 L/s; substituting yields Q, =7.51 L/s; Q; = 4.49 L/s
Checking the friction factors; Ng = DV/v ; V| =796-Q, = 3.57 m/sec; and V, = ‘Q, =3.82 m/sec;
Ngi =D Vv =[(0.04)(3.57)/ (1.31 x 10°) = 1.09 x 10> £=0.033 OK
N> = D,Vo/v = [(0.05)(3.82)/ (1.31 x 10°) = 1.46 x 10¥ £=0.03 nough); and head loss is
hy = [f(L/D) + YK]-(V*/2g) = [(0.033)(25/0.04) + 2(0.2)](3.57)*/2 ing pipe 1 parameters)

[(0.06°)/(0.029-Lg)]"* = [(0.04°)/(0.033-25)]"* + [
heag = [(0.0826-FL)/D°]Q? = [(0.0826:0.02

0.0 2)2=13.4¢ (mi

25)/(0.04)°1Q1% Q; = X
¢) ; orfrom Q; + Q,=12L/s

r approach to the Hal solution method.

(Problem 4.4.

3/se

1.000
Outflows

! (0] Length

eter

0 0.45
400 0.40
400 0.40 0.00090 0.0191 62
300 0.20 0.00180 0.0228 1764
300 0.20 0.00180 0.0228 1764
* Equation 3.23 - hydraulically rough pipes (complete turbulance)
Loop Pipe (0] K hy h/Q New Q ‘
(m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
1 AB 0.500 25 6.25 12.5 0.510
(clockwise)
Yhg = 6.25 12.5 =>(hg/Qy)
1 AC 0.500 25 6.25 12.5 0.490
(counter) CB 0.030 1764 1.59 52.9 0.020
2hee = 7.84 65.4 =X (hree/Qcey

AQ= -0.0102
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Loop  Pipe 0 K B O  NewQ |
(m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
2 CB 0.020 1764 0.69 35.0 0.006
(clockwise) BD 0.530 62 17.35 32.7 0.516
thc = 1805 677 Ez:(hfc/()c)
2 CE 0.470 62 13.65 29.0 0484
(counter) ED 0.020 1764 0.71 353 0.034
2hee= 1435 6430 sl
AQ =gm0:0140
Loop  Pipe 0 K B hQ NewQ |
(m’/sec)  (sec’/m’) (m) ®edm?) ‘ (m’/sec)
1 AB 0.510 25 6.51 12.8 0604
(clockwise)
zhfc = 65 1 128 EZ(hfc/()c)
1 AC 0.490 23 6.00 12.2 0.496
(counter) CB 0.006 1764 0.06 10.3 0012
2he™ 6,06 oo, /%o
AQ = 1040064
Loop Pipe (0] K hy h/Q New Q ‘
(n’fsec) (sec’/m’) (m) (sec/m?) | @Msec)
2 @B 0.012 1764 0.26 21.5 0.071
(clogliise) BD 0.516 62 16.45 31.9 0515
zhfc = 1 67 1 53 4 EZ‘.(hfc/Qc)
2 CE 0.484 62 14.47 29.9 0.485
(conier) ED 0.034 1fi64 2.04 60.0 0.035
Lhee = 16751 89.9 =2 (ee/ Qo)
AQE  0.0007
Pipe (0] 0 Length  Diameter hy AP
(m’/sec) > (L/sec) (m) (m) (m) (kPa)
AB 0:504 504 300 0.45 6.35 62.1
AC 0.496 496 300 0.45 6.16 60.3
BD 0.515 515 400 0.40 16.41 160.6
CE 0.485 485 400 0.40 14.51 142.1
CB 0.011 11 300 0.20 0.23 2.3
ED 0.035 35 300 0.20 2.12 20.8

Determine pressure at junction E and D (the demand points) by subtracting head losses on the flow path.
Hg =Ha — hiac - hcg = 355m - 6.16m - 14.51m = 334.3m; and subtracting the position head yields
(P/y)g = Hg - hg = 334.3 - 314.1 =20.2 m; Pg = (20.2 m)(9790 N/m*) = 198 kPa (OK); Likewise,
Hp=355m- 6.35m - 16.41m = 332.2m; (P/y)p =332.2 - 313.3 =18.9 m; P, =185 kPa (OK)
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4.4.5  The following spreadsheet is a tabular approach to the Hardy-Cross (Hazen-Williams) solution method.

Pipe Network Problem (Problem 4.4.5)

Storage Tank Network Inflows
Elevations (m) (m*/sec)
A= 35500 A= 1.000
Junction
Elevations Netwotk Outflows
(See problem
writeup.) a’/scQ)
Pipe Roughness
(Caw)) D="0.550
All 120 E= 0450
Pipe (0] Length®™iDiameter Cuw m K*
(m3 /sec) (m) (m) (sed*>/m*)
AB 0.500 300 0.45 120 1.85 22
AC 0.500 300 0.45 120 1.85 22
BD 0530 400 0.40 120 1.85 53
CE 0.470 400 0.40 120 1.85 53
CB 0.030 300 0.20 120 1.85 1159
ED 0.020 300 0.20 120 1.85 1159
* Table 3.4, K = (10.7*L)/(D™ *C'™)
Lodp Pipe (0] K hE* h/Q New Q
(m’/sed)l dec'Pm>) (m) (sec/in?) ["m’/sec)
1 AB 0.500 22 6419 12.4 0.511
(clockwise)
**Table 3.4; h, = KOW’ Yhe = 6.19 12.4 EZ(hfc/QC)
1 AC 0500 22 6.19 12.4 0.489
(counter) CB 0.030 1159 1.76 58.8 0.019
hee = 796 712 “XhesQo
***Equation 4.1{7b (correction for Hazen-Williams) AQ***= -0.0114
Loop Pipe 0 K hy h/O New Q
(m’/sec)  (sec"*/m**) (m) (sec/m®) | (m’/sec)
2 CB 0.019 1159 0.73 39.2 0.006
(clockwise) BD 0.530 53 16.32 30.8 0.518
thc = 1705 700 Ez:(hfc/()c)
2 CE 0.470 53 13.07 27.8 0.482
(counter) ED 0.020 1159 0.83 41.7 0.032
Xhee= 1390 695  xXhelQw

AQ= 0.0122




4.4.6

Loop Pipe 0 K hy h/Q New Q
(m’/sec)  (sec"*/m*%) (m) (sec/m?) | (m’/sec)
1 AB 0.511 22 6.46 12.6 0.506
(clockwise)
2he = 6.46 12.6 =>(ht/Qg
1 AC 0.489 22 5.94 12.1 0494
(counter) CB 0.006 1159 0.10 158 0.012
hee= 604 2700 2N
AQ == M0056
Loop Pipe (0] K b h/Q New Q
(m’/sec)  (sec"*/m*%) (m) (s€c/m?) | (m’/sec)
2 CB 0.012 1159 0.32 27.0 0.0L1
(clockwise) BD 0.518 53 15.64 30.2 0517
zhfc N 1596 572 EZ(hfc/Qc)
2 CE 0.482 53 13.71 28.4 0.483
(counter) ED 0.032 h159 2.01 62.5 0.033
Yhg = 15.72 900 20/ Qeey
AQ= 1,0:0009
Pipe (0] (0) Length  Diameter hr AP
(msec) “(l/sec) (m) (m) (m) (kPa)
AB 0.506 506 300 0.45 6.33 61.9
AC 0.494 494 300 0.45 6.06 $9.3
BD 0.517 517 400 0.40 1559 152.6
CE 0.483 483 400 0.40 18.75 134.6
CB 0.011 11 300 0.20 0.28 2.8
ED 0.033 33 300 0.20 2.12 20.7

Pipe flows using thé Hazen-Williams equation for friction logs do not differ significantly (< 2 L/s) from the
Darcy-Weisbagh approach (Prob 4.4.4). Head loss differénces vary more (difficult to equate e and Cpy).
Determine pressure atjunction E and D (the demand points) by subtracting head losses on the flow path.
Hg = Hy{ — hja@- Bjeg = 355m - 6.06m — 13,75m = 335.2m; and subtracting the position head yields

(P/y)g = Hip-dit = 335.2 - 314.1 =21.1 m; Py =(21.1 m)(9790 N/m’) = 207 kPa (OK); Likewise,

Hp =355m - 6.33m — 15.59m = 333.1m; (P/y)p = 333.1 - 313.3 = 19.8 m; Pp = 194 kPa (OK)

It is clear from the solution table in Example 4.8 that pipes DE and EF are the pipes that should be
replaced by larger diameter pipes. Both have head losses that are over 14 m; the next largest head loss is
pipe BC with 12.2 m of head loss. Pipe AD, which has a diameter of 25 cm, discharges into pipes DE and
EF, which have diameters of 20 cm. The head loss in AD is only 3.8 m, but some of that can be attributed
to its shorter length than either DE or EF. Let’s replace DE, since it has the highest head loss and it will

not be as expensive to replace as EF since it is 50 m shorter.
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(Problem 4.4.6 — continued)
The spreadsheet below depicts the results of an increase in pipe diameter for DE from 20 cm to 25 cm.

Pipe Network Problem (Problem 4.4.6)

Storage Tank Network Inflows
Elevations (m) (m’/sec)
A= 50.00 A= 10.300
Junction Elevations Network Outflows
All 0.00 (m’/se0)
G= 0.050
Roughness (e, in m) Fs, 0.150
All 0.000260 G ="00.100
Pipe (0] Length  Diameter e/D e K
(m’/sec) (m) (m) (set’/m’)
AB 0.200 300 030 0,00087 0.0190 193
AD 0.100 250 0.25 0.00104 0.0198 419
BC 0.080 350 0.20 0.00130 0.0210 1894
BG 0.120 125 0.20 0.00130 070210 676
GH 0.020 350 0.20 0.00130 0.0210 1894
CH 0.030 125 0.20 0.00130 0.0210 676
DE 04100 300 0.25 0.00104 0.0198 503
GE 0.000 125 0.15 0.00193 0.0226 3068
EF 0.100 350 0.20 0.00130 0.0210 1894
HE 0.050 125 0.15 0.00173 0.0226 3068
*&quation 3.23 -hydraulically rough pipes (completeturbulance)
Loof ™Smpipe 0 K B 2O  NwQ |
(m’/se€) se€®/m’) (m) (sechn’) fmin’/sec)
1 AB 0.200 193 T4 38.7 0.181
(clockwise) BG 0.120 676 9.74 81.2 0.101
GE 0:000 3068 0.00 0.0 -0.019
zhfc = 1 748 1 19.9 Ez(th/Qc)
1 AD 0.100 419 4.19 41.9 0.119
(countery) DE 0.100 503 5.03 50.3 0.119
Xhee= 923 923  “x(e/Qo
AQ= 0.0195
Loop Pipe (0] K he h/Q New Q ‘
(m’/sec)  (sec’/m’) (m) (sec/m?) | (m?/sec)
2 BC 0.080 1894 12.12 151.5 0.071
(clockwise) CH 0.030 676 0.61 20.3 0.021
zhfc = 1273 1 7 1 .8 Ez(th/Qc)
2 BG 0.101 676 6.84 68.0 0.110
(counter) GH 0.020 1894 0.76 37.9 0.029
hee= 759 1059 xhe/Qo
AQ=  0.0092
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Loop  Pipe 0 K I O  NewQ |
(m*/sec)  (sec’/m’) (m) (sec/m?) | (m?/sec)
3 GH 0.029 1894 1.62 55.4 0.039
(clockwise) HF 0.050 3068 7.67 153.4 0.059
EG 0.019 3068 1.16 59.6 0029
2he = 10.45 268 4n.  =>(hp/Q,
3 EF 0.100 1894 18.94 189.4 0.091
(counter) Shee = 18.94 189 .4 = (hree/ Qcey
AQ@ = -0.0093
Loop Pipe (0] K hy W0 New Q ‘
(m’/sec)  (sec’/m’) (m) (sec/m?) ‘ (m*sec)
1 AB 0.181 193 6.31 34.9 0483
(clockwise) BG 0.110 676 815 74.2 0112
2hed® 14.46 109.2 gm=>(h Q.
1 AD 0.149 419 5.98 50.1 0517
(counter) DE 0.119 503 7.18 60.1 0117
EG 0.029 3068 2.53 381 0.027
Theo= 15 comy Yogal (e
AQ = <0.0020
Loop W Pipe 0 K Iy o  ([Newan
(m’/sec)  (sed’/m) (m) (sec/uh, (M'/sec)
2 BC 0.071 1894 948 134.0 0.073
(clocidvise) CH 0.021 676 0.29 14.0. 0.023
2 hye = 9.77 1480 “5=)(hs/Q,
2 BG 0.112 676 8.45 75.6 0.109
(counter) GH 0.039 1894 2.81 729 0.036
hee= 11261 485 2w
AQE" -0.0025
Loop™® Pipe 0 K hy O  NewQ |
(m¥/sec)  (sec’/m’) (m) (sec/m?) | (m?/sec)
3 GH 0.036 1894 2.45 68.2 0.036
(clockwise) HF 0.059 3068 10.78 181.8 0.059
EG 0.027 3068 2.19 81.9 0.027
zhfc = 1 5 42 33 1 .9 Ez(th/Qc)
(counter) EF 0.091 1894 15.59 171.8 0.091
Mhee= 1559 1718 T20edQo
AQ = -0.0002
Loop  Pipe 0 K Iy O  NewQ |
(m’/sec)  (sec’/m’) (m) (sec/m’) | (m’/sec)
1 AB 0.183 193 6.45 353 0.183 |

54



(clockwise) BG 0.109 676 8.08 73.9 0.110
zhfc = 1453 109.2 Ez(th/Qc)
1 AD 0.117 419 5.78 49.2 0.117
(counter) DE 0.117 503 6.94 59.1 0.1149
EG 0.027 3068 2.16 81.4 0.026
Xhee= 1489  189.8 Wb«
AQ= -0.0006
Loop  Pipe 0 K I 1/0 WfNew Q|
(m¥/sec)  (sec’/m’) (m) (sec/n’) | \(m?/sec)
2 BC 0.073 1894 10.16 138.7 0.073
(clockwise) CH 0.023 676 037 1547 0.023
zhfc y 1053 1 545 EZ(hfc/(Q&:)
2 BG 0.110 676 8.17 74.3 0.110
(counter) GH 0.036 1894 248 68.5 0036
M 064 1428 22U8Q
AQ= -0.0002
Loop  Pipe ) K I hi@ a4 NewQ |
(m’/sec)mfsec’/m’) (m) (sec/m’) | (m’/sec)
3 GH 0.036 1894 2645 68.1 0.036
(clockwise) HF 0.059 3068 10.84 182.3 0.060
EG 0.026 3068 2:06 79.6 0.026
zhfc = l 535 3300 Ez(hfc/Qc)
(dounter) EBE 0.091 1894 15.53 1745 0:020
heo= 7 1553 170 b/
AQ = -0:0002
Pipe (0] (0] Length  Diameter hy AP
(m’*/sec) W (L/fec) (m) (m) (m) (kPa)
AB 0.1832 183.2 300 0.30 6.5 63.5
AD 0.1768 116.8 250 0.25 5.7 56.0
BC 0735 73.5 350 0.20 10.2 100.0
BG 0.1097 109.7 125 0.20 8.1 79.7
GH. 0.0362 36.2 350 0.20 2.5 24.2
CH 0.0235 23.5 125 0.20 0.4 3.6
DE 0.1168 116.8 300 0.25 6.9 67.3
EG 0.0258 25.8 125 0.15 2.0 19.9
EF 0.0904 90.4 350 0.20 15.5 151.4
HF 0.0596 59.6 125 0.15 10.9 106.7

Now we can determine the pressure at junction F by subtracting head losses on the flow path.
P|: :PA _PAB_PBC_PCH_PHF =489.5-63.5-100.0-3.6 —106.7 = 215.7 kPa

This is a 48.3 kPa increase in the pressure at F by replacing one critical pipe in the system.



4.4.77  The following spreadsheet is a tabular approach to the Hardy-Cross (Hazen-Williams) solution method.

Pipe Network Problem (Problem 4.4.7)

Storage Tank Network Inflows
Elevations (ft) (ft'/sec)
A= 47520 A= 125
Network Outflows
Junction Elevations (ft'/sec)
(See problem writeup.) C=" 3.50
Roughness (Cpy) D= 3.50
All 120 E =03,5.50
Pipe Q Length | Diameter Cow m K*
3
(fssee) | (M) @) iy
AB 11.00 600 1.50 120 1.85 0:056
AC 14.00 600 1.50 120 1.85 0.056
BD 7.00 800 125 120 1.85 0.182
CE 7.00 800 1.25 120 1.85 0.182
BF 4.00 400 1400 120 1485 0.269
CF 1.00 400 1.00 120 1.85 0.269
FG 5,00 800 1.25 120 1.85 0.182
GD 1.00 400 1.00 120 1.85 0:269
GE 4.00 400 1.00 120 1.85 0.269
* Table,3.4; Ko (4.73%DND™ *C'®)
Loop Pipe (0] K B hiQ New Q
(ft¥/sec)d (sec* /') (ft) (See/fth, (f/sec)
I AB 11.00 0.06 4.74 0.43 10.85
(claglayise) BF 4.00 0.27 350 0.88 3.85
**Table 3.4; b= KO'” 2he” @24 I =200
1 AC 14.00 0.06 7.40 0.53 14.15
(counter), CF 1700 0.27 0.27 0.27 1.15
Lhee= 767 0.80  “x(e/Qo
***Equiation 4.17b(eorrection for Hazen-Williams) AQF**= 0.146
Loop Pipe (0] K hr h/Q New Q
(ft¥/sec)  (sec"**/ft*S) (ft) (sec/f)  (ft'/sec)
2 BD 7.00 0.18 6.65 0.95 7.09
(clockwise)
Yhe = 6.65 0.95 =) (hy/ Qc)
2 BF 3.85 0.27 3.27 0.85 3.77
(counter) FG 5.00 0.18 3.57 0.71 491
GD 1.00 0.27 0.27 0.27 0.91
hee= 711 183 “2eQo
AQ= -0.089
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Loop Pipe (0] K he h/Q New Q
(ft¥/sec)  (sec"*/ft*S) (ft) (sec/f)  (ft'/sec)
3 CF 1.15 0.27 0.35 0.30 1.02
(clockwise)  FG 491 0.18 3.45 0.70 4.79
GE 4.00 0.27 3.50 0.88 3188
Yhe = 7.30 1.88 =) (hg/ Qc)
3 CE 7.00 0.18 6.65 0.95 2
(counter)
2hee= 6,65 0.98) G2t
AQ =) 0.124
Loop Pipe (0] K hy h/Q Neéw Q
(ft/sec)  (sec'$3f*5) (ft) (sec/ft’)  (ftfec)
1 AB 10.85 0.06 4.62 0.43 10.87
(clockwise) — BF 3.77 0.2% 3.13 0.83 3.78
thc A 775 126 Ez;(hfc/Qc)
1 AC 14015 0.06 7.54 0.53 14.13
(counter) CF 1.02 027 0.28 047 1.00
2hee = 7.83 o
AQ= 0.019
Loop Pipe 0 K hy h/Q Netv Q
(ft'/sec)  (sectiVft') (ft) (sec/t) W(ft'lsec)
2 BD 7.09 048 6.81 0.96 7.06
(clodkwise)
thc = 68 1 096 EZ(hfc/()c)
2 BF 3.78 0.27 316 0.84 3.81
(counter) FG 4979 0.18 3.29 0.69 481
GD 0.91 0.27 0.23 0.25 0.94
hee= 668 177 “20eQo
AQ=  0.025
Loop Pipe 0 K hy h/Q New Q
(ft¥/sec)  (sec"*/ft"S) (ft) (sec/f)  (ft'/sec)
3 CF 1.00 0.27 0.27 0.27 1.00
(clockwise)  FG 481 0.18 3.33 0.69 4.81
GE 3.88 0.27 3.30 0.85 3.87
Yhe = 6.90 1.81 = (hy/ Qc)
3 CE 7.12 0.18 6.87 0.96 7.13
(counter)
Zhie=  6.87 0.96  “2heQu
AQ=  0.006
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4.4.8

Pipe Q Length Diameter K* hy AP

(ft3/ sec) (ft) (ft) (sec! 5/£5%) (ft) (psi)
AB 10.87 600 1.50 0.056 4.64 2.01
AC 14.13 600 1.50 0.056 7.53 3.26
BD 7.06 800 1.25 0.182 6.76 2.93
CE 7.13 800 1.25 0.182 6.88 2.98
BF 3.81 400 1.00 0.269 3.20 33
CF 1.00 400 1.00 0.269 0.27 0.12
FG 4.81 800 1.25 0.182 332 1.44
GD 0.94 400 1.00 0.269 0.24 0.10
GE 3.87 400 1.00 0:269 3.29 1.43

The pressure head at junction A is given as 45 p§i. This translates into a presgure head of

[(45 1b/in®)(144 in*/ft%)]/(62.3 1b/ft?) = 10Nt

This allows you to obtain the total head af\jufiction’A (h + P/y) assumdinigithe Velocity head is negligible.
Once the total head at junctign A is determined, the total head at the\afher junctions is found by subtraction
head losses from junction to junction using'the pipe head logSes from the above table. Finally, the pressure
heads are determined by subtractimgsfhie clevations fromgthe total heads. These can be transformed into

pressures in psidising théappropriate conversions.

Junction Elev. Total
Ply Hegd™ P/y** P

(10) (ft) ) (ft) (ps)

A 325.0 104.0 429.0 104.0 45.0
B 328.5 4244 95.9 41.5
c 325.8 421.5 9541 41.4
D 338.8 417.6 78.8 34
E 330.8 414.6 83.8 36.3
F 332.7 421.2 88.5 38.3
G 3348 417.9 83.1 35.9

* Foundsby subtracting head losses in pipes from previous junction total head.
** Fgund by subfracting position head (i.e., elevation) from total head.

It is clear from the solution table in Example 4.9 that pipes GD and BF are the pipes that should be
replaced by larger diameter pipes. Both have head losses that are over 20 m; the next largest head loss is
pipe BC with 16.8 m of head loss. Pipe GD, which has a diameter of 25 cm, discharges into pipes DE and
DC, which have diameters of 20 cm. Pipe BF, which has a diameter of 20 cm, discharges directly into node
F which has the pressure problem. However, let’s replace GD since it has the highest head loss and it is
not likely to be as expensive to replace as BF since it is 100 m shorter. However, once the program is set
up, both replacements can be attempted to see which one is more effective in increasing the pressure at F.

Cost data would be needed to determine the most economical decision.
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(Problem 4.4.8 — continued)

The spreadsheet below depicts the results of an increase in pipe diameter for GD from 25 cm to 30 cm.

Pipe Network Problem (Problem 4.4.8)

Storage Tank Network Inflows
Elevations (m)
A= 85.00
G= 102.00
Junction Elevations ¢
(See problem writeup.) S
Roughness (e, in m) = 0.250
All 0.000260 E=
Pipe (0]
(m’/sec)
AB 0.200
BC 0.100 .
BF 0.100 0210 1894
CF . 0130 0.0210 676
DC . 0. 0 0.0210 1623
E 0 . 0130 . 3
0.200 125 .00130
250 250 0. 5
hydraulically rough pi (& ete turbulance)

New Q ‘

087
Pipe K
(m’/s (sec’/m”) ) /m?) | (m’/sec)
1 0.100 1894 18.94 89.4 0.098
(clockwise) 050 676 1:69 33.8 0.048
zhfc = 2 2232 EZ(hfc/(Qc)
1

0.100 1894 18.94 189.4 0.102
(cou
zhfcc = EZ(hfcc/ Qcc)

18.94 189.4
AQ = 0.0020
Loop Pipe (0] K hr h/Q New Q ‘
(m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
2 DE 0.200 676 27.05 135.3 0.154
(clockwise) EF 0.100 1623 16.23 162.3 0.054
Yhe= 43.28 297.6  =X(he/Qq
2 DC 0.050 1623 4.06 81.2 0.096
(counter) CF 0.048 676 1.55 324 0.094
Yhee = 561 113.6  ~2(wlQe

AQ= 0.0458




Path Pipe 0 K h WO NewQ |
(ABCDG) (m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
(along AB 0.200 193 7.74 38.7 0.179
flow path) BC 0.098 1894 18.17 185.5 0.077
thc = 25 .9 l 224.2 Ez:(hfc/Qc)
(opposite DC 0.096 1623 14.90 155.5 0.117
Slow path) GD 0.250 161 10.08 40.3 0,271
2hee= " 2498 105.8 2o
*Equation 4.18a *AQEM0.0213
Loop Pipe (0] K hr h/O New Q ‘
(m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
1 BC 0.077 1894 11 145.1 0.080
(clockwise) CF 0.094 676 5:.95 63.4 0.097
Yhe = 17.06 208.5 EZ(th/QC)
1 (counter) BF 0.102 1894 19.72 193.2 0.099
.= 1972 1995, “B(hw/Qey
AQ= -0.0038
Loop Pipe 0 K hy /O™ NewQ |
(msec)d (sec’/m’) (m) (se¢/m?) | (m’/sec)
2 DE 0.154 676 16.08 104.3 0.163
(clockwise) EF 0.054 1623 4.77 88.0 0.063
Yhe="9,20.84 192.2 4 =5 (hs/Q,)
2 DC 0.117 1623 22,28 190.1 0108
(Counter) CF 0.097 676 6:37 6596 0.088
Xhic 9865 10558 ) “HeQo
AQ ="5:0.0087
Path Pipe 0 K hy WO  NewQ |
(ABCDG) (m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
(along AB 0.179 193 6.18 34.6 0.173
Slow path) BC 0.080 1894 12.09 151.3 0.075
2he = 1827 1859  =X(ht/Q,
(opposite DC 0.108 1623 19.09 176.0 0.114
Slowipath) GD 0.271 161 11.87 43.8 0.277
2hee= 3096 2198  “xhe/Qu
*Equation 4.18a *AQ = 0.0053
Loop Pipe (0] K hr h/Q New Q ‘
(m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
1 BC 0.075 1894 10.54 141.3 0.078
(clockwise) CF 0.088 676 5.28 59.8 0.092
Yhe = 15.82 201.0 EZ(th/QC)
1 (counter) BF 0.099 1894 18.46 187.0 0.095
Yhee= 1846 187.0  ~2(hwQey
AQ= -0.0034
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Loop Pipe (0] K hy h/Q New Q
(m’/sec)  (sec’/m’) (m) (sec/m?) | (m’/sec)
2 DE 0.163 676 17.95 110.2 02165
(clockwise) EF 0.063 1623 6.42 102.1 0.065
thc = 2437 2 1 23 Ez:(hfc/(zc)
2 DC 0.114 1623 21.00 184.6 0.111
(counter) CF 0.092 676 5.69 02.1 0.089
W= 26700 2468 T2/
AQ= -0:0025
Path Pipe 0 K By /O  NewQ |
(ABCDG) (m’/sec)  (sec’/m’) (m) (sec/m?) ‘ (m’/sgf)
(along AB 0.173 193 S5.81 335 0.471
JSlow path) BC 0.078 1894 11.52 147.7 0076
2he = 17.34 181.3 =2 (hplQ,)
(opposite DC 0.111 1623 20.08 18055 0.114
JSlow path) GD 0.2777 161 12.34 44.6 0.279
M= 3040 SRV ="/
*Equation 4.18a *AQ = _40.0024
Pipe (0] (0] Length  Diameter hy AP
(m’/sec) \_(L/sec) (m) (m) (m) (kPa)
AB 0.1710 171.0 300 030 5.66 55.4
BC 0:0756 75.6 350 0:20 10.84 106.1
BF 0.0953 95.3 350 020 17.21 168.5
CE 0.0892 89.2 125 0.20 5.38 52.7
DC 0.1136 113¢6 300 0.20 20.94 205.0
EF 0.0654 65.4 300 0.20 6.95 68.0
DE 0.1654 1654 125 0.20 18.51 181.2
GD 02790 279.0 250 030 12.55 122.9
Junction _Elevation “» Energy  Pressure
Head Head
(m) (m) (m)
A 48.00 85.00 37.00
B 46.00 79.34 33.34
C 43.00 68.51 25.51
D 48.00 89.45 41.45
E 44.00 70.94 26.94
F 48.00 62.13 14.13
G 60.00 102.00 42.00

The table above shows that replacing pipe GD with a 30 cm pipe produces the required results. That is, the

pressure at junction F is now within the requirements (of 14 m of pressure head). Replacing pipe BF with a

25 cm pipe will not meet the pressure requirements, and thus the replacement of GD is the best choice.
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4.4.9

4.4.10

44.11

From Table 3.4 (SI system), hy = [(10.7-L)/(D**-C'*)]1Q"* =K Q"*.

In any network loop, the total head loss in the clockwise direction is the sum of the head losses in all pipes

that carry flow in the clockwise direction around the loop. > h¢ = ZKCQCI'SS; andylikewise for the counter-

clockwise direction: Yhge = YKQc.*. Using the initially assumed flow ratesd@*&it is not expected that

these two values will be equal during the first trial. The difference, ZKCQCI‘85 - ZKCCQCCI'85 is the closure

error. However, a flow correction AQ which, when subtracted from O/ fand added to Q,., will equalize the

two head losses. Thus, YK (Q. — AQ)"™ = YK (Qc + AQ):®, A bingtnial series expansion yields:

(Qee + AQ)" = (Qud) "(1+AQ/Qee)* = (Qee) [ 1 + MB5(AQ/Qe) + {(1.85:0.85)/2! H(AQMW)’ +...] ; or
(Qee + AQ)"® = (Qco)"™® + 1.85(Qc0) " (AQ); ignorig higher ordef terms. Substitute int@ the headloss e’qn

EKA[(Q0)' - 1.85(Q)" ™ (AQ)] = Keel (Qee) 2 + 1.85(Qee) WAQ)); and solving for AQ yicHds;
AQ = [EKe[(Q)"™ - ZKeel(Qeo) 1/ [1.85 {XRKUQ)™™ FEK Q) }] 5 or
AQ = [Xhre - Xheee] / [1.85{X(he/Qc) +3 Qe [ Pgpwhich is Equation (17b)

The computer software should@eturmpthese results. The “k” values/aredpproximate based on the equation

used or reading the Moody diagram for\¢oniplete turbulence,

Pipe Length Diameter K Elow hy
(m) (m) (sec’/ir) (in’/sec) (m
AB 1200 0.50 54 0.152 1.25
FA 1800 0.40 261 0.052 0.71
BC 1200 0.10 247,900 0.014 48.6
BD 900 0.30 131 0.138 2.49
DE 1200 0.30 775 0.040 1.24
E€ 900 010 185,900 0.016 47.6
FG 1200 060 21 0.248 1.29
GD 900 0.40 131 0.152 3.03
GH 1200 0.30 s 0.096 7.14
EH 900 0.20 4,880 0.024 2.81
The computér software\should return these results.
Pipe Length Diameter K Flow h¢
(m) (m) (sec"®/m*?) | (m?/sec) (m)
AB 1200 0.50 46 0.150 1.38
FA 1800 0.40 202 0.050 0.79
BC 1200 0.10 115,500 0.015 48.8
BD 900 0.30 101 0.135 249
DE 1200 0.30 548 0.038 1.29
EC 900 0.10 86,650 0.015 36.6
FG 1200 0.60 19 0.250 1.46
GD 900 0.40 101 0.153 3.13
GH 1200 0.30 548 0.097 7.32
EH 900 0.20 2,960 0.023 2.76
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4.4.12

4.4.13

All of the equations are written in the same format as in Example 4.10. The initial (trial) flow rates
selected for the pipes are Q; = 0.20 m*/sec, Q> = 0.50 m*/sec, Q; = 0.10 m*/sec, O, = 0.05 m’/sec, Q5 = 0.50
m’/sec, 0s=0.10 m’/sec, 0,=0.30 m’/sec, and 05s=0.25 m’/sec. The flow directions are designated in
Figure 4.10c. The network outflows are Q. = 0.10 m*/sec, Or = 0.30 m*/sec, andiQz = 0.10 m*/sec.

Substituting these values into the equations formulated in Example 4.10yields(the following matrix:

-1.0 1.0 1.0 0.0 0.0 00 0.0 0.0 ae [V -0.4000 ]
00 -1.0 00 -1.0 1.0 00 00 00/AQ,| | —0.0500
0.0 0.0 0.0 1.0 00 004 1.0 910\ A0, ~0.1000
0.0 0.0 0.0 0.0 00 4.0 Q=10 0.0 |AQ, 0.1000
00 00 -10 00 -1.0 -1 004 00 |AQ| |«m0:4000
00 1900.0 -380.0 00  6780MmE0. 900 0.0 | AQ, | 46255000
0.0 0.0 00 —163.0 .—678.0 1826.0 406.8 0.0 | A@; 96.2550
|-77.6 —1900.0 0.0  163.0 ), 0y 0D 0.0 21150, | 4469.2475 |

The first iteration yields disdfiarge @brrections of AQ; = 0.0715 m’/ec, 0, = -0.2495 m’/sec, AQ; = -
0.0790 m*/sec, AQ, = 0.0320. m’/sec, AQse= -0.2675 m’/secff A4 > -0:0535 m’/sec, AQ; = -0.1535 m’/sec,
and 40 = -0.0215 m’/sec. Thllggfof the second iteration We will use 0, =0.2715 m’/sec, 0, = 0.2505
m’/sec, Q3 = 00210 misec, O, = 0.0820 m’/sec, @5 = 0.2325 m’/sec, Q5 = 0.0465 m’/sec, Q; = 0.1465
m’/sec, and Oy = 0.2285 m/sec. The same proesdube wilbbe repeated untilithe all the corrections become

negligible. The table below gives the final O values forthe pipe network,

fteration o 0, 03 Yy Os Os 0, Os

Nuntber [am’/sec) | (m’/see)mp. (mi¥fsec) | (m/sec)l (mi/sec) | (m/sec) | (m’/sec) | (m?/sec)

5 0.2300 0.1057 0.1243 0.1040 0.1097 0.0660 0.1660 0.2700

The resulting total heads ate H, = 85 m, Hz = 7474 mJH-=53.53 m, Hp = 71.16 m, Hg = 52.47 m, Hp =
4537 m, and Hs & 10200 ‘m. The resulting pressure heads at nodes A, B, C, D, E, F, and G,
respectively, are’37.00 m, 28.74 m, 10.53 m, 23.16 m, 8.47 m, -2.63 m, and 42.00 m. Note that the
pressuresiiead drops below the threshold for two nodes. Remedial action would need to be taken to

increasg the pressure at the critical nodes, most likely pipe replacement.

Based on Figure P4.4.13, the junction equations may be written as:

F1=-Q(1) +Q(2) +Q(3) + QB
F2=-Q(2) - Q(4) +Q(5) + QC-Q(7)
F3=-Q(8) +Q(4) + Q(6) + QD
F4=-Q(7) + QF - Q(6) - Q(3) - Q(5)

The loop equations may be written as:

F6 = K2*Q(2)*abs(Q(2)) + K5*Q(5)*ABS(Q(3)) - K3*Q(3)*ABS(Q(3))
F7 = -K4*Q(4)*ABS(Q(4)) + K6*Q(6)*ABS(Q(6)) - K5*Q(5)*ABS(Q(5))
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(Problem 4.4.13 — continued)

The path equations may be written as:

F8=HA-K1*Q(1)*ABS(Q(1))-K2*Q(2)*ABS(Q(2))+K4*Q(4)*ABS(Q(4)) +K 8)*ABS(Q(8))-HG
F5=HA-K1*Q(1)*ABS(Q(1))-K2*Q(2)* ABS(Q(2))*K7*Q(7)* ABS(Q(7)-
Non-zero elements of Coefficient Matrix

A(L1)=-1. A(1,2)=1.0 A(1,3)=1.0
AQ2,2)=1. AQ24)=1. AQ,5)=1.
AB,8)=-1. AGA)=1. AG,6)=
A@,T)=1. A(4,6)=1.
A(6,2)=2*K2*(Q(2))
A(6,5)=K5*2*(Q(5))
A(6,3)=-K3*2*(Q(3))
A(7,4)=-K4%2%(Q(4))
A(7,6)=K6%2%(Q(6))
A(7,5)=-K5%2%(Q(5))
A(8,1)=-K1*2*(Q(
A(8,2)=-K2*2%(Q
A(8,4)=K4*2%(Q(
A(8,8)=K8*2%(Q(8

.000 00 0.000
.0 0.000 -1.000
0.000 0.000 1.000
0.000 -1.000 0.000
: . 0.000 0.000
0.000 6.000 -12000 49,000 60.000 0.000

0.000 0.000 0 6.000 -60.000 24.000
-20.000 -6.000 0000 46.0

L 4
-F VALUE\

0 0.000 0.000
1.0000 -4.0000 -1.0000 14.0000 -27.0000-291.0000 255.0000 10.0000

The table below gives the final Q values for the pipe network.

Iteration 0, 0, 0; Oy Os Os 0y Os
Number (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs)
5 8.3665 0.5149 1.8516 0.8766 1.7785 1.9828 6.3870 8.8594

The resulting total heads are H, = 190.00 ft, Hz = 120.00 ft, Ho = 119.21 ft, Hp = 121.51 ft, Hr = 160.00 ft,
Hr=109.72 ft, and H; = 200.00 ft.
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4.5.1

4.5.2

4.5.3

4.54

a) Mass balance [Equation (4.23)], fluid elasticity [Equation (4.24)], Newton’s 2™ law [Equation (4.25b)],
and static pressure principles [Equation (4.26)].

b) Rapid valve closure (t. < 2L/C), a compressible fluid (although water is onlyslightly compressible), and
an inviscid fluid (the equations developed are appropriate for the maximum pregsurécreated by water

hammer; the actual water hammer pressure rise will be less due to friction and other losses).

Rapid valve closures are those in which t. <2L/C. The wave celerity (€) is dependent on the composite
(water-pipe system) modulus of elasticity (E.). Thus, selving fopE. with (k =1.0 — 0.5:0.2%= 0.875)
1/E. = 1/E, + (Dk)/(Ee) = 1/(2.2 x 10° N/m?) + [(0,5 m)0.875)]/[(1.9 x 10"" N/m*)(0.025 m)];
E.=1.83 x 10° N/ m% and C = (E/p)"? =[(1.83 x 10N/ m)@98 kg/m*)(0.85)]' 2=l 470uméSec now
2L/C =[2(500m)/(1470 m/s)] = 0.680 sec If the valiigeloses faster than this, it 18 a rapid-@losure.

Determine the composite modulus of elasticityatk = 1 0.5-:0.25 = 0.875) and the wave speed:

1/E. = 1/E, + (DK)/(Eye) = 1/(3.2ml0° psi)ft [(24 in.)(0.875))/[(2.3'x 10Ppsi)(t.5 in.)]; E.=2.68 x 10° psi
C = (E/p)"? =[(2.68 x 10° 1B/in.2)(144 in. f*)/(1.94 slug/ft’)]"2= 4460 ft/sec. Now, based on the wave
travel time; 2L/C = [2(2,400 ft)]/(4460 ft/sec) = 1.08 sec > [1.05ecei therefore it a is rapid valve closure.
Now the maximum.water hammer pressure at the valyé can be@aléulated using Equation (4.25a, 4.25b, or
4.25¢) based of an initial yelocity of Vo = Q/A =30 efs/[n-(1'#)°] = 9.55 ft/sec; thus

AP = V(pE.) @= (9.551/51[(1.94 slug/f*) (268 x 10 1b/in.>)(144 in./f")]"* = 8.26 x 10* Ib/ft* (574 psi)
If the flow rate,was feduced by 20 cfs, V= QA= 10 cfy/[n-(1 ft)*] = 318 ft/sec; thus

A= Vo(pE)" " 92.75 x 10° Ib/ft* (190 psi); ahd thesptessure réductionlis 574191 = 383 psi

Applying the energy equation fromethe Surface of the resgrvoir (1)to the“outlet of the pipe (2) yields;

P = Voa BN i - where Py — AL 0 B — AR I(V22g): V', — 0 and hy — 0. Thus

28 7y 2g

hy =[1 + f(L/D) + YK]1(VIRg); where V, =V (pipe V); K€= 0.5 (assume); K, = 10.0; and assuming
complete turbulenc@for the first trial: ¢/D = 0.045mm/300mm = 0.00015; thus; f= 0.013, and

hy =100 = [1+0)013(420/0.3)+0.5+10.0](V*/2g); V = 8.12 m/sec; N = DV/v =[(0.3)(8.12)]/(1.00x10°°)
Ng =244 x 10°% From Moody; new f=0.014; Thus, new V = 7.94 m/sec; and Q = V-A =0.561 m’/sec
Now determine the composite (water-pipe system) modulus of elasticity (k = 1.0) and wave speed:

1/E. = 1/E, + (DK)/(Ee) = 1/(2.2 x 10° N/m*)+[(0.3 m)}/[(1.9 x 10"" N/m*)(0.01 m)]; E. = 1.63 x 10’ N/m”
C = (E/p)"? =[(1.63 x 10° N/m?)/(998 kg/m*)]"* = 1280 m/sec; Now, based on the wave travel time;
2L/C =[2(420 m)]/(1280 m/sec) = 0.656 sec > 0.50 sec; therefore it a is rapid valve closure. Now, the
maximum water hammer pressure at the valve can be calculated using Equation (4.25a, 4.25b, or 4.25c¢) as
AP =E. Vo/C = [(1.63 x 10° N/m*)(7.94 m/sec)]/(1280 m/sec) = 1.01 x 10" N/m’ (10.1 MPa)

The total (maximum) pressure the pipeline is exposed to can be determined from Equation (4.28):

Pax = YHo + AP = (9790 N/m*)(100 m) + 1.01 x 10" N/m* = 1.11 x 10" N/m* (11.1 MPa)
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4.5.5  Applying the energy equation from the surface of reservoir (1) to the surface of reservoir (2) yields;

ﬁ+£+ hy :V—22+&+h2 +h; ; where Py =P, = 0; hy = he+ [YKI(V*/2g);
2g 7 28y

h, = [f(L/D) + YK](V*/2g); where V, =V (pipe V); K. =0.5 (assume);
turbulence for the first trial: ¢/D = 0.36mm/500mm = 0.00072; th
h; =55 m= [0.0185(600/0.5)+0.5+0.15](V*/2g); V = 6.87 m/sec; Ny

Ng = 3.44 x 10°%; From Moody; new f = 0.0185; OK - Thus

1=V2=03ndh2=0. Thus

C = (E/p)"? =[(2.2 x 10° N/m*)/(998 kg/m*)]"?* =
= [2(600 m)]/(1480 m/sec) = 0.811 sec > 0.6
water hammer pressure at the valve can be calc

AP = p-C-V, = (998 kg/m*)(1480 m/se se

4.5.6  Applying the energy equationf!

)(20.8)1/(1.08x107)

V-A=158cfs

= 1.0) and wave speed:
i)+ [(12 in)]/[ 0'5 in.)]; E.=2.51x 10° psi

n /(1. :

valve can be calculated using Equation (4.25a, 4.25b, or 4.25c) as

94 slug/ft*)(2.51 x 10° Ib/isf”)(144 in.>/ft)]"? = 1.68 x 10° Ib/ft* (1170 psi)

320 ft/sec; and now the maximum

4.5.7  Use equati 8) to determine the allowable water hammer pressure based on the design pressure.
.13 x 10 N/m* = (9790 N/m*)(40 m) + AP; thus, AP = 1.74 x 10° N/m?
Based o tion (4.25b); AP = p-C-Vy; so solving for V, and C yields;

Vo= Q/A = (0.04 m*/s)/[(n/4)(0.20 m)*] = 1.27 m/sec; and

C = AP/(p'Vo) = (1.74 x 10° N/m?)/[(998 kg/m®)(1.27 m/sec)] = 1370 m/sec.

Based on Equation (4.21); C = (E./p)"?; therefore

C = 1370 m/sec = (Eo/p)"* = (E/998 kg/m®)""%; and thus E, = 1.87 x 10° N/m?

Now determine the required pipe thickness based on Equation (4.22b); noting that (k = 1.0):
1/E. = 1/E, + (DK)/(E,e)

1/(1.87 x 10° N/m?) = 1/(2.2 x 10° N/m*)+[(0.20 m)]/[(1.6 x 10" N/m?)(e)];

e=0.0156 m = 15.6 mm (roughly 16 mm)

Pmax = 0 + 5

66



4.5.8 Based on the hoop stress equation provided; P-D = 21(e) where e = pipe thickness. Thus
P = AP = 21(e)/D = 2(1.1 x 10* N/m?)(e)/(2.0 m) = (1.1 x 10®* N/m?)e;

(Note that P = AP since the operational pressure is insignificant compared to th ter hammer pressure.)

and substituting for E, (since 1/E; = 1/E;, + (Dk)/(E,e)) and noting
(AP)’ = p-V*[1/{1/E, + (Dk)/(E,e)}] = (998)(24.8)°[1/

algebra software (e.g., MathCad, Maple, or Mathe
Note that the thickness required is unreason section of the b‘)k ribes mor

effective alternatives to avoid water ha

4.5.9 endent on the composite

=2.2 x 10° N/m?; thus

closure time is not rapid.

wate mmer pressure.

N =[(p-L-Vo)/(P )98 kg/m*)(700 m) 68} /{(9790 N/mI@s0 m)(60 sec)}]* = 0.0387
AP =P, : ?1=3.19x 10°N
Sj ate mer pressure is c@ S ,

perational pressure in the
wall thickness.

Ponax o+ AP = (9790 N/m’) 3.19x 10° N/ m’ (1.79 MPa)

sed on the hoop,stress eq provided;

P =Py = 1.79 x 10°0/m™= 2(1.1 x 10° N/m?)(e)/2.0

> ¢ = pipe thickness,
;=0.0163 m=1.63 cm

4510 Equation{#.2 n'be rearranged as C = AP/(p-V); a
.VO.
/C))/(p-VoA-L); and this reduces to

= (E./p)"* which is Equation (4.21).

substituting for AP from Equation (4.24) yields
). Now we can substitute for AVol from Equation (4.23) which yields

4.6.1 a) Increased pressures are eliminated where the pipe meets the reservoir (the most vulnerable portion of the
pipeline, as seen in Figure 4.12 — water hammer pressure is added to the highest static pressure here). But
due to the increased water levels (and thus pressure) in the surge tank, the rest of the pipeline experiences
higher pressures from the surge tank with the greatest additional pressure next to the surge tank.

b) Newton’s second law, hydrostatic pressure, throttle loss, and pipeline losses.

¢) Minor losses are neglected in Equation 4.3 1(including entrance loss if K¢ only accounts for friction).
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4.6.2

4.6.3

4.6.4

4.6.5

4.6.6

If the allowable surge tank rise (Ymqx) is 7.50 m, the damping factor (B) can be found from Equation (4.31)
(Ymax + ho)/(B) = In [(B)/(B - Ymax)]; oF substituting, (7.50m + 15.1m)/(B) = In [(B)/(B — 7.50m)]

The damping factor is determined by using calculators or software that solve implicit equations. Thus,

B= 7.97 = (LAY(2gK:A,) = [(1500)(3.80)]/[2(9.81)(0.546)(A,); therefotey A & 66.8%m and D, = 9.22 m

Neglecting minor losses, determine the head loss and the pipeline fuctiGmfactor.

hy = h;= f(L/D)(V*/2g); where V = Q/A = (2.81 m*/sec)/[(/4)(0.90m)" = 4.42 m/sec;

e/D = 0.045mm/900mm = 0.00005; N = DV/v = [(0.90)(4.42)]/(1h00x10°) = 3.98 x 10°,_£50.0115

hy = he= f(L/D)(V*/2g) = [0.0115(425/0.90)[(4.42¥3(2g]%5.41 m; and now the pipeling friction factor is:
K¢=hy/V? = (5.41 m)/[(4.42 m/sec)’] = 0.277,sec’/m; atid the @amping factor is

B= (LAY(2gKA,) = [(425m)(0.636m*)]/[2(9.8hm/sec (0277 sec’/m)(n/4)(20m)h= 15.8 m;

To determine yy,x, use Equation (4.33) whieh.is: (Vi + he)/(B) = In [(B)AB - Ymax)); oF substituting,

(Ymax + 5.41m)/(15.8 m) = In [(15.8 m)/(15.8M — Yma)]; Ymax = 9.80sH

Neglecting minor losses, detérmine thelhead loss and the pipglin€friction‘factor.

hy = hy = f(L/D)(V?/2g); wherélV = QA = (350 ft*/sec)/[(m/4)6°0 ft)'] = 12.4 ft/sec;

e/D = 0.0006ft/60f=99,0001; Ny = DV/v = [(6.0)(1244)]1/(108x107) = 6.89 x 10°; £=0.0125

hy = he= fL/DY(V*/2g) = [0.0125(2500/6.0)[(12¢4)*/2g},= 12.4 ft; and now the pipeline friction factor is:
K¢ = hy/Vas (124 £)/[(12.4 m/sec)’] = 0.0806 sec’/fihand the damping/ factomis

B =AEM)/(22KRA,) = [(2500ft)(28.3f%) W[2(32. 2 ftisec™) (0.0806 seeMfi)(m/4)(20 ft)7] = 43.4 ft;

T0 deterinine vi.x, use Equation (4.33)Which 187 (Ymax + he)/(B) Sln [(B)AP - Ymax)]; Or substituting,

(Vimax 5. 12.4 11)/(43.4 ft) = In [(43.4 f)/(43.8Ft — Vinax) |5 Vinax ~ 2006

afichthe surge tank height: Hg =Hp + ¥« = 50.0 ft £25.0ft = 75.0\ft

Neglecting minor lgsses, detérmine the head loss and thg pipgline friction factor.

hy = he= f{L/D)(V*/2g); where V = Q/A = (2.81 m*/sec)/{1t/4)(0.90m)*] = 4.42 m/sec;

/D = 0.045m/900fm = 0.00005; Ng = DV/v = [(0.90)(4.42)]/(1.00x10°) = 3.98 x 10% f=10.0115

hy = hef® f(L/D)(VE/2g) = [0.0115(425/0.90)[(4.42)*/2g] = 5.41 m; and now the pipeline friction factor is:
K¢=h V2= (541 m)/[(4.42 m/sec)’] = 0.277 sec’/m. Now determine the damping factor using Ymax

by using Equation (4.33) which is: (Ymax + he)/(B) = In [(B)/(B - Ymax)]; OF substituting,
(Sm+541m)/(B)=In[(B)/(B—5m)]; Bp~=6.13 m; and solving for A from B = (LA)/(2gKA;) yields
6.13 m = [(425m)(0.636m?)]/[2(9.8 1m/sec?)(0.277 sec’/m)(As)]; A= 8.11 m*; or Dy=3.21 m

Assuming complete turbulence, ¢/D = 0.60mm/2000mm = 0.00030; thus f= 0.015

K¢ = (f)(L)/(2gD) = [(0.015)(1500m)]/[2g(2m)] = 0.573 sec’/m. Also,

B= (LA)Y/(2gK:A,) = [(1500m)(3.14m*)]/[2(9.8 1m/sec?)(0.573 sec’/m)(n/4)(10.0m)*] = 5.33 m; now
Ymax + h)/(B) = In [(BY/(B - Ymax)]; 0F (5 m + hy)/(5.33) = In [(5.33)/(5.33 — 5 m)]; h, =9.83 m=hg; and
he=K¢V?; V =4.14 m/sec, and Q = AV = 13.0 m*/sec
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Chapter 5 —

5.1.1

Convert the pump discharge to cfs (ft'/sec);
(2500 gpm)(1 cfs/449 gpm) = 5.57 cfs

P, = yQH; = (62.3 Ib/ft*)(5.57 ft’/sec)(104 ft)

P, = 36,100 ft-Ib/sec(1 hp/550 ft-Ib/sec) = 65.6 hp
P,, = P,/e = (65.6 hp)/(0.785) = 83.6 hp

P, = 83.6 hp(1 kW/1.341 hp) = 62.3 kW

(Note: Conversion factors are in the book jacket

5.1.2

Balancing energy ffo A to reservoir B:

Hj +Hp=Hp +4i1; &2), Hg — Hy=20m; and
hy =hs+ [ZK](Q(e =0.5; K4 = 1.0 (exit coef.)
V =Q/A =4.10 m/s; ¢/D = 0.60mm/800mm = 0.0007

Ng = DVAv = [(0.80)(4.10)]/(1.00x10°®) = 3.28 x 10°;

From Moody; f = 0.0185; solving the energy eq’n;

Hp= 20m-+[0.0185(100/0.80)+1.5]-[(4.1)/2¢] = 23.3m

P, = yQH; = (9.79 kN/m*)(2.06 m*/sec)(23.3 m)

P, =470 kW; e = P,/P,, = 470/800 = 0.588 (58.8%)

Problem Solutions

514

a)HP=HR—HS+hL

The pump s e gy to raise water to the
higher reservoi me the pipeline losses.
| 2

lar momentumfconservatio
of power (P = o'T)

W

T =1298,000 N-m = 298 kN-m

5.1.6

u; = or; = (1800 rev/min)(1 min/60 sec)(2xn rad/rev)
(0.333 ft) = 62.8 ft/sec; & u,= 188 ft/sec

From Fig 5.3 w/o; = 90°; V;= V,; = (u) {tan (180°- B;)}

thus V,; = 62.8 ft/sec (tan 20°) = 22.9 ft/sec = v

Q = Av,; = 21(0.333£t)(0.1671t)(22.9 ft/sec) = 8.00 cfs

Vo = Q/A, = (8 cfs)/[(2m)(1 f1)(0.0625 ft)] = 20.5 ft/sec

From Fig 5.3, vy, = v,/tan 170° = -116 ft/sec

Vie=U, T v, = 188 — 116 = 72.0 ft/sec; and

a, =tan" (V,o/Vy,) = tan (20.5/72.0) =15.9°

5
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5.1.7

With no tangential velocity at the inlet, V; = 0 and from
Fig. 5.3 we see that o; = 90°; V;=V,; = vy; thus
Vi=V,=Q/A;= (70 cfs)/[2n(1.0£t)(0.333ft)] = 33.5 ft/s
v; = Vy/sin B; = (33.5 ft/s)/(sin 120°) = 38.7 ft/sec; also
from Fig. 5.3, note that vicos B; = -u; = -@r; ; and

(38.7 ft/sec)(cos 120°) = - (1.0 ft)(»), ® = 19.4 rad/sec
o = (19.4 rad/sec)(1 rev/2m rad)(60s/1 min)= 185 rpnd
u, = or, = (19.4 rad/sec)(2.5 ft) = 48.5 ft/sec;

Vo= Q/A,= (70cfs)/[(2m)(2.51t)(0.333ft)] = 13.4 ftlsee
Vyo = Vyo/tan B, = (13.4)/tan 135° =-13.4 ft/sec

Vo = [Ur + (Uo+ Vo)1 = [(13.4)* + (485-13.4)7]"

V, =37.6 ft/sec; a, = tad’ [Vr/ (U V1o)]

0, = tan™ [13.4/(485 — 13.4)] = 20.9°

P; = pQo[r, Vglollo, )- icos(0;)] = (1.94 slugs/f#*)-
(70 ft*/sec)pl9 AfradlSEa)f(2.5 ft)(37.6 ft/sca)eos 209° -
(1.0 f963.5 ft/sde)cos 90°] =2.31 x 10° fidb/sec

P; =231 x 10’ ft-Ib/sec(1 hp/550 fislb/sec) = 420 hp

5.1.8

Since a; =90°; V= V;& v;;; and V;; = 0 (Fig. 5.3)

vi= Q/A= (0.055 m’/s)/[(27)(0.075m)(0.05m)] = 2.33m/s
Vi = vy/tan B; = (2.33)/tan 150° = -4.04 m/sec

u; = -v = 4.04 m/s; and u; = or;; therefore,

o = uy/r; = (4.04 m/s)/(0.075m) = 53.9 rad/s

o = (53.9 rad/sec)(1 rev/2m rad)(60s/1 min)= 515 rpm
Vo= Q/A,= (0.055 m*/s)/[(2)(0.15m)(0.03m)] = 1.95 m/s

V, = Vyo/sin o = (1.95)/sin 22.4° = 5.12 m/sec

5.1.8 (continued)

P; = pQo[1,Vocos(0,)- 1;Vicos(a;)] = (998 kg/m’)-
(0.055 m*/s)(53.9 rad/s)[(0.15m)(5.12 m/s)cos 22.4° -
(0.075m)(2.33V;)cos 9071 =2.10 x 10* N-m/sec

P; = 2.10 x 10° N-m/sflis/1000 N-m/s) = 0.210 KW

5.5.1

Based, on the pump curye, fortQ =15,cfs, H,#259.5 ft.
From the system curve (Ex,5.3)ph¢ = 61.9ft. for this Q.
Applying Eq’n 5.19 (inor losses are now significant),
H, =H, +h; = B, + hp+ hy

259.5 ft=120 f€£61.9 ft + h,; h,=77.6 ft

This is fot an’efficient system; too much energy is lost

in tligwalveinsiead of being applied to the flow.

5.5:2

A _spreadshgbt is €asilyyprogrammed to determine the
relationship between | Q and Hgy (system). Applying
Equaftion 5.19, incliding minor losses, which are now
gighificant (h, = 0.10(Q)* where Q is in cfs), yields
Hpsys= Hs+ hi = Hgt he+ h, and the spreadsheet below.

Q H, hy h, H, Hgsy
(cfs) (ft) (ft) (ft) (ft) (ft)
0 300.0 0.0 0.0 120.0  120.0
5 295.5 8.1 2.5 120.0  130.6
10 282.0 29.2 10.0  120.0 159.2
15 259.5 61.9 225 1200 2044
18  239.1*  86.8 324 1200 2392
20 2255 1054 400 1200 2654
25 187.5 1593 625 120.0 341.8
30 138.0 2232 90.0 120.0 4332
35 79.5 2969 1225 120.0 5394

*Interpolated from the pump characteristics.
From the table (or a graph), the intersection of the
pump characteristic curve and the system curve is at:

Q =18 cfs and H, = 239 ft
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553

A spreadsheet is easily programmed to determine the
relationship between Q and Hgy (system). Applying
Equation 5.19 (but including minor losses) yields

Hgy= Ht+ hy; where hy = he + [ZK](V)2/2g; and
K.=0.5,K,=2.5, and K4 = 1.0 (exit coefficient).

Also, with reference to Table 3.4, hy= KQ? and

K = (0.0826-fL)/(D’) = (0.0826-0.02:3050)/[(0.5)’];

K =161. This leads to the spreadsheet below:

Single Pump and Pipeline Analysis (Prob 5.5.3)

Pipeline Data Resendoir Data
L= 3050 m Er= 455 m
D= 0.50 m Eg= 529 m
f=0.02 Hy= 7.4 %m
hy=KQ" Minor Losses
m=  2.00 TK=14.00
K= 1612 g=_ 9.81 m/sec’
Q H, he W hminor  Hs Hey

(m’/s) o) (m (m (m) n)
0f00 914 0.0 00 74 74
0.15 89.8 3.6 0L 74 1
0.30 85.1 145 0.57, 74 22.4
0.45 77.2 32.7 414 7.4 41.1

0.595 © 66.3*  57.1 1.9 7.4 66.4
0%60 65.9 S580my, 19 74 67.3
0.75 52.6 9007 30 74 101.1
0.90 46.3 130.65, 43 74 142.3
1.05 1570, 1778 58 74 191.0

*Interpolated fromthe pump characteristics.

From the table (or a graph), the intersection of the
pump characteristic curve and the system curve is at:

Q = 0.595 m¥/sec and H, = 66.3 m. Note that minor
losses are not significant, but they do change the match
point slightly. Also, the velocity is:

V = Q/A = (0.59 m*/s)/[1(0.25m)*] = 3.00 m/sec

554

A spreadsheet is easily programmed to determine Q vs.

Hgy (system) and this can besuperimposed on Q vs. H,

(pump). Applying Equatiofi’S.19ields

Hgy = Hgt hy;awhere hy =l = f(L/D)[(V)*/2g]; thus
Single Pump and Pipeline Analysis (Prob 5.5.4)

Pipeline Data ReServoir Data
D= 1000 m Eaf 9205 m
D=0, 040 m Ep=0,9355") m
e= 0.045 mm Hy=y 1500 m
e/D="" 0.00011 Minor Losses
T= 20°C XK= 0.00
V= 1.00E-06 g= 981 m/sec’
Q H, v Nr i Hsy
(m’/s)| i) (m/sec) (m)

0.00 30.0 0.00  o.005+00 0.0000 15.0
0.10 29.5 0.80  saseros 0.0154 16.2
020 28.0 1.59  6378+05 0.0142 19.6
0.30 25.0 2.39 9.558+05 0.0137 25.0
040 19.0 3018 1276+06  0.0134 324
0450 40 3.98 1.598+06  0.0133 41.7

* Used Swamee-Jain Equation (3.14a).

From| the table (or a graph), the intersection of the
pump chatactefistic curve and the system curve is at:

Q =300 liters/sec and H, = 25.0 m

5.5.5

From Eq’n 5.19; Hgy = H¢+ hy= H+ f(L/D)[(V)z/Zg];
Hgy = 14.9+(0.019)(22.4/0.05)[(Q)*2g(A)*]; A=0.00196 m*
Hgy= 14.9 + 113,000(Q)%; with Q given in m*/sec

Hgy= 14.9 + 0.113(Q)* with Q given in liters/sec

Also, H, = 23.9 - 7.59(Q)*; solving simultaneously
yields Q = 1.08 liters/sec and H, = 15.0 m

The same solution would result through the graphing

procedure used in Example 5.3.
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5.5.6

Find the equivalent pipe to replace Branches 1 and 2,
(Eq’n 3.47) arbitrarily letting D = 3 ft and = 0.02;
[(DE)/(Fer L))" = [(DP)(E-L)] " + [(D)(Fr L))
[(3%)/(0.02-Lg)] "2 = [(2°)/(0.02:100)]"% + [(1°)/(0.02-:500)]"
Lg =652 ft. Now find the equivalent pipe for the three
pipes in series between the two reservoirs. However,
since they all have the same diameter and f value:

Lg =ZXL;=4000 + 652 + 1140 = 5792 ft

A spreadsheet is easily programmed to determine the
relationship between Q and Hgy (system). Applying
Equation 5.19 (neglecting minor losses) yields

Hgy = Hgt hy = Hgt+ hy and the spreadsheet below.

Single Pump and Pipeline Analysis (Prob 5.5.6)

Pipeline Data Reservoir Datd

L= 5792 ft Ep= 100 ft
D= 3.00 ft Ep="150 ft

f=0.020 Hy =g 5070 ft

hy=KQ™ Minor Losses

m= 2400 YK= 0.00
K= €0.0120 g= 322 ft/sec’
Q H he  hpiper  H Hen

b s
(cts) (10) (fty (O (fH) (ft)
0.0 60.0 0.0 00, 500 50.0
10.0 55.0 1.2 T0.0°9,50:0 51.2
13.5 52.2% 22, 0.0 50.0 52.2
20.0 47.0 48 b 50.0 54.8
30.0 37.0 10:8),. 0.0 50.0 60.8
40.0 23.0 192 © 0.0 500 69.2
50.0 7.0 300 0.0 50.0 80.0

*Interpolated from the pump characteristics.

From the table (or a graph), the intersection of the
pump characteristic curve and the system curve is at:

Q =13.5 cfs and H, = 52.2 ft. Friction loss (Table 3.4)
hese = (0.0252)(0.02)(652)(13.5)%/(3)° = 0.246 ft

her= 0.246 = (0.0252)(0.02)(100)Q,*/(2)*; Q= 12.5 cfs
heo= 0.246 = (0.0252)(0.02)(500)Q,%(1)*; Q,= 1.0 cfs

5.6.1

The pump characteristic curves are plotted below. For
two pumps in series, the héads are doubled for each
value of flow. For twe puinps imparallel, the flows are

doubled for eaeh value of head.

Pump €haracteristic Curves
350
300
250
€ 200 \\
= 150 S
100 O
50 :
0 T
0 1000 2000 3000
Q (gpm)
One Pump
Two Pumps - Series
- = = @TWo Pumps - Parallel

(d) If Q = 1700 gpm and Hp = 80 ft, you will need two
pump$ i parallel.

(e) If'Q = 1700 gpm and Hp = 160 ft, you will need
four pumpsstwo parallel pipes with two pumps in

seri¢s in®ach of the two parallel pipes.

5.6.2

A spreadsheet is easily programmed to determine the
relationship between Q and Hgy (system) and this can
be superimposed on Q vs. H, (pump) for the one or two
pump series systems. Applying Equation 5.19 yields
Hgy = Hgt hy; where hy = hy = f(L/D)[(V)*/2g] with
H,=25m,L=1000 m, D=0.4 m, e =0.045 mm;

/D =0.00011; T =20°C, and v=1.00 x 10°® m*/s

All this leads to the spreadsheet below:
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5.6.2 (continued)

5.6.3

A spreadsheet is easily programmed to determine the

Q H, v Nr * Hsy
(m*/s) (m) (m/sec) (m)
0.00  30.0 0.00  o0.00e+00 0.0000  25.0
0.10  29.5 0.80  3usg+os 0.0154  26.2
020  28.0 1.59 6378405 0.0142  29.6
030  25.0 239  o9sseros  0.0137  35.0
0.40 19.0 3.18 1278406 0.0134 424
0.50 4.0 398 15906 0.0133 51.7

* Used Swamee-Jain Equation (3.24a).

Pump Characteristic

Pipeline Data \R

(One Pump) ervoir Data
L= 4860 Er= 772 ft
60.0 D= 20 = 878 ft
50.0 Hy= 106.0 ft
_ 40.0 Minor Losses
) - 0.00
2 322 ftlsec’
\
\ Hs HSH
0.40 0 (ft) (ft)
' 106 106
(m3/sec) 106 117
p Curve —B— System 106 146
106 191
From'th€ graph above, Q ~0:165m’/s; H,~=28.5m 40 144 106 250
188 50 218 106 324
138 60 3006 106 412
0 pumps infser 80 70 406 106 512
Q H, R f Hsn
m¥s) (m) @ (s (m) Recall that Qs are additive for parallel pump systems
0.00 60.0 0.00e+00  0.0000 25.0 for each value of pump head. In this case the Qs are
010 59.0 0.80 saseros - 0.0154 262 doubled for each value of Hp since they are identical
0.20  56.0 1.59 6378+0s  0.0142  29.6
030 500 239 osseros 00137 35.0 pumps. Plotting the pump and system curves results in
040  38.0 3.18 1278406 0.0134 424 a plot with an intersection at:
0.50 8.0 3.98 1.so5+06  0.0133 51.7

* Used Swamee-Jain Equation (3.24a).

From resulting graph, Q ~ 0.385 m’/s; H,=41.0 m

Q= 37.5 cfs; H, = 235 ft; V = 11.9 ft/sec

Note that minor losses would not change the answer
significantly. For YK = 1.5 (entrance and exit loss),
(CK)(V)*2g = 3.3 ft << 235 ft (Hp)
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5.6.4

A spreadsheet is programmed to determine the pump
relationships (Q vs. Hp). For two in series, double the
pump head for each value of Q, and for two in parallel,
double the Q for each value of Hp. Applying Equation
5.19 (but including minor losses) yields

Hsy = H,+ hy; where hy = h;+ [YK](V)*2g; and
K.=0.5,K,=2.5, and K4 = 1.0 (exit coefficient).

Also, with reference to Table 3.4, hy= KQ* and

K = (0.0826-f-L)/(D’) = (0.0826-0.02:3050)/[(0.5)*];

K =161. This leads to the spreadsheets below:

Pump Combinations (Prob 5:6:4)

Two Pumps in Series
Q 2(Hp) hf hminor Hs HSH

(m's) (m) (@), (m) (m)
000 1828 00 0.0 74 7.4
015 1796 4 3%, 049 74 111
030 1702 “W4S5N04" 74 224
045 18440 32§ L1 74 4l
060 1318/ 5807 19 74 613

0.75 105.2 9077 30 74 101.1
090 72% 1306 43 74 142.3
1.05 Sh4 1778 &8 74 191.0

Two Rumps in Parallel
2(Q) Hp hf hminor Hs HSH

(m/s) (m) m) m) (m  (m)
0.00 9144w 00y 00 74 74
030 898 1457 05 74 224
060 8510560 19 74 673
090 772 1306 43 74 1423
120 659 2322 7.6 74 2472

For two in series (graph): Q = 0.755 mY/s; H, =103 m
Two in parallel (graph): Q = 0.680 m"/s; H,=84m

In this case, pumps in series provide more flow than the
parallel combination because head losses due to friction

are accumulating rapidly with increasing flow.

5.71

A spreadsheet is programmed to determine the system
head for each pipe and the combined system. The pump
curve is superimposedhondhie system curves to yield the

system flow and, individudl pipe flows (see Ex. 5.5).

Pumps & Branching Pipes (Prob 5.7.1)

Pipeline # 1\ Data Pipeline # 2 Data
L= 1000 Tm L= 3000 m
D= 100 m D= [ 1.000, m

=), 0.020 f= 10,020
iy, = KQ," hp =KQ,"
m=> 2.00 m= 2.00

= 1.65 K= 496

Reservoir Data
Ez= 16.0¢4 m Ec= 220 m

EA: 10.0 m EA = 10.0 m
Hsl = 6.0 m Hs2 = 12.0 m
Q H, hg hp Hspi Hsmo

(mishy, (M) (m) (m) (m) (m)
00 7300 00 00 60 120
1 295 6% 50 77 170
20 280 (667 W98 126 318
30 2568my, 140 446 209 566
40 220 R64WF793 324 913

5.0 175, 413 1239 473 1359
6.0 120 @95 1784 655 190.4
7.0 500 809 2428 869 254.8
Plotting Data
Head qumn* Ql** QZ** sts
)4 (ms) (m’/s) (m’s) (m’ls)
6.0 6.9 0.0 0.0
8.0 6.6 1.1 1.1
100 63 1.6 1.6

12.0 6.0 1.9 0.0 1.9
14.0 5.6 2.2 0.6 2.8
16.0 53 2.5 0.9 34
18.0 4.9 2.7 1.1 3.8
20.0 4.4 2.9 1.3 4.2
22.0 4.0 3.1 1.4 4.5
24.0 34 33 1.6 4.9
26.0 2.8 3.5 1.7 52
28.0 2.0 3.6 1.8 54
30.0 0.0 3.8 1.9 5.7

* Linear interpolation from pump data.

** Flows obtained from system equations.
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5.7.1 (continued)

Branching Pipe Pump

35.0
30.0
25.0 : ~J

T 200 T

£ /

2 15.0 /

/
10.0 N\
5.0

0.0

0.0 2.0 4.0 6.0 8.0
Q (m3/sec)

Pump Curve
—— System Curve (Pipedl)
—— System Curve (Pipe 2)

Combined System Curye

The points of intersectigit (match‘points) are:
Q=43 m?/sec; H, =20.8 m, and for each pipe
Q,=3.0 m*/sec.and Qy= 1.3%i"/sec at that pump.head.

5.72

A spreddsheet is programnied to'determine the system

head for the pipeline going ftom eseryoir A to D. Only

onéypump is residént ifythistline. The pump curve is

superimposed on the system curve to yield the pipeline

flow noting that the flogv changes after the junction, but

the flow in pipelinéB€ 1s known. This process yields,
Pumps & Branching Pipes (Prob 5.7.2)

Pipeline AB Data Pipeline BD Data
L= 5000 ft L= 5000 ft
D= 3.00 ft D= 3.00 ft

f= 0.020 f= 0.020

hy=KQ™ hy=K(Q-20)"
m= 2.00 m= 2.00
K= 0.0103 K= 0.0103

Reservoir Data
Ep= 94.0 ft E = 80.0 ft

Q H, hpag hmp Hg, Hsu
cf) () (W 40 WF @)
0 70.0 0.0 14.0 14.0
10 68.0 20 14.0 15.0

20 64.0 41 770.0 14.0 18.1
30 SUN(] 93 1.0 14.0 243
40 47.0, P65 4.1 14.0 34.6
50 35.00 257 93 14.0 49.0
60 23000 37.0 16.54m14.0 67.5

Note that the flow in pipe. BDjis (Qap — 20) since the
flow in pipe AB is 20 cfs. Thus, friction losses do not

occur in pipe BDdtL Q3,20 cfs. A plot yields

Branchifig Pip eline Pump
80.0
70.0
60.0 = /,!
’ “hy) //
50.0
) .
. 40.0 X\j
a 30.0 = N
R
20.0
C—
10.0
0.0 T T
0 20 40 60 80
Q (cfs)
—&— Pump Curve
—a&— System Curve (Pipeline A to D)

where Qap = 45 cfs and Hy, = 41.2 ft. Thus,

Qsp = Qap - Qpp = (45 —20) =25 cfs

Balancing energy between reservoir A and junction B,
Ea+ Hpa = Eg + hgap where Eg = total energy elev. at B,
Ep = Eat+ Hya— K(Qap)® = 80+41.2-(0.0103)(45)> = 100.3 ft
Balancing energy from B to reservoir C (w/ Hyg = 64 ft
based on the pump data with Q = 20 cfs) yields

Ec= Eg+ Hpp— K(Qpe)” = 100.3+64-(0.0103)(20)* = 160.2 ft
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5.7.3

Plotting Data
. . X Net Net
It is obvious from the system schematic that both Head Q" Q5
pumps, acting in parallel, push flow through pipe 3. () (cf5) (cfs)

L 180 48.3
Thus, the pump characteristics of each can be added 160 454
together as a parallel pump combination, graphed, and 140 425
superimposed on the system curve (i.e., friction losses 120 39.5

35.7

in pipe 3) to determine the total flow and the flow 3

contributions from each pump. However, the pump

characteristics must be reduced first; their total energy

is not available to overcoming the friction losses in pi

3. The two pumps have used their energy to overcome

losses in sending flow through pipes 1 and 2 an

the water to a higher elevation. With thisgi

ranching Pipes
spreadsheet is programmed which yic b5.7.3)

Pumps & Branching Pipes (P

Pipeline 1 Data ipeline 2 Data
L= 8000 ft 9000 ft
D= 2.00 00 ft
f=0.020 0.020
hf = KQm

m=  2.00 ;

K= 0.14 i
Reservo ta

ft
ft
=KQ" @
mi 2.00 we= 200 40.0 60.0
K= 0.0768 Hpe=  40.0 Q (cfs)
Q H, et Hy, | NetH, | hg
(cfs) (ft) (ft) (f) (ft) —e— Net Hpl

0 200 180.0 150 1100 0.0
10 195 162.5 148 93.9 7.7
15 188.8 140.7 1455 739 17.3 Combined Net Pump Curve
20 180 1100 142 458  30.7

—=— Net Hp2

hf3
25 168.8 70.7 137.5 9.6 48.0
30 155 22.5 132 69.1
40 120 118 122.9 The plot yields Q3 = 34 cfs and H,4 = 90 ft with
50 75 100 192.0 Q; = 22.5 cfs, Q, = 11.5 cfs reading across from the

* Subtracting friction loss (pipes 1 & 2) and elev. rise (Hsac & Hgpc). same head of 90 ft to the pump 1 and pump 2 curves.
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5.9.1 59.3

hp S [(Patm - Pvapor)/’y] - [H’s + V2/2g + hL] Where hp S [(Patm - Pvapor)/y] - [H’s + Vz/zg + hL] Where

V = Q/A = (6.0 ft*/s)/[n{(5/12)ft}*] = 11.0 ft/sec V=Q/A=(0.170 m m)’] = 3.46 m/sec

Py= 14.7 psi = 2117 Ibs/fi?; Pype= 0.344 psi = 49.5 Ibs/ft’ (Paim — Pyapor)/y = (101,400 — 1226)/(9800) = 10.2 m
(Patm — Puapor)/y = (2117 — 49.5)/(62.3) = 33.2 ft, from from Table 1.1 .5m, hy (suction side) is
book jacket. Also, H’= 15 ft, and h; (suction side) is g = [f(L/D) + ZK]-[(V)*2g] and
hy = he + [YK](V)*/2g = [f(L/D) + ZK]-[(V)*/2g] and 0.25)+3.07][(3.46)*/2¢

e/D = 0.00085/(5/12) = 0.00204; v = 1.08 x 10 ft¥/s Puaper) 7] s

VD/v = (11.0)(10/12)/(1.08 x 107) = 8.49 x 10° 2/ 2.36m] =-0.27 m

<[10.2m] - [7.5m
And from the Moody diagram, f= 0.0235; thus ince h, is neg mp must be placed 0.27 m

below the wate ace elevation of the intake reservoir

in order @7 d cavitation problems.

hy=[0.0235435/(10/12)}+2.6]-[(11.0)%/2g

hp < [(Patm - Pvapor)/Y] - [H’s + V2/2g T

-
h, <[33.2ft] - [15.0ft + + 6.74ft] = 9.58 ft

(Patm - Pvapor) - hL' GHP where

, Hr —Hg= 55 m; and

hy K.=0.5; Kq= 1.0 (exit coef.)

Hp = ,
2
gﬁi m/s; ¢/D = 0.60mm/800mm = 0.00075
“
Fro o]

D 6)(0.80)/(1.0 x 10°) =3.49 x 10°

ell, H'=

ody; f = 0.0185; solving the energy eq’n;
hy = hy+ [ZK](V)z/ZX + SK][(V)*/2g] and Y £ &y ed
Hp= 55m+[0.0185(250/0.80)+1.5]-[(4.36)*/2g]= 62.1
e/D = 0.12/350 =£0.00034, T30°C, v= 0.80 x 10" m%/s p=35m ( )13 1(4.36)72¢] m

(Pan — Papor)/y = (101,400 — 2370)/(9790) = 10.1 m

VD/v = (1.25m/s) )/(0.80 x 10 m%s) = 5.47 x 10°

h,=-0.9 do=0.15 (gi h tion side) i
And from the Moody diagram, f=0.0165; thus P mando (given), by (suction side) is

h; = [f{(L/D)+=K](V*2g) = [0.0185(L/0.8)+0.5]-[(4.36)*/2
hy=1[0.0165(10/0.35)+3.7][(1.25)*/2g] = 0.332 m, and [RLDyF2KI(V'72g) = (L/0.8y+0.5T(4.36)2¢]

Therefore, h, = [(Paun — Panor)/¥] — Vi/2g - hy - oHp.
By < [(Pam — Puapor)/¥] — [H's + V¥2g + ] p = [(Pun = Prapo)y] = V172 - - oy
) -0.9m= 10.1m — (4.36)*/2g — [0.0185(L/0.8)+0.5]-[(4.36)*/2g]

< - + + =3.
h, < [9.94m] — [6.00m + (1.25)%2g + 0.33m] =3.53 m 015KE21m)

Since the pump is never more than 3 m above the Therefore, L= 10.3 m

supply reservoir, cavitation is not a problem.
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5.9.5 5.10.1

hy < [(Pagm — Pyapor)/Y] — Vi2g - h; - 6Hp where a) Converting gpm to cfs and rpm to rev/s yields

Hs+ Hp = Hg + hy; (Eq’n 4.2), Hr— Hs= 25 m; and S = [0(Q)")/(gH,)™ = [(rev/s)ft'/s) *V[(fus*)(f)]*

hy = he + hgeion + [ZK](V)?/2g; Kg = 1.0 (exit coef.)

he=KQ™=[(10.7-L)/(D**"-C'%3)1Q"%

he=[(10.7-300)/(0.15**7-120"%5)10.04'* = 12.2 m

hy = he + hgeion + V3/2g; V =2.26 m/s (pipeline exit)

Hp=25m+[122m+ 0.5 m + (2.26)*/2g] =38.0 m

(Patm — Pyapor)/y = (101,400 — 19,924)/(9643) = s = (kN'm/s*)"%/(m)*

Vi =Q/A = 1.57 m/s (suction side); 6 = 0.075 (gi ¢) N,=[o(P)" P& [o(yQH,) *1/(H,) ™

N; = [oy"2(Q)' . close, but Ny(Q) # N(P)
S

d) Peri ed = o(D/2) and V = Q/A = 4Q/nD?

Q‘che ratio is 4Q/[(mD*)w(D/2) and dropping
5.9.6 @ stants yield oD”)

water surface of the
t of the pump (i) yields:

5.10.2

Coniona speed from rpm to rad/sec yields:
1720 rev/ rad)/(1rev)]-[(1min)/(60sec)] = 180 rad/sec
And sinCe geometrically similar pumps have the same
P (Palm - Pvaporn] - i L~ P where
specific speed, the pump head can be found using:
Hp = 85 m; and 5.94 m/s (suction side)
N, = [o(Q)"*J(H,)™

(Patm — Pyapor) ¥ 1,400 — 7,377)/(9732) = 9.66 m
50 = [(180)(12.7)"*1/(H,)*"*; H, =30.0 m

from Table 1.1 and 1.2. Also, 6 = 0.08 (given)
To determine the power requirement, use the power

therefore, hy = [(Paym — Pyapor)/¥] — Vi*/2g - hy- cHp.

specific speed equation with the head just obtained:
hy + hy. = [(Pagm — Prapor)/¥] - Vi*/2g - GHp.

N, = [o(P)"*)/(Hy)™
h, + hy. = 9.66 m — (5.94)%/2g — (0.08)(85 m) = 1.06 m

175 = [(180)(P;)"*1/(30.0)**; P;= 4660 kW
and since, (Pi/y + Vi7/2g) = -(hp + hisuction)); thus

The same answer is obtained using P; = yQH,/e
(Pi/y + Vi¥/2g) = -(1.06 m)
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5.10.3

Based on the specific speed (unit discharge):
N, = [0(Q)"*J(Hy)™

68.6 = [(1800)(0.15)"*]/(H,)**; H,=22.0m
Now using; = [w(P;)"]/ (Hp)S/ 4

240 = [(1800)(P;)"*1/(22.0)°™; P;=40.4 kW
And finally, using P; = yQH,/e (watt = N-m/s)

40,400 N-m/s = (9790)(0.15)(22.0)/e; e = 0.80

Ns(model) =

Ns(model) =

SO, s(model) — [(D(P )1/2]/( >

Ns(model) 1 1 50(3 1)

)5/4

Now, Nifietd) = 4

54.6=[1130(P;)" y*=54.6; P;=205hp
The same answer is obtained using P; = yQH,/e
And based on Example 5.10:

(Q/0D?)moger = (Q/0D)gieig
[449/{(1150)(0.5) | moae = [5610/{(1130)(D)*T¢ictq

D=1.17ft

5.10.5

Nym= [0(Q)*J/(H,)** = [(4500)(0.0753)"21/(10)** = 220

=728

p 1/2]/(Hp)5/4‘

28 =[2250(P;)"*1/(100°™;

And finally, usi

H,/e (watt = N-m/s)

10,500,000 = (9790)(9.56)(100)/e; e =0.891

1.1

—— System
Head Curve

—— Pump
Charactistic
Curve

Poly.
(Pump
Charactistic
Curve)

0.10 0.20

Flow (m3/sec)

a) Concave up; as Q increases, losses increase quickly.

b) Concave down; as Q increases, the pump is not able
to overcome as much head (P, = yYQH,)

¢) The highest head is 41.5 m. with Q = 0. This is the
shut-off head. The pump is able to raise water to this
height, but produce no flow (i.e., all of the energy is
used up to maintain a 41.5 m column of water.)

d) The match point is Q = 69 L/s; H, = 39.5 m; so this
does not quite meet the design conditions.
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5.11.2

A spreadsheet can be used to obtain Q vs. H;, (system).

Applying Equation 5.19 (w/minor losses) yields

Hgy = H,+ hy; where h, = [f(L/D)+YK](V)*/2g; and

K.=0.5,K, =5(0.22), K, =2(0.15), K4=1.0, and
Pump Selection (Prob 5.11.2)

Q \% Nr i hy Hgy
(m’/s)  (m/sec) (m) (m)
0.00 0.00 0.00E+00% %, 0.0000 0.0 44.0
0.04 0.42 h46E+05  0.0187 0.1 44.1
0.06 0.62 2.18E+05  0.0179 0.2 44.2
0.08 0.83 291E+05.  0.0174 04 44 .4
0.10 1.04 3.645+05° 0.0171 0.7 44.7
0.12 1.25 4.37E+05 0.0169 0.9 449
044 146 5.09E+05  0.0167 1.3 45.3

Pipeline Data Reservoir Data

L= 300 M E,= 3857 m

D= 020 M Eg= 4025 m

e= 0360 Mm Hy= 168 m
e/D=0.00180 Minor Losses

T= 20°C K= 290

V= 1.00E-06 m’/sec g= 9.81 milsec’

Q v NR Pk hL HSH
(m’/s)  (m/sec) (m) (m1)
0.000 0.00  o.00e+00 0.0000 %, 0.0 16.8
0.100 3.18  637E+0s 0.0232 1915 36.3
0.125 398  79ee405 0.0231 303 47.1
0.150 4.77  o9ssiros 0.0231  43.6 60.4

* Used Swamee-JaiiyEquation (3.24a).

From Figure#-.23with'Q,= 125 L/sec and Hp 547 1im
(from table,aboyé)Pump 1V is the logical choice
Plotting Q vs'Hsy (system) on Figure 5.24 (Pdmp [V):
® =4350 xpm, e = 62%, Q =435 L/s, Hp =48 m

513

Applying Equationsd, 1 9:(w/minor losses) yields

Hgy = Hot hy; where hy® [f(L/D)+YK](V)*/2g; and

Kiuction = 3.7 and K¢='1.0 (exit coefficient). Thus,
Pump Selection (Prob 5.11.3)

Pipeline Data Reservoir Data
L= 150 m E,= m
D= 0.35 m Eg= m
e= 0.120 mm Hi= 440 m
e/D= " 0.00034 Minor Losses
T= 20°C XK= 470
V= 1.00E-06 m/sec g= 981 m/sec’

% kised Swamee-Jain Equation (3.24a).

Plotting Qs Hp (system) on Figure, 5.245(Pump I1I):
®© =4350 rpm, e = 61%,0 =120 L/s,;Hp =45 m

5.11.4

Applying Equation5.19 (w/minor losses) yields
Hgy= Hytth, ; where hy = [f(L/D)+YK](V)*/2g; and
KL =0.50K, =70.0, K4 = 1.0, and thus,

Pump Seléetion (Prob 5.11.4)

PipelinesRata Reservoir Data
L= 100 m Ex= m
D= 0.15 m Eg= m
= 0.150 inm Hi= 200 m
e/Ds  0.00100 Minor Losses
1= 20°C XK= 7150
v= 41.00E-06 m?sec g= 981 m/sec’
Q \4 Nr f* hy Hsn
(m’/s)  (m/sec) (m) (m)
0.00 0.00  o.00et00 0.0000 0.0 20.0
0.01 0.57  sao+04 0.0227 1.4 21.4
0.02 1.13 1708405 0.0214 5.6 25.6
0.03 1.70  2sse+05  0.0209 12.6 32.6
0.04 226 340E+05  0.0206 22.3 42.3

* Used Swamee-Jain Equation (3.24a).

From Figure 5.23, with Q = 30 L/sec and Hp = 32.6 m.
try Pump I or II. Plot Q vs Hgy (system) on Fig 5.24:
I ©=3850 rpm, e~ 42%,Q~=30L/s, Hp=33 m

II =2 ®=3550 rpm, e = 52%,Q~32L/s, Hp~33 m
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5.11.5

Determine Q vs. Hgy (system). Apply Equation 5.19
Hgy = Het hy; where hy = he + [YK](V)*/2g; and
K.=0.5, Kqg=1.0, and hy= KQ"* (Table 3.4) where
K = (4.73-L)/(D**"-C"*) and therefore:

Pump Selection (Prob 5.11.5)

Pipeline Data Reservoir Data

L= 8700 ft Ex= 102 ft

D= 1.00 ft Ep= 180 ft

C= 100 Hy= 78.0 ft

h; = KQ" Minor Losses

m= 1.85 YK= 1.50

K= 821 g= 322 fi/sec’

Q Q hy  hyjor  Hy Hgy
(gpm) (cfs) () (f (fo) )

0 0.00 0.0 00 780 78.0
200 045 1.8 0.0 78.0 79.8
400 0.89 6.6 £0.078.0 84.7
600 1.34 1400 0.1 78.0 92.1
800 1.78 23.9 7, 0.1 ¢78.0 102.0
1000 2.23  36.h, 020778.0 114.3

Plotting @ vs Hgfy on Figure 5.11.5: the match peint is:

Q= 800 gpmi(1 .78 cfs), Hy = 102 ft, e, = 82%, Pi= 26 hp
P, =\ yOQHp= (623 1b/ft’)(1.78.£t/sec)(102 ft)

P, = 11,300 ft-1b/sec(1 hp/5504ft-1b/gec) = 20.6 hp

&= P,/P; = 20.6/26 = 79% ~82%

5.11.6

Applying Equation 5.19 (w/minor losses) yields

Hgy = Het hy; where hy = [f(L/D)+YK](V)*/2g; and
K.=0.5,K,=70.0, K4 =1.0, and H= 40m.

Try D =20 cm, /D = 0.045/200 = 0.000225

V =Q/A =0.637 m/s, Ng = 1.27 x 10° and £ = 0.0185
Hgy= 40 + [71.5+0.0185(150/0.2)](0.637)*/2g = 41.8m
Use pump I at 4050 rpm, Q =20 L/s, H, =45 m,

e ~42%, P;= 30 hp, Cost: C =230

Now try D =10 cm, e/D = 0.045/100 = 0.00045

5.11.6 (cont.)

V=Q/A=255m/s, Ng=1.27x 10’ and f=0.0185
Hgy= 40 + [71.5+0.0185(150/0.1)](2.55)*/2g = 72.9m
No single pump can‘aehiexe thisthead.

Try D =13 ciage/D = 0.045/130 = 0.00035
V=Q/A=1.51m/s,Njg=,1.96 x 10° and f=0.0185
Hs=40"971.5%0.0185(150/0.13)](1.51)*/2g = 50.8m
Use pump I at 4350 rpm, Q =20 L/§, H,; % 52 m,

e = 42%, P; # 35 hp, Cost: C =133

Sinceleost increases asgdiameter increasesgand the head
increases dramatically (going offithe pump charts) with

diameters less than 13'€m, usethis as the optimum size.

5.11.7

Applying Egudtion 5.19 (w/out minor losses) yields
Hay = Hy#oh, ; where hy = [f(L/D)](V)*/2g; and thus
Pump Selection (Prob 5.11.7)

Pipelific Data Reservoir Data

L= 1800 m Er= m
D& 0.40 m Egz= m
e= 0.045 mm Hi= 150 m
/D =0,0.00011 Minor Losses
T= 20°C XK= 10.00
V =4 1.00E-06 m?sec g= 9.81 m/sec’
Q V NR Pk hL HSH
(m’/s)  (m/sec) (m) (m)
0.00 0.00  o.00E+00 0.0000 0.0 15.0
0.20 1.59  6378+05 0.0142 6.9 21.9
0.30 239  ossgros  0.0137 15.0 30.0
0.40 3.18 1276406 0.0134  26.0 41.0

* Used Swamee-Jain Equation (3.24a).

From Fig. 5.23, Q is too big. Use two pumps in
parallel w/Q = 150 L/sec and Hp = 30.0m. Try Pump
II or IV. Plot Q vs Hgy (system) on Fig 5.24:

I 2?»® = 4050rpm, e = 52%, Q = 150 L/s, Hp ~ 32m
IV 2 = 3550 rpm, e= 61%, Q = 150 L/s, Hp = 30m
(Pump IV is best choice for efficiency)
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Chapter 6 — Problem Solutions

6.1.1

a) unsteady, varied
b) steady, varied
c) steady, varied
d) unsteady, varied
e) steady, uniform

f) unsteady, varied

6.1.2

In natural channels, the bottom

distances. Steady flow i
However, during and

discharge is changi

annel, the diea, wette jifieter,

X d to be:
0)f)](820 ft) = 160 ft*

Now applying Manning’s equation (Eq’n 6.5b):
Q = (1.49/m)(A)Ry)**(S)"?

2,200 = (1.49/n)(160)(4.62)**(0.01)"”%; n=0.030
For a flow range of 2,000cfs < Q < 2,400 cfs;

the roughness coefficient has a range of :

0.0275 <n < 0.0330

Table 6.1;

11 m

ation 6.5a)

3(0.01)"* =0.748 m*/s

channel, from Table 6.1:

(1.83 m)](1.83 m) = 12.2 m’

6.2.4

For a trapezoidal channel, from Table 6.1:
A=(b+my)y=[4m+4y)(y) =4y +4y’
P=b+2y(l +m»)"?=4+2y(1 +4%)"? =4+ 825y
Apply Manning’s eq’n: Qn/(S)"? = (A)**(P)*?;
(49.7)(0.024)/(0.002) = 26.7 = (4y+4y*)**(4+8.25y) >

By successive substitution: y, = 2.00 m; From Fig 6.4a

with nQ/[(S"*)(b*?)] = 0.635; y,/b = 0.50; y, = 2.00 m
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6.2.5 6.2.8

Since m = 1/(tan 30°) = 1.73; referring to Table 6.1: For a circular channel (half full), from Table 6.1:
A=my*=1.73y% and P = 2y(1 + m?)"* = 4y

Apply Manning’s eq’n: Q = (1.49/n)(A)**(P)**(S)"?
4= (1.49/0.02)(1.73y%)*(4y)**(0.006)"

0.693 = (1.73y%)/(4y)** = 0.989y*": y, = 0.875 ft

6.2.6
For a circular channel, from Table 6.1:

A = (1/8)(20 — sin 20)d,> = (1/2)(20 — sin 20

P =0d, = 20; where 0 is expressed i

Apply Manning’s eq’n: Qn/(S)"? = (

successive

¥a = 1.00 m. Or w/Fig6!
and y,/do = 0.5, y=h.0

*

=0.867 m’/s; Nl can’t be used.
<
A ="(0.8)(0.8:m) &, ere m = slope By successive substitution: y, =4.37 m

P =0.8+(0.64 % 0.64-")" = 0.8(1 + (1 + m")'"?)

R, =A/P = (0.4m)/(1 + (1+m?"?) 6.2.10

Apply Manning’s eq’n: Qn/(S)"? = (A)(Ry)*>; For Q =100 cfs, S = 0.002 ft/ft, and n = 0.013
(0.867)(0.022)/(0.0016)"* = 0.477 = (A)(Ry)** Rectangular channel: Try b= 10 ft, then y = 1.68 ft
0.477 = (0.32m)[(0.4m)/(1 + (1+m*)"?)]*? Too shallow to be practical; b = 5 ft, y = 3.14 ft (ok)
By successive approximation or computer software Trapezoidal: Try b= 5 ft, and m =2, then y = 1.91 ft
m = 3.34 m/m (with n = 0.022) To meet 60% criteria; b =4 ft, m =1, y = 2.41 ft (ok)
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6.3.1

Based on Example 6.4, m = (3)""%/3 = 0.577
which is a slope angle of 60° (Figure 6.6)
Also, y = b-[(3)"%/2] = 0.866(b) or b = 1.15y
For a trapezoidal channel,

A = by + my?; Substituting for b and solving:

To check, determine the length of the channel si

4m?
100 = (1.15y)y + 0.577y* = 1.73y%; y = 7.60 m;
And since b= 1.15y = 1.15(7.60 m); b =8.74 m R &

Since it is a half hexagon, the sides should be equ

to the bottom width (see Figure 6.6).
[(7.60m)* + {(0.577)(7.60m)}*]"* = 8.

6.3.3
For a circular channel (half full), from Table 6.1:

A = (1/8)(20 — sin 20)d,* = (1/8)d,>;

P =0d, = (n/2)d,; where 8 = 1/2 (in radians)

Apply Manning’s eq’n: Q = (1.0/n)(A)**(P)?*(S)"?
1.0 = (1.0/0.011)((n/8)d,?)*((m/2)d,) #3(0.0065) "2

d,*?=0.876; d, = 0.952 m; pipe size for half-full flow

6.3.4

Equation (4) is: P = (2y)2(1+m%)"? —m) or

P = 4y(1+m?)"* - 2ym; taki e first derivative
dP/dm = 4ym(1+m®)
4ym/(1+m?)"? = (1+m?*"?

P=1; m=1/[3)"}= [(3)")3

ased on Example 6.4 N
A=my’ and P = +1m)"?
Substituti ” yields: P =2y(1 + A%y*)"?

To max Qfor a given area, minimize P:

@ + A%y AN + 21+ A= 0
%‘ KL ¥

6.3.6

From Example 6.4, m = (3)"%/3 = 0.577; and
b=(2/3)(3)"*y = 1.15y Now using Table 6.1:
A= (b+my)y = [1.15y + 0.577(y)](y) = 1.73y>

P=b+2y(l + m?)"? = 1.15y + 2y(1 + (0.577)})"% = 3.46y

Apply Manning’s eq’n: Qn/(1.49)(S)"* = (A)**(P)*;

(150)(0.013)/(1.49)(0.01)"* = 13.1 = (1.73y?)**(3.46y)>*

12.0=y**; ya=2.54 ft and b = 2.92 ft;
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6.4.1

a) From Eq’n 6.12 with V = Q/A = 1.39 m/sec

N; = V/(gD)"*=1.39/(9.81:3.6)"”> = 0.233 (subcritical)

b) ye = [(Q¥(gb)]"* = [(15%(9.81:3.0%)]"* =137 m

and since 1.37 m < 3.6 m, flow is subcritical.

6.4.4

6.4.2
For a rectangular channel, from Table 6.1:
A=by=4y;P=b+2y=4+2y

Apply Manning’s eq’n: Qn/(S)"* = (A)*?

(100)(0.013)/(0.01)"* = 13.0 = (4y)**(4+2y

By successive substitution: y, = 2.90 i

Fig 6.4 or computer so

¥e = [(Q/(gb)]'"” 5 [(10

since y, <y

Using Manning’s eq'n: V = (1.49/n)(R,)**(S)"?
V = (1.49/0.013)(2.99)*3(0.001)"* = 7.53 ft/sec
N;= V/(gD)"* where D = A/T; for Table 6.1
T=b+2my= 16 +2(3)(4.5) =43 ft

D = 133/43 =3.09 ft;

N = 7.53/(32.2:3.09)"* = 0.755 (subcritical)

The flow classification will require the flow velocity.

py23 4.5

Since V =
Nf =V/

A%

N

X\

/A 4/(10-6) = 13.9 ft/sec
3.9/(32.2:6)"* = 1.00 (critical flow)
+y=(13.9)%(232.2) + 6 = 9.00 ft

=10 +2(6) = 22.0 f;

°3(22)73(S)"; 8 = 0.0143

)2, where V = Q/A; Q = 100 m%/sec, and

A= (b+my)y=[5m-+ 1(5m)](5m)=50m’

V=Q/A=100/50=2m/s; and D=A/T

T=b+2my=5m+2(1)(Sm)=15m

D=A/T=

50/15=3.33m

N;= V/(gD)"* =2/(9.81-3.33)"”* = 0.350 (subcritical)

E=V¥2g+y=(2)2981)+5=520m

The total energy head with respect to the datum is:

H = Eyws+ V22g =50 m + (2)(2:9.81) = 50.2 m
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6.4.7

Using Internet freeware (plainwater.com):
Va=6.92ft and y.=3.90 ft

To determine a specific energy curve:

E = Q%(2gA’%) +y = (1750)/[2g{(40)(y)}*] + y

Substituting different y’s on either side of y.= 3.90 ft

Q= 1750 cfs
b= 40.0 ft
Specific Energy Curve
y E [Q = 1750 efs)
f {0
1.5 147 20
20 94 15 4
39 59 5
60 68 5 10
8.0 8.5 = )
10.0 10.3
150 15.1 0 M
pecific Energy, ft
6.4.

a) A= +my)y=[4m+1? m))(3 m) =25.5 m’
QY(2gAY) +y ;502 2:981(255)°]+3m =3.20 m

thus, 3.2m = 50%/(2g{(4 *0.5y)y} ) +y; by trial; y =1.38 m

b) At critical d
A=(4+1.5y)ye, T =b+2my =4 + 2(1.5)y. = 4 + 3y,
QY/g = (50)/9.81 =255 = A¥T = [(4 + L5y )y /(4 + 3y.)
By successive substitution, y.= 1.96m (or use Fig 6.9)
¢) From Manning’s eq’n: Qn/(S)"? = ( A)5/3(P)'2/3;
(50)(0.022)/(0.0004)""% = 55 = [(4+1.5y,)ya] *(4+3.61y,) >

By successive substitution: y, = 3.64 m;

fromEq’n 6.13; Q%g = DA?= A*/T

6.4.9

Using appropriate freeware (i.e., plainwater.com):

At the entrance to the transi

yi=181m; V;=1.6 ec; and at the transition exit,

when S = 0.00

; Ve=1.19 m/sec

ergy balance: H; = H, + Iy, or
Ve2/2g tYet Zet
2 1.81m+2111.1 g+ m 0.02m

i - Z. = Az = 0.39 m (tfans om elev. change)

6.4.10
Using a riate freeware (i.e., plainwater.com):

the entrance to the transition, when b = 12 ft:

=588 ft; V;=7409 ft/sec; and at the transition exit,

The table below provides the transition properties.

H =H; - hy; (losses uniformly distributed in transition)
E = specific energy = H - z, and y is found from

E=V2g+y=Q7/[2g{(b)y)}1 +y

Section Width, b z H E y
(ft) (9 €19) () ()

Inlet 12.0 884 1550 6.66 5.88

25 10.5 6.63 15.13 850 7.94
50 9.0 442 1475 1033 9.80
75 7.5 221 1438 12.17 11.70

Exit 6.0 0.00 14.00 14.00 13.40
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6.5.1 6.5.4

Alternate depths have the same specific energy, one Use eq’ns (6.16) for depth and (6.20) for energy loss:

depth is subcritical and the other is supercritical.
P P qz/g =yryal(yity2)/2]; q =
Sequent depths occur before and after a hydraulic jump

and do not have the same specific energy.

6.5.2 AE

The equation for specific energy is written as: :
E=V’2g+y=(QA)2g+y /(gy1)'"; and Vi = qffy =
It is evident from the equation that as the depth o= 16.8/(32.2:2. 0)1/ N
becomes very small (approaches zero), the velo o

becomes very large (i.e., the area becomesgery s = Vl(gy) 2Rgy2=33.6/5.0=6.72 fU/s

Np1 = 6.7 0)"2= 0.530 (subcritical)

E F,
(f)  (Ibs/f)
160 50 528
107 33 401
80 3.0 373
64 31 394
53 34 446
46 38 524
40 42 623
36 47 742

q*/(9.81) = 0.8-@ Y2]; q=6.89 m*/sec-m 4.0
45
Q=bq=(7 m)(6: /sec-m) = 48.2 m*/sec

The Froude numbers are determined as:

Specific Force Curve

5.0

Np = Vi/(gy))"% and V, = q/y, = 6.89/0.8 = 8.61 m/s o JREET
30 ¥
Nr1 = 8.61/(9.81-0.8)"* = 3.07 (supercritical) I 2.0 <;.
1.0 T
Np, = Vo/(gy2)"% and V, = g/y, = 6.89/3.1 =2.22 m/s o P — .

Specific Force, Ibs/ft

N2 =2.22/(9.81-3.1)""> = 0.403 (subcritical)

—&—Specific Force Curve

=403/12 =33.6 cfs/ft
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6.5.6 6.8.1

ve = [(Q(eb?)]" = [(15/(9.81-10)]" = 0.612 m a) reservoir flowing into a steep channel (S-2)
c . .
servoir (M-2)

b) mild slope channel into

Minimum specific energy occurs at critical depth. ¢) mild channel int

Emin= V22g + y.= [15/(10-0.612)]/2g + 0.612m = 0.918m reservoir (H-2 and M-2)

Using Eq’ns (6.8) and (6.19): E=V?*2g+y and

F,=F + pqV = (y/2)y’ + p(Q/b)V; y=9790 N/m’
p =998 kg/ m’
Depth  Area v E F
(m)  (m)* (m/sec) (m) (kN/m)
02 20 750 31 114
04 40 375 1.1 6.4
06 60 250 09 55

tware. Find criticaldepth
0.8 8.0 1.88 1.0 5.9 software. y, = : 3.20 ft. Since y,> vy, the
1.0 10.0 1.50 1.1 7. c
a

eq’n (and Talx 1 or computer

q’'n 6.14 or

12 120 125 13 channel is mil e /Y. and y/y, are greater than 1.0;
14 140 1.07 1.5 1

ication is M-1 (see Fig 6.12)

ine normal h channels (upstream

anning equation (and

r computer software. Also,
10.0

pecific Force, kN/m

Specific Forge Cu N

from Eq’n 6.10 or software.

Specific Energy Cu

A4 the slope break (see Fig. 6.12); classification is M-2.

6.8.4

0.0 ‘ ‘
0.0 10 20 3.0 40 Channel and flow classification requires three depths:

Specific Energy, m critical, normal, and actual. For normal depth, use the

| —e—Specific Energy Curve | Manning eq’n (and Table 6.1), Fig 6.4, or computer

software. Find critical depth from Eq’n 6.14 or

From continuity, an increase in discharge will increase software. yn=0.871 m; y.= 1.41 m. Since y, <y,

the depth. This will, in turn, increase the forces causing channel is steep. Since y/y. and y/y, are less than 1.0;

the specific force curve to move up and to the right. flow is Type 3; classification is S-3 (see Fig. 6.12)
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6.8.5

Compute normal and critical depth for the channel. Recall that for wide rectangular channels, the depth is very small

Solving for each yields: y, = 0.847 m and y. = 0.639 m.

Note that computer software is not likely to give you the correct n ince the sides of the channel
will be included in the wetted perimeter. Since y, > y., the channel is mil depth of flow (0.73 m) is
between critical and normal, it is a type-2 curve; the full classifieationyi (see Fig. 6.12). Therefore, the depth
rises as you move upstream. The depth of flow 12 m upstrear

m as computed in the following energy balance.

Section y z A Vv ‘Sc(aly)  Total Energy
(m) (m) (m>)  (m/sec) n ) (m)
1 0.73 0.000 0.730 2.19 1.64E-03 3 0.019 0.994
2 0.75 0.012 0.750 0.750 1.50E-03 12 0.994

an (12 | a3

Total
Se(avg) llL E
(m/sec) (m) (m)

1.042  0.0553 0.000508  0.000554  0.1042  2.159

9.657 43

11.29  1.107  0.0625 9.402 1.201 0.000601 AL= 188 2.160

e depth of 1.91 m is correct. Now balance energy between sections #2 and #3.
2 0.188 11.29  1.107  0.0625 9.402 1.201 0.000601  0.000658  0.1547 2.315
3 .82 0423 1059 1.180  0.0710 9.148 1.158 0.000716 AL= 235 2.314

Note: The trial depth of 1.82 m is correct. Now balance energy between sections #3 and #4.
3 D 1.82 0423 1059 1.180 0.0710 9.148 1.158 0.000716  0.000779  0.2532 2.567
4 10) 1.74 0.748  9.99 1.252  0.0798 8.921 1.120 0.000842 AL= 325 2.568
Note: The trial depth of 1.74 m is correct. Now balance energy between sections #4 and #5.
4 D 1.74  0.748  9.99 1252 0.0798 8921 1.120 0.000842  0.000920 0.8528 3.421
5 U  1.66* 1.675 9.40 1.330  0.0902 8.695 1.081 0.000998 AL= 927 3.425

* Normal depth appears to have been obtained, however it took a long distance upstream of the obstruction before
this occurred even though the dam only raised the water level 0.34 m above normal depth.
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6.8.6b

The complete solution to Example 6.9 is in the spreadsheet program results shown below based on the direct step

method. It compares very closely to the solution using the standard step method.

Normal depthi has béen obtained.

Distance
Sec [U/D vy A P R, A% Vg E Se AL to
# (m (m) (m) (m) (msec) (m) () (m) Dam (m)
D 200 12.00 9.657 1243 1.042  0.055355,2.0553¢" 0.000508 0
2 U 191 1129 9402 1201 1.107 040625 197257, 0.000601 186 186
Determine how far upstream it is before the depth reduces to 1.91 m.
2 D 191 1129 9402 1201 1.107 006250549725 0.000601 186
U 1.82 1059 9.148 1.158 118000710 1.8910 0.000716) 239 424
Determine how far upstream it is before the depth reduces to 1.82 m.
D 1.82 10.59 9.148 1.158\ 1186, 0.0710 1.8910 0:000716 424
4 U 1.74 999 8.92lmml120 1 1.252 0.0798 1.8198 0.000842 322 746
Determine how far upsti€am it is before the depth reduces to 1.94 m.
4 D 174 999 8921 1.420" 1252 0.0798 14198 0.000842 746
U 1.66 940 8.695°5F081 1.330 04090217502 0.000998 870 1,616

6.8.7a

The compléte sglutionitorExample 6.10 is_ingthe Spreadsheet program results shown below. Refer to example 6.10 to

detémmine the ‘appropriate equations for the afaridus cells. Normal depth and criti€al depth computations may also be

programmed inte the spreadsheet,

Section y z A A% V22g Ry S. Se(ave) AL-S¢avey  Total Energy
(ft) (f) (D)W (fsec)  (f)  (fy) (ft) (ft)
1 2.76  “10.000m, 2490 7.431 0.857 1.571 6.59E-03 AL= 2 13.617
2 266 9976 2346 7.885 0966 1.524 7.73E-03 7.16E-03 0.014 13.616
2 2660, 9976 2346 7.885 0.966 1.524 7.73E-03 AL= 5 13.602
3 258 9916 2234 8280 1.065 1.486 8.82E-03 8.27E-03 0.041 13.602
3 2.58 9916 2234 8280 1.065 1.486 8.82E-03 AL= 10 13.561
4 2.51 9.796 2139 8.651 1.162 1.452 9.92E-03 9.37E-03 0.094 13.562
4 2.51 9.796 2139 8.651 1.162 1.452 9.92E-03 AL= 40 13.468
5 2.42* 9316 20.18 9.166 1305 1.409 1.16E-02 1.08E-02 0.430 13.471

* The final depth of flow computed 57 feet downstream from the reservoir is within 1% of the normal depth (2.40
ft). Note that the largest changes in depth occur quickly once the water enters the steep channel and approaches

normal depth asymptotically as depicted in the S-2 curves in Figures 6.12 and 6.13a.
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6.8.7b

The complete solution to Example 6.10 is in the spreadsheet program results shown below based on the direct step

method. It compares very closely to the solution using the standard step method.

Distance
Sec | UD vy A P R, A% Vg E Se AL to
# (fy ()  (f) (ft)  (ft/sec)  (ft) (ft) (ft)  Dam (ft)
U 276 2490 15843 1571 7431 0.8575 36175 (000659 0

2 D 266 2346 15396 1524 7.885 09655 3.6255, 000773 1.66 1.66
Determine how far downstream it is before the depthyreduces to 2.66 ft.
2 U 266 2346 15396 1.524 7.885 0.9685 36255 0.00773 1.66

D 258 2234 15.038 1.486 8.280 , "1.0646; 13.6446 0.00882  5.12 6.78
Determine how far downstream it is befare the depthireduces to 2.58 ft.

U 258 2234 15.038 1.486 18.280 Wpl.0646 3.6446 0.00882 6.78
4 D 251 2139 14725 4ms2 8651 1.1621 3.6721/ 0.00992 “>10.4 17.2
Determine how far downstreain it is befre the depth reduces to 2.51 .

4 U 251 2139 147250, 1.452¢% 8.651 1.1621 3.6721 40.00992 17.2

D 242 20.18 14323 1409 9.166 1.3047m, 3772474 0.01159 423 59.5
Determine how far downstream it is before the depth@€duces te 2.42 ft.

6.8.8

Compute normal and @ritical depth for the ehannelyFor normal depth, use'the Manning equation (and Table 6.1), Fig
6.4g0r. computensoftware. Find critical depthi frdin Equation 6.10((or 6.13))or ¢6fiputer software.

Solving for bath-depths yields: ¥, = 1.12 m,%¥, = 1.53 m, afd = 1.69 m (given).

Since ¥4 < y.. the channel is ste@p. Since y/y. and y/y, are gteater than 1.0; the flow is Type 1;

Therefore, the complete classification is S-1 (see Fig. 6.12) and depth decreases going upstream.

The depth of flow 60 mupstteam from the location where the depth is 1.69 m is 1.62 m as computed in the

following energydbalance;

Section y z A A% V2/2g Ry, Se Se(ave) AL-S¢avg)  Total Energy
(m) (m) (m)  (m/sec)  (m) (m) (m) (m)
1 1.69  0.000 11.3 3.10 0.488 1.16 9.56E-04  1.04E-03 0.006 2.185
2 1.61 0.024 10.6 3.29 0.551 1.11 1.13E-03 AL= 6 2.185

The total energy is found using Equation 6.26b with losses added to the downstream section (#1). The area and
hydraulic radius are solved using formulas from Table 6.1. The slope of the energy grade line is found from the

Manning equation: S, = (n*V?)/(Ry)**
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6.8.9

Compute normal and critical depth for the channel. For normal depth, use the Manning equation (and Table 6.1), Fig
6.4, or computer software. Find critical depth from Equation 6.14 or computer software. ‘Selving for each yields:
yn = 0.780 m and y. = 0.639 m.

Since y, > y., the channel is mild. Since the depth of flow (5.64 m).is greatemthan critical and normal, it is
a type-1 curve; the full classification is M-1 (see Fig. 6.12). Thus, the depth\falls asiyen move upstream. The depth
of flow upstream at distances of 300 m, 900 m, 1800 m, and 3000 "m¥fiom the control section (where the depth is
5.64 m) are shown in the spreadsheet program results below. (Nate: R, = AP and S, = n*V¥/R,“ ¥ Manning Eq’n)

Water Surface Profile (Problem 6.8.9)

Q= 1600 m¥/sec ye= 0.639¢m
So= 0.0016 Vo= 0.780 m
n= 0015 g=O.8Mym/sec’
b= 10 m
Section y z A v V2/2g Ry Sk 4K AL-S¢(ayg) Total Energy
(m) (m) (m>) [(m/sec) {m) (m) (m) (m)
1 564  0.000 5640 0.284 0004 2.650 4.94E-06 @#5.59E-06  0.002 5.646
2 516 0480 51.60 0.310070.005 2.539 46.248-06 AL= 300 5.645
2 516 0480 51.600 0310 0.005 2439 96.24E-06 8.55E-06  0.005 5.650
3 420 4 1440 4200 70381 0.007 £2.283% 1O9E-05 AL= 600 5.647
3 4000 1.440 42.00 0381 Q007 2285 /1.09E-05™"2.28E-05 | 0.021 5.668
4 277/ 28807 27.70  0.578 0017 782" 3.47E-05 AL =900 5.667
4 2.9, 2880 27.70 0578 0017 1.782  3.47E-08, MOIE-04  0.349 6.016
5 B10 © 4.800 100 1.455.40.108 0.902m, 547E-04 AL= 1200 6.008
6:8.10

Compute normal and ¢titical depth for the channel. For normal depth, use the Manning equation (and Table 6.1), Fig
6.4, or computef softwase. Find critical depth from Equation 6.14 or computer software. Solving for each yields:
Yo = 0.217 m and§p=40.639 m.

Since y, <., the channel is steep. By referring to Figure 6.13a and 6.13c, we can see that the water surface
profile will go through critical depth as it starts down the back side of the dam (which is a steep channel) and this
becomes the control section. Calculations begin here, where the depth is known, and proceed downstream where the
depth decreases as it approaches normal depth making it a type-2 curve: the full classification is S-2 (see Fig. 6.12).
The depth of flow downstream at distances of 0.3 m, 2.0 m, 7.0 m, and 30.0 m from the control section (where the
depth is critical, 0.639 m) are shown in the spreadsheet program results below. (Note: R, = A/P and S, =
n’V¥/R,*?; derived from the Manning Eq’n)
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Water Surface Profile (Problem 6.8.10)

Q= 160 m’/sec ye= 0.639 m
Se=0.100 Vo= 0217 m

n= 0.015 g= 9.81 m/sec’

b= 10 m

Section y z A v Vi 2g Ry, Se Selie AL-Sc(ave) Total Energy
(m) (m) (m’) (m/sec) (m) (m) (m) (m)
1 0.639 5.000 6.390 2504 0.320 0.567 43.01E-03 AL= 0.3 5.959
2 0.539 4970 5390 2968 0.449 0.487 “05.18E-03} 4.09E-03 0.001 5.959
2 0.539 4970 5390 2.968 0.449 _ 0.487 “)5.188403 AL= K7 5.958
3 0426 4.800 4.260 3.756 0.719 “ 0.393%mml . M0E-02 8.11E-03 0.014 5.959
3 0426 4.800 4260 3.756 0.:719%99,0.393» 1.10E-02 AL = S0 5.945
4 0326 4300 3.260 4908 1.228¢ 0.306 2.63E-02 _4w87E-02 0.093 5.947
0.326 4300 3.260 [4.908 1228 0306 2.63E;02 AL = 230 5.854
5 0.233 2.000 2.330 16.867 2403 0.223 7.86E-02" 45.25E-02 1.206 5.843
6.8.11

Compute normal afid critieal depth for the channel. For normahdepth, use the Manninggequation (and Table 6.1), Fig
6.4, or computiigoftwate. Find critical depth froii Bguations6.14 or computessoftware. Solving for each yields:
Yn = 2.687 it andy. = 1.459 ft.

Sinee y, > y., the channel is mild. Suce thedepth of flowf (5.00xft) 48 greater than critical and normal, it is a
typeal cuive; thefull classification is M=l (see Fig. 6.12). Thus, the depth falls as you move upstream. The depth
of flowdupstream at distanc@s of 200 ft, 500 ft, and 1,000 ft from the comtfol section (where the depth is 5.00 ft) are
shown i the spreadsheet prdgramiyrestllts below. (Note: Ry = A/P; S n*V?/2.22R, " from the Manning Eq’n)

Water Surface®rofile.(Problem 6.8.11)

Q= 500 _ft'ec ye= 1459  ft

So=0.004 b= 5 ft Yo = 2.687 ft

n= 0.015 m= 0 rectangle g= 32.2 ft/sec’

Section y z A A% V2/2g Ry Se Seave) AL-S¢(avgy  Total Energy |
() (o (f))  (fsec) () (o (o) (o)

1 500 0.000 25.00 2.000 0.062 1.667 2.05E-04 2.14E-04 0.043 5.105
2 4.84 0.200 2420 2.066 0.066 1.649 2.22E-04 AL= 200 5.106
2 4.84 0.200 2420 2.066 0.066 1.649 222E-04 2.37E-04 0.071 5177
3 4.60 0.500 23.00 2.174 0.073 1.620 2.52E-04 AL= 300 5.173
3 4.60 0.500 23.00 2.174 0.073 1.620 2.52E-04 2.81E-04 0.140 5314
4 4.23 1.000 21.15 2.364 0.087 1.571  3.10E-04 AL = 500 5317
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6.8.12

Computing normal and critical depths yields: y, =2.190 m and y. = 1.789 m. (Rf: plainwater.com)

Since y, > y. , the channel is mild. Since the depth of flow (5.8 m) is greater than both,"bis a type-1 curve; the full

classification is M-1 (see Fig. 6.12). Thus, the depth falls as you move upstream. Thedwvater Surface profile is given

below. (Note: R, = A/P and S, = 02 VYR, *?; from the Manning Eq’n)

Water Surface Profile (Problem 6.8.12)

m’/sec

Q= 440 Y& 2.19 m
So=0.004 b= 36 m $h, = 1.789 m
n=_0015 m=_ 2 g= 9.81 m/sec’
Section y z A A% V32g Ry Se Selave) AL-S¢(ave)  Total Energy
(m) (m) (m’)  (m/sec) (m) (m) (m) (m)
1 580  0.000 88.16 0.499 0013 p2.985 1.30E-05 2.24E-05 0.006 5.818
2 4.79 1.000 63.13 0.697 0026 2523  3.18E-05 A= 250 5.815
2 4.79 1.000 63.13 [ 0.697 10.025 2523  3.18E=05" 3632E-05 0.016 5.831
3 3.77 2.000 42.00 |1.048 ¥0.056 2.053  9.47Ef05 AL= 250 5.826
3 377  2.00074200 1.048 0.056 2.053 947E-05 2.43E-04 0.061 5.887
4 273  3.000 2473, 1.779 0.161 4.565) 3.92E-04 AL= 250 5.891
4 273 30000924473  1.779  0.1611, 1.5650, 3.92E-04 1.22E-03 0.220 6.112
5 84 3.720 1340 3.285  0.550,, “T132 /) 2.06E403 AL =/ 180* 6.110
¥Note: The last interval only needed to be 180 to"get within 2% of the mormal depth.
6.8(13

Computing normal and criti€al depths yields: y, = 1.233 m'and y. = 1.5344m. (Rf: plainwater.com)

Since y, < y., the channel igisteép. Siice the depth of flow (3.4 m) isfgreater than both, it is a type-1 curve; the full

classification is S¢l (see Fig) 6.12). Thus, the depth falls as you move upstream. The first 150 m of the water

surface profile is givenibelow. It is left up to the student and the instructor to determine where and at what depth the

hydraulic jump fccurs.gNete: R, = A/P and S, = n*V*/R,*?; from the Manning Eq’n)

Total

Section y z A \% V2 2g Ry, Se Seave) AL-S¢avgy  Energy
(m) (m) (m’)  (m/sec)  (m) (m) (m) (m)
1 340 0.000 2856 1.225 0.077 1954 1.04E-04 1.18E-04 0.006 3.482
2 3.19 0200 26.13 1340 0.091 1.863 1.32E-04 AL = 50 3.481
2 3.19  0.200 26.13 1340 0.091 1.863 1.32E-04 1.52E-04 0.008 3.489
3 298 0400 23.78 1472 0.110 1.771 1.71E-04 AL= 50 3.490
3 298 0400 23.78 1472 0.110 1.771 1.71E-04 1.99E-04 0.010 3.500
4 276 0.600 2142 1.634 0.136 1.672 2.27E-04 AL = 50 3.496
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6.9.1

Equation (6.29) yields:

Ry, = [0.022-4.0)/(1.49-0.0011"%)]* =2.38 ft
Also, A = Q/Viax = 303/4.0 = 75.8 ft.
Hence P=A/R =75.8/2.38 =31.8 ft.

Now from Table 6.1 (with m = 3):
A=(b+3y)y=758f;and
P=b+2y(1+3)"?=3181t

Solving these two equations simultaneously we
b =3.53 ftand y =4.47 ft. Also,
T=b+2my=3.53+2(3)4.47=304

D=A/T=75.8/30.4=2.49 ft; and fina

F=(Cy)" =

of 7.25 ft or 7.5 ft a bottom
practicality infield cons
¢

-

This is an analysi not a design problem.

For the given nnel} |determine the normal depth

uation (and Table 6.1), Fig 6.4,

using the Manning
or computer software.

yn = 1.98 m (Rf: plainwater.com)
The corresponding velocity (Q/A) is 1.40 m/sec.
This is smaller than Vyax = 1.8 m/sec (Table 6.7).

Therefore, the channel can carry the design

discharge of 11 m*/sec without being eroded.

6.9.3
From Table 6.2, n=0.013. Equation (6.30) yields

bly =2[(1 + m?»)"* —m] = 2J{h+ 1.5 - 1.5] = 0.606

T=b+2my 2(15)4.95 =179 ft;

A=(b +(1.5)4.9514.95 =51.6 ft*

2.88 ft; V=Q/A =06.63 ft/s; and finally
D)2 =6.63/(32.2:2.88)"* = 0.688; ok
egheight of lining above the free

S @ eeboard (height of banks)

. Therefore,
=495+27=7.651t

depth of 7.75 ft or 8.0 ft and a bottom
for practicality in field construction.

Due to the limitation on the flow depth, the section will
no longer be the most efficient hydraulically. Applying
the Manning equations yields:

Q = (1.49/n)AR,**S"* = (1.49/m)(A)*(P) " (S)"?

342 = (1.49/0.013)[ {b+(1.5)(3.5)}3.5]*[b+2(3.5)
(1+1 ‘52)1/2]-2/3(0'001)1/2

By successive substitution or computer software;
b=19.97 ft or 10 ft. The corresponding Froude number
is 0.70 and is acceptable. The freeboard is still 2.7 feet
based on Figure 6.15. .
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Chapter 7 — Problem Solutions

7.1.1 7.1.4
Volume of solids (Voly) is 3,450 ml (3,450 cm®), a) The texture, por ain ntation, and packing
may be m; di t from in-situ conditions.

since 1 ml of water = 1 cc of water. Therefore,
ys occurs when removing a
Volg= 3,450cm’(1m/100cm)*(35.3 f*/1m*) = 0.122 ft*

Sample volume: Vol = (1 ft)[n(0.25 ft)*] = 0.196 ft’ the sample tube and tk

12.6)(0.35)] = 2.43 cm/min

From Equation 7.1:

a=Vol,/Vol =(0.196-0.122)/0.196 = 0.378

V= Q/(A-a) = 10.

712 t=L/V,=( 43°¢m/min) = 12.3 min
d) V (ac > inice the flow path is tortuous.
Equation (7.1) states that: o= Vol,
From the definition of de
pp, = mass/Vol; thus Vo also
b = mass/Vol, = maSRi(Vd - thus Equation 7. 0 m/sec = 10 cm/sec

ands, low end of range)

ass/py)

— (pv/Ps)

713 \ To determine the tracer time, we need to determine the
seepage velocity. The seepage velocity is the average

The sample voluffigigiV ol = 65.0 Ny speed that the water moves between two points.

where 7y is the specific weight of kerosene. From Table 7.1, use a porosity of 0.30.

Using the same reasoning, the void volume is: V= V/o.= Q/(A-a) = (0.0105 cm’/s)/[(78.5 cm”)(0.30)
Vol, = (179 N - 157 N)/y, = 22.0 N/yy V,=4.46 x 10 cm/sec

Finally, using Equation Equation 7.1; t=AL/V,= (30 cm)/(4.46 x 10 cm/sec)(1 hr/3600 sec)
a = Vol,/Vol = (22.0 N/y)/(65.0 N/y,) = 0.338 t=18.7 hrs.
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7.1.6
From Eq’n 7.3, K = (Cd%y)/p or Cd* = Kp/y. Since the
sand characteristics are constant: Kyotao/v20 = Kspis/ys
thus, Ks = (1a0/1ts)(Ys/720) Koo (using Tables 1.2 & 1.3)
Ks = (1.002x107/1.518x107)(9808/9790)(1.8 cm/min)
Ks5=(1.002x107/1.518x107)(9808/9790)(1.81 cm/min)
Ks = 1.20 cm/min = 2.00 x 10™* m/sec

Q = KA(dh/dL) = (1.20 cm/min)(12.6 cm?)(14.1/30)

Q=7.11 cm*/min = 35.6 ¢cm*/5min

7.1.7

om Table 7.2).

a
/(1.19 x 107 ft/sec)](1 0 sec)

in course soils)

city can be computed as:

The apparent (D

V =K(dh/dL) = (1.00 x 107 m/s)(1/50) = 2.00 x 107 m/sec

The slope of the water table is the hydraulic gradient;
not the slope of the confining bedrock layer. The flow
rate through each weep hole requires the continuity
equation (Q = AV) where the area is in the aquifer

where V was found, not the weep hole. Therefore,

Q=AV = [(Im)(3m)](2.00 x 107 m/sec)

Q=6.00x 107 m*/sec = 0.600 cm’/sec

275)=1.19x 107 ft
determine the tr 2 t1

7.1.9

Find the apparent (Darcy) velocity from: V = K(dh/dL).

The hydraulic gradient ( is the slope of the water

x 107 ft/s
1

ft/s)

>

—

Variable separate and integrate Equation 7.5:

(Q/r)dr = (2nKb)dh = w/ Q, K, and b constant yields
QInr=2nKb(h) 2 h=hyatr=r, & h=hyatr=r,
Q In(r,/ry) = 2nKb(hy-hy) or Q = 2nKb(h,-hy,)/In(r,/1y)
Variable separate and integrate of Equation 7.13:
(Q/r)dr = 2nK)h dh = w/ Q, K, and b constant yields
Qlnr=27K(h*2)> h=hyatr=r,&h=h,atr=r,
Q In(ro/ry) = 1K (h,*-hy?) or Q = nK(h,>-h,,>)/In(r/r,,)

b = height

Cylinder

r = radius A =2nrb
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7.2.2

Apply Equation (7.14); Q = nK(h,>-h,*)/In(ry/ry)

for each radius of influence. Obtain K from Table 7.2.
Qss0 = m(1.00x107)(50%-40%)/1n(350/0.10) = 0.346 m’/s
Quso = (1.00x107)(50%-40%)/1n(450/0.10) = 0.336 m’/s

About a 3% change in Q for a 12.5% range of r,.

7.2.6

Using Eq’n 7.11; s = sy, + (Q/27T)[In(r,y/1)] yields:

s1 = 2.72+ [2150/(2x -880)][I80/100)] = 2.63 m

Using Eq’n 7.11 again for the second well acting alone:
s;=2.72+[21 n(80/140)] =2.50 m
2]

STo +2.50=5.13m

S =g T (Q1/2m + (Q2/2nT)[In(ra/12)]

7.2.3 . &
Substituting values into Eq’n 7.6 yields: pply Equation (7. IZKM bservation wells

r, = 1790 ft

7.2.4
i obtain K from Table 7.2.
existin,

725 \
Note that Q = 30 m’ 33 x 107 m’/sec, and

T=Kb=(1.3x10"m/s)(10 m) = 1.3 x 10 m*/s-m
Substituting values into Eq’n 7.11 yields:

S = Sop + (Q/2aT)[In(r,,/r)] = Here, the observation
well is the pumped well where drawdown is known.

s=15+[8.33x 107/(2m 1.3 x 107*)][In(0.15/30)]

$§=9.60 m (drawdown 30 m from the pumped well)

0/22¢T)[In(50/180)]
+ (852/2nT)[In(90/440)]

01/T) — (215/T); T =1050 m*/day

%

K) ] [In(ry/1y)]

5/(m -0.00055)]-[In(500/0.5)] = 2910 ft*

own, apply Eq’n (7.15) to
at the well:

ft; thus, sy; =130-53.9=76.1 ft

Based on the hint given in the Problem, Equation (7.17)
will be applied using the radius of influence as the
observation well with zero drawdown. Therefore,

h* = hy,” — Z[Qy/(m -K)] [In(rio/r))]; hey” = 130% 135= 500;

h? = 130% - [3.5/( -0.00055)]-[In(500/0.5)]
—[3.5/(r 10.00055)]-[In(500/250)]

h =38.7 ft; Therefore, the drawdown for both wells is
Swa+z) = 130 —38.7 =91.3 ft; and the added drawdown

As,, =91.3 —76.1 = 15.2 ft of additional drawdown
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7.2.9 7.2.12

The aquifer T (or K) is not given. Therefore use Eq’n Use Eq’n (7.11), w/observation well data to obtain T.
(7.11), with the observation well data to obtain T. S = Sop T (Q/2T)[In(rop/1)];
s = Sop T (Q/2xT)[In(r,,/1)]; Use (s, r) for closer well.

(s, r) for closer well.

/500)];
S - Sgp= 2 m = [2000/(2T)]-[In(160/20)];

T =331 m*/day-m; Now use Eq’n (7.11) again with the
furthest observation well and the radius of influence.

s = Sop T (Q/27T)[In(r,,/1)]; Use (s, r) for rad. of infl.

b€ obtained as:

0.0 = 1.0+ [2000/(27 -331)]-[In(160/r,)]; ro = 453 m parent (Dagey) offet

= (y- — 3 — _4
Alternative solution: Use Equation (7.8) wit V=0V,=(026)2.81 f 731 x 107 ft/sec
the observation wells; use the inner one for (r, .

OW We can use Y elocity to obtain the Q:

h- hw = (ho - hw)[hl(l"/ rw)/ ln(ro/ rw)];

Q=AV; area lindrical surface of radius 750 ft
249-247 = (250-247)[In(160/20)/In(ry/2 $m Q- (@n (750 (20 f(7.31 x 10° fisec)
cfs; now substituting into Eq’n (7.11) yields
7.2.10 — 42.8 ft = [689H2xT)]-[In(1000/500)]:
Since the slope is , n 7.5 directly:

Q = 2mrbK4l

178 ft*/se ) i
@ 2m(909650)(7.55 x 10‘5(0.@ used in i but the velocity change is
c (449 gpm/ 1cfs) =213 not lingdfbetween observation wells. It is left to the
(efmine a more accurate estimate of T.
‘§

Apply Eq’n (7.16)%wi ind two different flow rates
using the two desi Xﬁu s as observation well  Applying Equations (7.20) and (7.21) produces

7.3.

data and the radius of ence as the other data point = (PS)/(4TH) = (100%0.00025)/(4-25-1) = 0.025/t; and

in the equation. er Q will govern the design.
h? = hey” — (Q/nK)[In (rop/r)]; for design condition #1 s = [Qu(AnT)IW(w) = [300/(47-25)]W(w) = 0.955- W(w).

8.27=(8.2 - 1.5)" — (Q1/0.0001m)[In (30/150)] Thus, the drawdowns for the various times are:

—4. 1 3 3 A f . iti 9 t (hr) u W(ll) S (m)

Q 36 x 10” m’/sec; and for design condition # 10 0.0025 5437 5.19
8.2% = (8.2 — 3.0)2 — (Q,/0.0001m)[In (3.0/150 30 0.0005 7.024 | 6.71
( y-(Q i ( ] 100* 0.00025 7.738 7.39

Q, =3.23 x 107 m*/sec; for design condition #2 .
*Note that the drawdown increase has slowed

Thus, the design Q =4.36 x 10~ m*/sec. considerably after 100 hours of pumping.

99



73.2
Applying Eq’n (7.21) yields: s =[Q/(4nT)]W(u)
3.66 = [50,000/(47:12,000)]W(u); W(u)=11.0

From Table 7.3, u=9.0 x 10, and Eq’n (7.20) yields:
u = (r*S)/(4Tt): 9.0 x 10 = (300%0.0003)/(4-12000-t)

Solving for t, we obtain t = 62.5 days.

7.3.3

Use superposition for unsteady flow in an aquife

multiple wells. For the first well, Eq’n (7.27) yie

es: Eq’ns (7.28) and (7.26):

005)/(4:10000-3) = 3.75 x 10°*
From Table 7.3: u;) =7.319 and
51 = [Q1"W(u)]/(4nT) = [40,000-7.319]/(4m-10000) = 2.33 ft
u, = (1,°S)/(4Tt) = (300*0.0005)/(4-10000-1.5) = 7.50 x 10™*
From Table 7.3: W(u,) =6.621 and
55 = [Qy'W(u,)]/(41T) = [40,000-6.621]/(4m-10000) = 2.11 ft

Total drawdown =s = 2.33 + 2.11=4.44 ft

flow in an aquifer with

7.3.5

Use superposition for unsteady well flow: Eq’ns (7.24)
and (7.25) with N=2, Q, = | = 800 m*/hr, Q, = 500
m’/hr, t, =0, and t;
Fork=1:u,=

’ .30) through (7.33) for unsteady radial flow
ed aquifers: T = Kh, = 5(500) = 2500 ft*/day

7.4.1

Using Equation (7.34) with observation well #1
represented by the pumped well yields

T = (Qw/2m)[In(11/12)/(s2-81)]

T = (0.1/2m)[In(0.2/50)/(10-30)] = 4.39 x 10~ m*/sec
Now using Equation (7.6) noting that Kb =T

Q =2aT(h,-hy)/In(ry/1y,)

0.1 =2n(4.39 x 10°)(30)/In(r,/0.2); r,=785m
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7.4.2

Using Equation (7.37) with observation wells at the
pumped well and the radius of influence yields
K = [Qu/n(hy” - hy?)]In(ry/r;); Note: 449 gpm = 1 cfs

K = [(7.5/449)/1(60° - 25%)]In(300/1) = 1.02 x 107 ft/s
Use the same equation again with either known point:
K = [Qu/n(h,’ - hy})]In(ry/r));

1.02 x 107 ft/s = [(7.5/449)/n(60” - h,*)]In(300/150)

h; =56.9 ft; Drawdown: s; =60.0 —56.9 = 3.1 ft

74.3

A plot of s versus r is displayed bel

T = [2.30-Q./(21 -A*s)] =2 0.14)] = 39.0 m¥/

Now use Eq’ any observation well:
S=SupT ; s=0.5m
0.5 + [14.92m -39.0)][In(45/1)]; 1

(can

0.40
0.20 1
0.00
0.1 1.0 10.0 100.0 1000.0

Radial Distance, r (m)

7.4.4

.16) with any observation well using

=46-2.5=435 t 1o, = 40 ft,
Lon/T)];
1800 ft
plot below)

yd

100.00

0.10 1.00 10.00

Radial Distance, r (ft)

1000.00

The storage coefficient (also referred to as storage
constant, or storativity), S, is an aquifer parameter
linking the changes in the volume of water in storage to
the changes in the piezometric head (confined aquifers)
or changes in the water table elevation (unconfined
aquifers). Changes in the piezometric head or water
table elevation only occur under non-equilibrium
conditions. Therefore, a non-equilibrium aquifer test is

needed to determine its magnitude.
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7.4.6

To derive Eq’n (7.43), start with Eq’n (7.40):
2.30 Qw{ 2.25 Tt}
= lo

N

47T S

On the s vs. t plot, the x-intercept is found (i.e., time when

drawdown is zero). Thus, setting ¢ = ¢, and s = 0 yields

2.30 225 Tt
0= Qw |:10 0

= ; but 2.30-Q/(4nT) # 0
VY 25} ut 2.30-Q./(4nT) #

r

therefore; 0 =log[(2.25-Tt,)/(r**S)];
1=(2.25Tt,)/(r*S); and S =(2.25'T-t,)/(r)

To derive Eq’n (7.47), start with Eq’n (7.40):
‘o 230 0, o 225-T/r? /1) | or
47T g S ? 7.4.8

2.30-Q,/(4x
1=[22

230 0, | 225
0= log ;
47T
x

and S = (2.25-T)/(r*/t

7.4. *

plot of s versus ¢ is displayed‘below. From the best
e, A =1.6291. S2m(@E=10to ).

Then Equation (7 ds the transmissivity.

T = [2.30-Q,/(4n+A%)] = [2.30-6.00/(4n 0.52)] = 2.11 m*/hr
Using t, = 0.0082 hr from the plot, Eq’n (7.43) yields:
S = (225 Tt,)/(r?) = (2.25:2.11-0.0082)/(22%) = 8.04 x 108

To determine the drawdown after 50 hours, use the
nonequilibrium relationship; Equation (7.40):

s = [2.30-Q,/(4nT)]log[2.25Tt/(1*S)]
s = [2.30-6.0/(4m-2.11)]log[2.25-2.11-50/(22>8.04 x 107)]

s =1.97 m (can be approximated from plot below)

WellDrawdown Curve

0

.10 ‘

Tom a strai

procedures are applicable due to small

.00

mpared to the aquifer thickness. Plot and
rst four plotting values (t = 1 to 4) since they

e. A plot of s versus ¢ (below)

0.4 m (t = 30 to 3). Use
Eq’n (7.43) for S.
2.30-1.25/(4m -10.4)] = 0.0220 ft¥/s

WellDrawdown Curve

12.00

11.00

10.00

9.00

8.00

7.00

6.00
5.00 A
4.00
3.00 A
2.00 A

1.00

Y,

0.00

10.0

Time,t (hr)

100.0
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7.4.9

The /¢ values are first calculated for both observation
wells as listed in the last two columns of the table
below. Then all the available data are plotted as shown
in the figure below and a best fit line is drawn. From
this line we obtain A”s = 3.05 — 1.85 = 1.20 m (r2/t =
100 to 1000) and (/2), = 34,000 m*/hr.

t S1 Sy I'12/t I'22/t
() @  (m) (m’hr) (m*h)
0.05 | 0.77 | 0.53 8000 12500
0.1 1.13 0.9 4000 6250
0.2 1.5 1.26 2000 3125
0.5 1.98 | 1.75 800 1250

1 2.35 | 2.11 400 625

2 2.72 | 248 200

5 3.2 2.97 80

10 3.57 | 333 40
20 3.93 3.7 20

T = [2.30-Q, /(47 A
S =(2.25T)/(

s = [2.30-10/4nA" o[725-1.53- ~ 0

Well Draw 0&
. 3

e, H
3 \K
z *

| .

| AN

1000

10000 100000

(r2/t), =34,000
r?/ t(m?/hr)

7.5.1

Here is the equivalent hydraulic system:

image -
discharge

eable

ent hydraulic system is an image

case, the
pss the boundary at the same distance
(30 /m) from the boundary. Using the principle of
sup tion, the drawdown 30 m away is:
s

30 = Sreal T Simage = 9.60 m + 9.60 m =19.2 m
The drawdown caused by the pumped (real) well at
the well itself can be solved using Eq’n 7.11 and yields
(noting that Q = 30 m’/hr = 8.33 x 10”* m*/sec):
s = Sop T (Q/27T)[In(ry,/1)]; use original obs. well
$=9.60 +[8.33 x 10%/(2x -1.3 x 10%)][In(30/0.15)] = 15.0 m
The image well drawdown at the pumped (real) well:
$=9.60 +[8.33 x 107/(2 1.3 x 107)][In(30/60)] = 8.9 m

Sw = Sreal T Simage = 15.0 m + 8.9 m =23.9 m
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7.5.4

The equivalent hydraulic system is an image (recharge)
well placed across the boundary at the same distance
(60 m) from the boundary. Drawdowns are solved at all
locations using Eq’n (7.11) based on an infinite aquifer
assumption (noting Q = 30 m’/hr = 8.33 x 10” m’/sec):
s = Sop T (Q/22T)[In(re/1)];

sw= 15.0 m (given; used as observation well for others)
$30 = 15.0+[8.33 x 107/(2x -1.3 x 10™)][In(0.15/30)]= 9.6 m
S0 = 15.0+[8.33 x 10°/(21 - 1.3 x 10)][In(0.15/60)]=8.

So0 = 15.0+[8.33 x 10°¥/(2 -1.3 x 10°)][In(0.15/90)]=

alent hydraulic S}&e

m on the other Gide t

n image (recharge)
boundary. The

ped (real) well at the
7.11 yields:

own caused‘b

irrigation well usi

Sreal = Sob-r + (Q/ T)[ln

455)][In(600/300)]; Drawdown

; observ. well at boundary
Srea= Sobr T [Q/(2m 0.
caused by the image well at the irrigation well:

Simage = Sob-i T [-Q/(21 +0.0455)][In(600/900)];

STotal = Sreal T Simage (NOt€: Sgpr + Sop-1 = 0.0; Stora= 5.0 ft)
STota= 3.0 = [Q/(27m -0.0455)][In(600/300) - In(600/900)];

Q=1.30 cfs

7.5.6

The equivalent hydraulic system is an image (recharge)

)(@25-50) = 4.05 x 107
0; therefore,
s=[Qw/(4

The tot: d

00/(47-25)](2.670) = -2.55 m

nis: $=6.71-2.55=4.16 m

m: an image well placed

dary. Determine the drawdowns
1). The real well:
330%0.00023)/(4-250-50) = 5.01 x 10

from Table 7.3: W(u) = 7.022; therefore,

s = [Q@/(4nT)]W(u) = [10,600/(41-250)](7.024) = 23.7 ft
For the image (recharge) well, the drawdown is the
same since it is the same distance away:

The total drawdown is: s =2(23.7 ft) =47.4 ft

To determine how long it would take the drawdown to
reach 70 ft at the boundary, split the drawdown in half

and attribute this impact to the real well.
s = [Qu/(4nT)]W(u); 29.5=[10,600/(47-250)]W(u);

W(u) = 8.743; from Table 7.3; u=8.99 x 10°
u = (’S)/(4Tt); 8.99 x 10™ = (330%0.00023)/(4-250-t)

t=279 hr = 11.6 days
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7.8.1

a) When we add 5 new streamlines, we no longer have
square cells in the flow net. You must bisect all of
the cells with new equipotential lines. Recomputing,
q = K(m/n)H = (2.14)(10/26)(50) = 41.2 m*/day per
meter which is the same answer as the example.

b) If you have done a good job on your new flow net,

the answers should be fairly close.

7.8.2
The head drop (loss) between equipotential linesis:
Ah=H/n= (160 ft)/16 = 10.0 ft. fromdEq n(7:54)

Energy head at location #1: H; = 160~ 2(10) =140t
For velocity at #1, use Darcy’s equation Withsthe energy
difference between the pfevious-and next equipotential
lines. Also, measure the distance bétween the two lines
using the arc distanceéithrough.peint 1 which yields:
V= K(Ah/A$),= (102)[(150 - 130)/200] = 0.702 ft/day

From this appafent velocity, find the seepageVelocity.
Vai'= Vilon=(0.702)/0.40 = 1.76 ft/day
Flow direction: always parallel to niearby streamlines.

Energy head at location #2: H, = 160 — 3(10) = 130 ft
V, =K(AW/As), = (7.02)[(140,- 120)/70] = 2.01 ft/day

V2 = Vo/o = (201)/0.40 25.03 ft/day

Energy head at locatieft #4: H; = 160—14.5(10) = 15 ft
V4, = K(Ah/As), = (7.02)[(20 - 10)/120] = 0.585 ft/day

Vs = Vi/a = (0.585)/0.40 = 1.46 ft/day

Note: The seepage velocity is greater in areas where the
flow net cells are small (Ah occurs over a shorter
distance). Also, pressure heads at locations 1, 2, and 4
can be found from (P/y = H — h) where h is the position

head measured on the scale drawing from a datum.

7.8.3

See the flow net below. Applying Equation 7.56:

q = K(m/n)H = (0.195)(3/5)3.5) = 0.410 m*/day per
meter of sheetpile (0.01714n"/holir-m).

Ah =d/mn = (3 5m)/5 = 0:70 m. The velocity @exit “A”

V4= K(Ah/As) o2 (0/195)[€0.70)/(1.0)] = 0.137 m/day

whére As is the distance through the last eell next to
the sheet pile/ The seepage velocity(is now found as
Veak= VA/£(0.137)/0.35 = 0.394 m/day (4%58'x 10°° m/s)

Impervieus Sheetpile

7.84

Auflow net 1§ sketched onthie figure in the book giving
3 flowglifies, & 6,equipotential drops. Apply Eq’n 7.56:
q=K@/n)H =(4.45 x 107)(3/6)(20) = 4.45 x 10° m*/s-m

Q =(4.455.10°m*/s-m)(100m)(86,400s/day) = 38.4 m*/day
The head drop (loss) between equipotential lines is:

Ah = H/n = (20 m)/6 = 3.33 m. At the middle of dam:
H =20-3(3.33) =10.0 m. The Darcy velocity is:
V=K(AW/As)= (4.45 x 107)[(13.3-6.67)/15] = 1.98 x 107 m/s
with As =15 m coming from the scale drawing. To

obtain seepage velocity; Vs = V/o.=4.40 x 107 m/s

7.8.5

A flow net is sketched on the figure in the book giving
3 flow lines & 7.5 equipotential lines. Apply Eq’n 7.56:
q=K@m/mH = (4.45 x 107)(3/7.5)(20) = 3.56 x 10® m*/s-m
Seepage Reduction: (4.45-3.56)/4.45 = 0.20 (20% )
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7.9.1

From Table 7.2, silt has a mid-range permeability of 5.0
x 10 m/sec. The flow net sketched in Figure 7.29
provides the (m/n) ratio. Applying Eq’n 7.56:
q=K(m/n)H = (5.0 x 10*)(4/19)(7.0)=7.37 x 10® m*/s-m

Q =(7.37 x 10™® m*/s-m)(80m)(86,400s/day) = 0.509 m*/day

The head drop (loss) between equipotential lines is:

Ah=H/n= (7.0 m)/19 =0.368 m. At point “D”:

H=7.0-14.5(0.368) = 1.66 m. Using Darcy’s eq’n:
V=K(Ah/As)= (5.0 x 10™®)[(0.368)/1.0] = 1.84 x 10°* m/s

where Ah is the equipotential drop from the 14™ to the 15"
equipotential line and the distance (As = 1.0 mJ.is measuréd
from the scale drawing. Thus, Vg = V/a #4.09 x 103.m/s
where the porosity is 0.45 from Table 7.1}

7.9.2

A flow net sketched'in, Figure,7:30 with three flow
channels yiglds approximately 11 equipotential, drops:
Regardless of the mumber of flow channelsgthe (m/n)
ratiGuis,approximately (3/11). Applying Eq’s"7.56:

q = Klm/m)H: 0005 = K(3/11)(4.24); K = 432500 m/day
K = (4.32 x 107 m/day)(1 day/86{400 se@= 5.0 x 10°® m/s

From Table 7.2, this,permeability indi¢ates a silt soil.

7.9.3

A flow net sketched in Figure P7.9.3 with three flow
channels yields approximately 13 equipotential drops.
Regardless of the number of flow channels, the (m/n)
ratio is approximately (3/13). Applying Eq’n 7.56:
q=K(m/n)H = (2.0 x 10%)(3/13)(25) = 1.15 x 10™ m*/sec-m
where H =25 m from the drawing; less than dam height.
q=(1.15 x 10”° m%*/sec-m)(86,400 sec/day)= 0.994 m*/day-m

Both answers are per meter width of dam.

7.9.4

A flow net sketched in Figure P7.9.3 with three flow
channels yields approximately, 15 equipotential drops.
Regardless of the number6f flowichannels, the (m/n)
ratio is approxdmately (3/05). Applying Eq’n 7.56:
q=K(@m/n)H = (20 x 109B3/15)(25) = 1.00 x 10~ m/sec

q = (100 x 105> m/sec)(86,400 sec/day) = 0.864 m*/day

Both answers aré per meter width of dan

7.9.5

Applying Eq’n 7.56 using the flow net provided:
q=K(m/n)H = (3284 10:°)(4/31)(30) = 1.27 x 107 ft*/s-ft

Q = (1.274x 1006’/ f)(90ft)(86,400s/day) = 98.8 ft*/day

Poiffi“D™ as.défined in Figure 7.29, needs to be
located inFigure P7.9.5 before the seepage velocity can
be computed at thisdocation. However, first we will
locate Point “C” as defined m\Figure 7.29. Using the
upstream depth as ascaléyth€ distance x (from toe of
dam tosthe,point whergthe phraetic line pierces the
downgtream slope 1 Figure P7.9.5) is measured to be
apptoximately 60 ft. Therefore, Point “D” is

[(180/— 6)/400]-x = [(180 — 16)/400]-60ft = 24.6 ft
downghe embankment from “C.” This equation comes
from Figure 7.29. The head drop (loss) between
equipotential lines is: Ah = H/n = (30 ft)/31 = 0.968 ft.
At point “D”: H = 30.0 — 23.5(0.968) = 7.25 ft.

since there are 23.5 equipotential drops from the
reservoir to Point D. The Darcy (apparent) velocity is:
V=K(Ah/As)= (3.28 x 10")[(0.968)/4.0] = 7.94 x 107 ft/s

where Ah is the equipotential drop from the 23™ to the
24™ equipotential line and the distance (As = 4.0 ft) is
measured from the scale drawing. Thus, the seepage
velocity is found to be: Vg = V/a=1.99 x 10°° ft/s

The porosity is 0.40 given in the problem statement.
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Chapter 8 — Problem Solutions

8.3.1

Find all vertical forces on the dam per unit width:

W =1vy(Vol) = (2.5)(9.79)[(33)(5) + 4(33)(22)]

W =12,900 kN/m. Full uplift pressure at the heel:
Phea = YH = (9.79)(30) = 294 kN/m’

With no tailwater, Py, = 0; thus the uplift force is:

F, = %(294)(5 + 22) = 3,970 kN/m

The hydrostatic force on the dam face, Eq’n (2.1 V
Wy = (2.65)(6 0
Fus =7h A =(9.79)(15)(30) = 4410 &
sy ©-79)15)30) Wi = 1 +37,100 = 75,500 Ibs/ft

The force ratio against sliding [Eq’n

FRyuae= [(0.6)(12,900-39 0) = 1.21 (not safe)

)(9.79)[(33)(5)] = 4,0 /

[4(33)(22)}6= 8,880 KN/m

plift pressure at thi X
Pheel = 'YH = (979%3\1 /m2
With no tailwat‘, P ? sthus the uplift force is:

toe T
,360 kN/m

F,="(323)(5 +
The hydrostatic force on the dam face, Eq’n (2.12) is:
Fus=vy ha= (9.79)(16.5)(33) = 5330 kN/m

Thus, the force ratio against overturning, Eq’n (8.2), is
FRyver = [(4040-24.5)+(8880-14.7)]/[(4360-18)+(5330-11)]

FRyyer = 1.67 (< 2.0, not safe)

@

nit width (rectangle & gle)

833

Find all forces on th u idth:

er
ine imple geometric sections,

Irec

dam is 26.5 ft lo

gle and two triangles. Note

and is broken

= (2.65)(623)[(A0)(4)]

9, s/ft
1 = (2.65)(62.3)[(30)(7.5)] = 18,600 Ibs/ft

)] = 37,100 Ibs/ft

One thi iftpressure at the heel:

(IB)yH = (1/3)(62.3)(27) = 561 Ibs/ft’

1

XFy =75,500 + 5,680 — 7,430 = 73,800 lbs/ft

The force ratio against sliding, Eq’n (8.1), is

FRyiqe=[(0.65)(73,800)]/(22,700) = 2.11 (safe)

The force ratio against overturning, Eq’n (8.2), is

FR yver = [(19,800-17)+(18,600-21.5)+(37,100-10)+
(5,680-(26.5 — 2.25))1/[(22,700-9)+(7,430:17.7)]

FRyyer = 3.71 (safe)

Both criteria are significantly exceeded.
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8.34
Find all forces on the dam per unit width:

(The weight is determined in simple geometric sections,
which includes one rectangle and two triangles. Note
that the base of the dam is 98 m long and is broken into
three parts: 30 m, 8 m, and 60 m)

W, =y(Vol) = (2.63)(9.79)[(30)(8)] = 6,180 kN/m
Wi =(2.63)(9.79)[2(30)(30)] = 11,600 kN/m
Wi =(2.63)(9.79)[2(30)(60)] = 23,200 kN/m

Wi = 6,180 + 11,600 + 23,200 = 41,000 kN/

Determine the 60% uplift pressure at th

000 + 3,700 — 5,4 &
Theforce ratio agegl S q’'n (8.1), is

FRyiae= [(0.53)@9,200)]/(8,700) = 5.61

The force ratio a verturning, Eq’n (8.2), is

FR,yer = [(6,180-64)+(11,600-78)+(23,200-40)+
(3,700-(98 — 9.17))J/[(5,470-75.3)+(3,700-9.17)]

FR,yer =5.73

Note: the moment arm for the uplift force is:

98 — (68/3)=753m

Both force ratios are high — dam is safe.

8.3.5

Find all vertical forces on the dam per unit width:

Weight in sections per unit (rectangle & triangle)

W, = v(Vol) = (2.5)(9.79){(33)(5)] = 4,040 kN/m

= 8,880 kN/m

the uplift is:

herefore, the r 11 vertical forces is:

Ry = 4,040.+ 8,880 - 3970 = 8,950 kN/m
Find dis ofi R, from the center line (“¢”, Fig 8.4)
ng t inciple of moments (clockwise positive):

sultant moment omponent moment; Ry-e = EM¢p

wise moments produced by the

>s exceeds the clockwise moments, the

Therefore, Py will be greater than Pry.

From Eq’n (8.3) revised: Pr=(R,/B)(1 - 6¢/B)

Pr = (8950/27)(1 - 6(4.16)/27) = 25.0 kN/m*

From Eq’n (8.4) revised: Py = (Ry/B)(1 + 6¢/B)

Py = (8950/27)(1 + 6(4.16)/27) = 638 KN/m*

The pressure distribution in Figure 8.4 is reversed with
Py exceeding Pr. However, Pt and Py remains positive,

which is desirable.
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8.3.6

Find all vertical forces on the dam per unit width:
Weight in sections per unit width (rectangle & 2 triangles)
W, =v(Vol) = (2.65)(62.3)[(30)(4)] = 19,800 lbs/ft
Wy = (2.65)(62.3)[4(30)(7.5)] = 18,600 Ibs/ft

Wi =(2.65)(62.3)[2(30)(15)] = 37,100 1bs/ft
Wiorar = 19,800 + 18,600 + 37,100 = 75,500 1bs
One third uplift pressure at the heel:

Preet = (1/3)yH = (1/3)(62.3)(27) = 561 Ibs/ft*
With no tailwater, Py, = 0; thus the uplift force is:
F,=%(561)(7.5+4 +15)=7,4301b

The water weight on the upstream side

(Fus)v = (62.3)[A(27)(6 80 lbs/ft

orces is:
73,800 Ibs/ft

wthe center line (“e%,Fig 8.4)

sitive):

ent; Ry-e = XM

-1 3.25-(2/3)7.5)

= [-19,800(13.25-9
+37,100(13@5-@13)15)+7,430(13.25-(1/3)26.5)
e=-1.85ft.

-5,680(13.255(1/3)6:75)];
Since the countér-cloc moments produced by the

component forcegyexc

—_

s the clockwise moments, the
location of Ry is on the upstream side of the centerline
(i.e., to produce a counter-clockwise moment).
Therefore, Py will be greater than Pr.

From Eq’n (8.3) revised: Pr=(Ry/B)(1 - 6¢/B)
Pr = (73,800/26.5)(1 - 6(1.85)/26.5) = 1620 lbs/ft’
From Eq’n (8.4) revised: Py = (Ry/B)(1 + 6¢/B)

Py = (73,800/26.5)(1 + 6(1.85)/26.5) = 3950 Ibs/ft*

%), R=rvh, yg 3
sed on Figure 8.5(&(Xh/2)/(sin (120°/2))

8.3.7

To avoid tension in the base of a concrete dam Py must

middle third of the base,

be kept positive. If Ry is in

r = arch radius.

a) @ 25 ft, wi = 8.66 ft, R = 37,200 Ibs/ft*

b) @ 50 =
c >width = 45 ft, r =26.0 ft, R = 30,800 Ibs/ft
* act freeboard to get water depth (h);

25 ft dam heigh 00-25-6=069 ft
=

abutment thickness per unit height.

ft, r=17.3 ft, R = 47,400 lbs/ft

where F =R (force on the abutment)

(8.6), R = r'y-h where r = arch radius.

on Figure 8.5 and the central arch (rib) angle;

r = (width/2)/(sin (6/2)) = 75m/(sin 75°) =77.6 m

a) Crest: h=0, thus6=0

b) Midheight (39 m): h =39 — 3(freeboard) = 36 m

R = (77.6)(9.79)(36) = 2.73 x 10* kN/m

6 =F/A =(2.73 x 10%)/[(11.8+4)/2] = 3.46 x 10° KN/m*
¢) Dam base (78 m): h = 78 — 3(freeboard) = 75 m

R =(77.6)(9.79)(75) = 5.70 x 10* kKN/m

6 =F/A =(5.70 x 10%)/[11.8] = 4.83 x 10* KN/m’
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8.5.1 8.5.4

Applying Equations (8.7) and (8.8a) yields: a) Start with Eq’n (6.11) using critical depth subscripts,
H=32)y.+x;
1.52=3/2)y.+1.05m; y.=0.313 m
q="[g(y'1" V.=Q/A=

q=9.81(0.313)’]"* = 0.548 m*/sec per m width

Q =bq = (0.548)(4) = 2.19 m*/sec Sta h Eq’
g
8.5.2 Substituting g = 9.81" i
Applying Equations (8.8b) yields: v q=1[9.81{2/ .
q=3.09 Hy"?; where q=Q/b c) If losse ignared, Equation 8.7 becomes
q=30.9/4.90 = 6.31 m*/sec per m wi H= @x +hy; therefore
6.31 =3.09 H?; H, = Niow the elevation of QH =(3/2)y.+hy; y.=(2/3)(H,-hy)
stituting intoEquation (8.8a) yields

[e(ye

the weir crest is: W

Ap

uations (8.7) and (8.8a) yiel

*

H=(

9=(312)y.+1.10 m; y,
¢ Applying Equations (8.7) and (8.8a) yields:

q=[g(y)'1"% \“
q=[9.81(0.527f1" = 3/sec per m width H = (3/2)y. +x; 2.00 = (3/2)y. + 0.78 m; y.=0.813 m

q=1[g(v.)’1"*=19.81(0.813)*1"* = 2.30 m*/sec-m

Q =bq = (1.20)(3.05) = 3.66 m*/sec

= - 3
Alternatively, we could use Equation (8.8c): Q=bq=(2.30)(4)=9.20 m/sec

q=1.70 HS3/2 _ 1.70(1.89-1.1)3/2 — 1.19 m¥/sec-m Including the upstream velocity head in Eq’n (8.8¢):

_ 30, T 2
Q =bq =(1.19)(3.05) = 3.63 m*/sec (roughly the same) q= 170 Ho" where Hy=H - x + (¢/H)72g

_ _ 2/n. 3/2. . . ..
Now, to determine the velocity of flow over the weir: q=1.70[(2.0-0.78 + (q/2)/29 8117 solving implicit

V = Q/A = 3.66/[(0.527)(3.05)] = 2.28 m/sec equation, q = 2.52 m'/sec-m; Q = bq = 10.1 m*/sec

110



8.5.6

For a frictionless weir, Equation (8.8c) is written as:

q=1.70 H.*”, where H is the vertical distance from the

weir crest to the upstream water level (ignoring the

approach velocity). Using the true energy level given:

q=CqH¥;2.00=C4 (2.70 - 1.40)**; C4=1.35

Applying an energy balance at the weir and upstream:

Eyp = (3/2)y. + x + h;; and from Equation (6.14):
=[(2.00)%/9.81]"* = 0.742 m, therefore

E,,=2.70 m = (3/2)(0.742) + 1.40 + hy; hy =0

Apply the Manning equation to get tIQ

= (1.49/m)(A)(Rp)™*(

Q = (1.49/0.013)(6- 19)2%( ,002)""2 = 1030 cfs

/{32.2(15)*]"?

yields:

8.6.1

From Equation (8.9) w/negligible approach velocity:

a) Q = CLH,*”? = (3.42)(31.2)(3.25)** = 625 cfs
b) Q = CLH;? = (3.47)(31.2)(4.10)*” = 899 cfs
V,=Q/A =899/[(31.2)(34.1)] = 0.845 ft/sec
From Equation (8.10): H, = H, + V,*/2g

H, = 4.10 + (0.845)%/2-32.2 = 4.11 ft/sec

¢) Q =CLH,? = (3.47)(31.2)(4.11)** = 902 cfs

(A)5/3(P) 2/3(S)1/2

8.6.2

From Equation (8.9) including the approach velocity:

= [Q/(CL)]** = [400/(2.2

ity underestimates the

a 2% underestimation error, we

CLH."”?

obtain t o: ignore _ 5 =098
Qinclude CLHa
) . H3?
Reducing yields: s =09
2 /29)3/2
=0.987(H,+ V,2/2g)

32.2)]; Va=0.921-H,"?

From Equation (8.9) w/negligible approach velocity:
a) Q = CLH,"? = (1.96)(21)(3.1)** = 225 m*/sec
From Equation (8.10): H, = H, + V,%/2g, where
V.=Q/A=Q/[(21)(15+3.1)] = Q/380; thus

b) Q = CLH** = (1.96)(21)[3.1+ (Q/380)*/2g]**
solving the implicit equation yields: Q =227 m*/sec

Note: the implicit equation may be solved by successive
substitution, numerical techniques, computer algebra

software, MathCAD, or even some calculators.
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8.6.5

Eq’n (8.9): L = Q/CH,"? = 214/(2.22)(1.86)** = 38.0 m
Fig 8.12: a/H;=0;a=0.0; b/H;=0.199; b=0.370 m
1, =0.837m; r,=0.0m; K=0.534; P=1.776

Also, (y/Hy) = -K(x/H,)" = -0.534(x/H,)"""

For tangency point: M — —PK(X/ H )P—l;
d(x/Hy) s

-1=-1.776(0.534)(x/H,)*""® ; Hence

x/Hy=1.07, Xp1.=1.99m

y/H;=-0.602, ypr.=-1.12m: The profile is:
x/H, X y/H{ Y
0.25 0.465 -0.0455 -0.0846
0.50 0.930 -0.156 4.290
0.75 1.40 -0.320 -0.595
1.00 1.86 <0.534 -0.993

8.6.6

Eq’n (8.9)#Q = CLH,** =4.02)(104)(7.2)** =48100 cf§
Fig 8.12: a/Hg=0.175; a=1.26 ft; b/H;=0£82; b= 2.03'1t
r; =360 ;= 1.44 ft; K=05; P=1.85

Also, (WH,) =-K(x/H,)" = -086/H)-*

For‘tangency point: M:—PK(X/H )
dx/H,) °

-1.5=-1.85(0.5)x/H,)""¥ ; Hence
XH,=1.77, xXpr.=12.7 ft

y/Hy=-1.44, ypr.=-10.4ft The profile is:

x/Hg X y/Hy y

0.50 3.6 -0.139 -1.00
1.00 7.2 -0.500 -3.60
1.25 9.0 -0.756 -5.44
1.50 10.8 -1.06 -7.63
1.75 12.6 -1.41 -10.2

8.7.1

The solution table with S, = 0.05 is as follows:

Ax Ay ¥ A Q v Q1+Qz
(ft) (ft) (ft) (fD) ) (ftls)  (fts)

- - 5.01 “0580.1 637 12.7 -
5 2440 745, 745 478 642 1115

VeV, AQ AV Ry S Ay
(fthy)  (ft)s)  (fts) (ft) (ft) (ft)

191 159 6.3, 299 00007 . .2.44

The new depth is 7.45 fit:, somewhat less than 7.73 ft.

8.7.2

a) Priontd Equation (8.14), we see that an assumption
wagmade concerning the size of the angle 0. It is
stated that sin 6 = S, for a reasonably small angle.
That same assumptiemean be applied to cos 6.
That is, femmeasonably small angles, cos 0 = 1.00.
Thus, the cos 6 can be replaced by 1.00.

b) Eor uniforniflows Equation (6.1a) is written as:
Fit Wsinb—-F,—-F; =0
For unifefm flow, F, = F,; thus, F = W sin 0
Thedveight component can be expressed as:

W =y-A-Ax, where Ax is the channel length.
Also, for small angles, sin 8 = S,. Thus,

Fr =W sin 0 = y-A-Ax'S,

Lastly, we note that for non-uniform flow, as we
have in side channel spillways, S, # S¢. Thus, to
determine the friction loss in non-uniform flow:
Fr = y-A-Ax-Sg; where St is the EGL slope.

c) (S,—sinB)/(sin0)<0.01; Fora 10% slope:
S,=0.10; 6 =5.71°; sin 6 = 0.0995; and
(Sy—sin 0)/(sin 0) = (0.10-0.0995)/0.0995 = 0.005< 0.01
Any slope larger than 14.1% (8.03°); exceeds 1% error.
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8.7.3

From Equation (8.9) w/negligible approach velocity: Q = CLH;"?: 36.0 = C(30)(0.736)"% C = 1.90. Thus, the flow

10 m upstream: Q = (1.90)(20)(0.736)** = 24.0 m*/sec; Also, y. = [(Q*(gb)]"” = [(36*/(9.81-3.0%)]"° = 2.45 m.

The solution table (using Excel) is given below. The depth 10 m upstream from the ‘end of the channel is 3.87 m.

Ax Ay y A Q \% Qi+tQy VitV  AQ AV Ry St Ay
(m) (m) (m) m)  (ms) (m/s) (ms) (m/s) LGNS (/s) (m) (m) (m)
- - 245 734 36.0 490 - - - - - - -
10 -1.42 387 11.6 240 207 60.0 6.97 12.0 /' 2.84 1.08 0.0015 -1.42
8.7.4

Q= CLH,”™ 637 = (3.70)(25)H,"*; H, = 3.62 ft\ Thus, the flow 5 ft upstream (Qs¢= 510 cf) and 10 ft upstream

0= cfs) from proportions or Equation.(8.11){ Also, y. = g = 2-8. =5.82m.

The solution table (using Excel) is given below.| The computed depths@ré8.66uftand 9.45 ft.

Ax Ay y A Q Vv QitQ, V+V, A\ 0] AV Ry S¢ Ay
(ft) (ft) (ft) @ (fPs)  (fs)  (fes)  (flls) Wf/s)  (fts)  (fb) (ft) (ft)
- - 5.82[ 46.5 637 13.7 - 3 - - - - -

5 -2.84 866 1,693 510 736 1147 210 127 633 274 0.0011 -2.84
5 -0.79..9.45, 756 382 5.06 892 12.4 127 230, [ 2.81, 0.0005 -0.79
8.7.5  The solution‘fable (using Excel) issgivenbelow. The computed deépths are11.5 m, 12.2 m, and 12.4 m.

AR Ay y A Q Vv QitQ, V+V, AQ AV Ry S¢ Ay
(m) (m) m) @) wm's) (mfs) (m's) £(m/s) (@) (m/s)  (m) (m) (m)
- - 9.80 451 243 5.38 - - - - - - -
30 -1.72  11.5 530 162 3.05 404 8.43 80.9 233 1.92  0.0009 -1.72
30 -0.69  12.2°W56.2 81 1.44 243 4.49 80.9 1.61 1.94 0.0002 -0.69
30 -0.18  12.40, 57.0 0 0.00 81 1.44 80.9 1.44 1.94 0.0000 -0.18
8.7.6  Find critical depth for the side-channel from Eq’n 6.13 or computer software with one vertical side and
one side slope of 2(V) to 1(H). Thus, y.=5.22 m. The solution table (using Excel) is given below.
Ax Ay y A Q A QitQ, Vi+V, AQ AV Ry St Ay
(m) (m) m () @) (ms) (ms) (ms) (m¥s) (ms) (m) (m) (m)
- - 522 59.0 400 6.78 - - - - - - -
20 -2.54 776 927 300 3.24 700 10.0 100 354 363 0.0003 -2.54
20 -0.61 837 1012 200 1.98 500 5.21 100 126 379 0.0001 -0.61
20 -0.30 8.67 1055 100 0.95 300 2.92 100 1.03 386 0.0000 -0.30
20 -0.09 8.76 106.8 0 0.00 100 0.95 100 095 388 0.0000 -0.09
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8.8.1

The maximum negative pressure head allowable
(from the book jacket) is: (Pyapor — Pam)/y =

(2.37x 10° - 1.014 x 10°)N/m*/9790 N/m’ = -10.1 m
Thus, balancing energy from reservoir to crown:

2 2
Yi +ﬂ +h = Ve +& +h_+h,_referring to Ex. 8.4:

29 7 29 7y
0+ 0 = [(6.37)%/2g](1+0.1+0.8+0.25) + (-10.1) + (h, - hy)

h.-h;=5.65m

8.8.2

a) The maximum negative pressure he

(values from book jacket):  (Pyapor —

(2.37 x 10° - 1.014 x 10°)N/m*/9790

water témperature). The rul’o thumb does not work

ecause the losses and velo large.

. 2

8.8.3 \

Balancing energy

2 2
\2/#+ﬂ+h1 =V—2+&+h2 +h,

g
0+0+368=0+0+335+10.5+V%2g;

reservoir to downstream pool

V22g =225 ft., V=38.1 ft/sec, Q = AV = 686 cfs

Balancing energy from reservoir to siphon crown:

2 2
V#+ﬂ+hl :—C+&+hc+hL; hy =h¢+ he
29 7 29 7

0+0+1.5=22.5+P/y+0+3.5; PJy=-245 ft

+
29
% | '
gl BRI

29

0 b
% < -33.8 ft (vacuum), cavitation danger

8.

8.84

Balancing energy from reservoir to downstream pool:

Balan engrgy from reservoir to reservoir yields:
2
Ve

+&+h2+hL
I

Balancing energy from reservoir to reservoir yields:
hy - hy = 163.3 — 154.4 = 8.9 m = [ZK + f(L/D)](V*/2g)

8.9 = [0.25+1.0+0.7+0.022(36.6/D)[ {4(5.16)/nD*}?/2:9.81]
D =0.915m; V = Q/A = 5.16/(1-0.915/4) = 7.85 m/s
Balancing energy from reservoir to siphon crown:

h;, = he + V3/2g + Py/y + [EK + f(L/D)](V*/2g)

163.3 = h+7.85%/2g+(-10.1)+

[0.25+0.7+0.022(7.62/0.915)[7.85%/2¢]
h. = 166.7 m, MSL
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8.8.7

The siphon length: L=3.2+30+15=482m
Balancing energy from reservoir to reservoir yields:
het30 =[0.5 + 0.3 + 1.0] (V*2g) + hg; from Manning Eq’n.
he = L(nV/R**)? = [(L-n*)/R**]V?%; therefore,

hy + 30 =[1.8/2g + (L'n®)/R**]V?

hs + 30 =[0.092 + 0.030/R**]V? (1)
Balancing energy from reservoir to siphon crown:
he=[1.5/2g + (3.2:n*)/R**1V* + P./y

hs =[0.076 + (0.002)/R**]V? — 8m

also, V=0Q/A =20/A 3)
Solving the three equations simultane

A=1.65m% V=121 45m, R=031

Equation (8.18) ayith &, = 0.2, we have
{n’L/Ry"*} (2g) %

hy DF1.2+{0.024%(40)/(1.254) " 1221 {8(5.25)*/(nr’g 1.25%)}
hy=310m>2 diameter is too small)
b) Changing th d entrance condition.
hy=H+S,L-D=32+(0.01)(40)— 1.25=2.35m
Also, from Equation (8.18) with K. = 0.2, we have

he = [K + {n°L/R,**} (2g) + 11{8Q7(x’gD")}

hy = [1.2+{0.024°(40)/(1.25/4)*°} 2] {8(5.25)/(n’g:1.25%)}
h;, =3.10 m > 2.35 m (pipe diameter still too small)

Losses are too large to overcome w/small changes.

8.9.2

Balancing energy from 17 to “2” yields:
2 2

V#+5+hl :V—2+—2+ +h

29 2

0+0+h, =V,/2g

1=hand V,=V;

h=V?/2g; gh)'?. Since Q=VA

1

”2:%and accounting for losses with a

¢ h represents the

he center of the?r‘ ce

893 Q
Since merged, the hydraulic operation

categ (a) and the energy balance is:

up down T h; where H = stream depths

+(0.03)(15)

98 +hy; h =0.52m

8.94

Assuming hydraulic operation category (c):

Q = C4A(2gh)"*; and h = depth above culvert center
Q=(0.6)(4)(2:9.81-3.05)"* = 18.6 m’/sec
Determine normal depth to see if pipe will flow full.
nQ/(kyS,?b*?) = (0.013-18.6)/(1.0-0.03"2-2%%) = 0.220
From Fig. 6.4: y,/b=0.53; y,=(2)(0.54)=1.08 m

Since y, <2 m, flow is category (c) and Q = 18.6 m*/s
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8.9.5 8.9.7

Since the outlet is submerged, the hydraulic operation Based on the design conditions (submerged inlet, but
category is (a) and the energy balance is: unsubmerged outlet) the

HW =TW +h; h, =544.4 - 526.4 = 18.0 ft

ert must be hydraulic

The head loss from hydraulic category (a) is:

he = [K. + {0’L/R,"*}2g) + 11{8Q%(n*g'D*)};

18 = [0.5+{0.013%(330)/(D/4)**} (2g)+1]{8-654*/(n*g'D*)}
Solving the implicit equation: D = 6.67 ft

For a twin barrel culvert, each barrel conveys 327 cfs
Equating the two h, iongiabove yields

18 = [0.5+{0.013%(330)/(D/4)**} (2g)+11{8-327%/(n*

80-D=JL5 5140.516/D"}; D=0.84 m
Solving the implicit equation: D = 5.00

If the culvert erating under partially full flow
(inlet hydraulic category (c)), then
8.9.6
"2 with h = 2.0 — D/2. Therefore,

Based on the design con ymerged inlet, but

st be hydraulic

o o -
a) P Ily full flow (hydraulic category (c)):
energy balance‘H = upstreéam dépth) yields:
0

)=1.5+2.13 Q=C¢AQgh)"* withh=H-D/2=5.5-2.0=3.5ft

H+S,L=D+h; .
= . ]/2 =
H=3.23 m (Required for outlet control) Q= (06)[(HH(2322)3.5)] 144 cfs

If the culvert is operating under partially full flow b) Open channel (hyd. category (d)); y. at entrance:

(inlet control or hydraulic category (c)), then e = [QY(gbH]'"?; 4.0 = [Q¥(32.2:4%)]"*; Q = 182 cfs

— 12 sty 1y
Q=CoA(2gh)"" withh=H-D2=H-0.75. Determine normal depth (from Fig 6.4): y, = 1.48 ft

9.5 =(0.95)[n(1.5)%/4)[2:9.81-(H — 0.75)]"*; OK — goes from y, to y, in culvert barrel.

H=2.38m (Required depth for inlet control) ¢) Open channel (hyd. category (d)); y. at entrance:

1O V1B A & — 12 A28y —
Thus, the culvert will operate under outlet control, ye =[Q/(gb)]; 2.5 =[Q7/(32.2:47)] 7, Q = 89.7 cfs

and the upstream depth will be H = 3.23 m. Yo =090 ft; OK —from y, to y, in culvert barrel.
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8.10.1 8.10.3

a) Find sequent depth from Figure 8.20(b): a) From problem 8.10.2, determine channel width
Np = Vi/(gd))"*: Eq’n (6.12); need d;:
Q=AV; 350=[35-d;](30); d,=0.33ft

Thus, Ny, = 30/(32.2:0.33)"%=9.2

From Figure 8.20(b): TW/d; =12.5; TW =4.1 ft
and since TW/d,=1.0; d,=4.1ft

Note: Figure 8.20(b) is graph form of Eq’n (6.17)

b) Find length of the jump from Figure 8.20(d

L/d,=2.7; L=11.1ft ¢) Find lengt & from Figure 8.21(c):

¢) From Eq’n 6.20: AE = (d, - d,)*/4 L/d,=43: 2.

d) Specific energy is found from Eq’n'6:8 d) Fr 'n/6.20: AE = (d, - d;)*/4d,d, =23.3 m

E =d; +V,%2g=0233

) Speeific energy is found from Eq’n 6.8:
V2 = Q/Az = 350/[ 4.1
E,=d,+ V2 44°2g = 4.4 ft

Efficienc 4.3=0.310r 31%

*

Use Equation (6.12) to o N oude number
<
Np = Vi/(gd)"? = 13&; 2=10.7
Based on N¢; and V; (<20m/s), choose Type I1I:

b) Find sequent depth from Figure 8.20(b):

TW/d, = 15; TW =3.0 m; TW/d,=1.0; d,=3.0 m
Note: Figure 8.20(b) is graph form of Eq’n (6.17)
¢) Find length of the jump from Figure 8.20(d):
L/d;=2.8; L=84m

d) From Eq’n 6.20: AE = (d, - d,)*/4d,d, =9.1 m
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Chapter 9 — Problem Solutions

9.1.1 9.2.1
An equal pressure surface exists at 1 and 2, thus Use the piezometer ine'the pressure:
Pyater = (6 1n.)(Y); on the right side which equals P/y=3.20 m; .79 kN/m*) = 31.3 kPa

Poii = (8.2 in.)(yoi1); on the left side. Therefore

(6in.)(y) = (8.2 in.)(Yon)

S.G (oil) = (You)/(y) = 6/8.2 = 0.732

Since

9.1.2
An equal pressure surface exists at 1 and hus
Pa+ () = (h)(ye); Where vy = (S 9.2.2

P, + (1.24)(9.79) = (1.02)(13.6)(9.79)

i &ne 9.4(b), let x be the distance from

P,=0.12 Ib/in* = 124

<

\ 4

Since P =y-h; pr Nbe expressed as the height

of any fluid. In'this casé (referring to Figure 9.2),

9.2.3

P = (yoi)Ah = (S.G.)oi(y)(Ah); where Ah = (Al)(sin 0) Applying Equation (9.1b) yields:

Ah = (0.15 m)(sin 15°) = 0.0388 m. Therefore, V= [2g(AP/y)]1/2 where AP = SGy-Ah; thus

P = (8.G.)ou(y)(Ah);

323 N/m* = (S.G.)0i(9,790 N/m*)(0.0388 m)

V = [2g(SG-Ah)]"* = [(2:32.2)(13.6)(5.65/12)]"2

V =20.3 ft/sec; Point velocity at tip of Pitot tube.

(5-GJou = 0.850 Q = AV = [n(5)/4](203) = 399 cfs. This is a flow

estimate since the velocity is not an average velocity.
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9.2.4

Applying Equation (9.1b) yields:

a) V = [2g(AP/y)]"? where AP =y-Ah; thus

V =[2g(Ah)]"2 =[(2-9.81)(0.334)]"*; V = 2.56 m/s
b) V =[2g(AP/y)]"? where AP = Ah (y,, — 7); thus
V = [2g(Ah)(yn — )] = [2g(AD)(SG - 11"

V =[(2:9.81)(0.334)(13.6 — 1)]"*; V = 9.09 m/s

9.2.5

Applying Equation (9.1b) yields:

a) V = [2g(AP/yoi)]"* where AP = y A

V = [2g(Ah)]"* =[(2-32.2)(18.8/12)]' 0.0 ft/s

b) V = [2g(AP/y)] " w}k AB(Ys, — Yoir); thus
V =[2g(Ah)(ym —
V = [2g(Ah)

V=[23 3.6/0.85) — 1}]"?

A% S

.6 \
L 4
Applying Equation (&
er =

V = [2g(AP/y)]'E wh

Ah (Y —7); thus
V = [2g(Ah)(ym —Y)Y]"* = [22(AR)(SG - 1]
V =[(29.81)(0.25)(13.6 — 1)]"*;

V=17.86 m/s
that exists at the tip of the Pitot tube probe.

Note that this is a point velocity

Q = AV =[n(10)*/4](7.86) = 617 m’/s.
Note that this is a flow estimate since the velocity is not

an average velocity.

N\

9.3.1

A= (1/4)(0.5)*= 0.196 m?; A, = (1/4)(0.2)*= 0.0314 m*

Equation (9.5b) yields: Cq=M(A/A>)*—1]"2
Cq=1/[(0.196/0.0314 0.162
From Equatio A[2g(AP/]

= 196)[2g(290-160)/9.79)]%2 = 0.513 m*/s

3. ¢
rom manometry prin % h(yyg - v) or

AP/y = Ah(SG — . 3.6-1)=253ft
Therefore, A(P z) =253 +0.80=26.1ft
Equatio )jand Equation (9.5a) yield:

.258)[C§ ‘@
9.3.3Q
A, =(/4) 0.0314 m% A, = (w/4)(0.1)*= 0.00785 m>
Equatioft (9.5b) yields: Cq= 1/[(A1/A))*—1]"2

Cq=1/[(0.0314/0.00785)* — 1]"* = 0.258

26.1)]"? =3.69 ft/sec

From Equation (9.6b): Q = C,CyA [2g(AP/y)]"?;

To obtain C,: V,=Q/A,=0.082/0.00785 = 10.4 m/sec
Ngz = Vody/v = (10.4)(0.10)/(1.00 x 10°) = 1.04 x 10°
From Fig. 9.8 with dy/d; = 0.5; C,=0.991; Now

Q = C\C4A [2g(AP/Y)]";

0.082 = (0.991)(0.258)(0.0314)[2g(AP/9,790)]"*;

AP =52.1 x 10° Pa=52.1 kPa
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9.3.4 9.3.6
A= (1/4)(0.4)*= 0.126 m*; A,= (/4)(0.16)*=0.0201 m’

Equation (9.5b) yields: Cq= 1/[(A//As)* —1]"2

Cq= 1/[(0.126/0.0201)* — 1]"* = 0.162
From manometry principles: AP = Ah(yy, - v) or

AP/y = AR(SG — 1) = 0.20(13.6 - 1) =2.52 m

Cyq=0
Therefore, A(P/y +2)=2.52+(-0.25)=2.27 m =
Applying Eq’n (9.6a) and assuming C, = 0.99 yields 1
Q= C,CaAI[2g {APHY +2)}]";
3.7

Q =(0.99)(0.162)(0.126)[2g(2.27)]"* = 0.135 m’

Verifying the assumed C,: Ng, = V,d Equation ds: L4 = R/2D = 80/(2-75) = 0.533

Nga = [(0.135/0.0201)(0.16)]/(1.00 x 07x10°  Now applyfeq’19.7: Q = C,A[2e(A(P/Y)]"2

From Fig. 9.8 with d,/d =0.994; Now 60 =(0.533)(1/4)(0.75)*[2:9.8 1(AP/y)]

/y=0.664 m; fr anometry: AP = Ah(yy, —7)
erefore AP

Ah = 0.0526 m =5.26 cm

Q = (0.994/0.99)(0s135

9.3.5

A, 1.75)%= 2.41 ft*; A, = (w/4)(1. 0.785 ft*

Equatibft (9.5b) yields: Cq#1/[ ) —11"
= 1/[(2.41/0.785)* — 1]"*%.0.
. ’ .
Now use Equation (9‘ ine AP/y: From manometry principles: AP = Ah(yyg - v) or
Q= C,CeA [2gfAPly £2)171"> AP/y = Ah(SG — 1) = 0.0526(13.6 — 1) = 0.663 m

12.4 = (0.675)(0.345)(2.41)[2:32.2{AP/y + (- 0.75)}]1"®  Also, Az = D-sin 45° = (0.75)(0.707) = 0.530 m

AP/y =833 ft Therefore, A(P/y +z) =0.663 + 0.530=1.19 m
Based on manometry: AP = Ah(yy, —7v) Now apply Eq’n 9.7 modified for height change:
Therefore AP/y = Ah(SG — 1); Q = C,A[2g{AP/y + 2)}1"?

8.33 = Ah(13.6 — 1); 0.850 = Cy(m/4)(0.75)*[29.81(1.19)] 2

Ah =0.661 ft =7.93 in. (minimum U-tube length) Cq4=10.398
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94.1 9.4.5

Applying Eq’n (9.10b) yields: C=1.78 + 0.22(H/p) Hy/H, =0.5/1.0 = 0.5, thus flow is not submerged.

C=1.78+0.22[(4.4 - 3.1)/3.11=1.87 m"/s Applying Eq’n (9.24), whic uires BG units
Applying Eq'n (9.9) yields: Q = CLH*? Q= (3.6875W + 2.5)H,
Q= (1.87)(4.8)(4.4 - 3.1)** = 13.3 m*/sec

Q=1[3.6875(15 1) =387 cfs = 11.0 m*/s

For the contracted weir and same upstream depth,
Applying Eq’n (9.11) yields: Q = C[L-(n-H/10)]H*?

Q= (1.87)[2.4 - (2:1.3/10)](1.30)** = 5.93 m*/sec

94.2 Applying Eq’n

Applying Eq’n (9.14) yields: Q =2.4 Q=(1.88 - 155)** = 4.95 m*/sec
25.6 =2.49H**; H=12.56 ft For the Q and upstream depth of 1.8 m:

CLH? whereH=18-p

Applying Eq’n (9.12a) yi

33.3=3.33[L-0.

5): Q=3.367LH*"*

G units. Thus, H2 0. =0.850 ft

requi
d Q ='0.793 m*/sec (35.3 ¢fis/1 chns) = 28.0 cfs
Now applying E q,: 5) . Q=3367LH" C =3.22+0.4(H/p) = 3.22+0.40[1.0/3.5] = 3.33 ft"/s
‘N 106 fi=3.24m Eq’'n (9.9): Q, = CLH**= (3.33)L(1)*?=3.33-L ft'/sec

Applying Eq’ns (9.9) and (9.10a) for previous weir:

9.4.4 Q,=CLH*?=[3.22 + 0.40(H/1.75)]LH*?;

Applying Eq’n (9.19): Since the flow rate has remained constant, equating Qs

_ 31
Q= 0.433(2g)1/2[y1/(y1 . h)]1/2LH3/2 3.33 =[3.22 + 0.40(H/1.75)]H”~ =»Ls have canceled.

Q=043329 81)1/2[1 4/(14+1 O)]1/2 3)(0 4)3/2 Solving the implicit equation (with calculator, iteration,
MathCad or other software) yields: H=0.98 m
Q=1.11 m*/sec

Thus, Ah=(3.5+1)—(1.75+0.98) = 1.77 ft
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94.8 9.4.11

Determine the unsubmerged flow with Eq’n (9.24) Substituting h =0 and g =9.81 into Eq’n (9.19) yields:

Q, = 4AWH 152%™ = 4(8)(2.5) 2™ =139 cfs 2 =1.92LH*"
Now determine the flow correction: Q =Q, - Q. to Eq’n (9.19) yields:
129 =139 - Q.; Q.= 10 cfs Based on Fig (9.15): 32 =1.36LH*"

Q.=10cfs =5.4(CF): CF=1.85cfs;

and from Fig (9.15): Hy/H, = 0.80; H, = 2.0 ft

9.4.9

Applying Eq’n (9.11) yields: Q = C[L-(nH/10)]

=
c
\Z
<
o
I
@)
~©
o
T
Ly
>

Q = 1.86[1.0-(2:0.6/10)](0.6)* = 0.7

For the replacement weir, Eq’ns (9.9) a

Q=[1.78 + 0.22(H/p)]

=——+—=+h, +h_:assume h; =0,

0.761 =[1.78 + 0.

Solving the imipliei i
MathCad ,¢ seftware) yields: p=2.08 m

4.1 ¢
earranging Equation (9.16) andhotingy = pg:
(O(1lys - 1/30) E 5 Tl 2) - yih + 72
Qa2)[(y: - vl x”z 2y h+ 1 Now returning to the Eq’n (6.14):

— 2 29173, 2 _ 2.3
Substituting Eq’n 'y2=(y1—h)/2=H/2 Ye=[Q7/gL]™; or Q" =gL%.

_ 12 3/2,

Q) {y1 - (712 - W)} {(HR2)y, 1] and finally, Q=g Ly."
=yi*- (H2) - 2y;h + b? substituting y. = (2/3)H yields

g Y y

Q2q/g)[(y: +hy/{(H)y:}]=

Q= gl/ZL[(2 /3)H]3/2 _ g1/2(2 /3)3/2LH3/2
= (y1 - h)(y1 - h) - (H/2)’ = (H)’ - (H"/4)

Q =3.09LH"*
(29%/g)[(y1 + h)/{(H)y:}] = 3/4(H)’

q = 0.43322) [y /(y: + h)]"*(H)*"?

For the BG unit system. In general, Q = CLH*?

where C is calibrated and accounts for any losses.
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9.4.13

The general form of the V-notch weir equation is:

Q=CH" Taking the natural log of the equation:
InQ=InC+xInH

Now substitute the experimental data into the equation:

Test 1: In (0.0220) = In C + x In (0.300) E
-3.82=1InC +x (-1.20)

Test2: In (0.132) =In C + x In (0.600) * Q
2.02=1InC +x (-0.511) ‘ K\

Solving the two equations simultaneously :

X=2.61, C=0.503

The discharge equation for the V-notch we
Q=0.503H*" in SI Q
In BG units:
i experimental data int equation: Q
n(0.777) = In C & 84) (L
-0.252 =1n C+x (-0:01
L 4
Test 2: 1n (4.66) = + 97)
1.54= me)

Solving the two equations simultaneously :

X =2.58, C=0.810
The discharge equation for the V-notch weir is:

Q=0.810H**® in BG form

123



Chapter 10 — Problem Solutions

10.2.1 10.2.3
Applying Manning’s eq’'n: Q = (1/n)AR*’S"? Kinematic similarit appropriate since time is
A=8m’%P= 2(2 m)+4 m=8 m, and involved, but .F length scale,

R,=A/P =1.0 m. Hence, Ly/L 280 ft/mi)]/(70 ft) = 241

Q, = (1/0.025)(8)(1)**(0.001)"* = 10.1 m*/sec
For geometric similarity, there is no time scaling. = p)/(Lm3/Tm) =(

Thus, Qy/Qm=(L,/T)(Ly/Ta) = (L)/(Li); 2650/Q., = (250°/10); o chs

and Q,/Qn= L?; substituting we have

(10.1)/(0.081)=L,; and L,=5 10.2.4 @

Therefore, the model depth and width a Kinema ity seems appropriate since time is

Yo/Ym = by/bm=Ls; ym= and b, = 0.800 m i t force. To determine a time scale,
A(2gh)"? whe = gate discharge. Thus,

surface area is:

o/Lim; thus Ly, =67 W,

+23)(5m) =40 m e d 2g,/2g, = 1. Therefore,

+2(3)(5@ m > T,=L,"*=(150)"* = 12.2; Hence,

ea: A} = (40)(70) = 2,80 12.2 = T,/(18.3); T, =223 min (3.72 hrs)
Thévolume of the ete d (prototype) is:
Vol, = LWd + X4/3)z2d3 10.25
Vol, = (40)(10)( +10)(3)(5)* + (4/3)(3)*(5)° Kinematic similarity seems appropriate since time is
Vol, = 7,250 m’; Based on geometric similarity and involved, but not force. Using Eq’n (10.10)
using Equations (10.2), (10.3), and (10.4): Np/Np = 1/T;; 400/1200 = 1/T,; T, = 3;
d/d,=L; dn=d/L,=5/15=0.333 m From Eq’n (10.8): Q, = L./T, = (5)°/3 =41.7.
AJAn=L% An=A,/L’=2.800/(15) =124 m’ Thus, Qy/Qm = Qs (1)/Qn =41.7; Qu=10.0240 m*/s
Vol,/Vol,, = L. From Example 10.4: H,=LYT?2=(5)%(3)*=2.78
Vol,, = Vol/L” = 7,250/(15)’ = 2.15 m’ and H, = Hy/H,; 2.78 = 30/H,;; Hp,=10.8 m
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10.2.6 10.2.8

Kinematic similarity seems appropriate since time is Dynamic similarity is used since force is involved.

involved, but not force. First find the time ratio and

From the problem statement, I,= 50, and from

then use this to determine the flow rate in the model.

(a) Eq’n (10.6): V.= LA 1/50 = 50/T,; T, =2,500

T,=L,"*=(50)"2=7.07; then using Equation (10.8):
Q,=L.>/T, = (50)*/7.07 = 17,700; from which

Qy/Qn = Qs; 1,150/Q,, = 17,700; Q,, = 0.0650 m’/s

To determine the flow depth on the toe of the model
spillway, determine spillway length and use continuit ="
Spillway length: L, = 50 = L,/L,, = 100/Ly,; Ly,
Q=AV; 0.0650 = (2:d,)(3); dyy = 0.0108m 0.2.9
10% Dynamic simil is used since force is involved.

From th lem statement, L, = 30, and from

For prototype spillway: d;= 50 = d,/d;= d,,/0.0

'n (10:6): V., =L/T;; 10=30/T,; T,=3.00

S the model ¥ses sea water, from Eq’n (10.13):

L'T,?

= 21.2/(g'0.5@?

*

10.2. \
amic similaritg's used sinee foree is involved.
From Equation (1 \,=

To determine the\time ratio, use Equation (10.6):

10.2.10

o/ Fm = pL T,

Dynamic similarity is used since force is involved.

V.= L/T. 7.75 = 20/T;: T,=2.58. The force on the model is: F,= 1.5 N'm/(1 m) = 1.5 N

_ ) nd —
Therefore, from Equation (10.13) Also, F, = F,/F, and from Newton’s 2™ law, F = ma

F, = LT, = (1.00)(20)'(2.58)> = 2.40 x 10* F, = Fy/Fn,= (ppVolya,)/(pmVolyan,) where a=g. Thus,

_ _13 LR (13
Also, based on Equation (10.8) Fe=Vol/Voly = L. Therefore, Fp = FFrn = (L) (Fn)

- 3 - :
Q.= LT, Q= (20)°/(2.58), = 3,100. Finally, F,=(125)’(1.5 N) = 2,930 kN. Prototype moment is

. = —3 5 .
0u/Qu = Qs @y = (10.6)(3,100) = 3.29 x 10° cfs Fy(LyyLy) = (2930 kN)(1m)(125) = 3.66 x 10° kN-m
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10.3.1 10.3.4

Since inertial and viscous forces dominate, the Since inertial and viscous forces dominate, the

Reynolds number law governs the flow.
Based on the problem statement: p, =1, p, = 1
From Eq’n (10.19), (p,L,V,)/p, =L, V. =1,

therfore, V,=1/L,=1/10=0.10

.00 m/sec
By definition: V, = V,/V,,

injtion,
Vm=V,/V,=5/0.10 =50.0 m/sec . tan

5, T, = T/Tm = F, &L ~ 20 which yields
10.3.2 Tp=TuwT:=( 200 N'm
The Reynolds number law (for p, =
(L Vo)/i. =LV, = 1. Therefore, 10
_ _q -

) V=1L =L, n: L= 10, p, = py/pm = 969/998 = 0.971, and

b) Eq’n (10.6): V.= L.

10.3.3

No.s ft) = 8.0, p,= 0.8, and 10.3.6

2)/(2.09 x 10°) = 4.75

Given: L,=D,

e = /bt = (9.93 X (a) From Eq’n (10.19), (p.L.V)/ =LV, =1,

From Equation (10.19): (piLVe)/i = 1 V,=1/25=0.04; V,, =V,/V,=5/0.04 = 125 m/sec

08)B0)(V)(4.75) = 1; Vi =0.742 = Vy/ Vi (b) Air model, p, = py/pm = 1030/1.204 = 855, and

_ _ 2 _
V, = Qy/A, = 125/[(m/4)(4)*] = 9.95 fi/sec = i = (157 % 10°)/(1.82 x 10%) = §6.3

V,=0.742 = Vy/V;, = 9.95/Vyy; Vy, = 13.4 fi/sec V.= u/(pIL) = 86.3(855:25) = 0.00404

AV — 2 —
Thus, Qm = Am'Vin = [(1/4)(0.5)%](13.4) = 2.63 cfs V= V/V, = 5/0.00404 = 1,240 misec
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10.4.1 10.4.5

Based on the Froude number law, assuming p, = 1, a) The Froude number law_(for g, = 1, p, = 1) yields:

use of Table 10.3 produces: Ty, = T,/T, = T,/L," Qu = Q/Q, = Q,/L,”* = (2650)4(25)°” = 0.848 cfs

T = 1 day/(1000)" = 0.0316 day (45.5 min)

10.4.2
The Froude number law (for g, =1, p, = 1) is

(VgL = (V)IL,"*) = 1. Therefore, ¢ model channgl wi

a)V,=L" m=Qu/Ap; 6.56= N Vi)l; Y =0.0394 ft
b) Eq’n (10.6): V,=L/T; L,"*=L/T,; T,=L, Alternatively, t th is 0.985/L, = 0.0394 ft,
¢) Eq’n (10.7): a,=L/T>= LJ/(L."2 Ne= (V) .56)/(32.2:0.0394)"* = 5.82

d) Eq’n (10.8): Q,=L/T,=L>/L," d) Base 21, for Ny = 5.82, TW/d, = 8. Thus

‘(L =L. = (8)(0.985) = 7.88 ft = y,.

r)(Lrl/Z)-l = Lr7/2 Q

2 =3.54(50)"* = 25.0 m/sec

25.0 = 1200/[(50)(y,)]; ¥, =0.960 m

e) Eq’n (10.13): F,=p,

) EqQ’n (10.16): Pg=F,

number law (for g, =1, p, = el
Qu=0/Q.=Q,/L’’= 14®& 44.6 cfs, and ) = (25.0)/(9.81:0.960) > = 8.15
=Qy/A, = 14,1?/[(100)a60 54.2 ft/sec on Fig 8.21, for N¢=8.15, TW/d; = 11. Thus,
V= V,/V,=V,/L, & 54. )% =17.1 ft/sec TW = (11)(0.96) = 10.6 m = y,.

d) From Eq’ns (6.20) and (5.4), AE = (y,— y))*/(4y1y2)
10.4.4 AE = (10.6 — 0.96)*/(4-0.96:10.6) = 22.0 m (headloss).
Determine the unit flow rate for the prototype: P = yQHp = (9.79)(1200)(22.0) = 2.58 x 10° kW

_ _ _ 2
dp = Qp/b =3600/300 = 12.0 m*/sec. Also, €) Based on Equation (6.8), the approach energy is:

_ 2 _ 2 12 _ 3/2
9 =L/Tr=Lo/L "= L™, therefore E=V22g+y=(25.02(9.81) + 0.960 = 32.8 m.

- _ 32 _ 32 _ 2
Um = 4p/qr = qy/Ls " = 12.0/(20)™" = 0.134 m"/sec The energy removal efficiency is:

Since the model is 1 m wide, this is the flow rate. e= AE/E =22.0/32.8 = 0.671 (67.1%)
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10.5.1

From Equation (10.8): Q,=

Weber number law (with p, =

L>/T, ; and from the

Lo =1);

T, =L.*? Equation (10.29). Therefore

Q. =L YT, =L L>’*=L"*=(1/5*=0.0894

From Equation (10.13) [or from Eq’n (10.24)]:

Fr — prLr4Tr—2 — (I)Lr4(Lr3/2)—2

=L,=0.200

10.5.2

From the Weber number law (with p, = 1);

2
(Lo (T = Lor (10)/(0;2%) = 1 ‘

(P VL))o, = VLo, = [(L/T,)’L,)/a

Finally, 6, = 6,65, = 250

From Equation (1Q413)

x 10* dyn/cm

— Lr3/2, Eq ’
a) Q. =L /T, =

( 10.29). Therefore
=(100)** = 1,000

b) From Eq’n (3,11), E = %2 MV Dimensionally,

= (F,T L) LJ/T,)? =

L= (prLr4Tr-2)(Lr)

E, = pL (L% = pL* = (1)(100)’ = 10,000

¢) From p = F/A we have dimensionally, p, = F/L?

= (p.LT AL = pLAL )2 = pL, " =0.01

d) From Eq’n (10.16): P,=F,L/T, = (p,L.'T,*)(L/T,)

Pr — prLrSTr—3 — prLrS(Lr3/2)-3

=p.L"? = (1)(100)"? =10

10.7.1

To satisfy both Reynolds and Froude number laws,

based on Equation (10.30):
v, =L>*=(100)"*=1

By definition;

umber law (for g, =1, p,=1) is

1/2) SIA /(Lrl/Z) =1

(250) and
=(10.7 N)(250)°

F,=1.67x 10°N

10.7.3

Based on the Froude number law (Table 10.3)
V.=L 172 ( 1/2) (100)1/2

Also, Vp,=V,/V,=1.5/(10)

Vm =0.15 m/sec
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10.7.4

Based on the Froude number law (Table 10.3)
Vi
T;
The Reynolds number of the model is

NR = (VmLm)/ Vim =

=L/ =(150)"*=12.2; and

=L =(150)"*=122

Ng=1.00x 10°

Thus, Cp=0.25 and

D

Dy = 0.25[(1/2)1000-(0.1-0.02)(1.0)]

= Coul(1/2)PnAnVi'l

Nr=0.25N

Fy

Ve

A, = AL’ =(0.092 m

The Reynol er e prototype is
N =(V,

Ngr

m = Frm—Dn=0.3-0.25=0.05

=V, V.= (1)(12.2)

—025[(1/2)1000\
Ng = 837 kN

FWp = Fwm'F;

where F, = Lr’ (Table 10.3)

Fr

=(0.05)(150)° = 169 kN

p =Dy + Fwyp

Fr, =837 + 169

Frp = 1,006 kKN

(1)(0.1)/(1.00 x 10°%)

)/(1.00 x 10°)

Thus, €5 = 0.25 and 0\
= Corl12mpA \

10.8.1

For an undistorted model: X, =Y,=L,=100.

Thus, from Eq’n (10.33); n, = b,* = (100)"* = 2.15

ny, = ny/n, = 0.045/2.1

— 12 _
Vr - th -

Based on roug @ = nign, = 0.035/0.018 = 1.94
Y2X? = (800237, = 1.94
Also from Ex. 10.8 (same Y,)

©=4.25/(80)"* = 0.475 m/s

X, =L,=400. Thus,

L,/ = (400)"*=2.71

ow — would be very hard to get a channel bed

of granular material w/this low an n-value.

V,=Ry"2 = Y,2 = L, = (400)"2 = 20.0

Vi =V,/V,=4.25/20 = 0.213 m/s (low, but ok)
Q,=X.Y.?=L>%=(400)*=3.20x 10°

Qun = Q,/Q, = 850/(3.20 x 10°) = 2.65 x 10™* m’/s, or
(0.266 L/sec, low but ok. Check the Reynolds number.)
N, = Vi Yo/v = (0.213)(4/400)/1.1 x 10° = 1,940

Reynolds number is too low to keep flow turbulent.
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10.8.4 10.9.1

For a large width to depth ratio, Ry, =Y. Based on the problem statement: q = f (H, g, h) or

Also, since gravitational forces dominate, we have f(q,H, g, h)=0withn =4, 2. Thus, there are

N;= Vr/[g,1/2~th”2] =1.00; V.= thuz = le/z. n —m = 2 dimensionle oups, and O(I1,,I1,) = 0.

Using Manning’s eq’n: V, = V,/V,, = (l/nr)thz/3 S, 2 Taking H and

ing variables, we have

but since S, = Y/X,, V,=Y,"% and R, = Y;
Y, = (1/m)Y,*(Y/X,)"*. Rearranging and
substituting (w/n,= 0.031/0.033 = 0.939) yields:
Y, = (n-X,"%)*? = [(0.939)(300)"*]** = 65.6

Since Q, = AV, = (X Y)(Y,"?) = (X)(Y.?)

Q. =(300)(65.6)** = 1.59 x 10°. Thefe

Q, = QuQ; = (0.052)(1.59 x 10°) = 8.2 /sec Hence, Hgh" = [H]

1 0[q/(H*?g"?), h/H] = 0; which restated is
10.8.5 = H"g'"? " (h/ .e., identical to Ex. 10.9)

For a large depth ratio, R, = Y, = 65.

Also, sin orces dominate, a

=1.00; V,=Ry'"*= = (65)"".

i i n: vV, W\wnr)RhBBsrl”;
tsince S, =Y /X, V.=Y, & =Y,

hr

anging and are repeating and the relationship can’t be reduced.

<
Y, = (l/nr)YrZB(Y,/\z i
substituting (w/| .03/0.02 = 1.5) yields: Hence, IT = P’0"T* ; which yields,

X, =Y,"*/n? = (65)"/(1.5)* =116. Since, F°L°T® = (F-L/T)*(1/T)°(F-L)°. For F: 0 =a + c; for
V=R, =Y, = (65)1/2 and V, = X/T, L: 0=a+ c; and finally for T: T =-a—b. Hence,
T,=X/V,= 116/(65)1/2 =14.4. Also, ¢ =-a; and b =-ayielding

Qr=ArV, =X Y)Y, = (X)(Y?) I1=P'o *T*=[P/(w'T)]"; which can be expressed as
Q: = (116)(65)** = 60,800. And since, P=o'T Note that this is Equation (5.3) and contains

Q. = Qy/Qu; Qm = 10,600/60,800 = 0.174 cfs no dimensional groupings since the number of variables

matched the number of dimensions.

130



10.9.3

Based on the problem statement:
AP=f(D, V,p,n) or f(AP,,D,V,p,n)=0

withn =15, m= 3. There are n — m = 2 dimensionless
groups, and therefore @(I1,I1,) = 0.

Taking D, V, and p as the repeating variables, we have
I1, = D*V’pu®; I, = DVpeAP™.

Also note that based on Newton’s 2™ Law (F = ma),
dimension for force in the MLT system of unit

F = (M)(L/T?) = M-L/T* and thus pressure drop

per unit area) per unit length can be ¢

AP, = (M-L/T}/L® = M/L’T?

And the units for viscosit§

p=FT/L*=(MT?

and 1or

Hl — D—dv—dp-dpd =
A
L3]g[M/L2T2]h

I, group: M°LT’ =K
ForM:0=g+ =e+f—3g—2h; and for

for
T: 0=-f—2h; Hence, g=-h; f=-2h; and e=h.

iclding;

yielding, IT, = D"V2"p™AP," = [APD/(V*p)]"
Therefore, @(I1,,I1,) = B[DVp/u, APD/(V?p)] = 0;
which may be restated as:

AP, = (V’p/D) ©'(DVp/p)

o

10.9.4

Based on the problem statement:

q=f(h, g, H,p,pn) or f( H,p, =0

which results in n = 6, 3. Therearen—m=3
dimensionless ¢
9(

ki and 1 as the repeating

a_b qd H2= egf

herefore, from the IT(gro

OLOT® = LA(L/ L3/1]°

ForF: 0=c; a+b—2c+3d;and for T:
0=-2b d; | Hence, c=0; d=-2b; and a=5b.
ldin 1= thgbuoq'Zb or I =[gh%q’]
group: FL°T’ /THTET/L*JE[L]"

i % ‘WH" or II,=[H/h]
For the IT; , we need density in FLT units.
Bas Newton’s 2™ Law (F = ma), we have,
F = (M)(L/T?) or M = F-T%/L making the density units
p=(F-T*/L)/ L’ =F-T*/L*. Therefore,
I1; group:  F°L°T® = LY(L/T*Y[FT/L*M[F-T¥L*]
ForF: 0=k +s; for L: 0 =1+ j— 2k —4s; and for T:
0=-2j+k+2s; Hence, k=-s; j=('%)s; and 1= (3/2)s
yielding, ITy=h®2g"2%5p% or I, = [pg"*h*?/u]

which may also be expressed as: Iz = [p(gh®)"*/n]
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10.9.5

Based on the problem statement:

V=fD, g p,n,0) or f(V,D,g p,1,0)=0
which results inn =6, m=3. There aren—m=23
dimensionless groups, and thus @(I1,I1,,I13) =0.
Taking D, p, and p as the repeating variables, we have
M, =D’V I = Dl s = Dipks'
Also note that based on Newton’s 2™ Law (F = ma),
dimension for force in the MLT system of unit

F = (M)(L/T?) = M-L/T? thus units for viscosity

p= FT/L?=(M-L/T)T/L*=M/(L

For surface tension, 6 = F/ L =(M-L T

Therefore, from the IT; g

MOLOTO — La(M/L3 b

© MLOT® = LM/ ) TMIL T '[L/ T

3 i;and for T:
1/2)h; and e = -(3/2)h

0=-h-2i; Hence, f&-h;1
yielding, Tl = 2" "¢ or Ty= [w/{p(D’g)"}]

JM/L* M/(LT)F[M/T*]!

I15 group: MOLOTY =
ForM: 0=k +s+t; forL: 0=j—3k—s; and for T:
0=-s-2t; Hence,s=-2t;k=t;andj=t
yielding, IT, = D'p'p™c" or 3= [Dpe/p’|

Thus, V = (w/Dp) O’ [w/{p(D’g)"*}] 07 [Dpo/’]

or, V= (w/Dp) ©>”[o/{pgD*}]

=a-3b-c+d;and
; d=Db; and a=
]

10.9.6

Based on the problem statement:

V=1f(d,gp,epb) or f , 8P e 1,0)=0

tem of units is:

imension for force in &

=M)(L/T? = sthus units for viscosity are

/L*=M/(LT)

orL:0=e+f-3h+1i;and for T:
ence, h=0;f=0;andi=-e

yielding, IT, =d°¢* or TI,= [d/g]

I1; group: M°LOT® = Li(L/T?*[M/L*JF[M/(LT)]'
ForM:0=s+t;forL: 0=j+k—3s—t; and for T:
0=-2k —t; Hence, t="-s; k=(1/2)s; and j = (3/2)s
yielding, IT, = d®"g"* o’y or Iz= [(d’g)"*p/p]
Other repeating variables may be selected, but they

should yield the same trio of dimensionless groups.
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Chapter 11 — Problem Solutions

11.1.1

a) Clouds — water (vapor) holding element

b) Precipitation — liquid transport

¢) Interception/Depression storage/Snow pack —
water (or ice) holding

d) Evaporation — vapor transport

e) Infiltration — liquid transport

f) Evapotranspiration — vapor transport

g) Aquifer — water holding/liquid transpo

h) Surface runoff — liquid transport

i) River — liquid transport/water h

j)  Lake/Ocean — water holding e

alts, minerals, an
Evapotraﬁp'r —utrients are transported
into pla omthe ground water
g) Aquifer — watér dissolves and/or transports
minerals ents/pollutants in the aquifer
h) Surface runoff — water transports minerals,
organics, and anthropogenic pollutants
i) Lakes/Rivers/Oceans — natural/anthropogenic

pollutants are received, stored, and transported

11.1.3

Unique solutions depending on watershed chosen.

11.14

n./1 ft)/[(30ft)(1
2
onth); T =0,

Q, = 0" (no water drain, %
=7? (leakage?); E= J(1.25) =10 in.; thus

in.-0=-5.0; I=2.21in.

Q; = [(1.9 m*/s)(1 day)(86,400 sec/day) = 164,160 m’
Qo1 = [(0.8 m’/s)(1 day)(86,400 sec/day) = 69,120 m’
Qp2 = [(1.9 m’/s)(1 day)(86,400 sec/day) = 164,160 m’

E = (0.03 m)(40 hec)(10,000 m*/1 hec) = 12,000 m*
AS = (0.155 m)(40 hec)(10,000 m*/1 hec) = 62,000 m’

where Q7 = city water outflow. Eq’n 11.1 yields

44+164-69-164-1-12-0=-62; 1=25,000 m*
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11.1.6

The control volume is the watershed with precipitation
minus interception (P - Int) entering the control volume
and infiltration (I) leaving. Apply Eq’n (11.1):
P-Int-1=AS, w/P=1.1in.,, Int=0.101n.,

1=0.65 in. Therefore, P - Int - I=AS;
1.1-0.10 - 0.65 = AS = 0.35 in. (runoff depth)

Rainfall (P) and Runoff (AS) in acre-feet:
P =(1.1 in)(1ft/12 in)(150sq.mi)(640ac/1sq.mi.)= 8,800 ac-f

AS =(0.35in)(1ft/12in)(150sq.mi)(640ac/1sq.mi)=2,8

11.1.7

The control volume (CV) for the wat esults in

surface reservoir storage and infiltration as an

outflow. Groundwater ¢

E+ 35 m)(1 km/1000hm)(6200 km) = 2.17 km’

=(75.5 m*/s)(1 km*/1x102 m 365 days/1 yr)
(86,400 sée/d 38 km”.
Therefore, the ¢ 0 rage in the watershed is:
459+0.0-23 ~(2.17)=-0.52 km® = AS

The control volume (CV) for the drainage basin results
in infiltration (I) being within the CV and groundwater
outflow as a new boundary transfer. Thus, the change

of storage (AS, surface water and groundwater) is:

P+Qi—Q01—Q02—I—E—T=AS,

4.59 +0.0 —2.38 — 0.200 — 0.00 — (2.17) = -0.16 km® = AS

11.2.1

Lifting takes place by mechanical means or through a

thermodynamic process. ographic  precipitation

occurs through me

over mountain

to/a moisture source.

where there is less evaporation.

to a moisture source and the Sierra Nevada

isture source and on the
ountains which

¢ moisture out of the clouds

ocky Mountain states are far from a moisture
source and on the leeward side of the coastal ranges

in California which extract a lot of moisture.

11.2.3
The average weighted precipitation is found from:
Poye = [(52 km?)(12.4 cm) + (77 km®)(11.4 cm) +

(35 km*)(12.6 cm) + (68 km?)(9.9 cm)]/(232 km?)

P,y =11.4 cm
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11.24

The average precipitation using the Thiessen method:
~ ~ -

~

3.6in

e
3.24n

11.2.6

The average precipitation using the Thiessen method:

4.0in ; 38in
~
Area Gage Area Weightéd
Precip. Factor Precip.
I 3.6 0.125 0,45
11 3.2 0.125 0.40
111 3.8 0.125 0.48
1\ 4.0 0.125 0.50
\Y 3.8 0.500 1.90
Total 1900 3.73 in.
11.2.5

The average precipitation using the isohyetal method:

uSPNED” o \BRGE
N
H\ W @ 2GRN
. Nld I 0
N Wsle | el
Y e | f) )
iz N St
Area Gage Area Weighted
Precip. Factor* Precip.
I 5.0 0.204 1.02
11 5.5 0.133 0.73
111 4.0 0.249 1.00
v 3.5 0.271 0.95
\Y 4.5 0.142 0.64
Total 1.000 4.34 cm

*The total area is 225 squares or 22,500 hectares.

14.2.7

The average precipitation using the isohyetal method:

20

3G 34in Alin
N I . v
0o V- " D -
‘-\ ~|3.4in
B.8in | — e —= -3‘3.111 \‘__
I . \ | 3.6in
i
._\\
4.0in 3.8in
Area Average Area Weighted
Precip. Factor Precip.
1 3.85% 0.125 0.45
11 3.70 0.125 0.40
11T 3.50 0.125 0.48
1\Y 3.35 0.125 0.50
Total 1.00 3.73 in.

* Avg. rainfall in this interval is closer to 3.8 in. than 4.0
in. since the 4.0 isohyet is outside the area of interest.

Area Average Area Weighted
Precip. Factor* Precip.

I 5.60* 0.036 0.20
11 5.25 0.133 0.70
111 4.75 0.200 0.95
1\ 4.25 0.244 1.04
\Y% 3.75 0.187 0.70
VI 3.40 0.200 0.68

Total 1.000 4.27 cm

*Avg. rainfall in this interval is closer to 5.5 cm than 6.0 cm

since the 6.0 cm isohyet is outside the area of interest.
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11.2.8 11.3.1
Using the inverse-distance weighting method: i E S 2 P L Z
: . (hr) | (hr) (in.) (in.) (in.) (in./hr)
REEIEN | | 0 | 05 ] 0000 ] 0.005 |0000 | 0.030 | 0.030 | 0.060
51oL i 515] 05 | 1 ] 0005 |"0010f] 0.0300! 0.060 | 0.030 | 0.060
? -4 1 | 15 | 0010 | 0015 0.060 | 0.090 | 0.030 | 0.060
e vl J L R = 15 | 2 | owi5%we.020 $90.000 | 0120 | 0.030 | 0.060
’ 4 5] 2 | 25 | 00204 0.0267] 0.120 | 0.156 | 0.036 | 0.072
L + T e 0 2 1 254 3 1no0.026.] 0032 | 0.156 | 0.192 | 0.036 | 0.072
bkt L 4 | 35 ]| 0032} 0037 | 0.192 | 09299} 0.030 | 0.060
r S "1 ol - 35 04 | 0037 ] 0043 | 0222 [10.258 |T0e36 | 0.072
e T e A | 25470043 | 0050 | 02580 0300 0.042 | 0.084
LI L ; L] 45 1.5 | 0050 | 0057 |90300 | 0842 4u0i042 | 0.084
CEEHEL . 5 [ 55 ] 0057 | 00650} 0.342, | 0.390 | 0.048 | 0.096
' " ' 55 | 6 | 0065 | @072 | "0890°] 0.432 | 0.042 | 0.084
Quadrant | Distance (d) | Gage | Weighting | Weighted 6 | 65 | 0.072). 0080 | 0432 [ 0486 | 0054 | 0.108
to centroid® | Precip. | Factor**yj, Precips 65 | 7 | of81 Jooso V0486 | 0534 | 0.048 | 0.096
i 2,120 m 4.5 0.497 224
0 6:040 - =5 T A % 7 | 75 1 0080] 0402 | 0.534 | 0.612 | 0.078 | 0.156
T 3.540m 35 o3 0.6 75 | & |oro2 ] 0115 | 0612 | 0.690 | 0.078 | 0.156
v 2,910 m 4.0 0.264 1.06 8 8.5 0.115 0.130 0.690 0.780 | 0.090 0.180
Total 1.000 4.23 cm g5 |59 190130 ]| 0.148 | 0.780 | 0.888 | 0.108 | 0.16
*Distances are found using Pythagerean theorem. 9 9.5°] 0.148 ] 0.167 | 0.888 | 1.002 | 0.114 | 0.228
**Weighting factor in quadrant 1: 950k 10 | 0167 |eomso | 1002 | 1.134 | 0132 | 0.264
wy = (1/df/ [Ma +1/d741/d57+1/d,7] 10 | 105 ] 0.180 | 02081134 | 1296 | 0162 | 0324
105 11 | 0216 |"0250 | 1096 | 1.500 | 0.204 | 0.408
i1 | 115 | 0250 Pho298mp 1500 | 1788 | 0288 | 0.576
115 | 12 %0298 | 0600 | 1.788 | 3.600 | 1.812 | 3.624
11.2.9 12 4 125 ool 0702 | 3.600 | 4212 | 0612 | 1204
One'method i§te use the averdge, of the surréuiiding 12 15 | 0002 1 0751 | 4212 | 4306 1 0294 | 088
13| 1351 o751 | 0.785 | 4.506 | 4.710 | 0204 | 0.408
gages 10 estimate the storm pregipitagion depth: 13.5 | 14 | 0785 | o811 | 4710 | 4866 | 0156 | 0312
v 14 | 445 | o811 | 0.830 | 4.866 | 4980 | 0.114 | 0.228
TG (6-02+673 9.5 483; =0 in. 1450 15 | 0.830 | 0.848 | 4.980 | 5.088 | 0.108 0.216
Another possibility.is tause the annual precipitations to 15 [ 155 0848 | 0.867 | 5.088 | 5.202 | 0.114 0.228
155 | 16 | 0867 | 0886 | 5202 | 5316 | 0.114 | 0.228
establish a storifl weighfing factor: 16 | 165 ] 0886 | 0895 | 5316 | 5370 | 0.054 | o0.108
Wi, = [(6.02/61.3) T6.73/72.0) + (5.51/53.9)]/3 165 | 17 | 0895 | 0904 | 5370 | 5.424 | 0.054 | o0.108
17 | 175 ] 0904 | 0913 | 5424 | 5478 | 0.054 | o0.108
Wt. = 0.098 175 | 18 | 0913 | 0922 | 5.478 | 5532 | 0.054 | o0.108
18 | 185] 0922 | 0930 | 5532 | 5.580 | 0.048 | 0.096
P, =(0.098)(53.9); P,=5.28 in. 185 | 19 ] 0930 | 0939 | 5.580 | 5.634 | 0.054 | 0.108
19 | 195] 0939 | 0948 | 5.634 | 5.688 | 0.054 | o0.108
The weighting method is a better estimate than the 195 | 20 | 0948 | 0957 | 5688 | 5742 | 0.054 | o0.108
Etc.

average method. It takes into consideration that Station

X receives less precipitation than the nearby stations.

i(peaky= 3.624 in/hr (vs. 4.56 in/hr); at the same time.
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11.3.2 11.3.3

10-Year, 24-Hour Storm Hyetograph (Miami, FL) Since small storms are “nested” within the 24-hr storm,
P O i Lypelll A 05 hr we can easily estimate the 6<hr storm hyetograph. The 6
t t P, P, AP i . . y
PyPr | Po/Pr _ _ _ : hour time period thateontdins thégreatest percentage of
(hr) (hr) (in.) (in.) (in.) (in./hr)
0 05 0.000 0.005 0.000 0.045 0.045 0.090 rainfall depth is.from hour 9 to hour 15 (0856 - 0.147
05 ] 1 0005} 0010 ] 0045} 0090} 0.045 f 0090 =0.709 or 70.9% ofth@uainfall). Using the 24-hr storm
1 15 | 0010 ] 0015 ] 009 | 0135 | 0045 | 0.090 .. . .
ratio idtervials, but setting the time at hour 9 to zero and
15 | 2 Joois | 002 | o135 | o180 | 0.045 | 0.09
2 | 25 | 0020 0026 | 0.180 | 0.234 | 0.054 | 0.108 hour 15 to hour\6 yields the following:
25 f 3 1006 0052 023402881005 | 0108 10-year, 6-Hour Storm Hyetograph, (Va/ Béach. VA)
3 | 35 [ 0032 | 0037 ] 0288 | 0333 | 0045 | 0.090 p= 6 in. ft= 205 hu
35 | 4 J o037 ] 0043 ] 0333 ] 0387 | 0054 [ o0.108 ; 3 P P AP i
17| purr | Py y : !
4 | 45 | 0043 | 0050 | 0387 [ 0450 | 0.063 lo 0.126 a | i)W ) | ) | dnmn
45 | 5 Joos0o | 0057 | 0450 | 0.513 | 0.063 |)0.128 o |os | o147 | 0w63 | os82 | 0978 | 0.006 | 0.192
5 5.5 0.057 0.065 0.513 0.585 | 0.072 0.144 0.5 1 0.168 WSES 0.978 1.086 0.108 0.216
55 | 6 Joos5s ] 0072 | o058 | 0648 0.063n] 0.los 1 Lisloigid o | 10s6 | 1213 | 0132 [ 026s
6 | 65 0072 | 0081 | 0648 | 00729 | 0.081 |\ 0.162 15 | 20tm02050b0936 | 1218 | 1416 | 0098 | 0396
65 | 7 Joosi ] 0089 ] 0729 | 0801 | 0.0797] 0.144 2 | 25 10236 | 0283 | 1416 | 1608 | 0282 | 0564
7 | 75 [ 0089 | o102 ] 0801 | 0918 fmos¥ | 0234 2anb 3 £.0283 [ 0663 | 1608 | 3978 | 2280 | 4560
75 | 8 J o102 ] o154 098] 1.035 | 0.117 | 0234 5 | 35 ] 0663 [ 0735 | 3978 | 4410 | 0432 | 0864
8 | 85 |ors | o010 ] 1035 Y170 | 0135 | 0270 3ol 2 0735 [ 0776 | 4410 | 4656 | 0246 | 0492
85 | 9 | 0130 Jo 0.148, | 1170w 332 | 0.162 | 0.324 4 1 as | 0776 [£0.804 | 4656 | 4504 | 0168 | 0336
9 | 95 | 0148 | “0a67 “fmk33g| 1.503 | 0.171 | 0342 a5 5 1 osos [T0805 [ @s2s | 2950 | 0126 | 0252
95 | 10 |Ote7 h 0189 | 1503 | 1.701 | 0.198 }£70.39% il ss [ oszsnbose | 4950 | 5052 [ 0102 | 0204
10 | 1054 0.1894) 0216 | 1.701 | 1.944 | 0.2431]) 0.486 s5 | 6 | 0842 | 0856 | 5052 | 5136 | 0082 | 0168
105 | 11 Jedle | 0250 | 1.944 | 2.250 J@0306n] 0612
180115 | 0250 0298 | 2.250 | 2.6821) 0432 | 0.864 Note! Using the “intensities in the table, it is easily
1154 12 10298 ] 0.600 | 24682 | 5.400 |“7usd)” 5436 determined that this storm produces 4.254 inches of
12 125 0.600 0.702 5.400 6.318 0.918 1.836 rainfall, or 70.9 percent of the 24-hr depth of 6.0 inches.
125 | 8 ] 0702 | 0751 46318, | 659 | 0441 | 03882
13 | 135 ] 0751 | 0785|6759 fomoes | 0306 | 0612
135 ] 14 | 0785 | o811 Wmh.7065 | 7.299 | 0.234 | 0468 11.3.4
14 | 145 ] 0811 0830, | 7.299 | 7470 | 0.171 | 0342
Etc. The total depth of rainfall is:
__ 6.000
£ 5,000 10-Yr, 24-Hr Storm P(total) =3P =1.50 in.
£ Hyetograph
‘E 4.000 (Miami, Florida) The maximum intensity (between time 18 and 21):
$ 3.000
K]
i 2.000 i=(0.18 in.)/[(3/60) hr]; i= 3.6 in./hr
£ 1000
® | | The rainfall volume is:
E 0000 rermrmrmrarartt WML i
O NSV ® g NY YRy Vol =[(1.5 in.)/(12 in./ft)] (150 sq mi)(640 ac/sq mi)
Time (hours
(hours) Vol = 12,000 ac. ft.
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11.4.1

Advantages: Bridges constrict the flow, minimizing
the width of the x-section. Also, it is very helpful to
have a bridge to stand on (rather than a boat) when
taking stream velocity measurements. This is especially
true during flood events, and high flow measurements
are needed to obtain a full and useful rating curve.

Disadvantages: Flow rates are often high through
constricted sections, so velocity measurements must be
accurate. Also, the channel x-section under bridges a:

not always stable (scour and deposition).

11.4.2

USGS provides information on the ‘ga
drainage area, period of re

special remarks, and ¢

record. Daily mean flows are m&po
year from Octeber 0 C
summary s @ Other‘data includes lake

cvations, precipitation in

zmation at selected ga

D

1144

A spreadsheet solution is appropriate. Most areas are

trapezoids and Q = AV, ifi@ach section.

v 1 2 3 7 8 9 | 10 | 11
0.2y 0, 4 | 05 07 | 07 06| 05]04]03
0.8y " 0.1\ 02 410505 |o4]03]02]o01

4.8 4.8 4.8 4.8 4.8 4.8 3.6 1.0

A“§preadsheet solﬁor%)riate. Most areas are
trapezoids and Q = Nea section.

\% 1 2 6 [ 7|8 |9 [10]I11

0.2y 2.0 3| 45| 47 | 48 | 44 | 42 | 38 | 30
0.2+

0.8y 14 | 23 (33|37 39|38 |36]34]|20]12

d 10 | 1.6 | 18 [ 20|20 |20 [20]20|20] 16|06

Vavg 0.2 1.7 | 28 | 38 | 41 | 43 | 43 | 40 [ 38 | 29 | 2.1

A 0.5 1.3 1.7 { 1.9 | 20 | 20 | 20 | 2.0 [ 20 | 1.8 1.1

Q 0.1 22 [ 48 | 72 | 82 | 86 | 86 | 80 | 76 | 52 | 23

Q(total) = Y'Q = 62.8 m*/sec

0. 04 | 05 0.6 0.3 0.2
78 1 90 | 96 | 9.6 8.4 | 4.6
23 | 3. 2.5 0.9

t“ §4.854s
O(total) =Y Q =35.6 ¢ N

11.4.5

Rating Curve

100 200 300 400

Flow Rate, Q (cfs)

Storm Hydrograph
400 -~
300 -+
200

Q (cfs)

100 -

0 1 T T T T 1
400 600 800 1000 1200 1400

Time (hrs)

Q(peak) = 310 cfs
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11.5.1

a)

b)

d)

Yes. Since the rainfall would occur over a shorter
period of time, the flow rates would increase more
rapidly on the rising limb and give a larger peak Q.
As water infiltrates into the ground, the water table
would rise and contribute more flow to the stream.
Each flow value represents the average flow over a
6-hour time interval. To obtain a volume using the
average flows, we multiply them by time intervals
(or add them and multiply the sum by the tini@
interval according to the distributive law). This is
merely a finite difference method used to determing
the area under the curve (numerical integration).

No. The sum the runoff values would likely, double,
but the sum would be multipliediby a 3-hour time
increment instead of a 6-hour time increment so the

depth of rainfall would remaininchanged.

11.5.2

The unit hydrggraph (UH) is tabulated bglow.'a 4-liour

UH sifige, effectiye precipitation occurs @ver 4 hours.

The 2.54inch rain produces 45 1nyof runoff depth.

11.5.3

The unit hydrograph (UHjis tabulated below, a 1-hour

UH since effective precipifation occurs over 1 hour.

The 1.0-cm rain produges 0.73 cnm>of runoff depth.

Stream Base Direct Unit Hours
Hour Rainfall Flow Flow Runoff Hyd After
(cm) (m’/s) (m%/s) (m%/s) (m%/s) Start
8 1.6 1.6 0.0
9 1.4 1.4 00 0.0 0
1
10 4.6 1.6 3.0 4.1 1
11 9.7 18 9 10.83 2
12 13.0 2.0 11.0 15.1 3
13 10.5 2% 8.3 11.4 4
14 7.8 2.4 5.4 7.4 5
15 58 2.6 32 44 6
16 4.5 2.8 1.7 2.3 7
17 3.0 3.0 0.0 0.0 8
18 29 29 0.0
19 2.8 2.8 0.0
Sum 1 40.5
Runoff  0.73 cm
11.54

The unit hydrograph (UH) 1s tabulated below, a 3-hour

UH sifice effectiye precipitation occurs over 3 hours.

Stream Base Direct Unit Hours
Hour Rainfall Flow Flow Runoff Hyd After
(in) (efs) (cfs) (cfs) (cfs) Start
0 20 20 0 0 0
1.25
2 90 22 68 45 2
1.25
4 370 24 346 231 4
6 760 26 734 489 6
8 610 28 582 388 8
10 380 30 350 233 10
12 200 32 168 112 12
14 130 34 96 64 14
16 90 36 54 36 16
18 60 38 22 15 18
20 40 40 0 0 20
Sum 2.5 2420
Runoff 1.50 inches

Stream Base Direct Unit Hours

Hour Rainfall Flow Flow Runoff Hyd After

(in.) (cfs) (cfs) (cfs) (cfs) Start
400 110 110 0 0

0.2
600 100 100 0 0 0

1.4
800 1200 106 1094 1257 2

0.7
1000 2000 112 1888 2170 4
1200 1600 118 1482 1703 6
1400 1270 124 1146 1317 8
1600 1000 130 870 1000 10
1800 700 136 564 648 12
2000 500 142 358 411 14
2200 300 148 152 175 16
2400 180 154 26 30 18
200 160 160 0 0 20
Sum 2.3 7580

Runoff  0.87 in.
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11.5.5

The storm hydrograph is depicted below. The runoff
volume can be found by determine the triangular area
under the storm hydrograph.

R/O volume = [(1/2)(8 hrs)(3600 sec/hr)(504 ft*/sec)]

R/O volume = 7.26 x 10° ft’
R/O depth = (7.26 x 10° f£*)/[(1000 acres)(43,560 ft’/ac)

R/O depth = 0.167 ft = 2.00 in.

Qp=504 cfs

5 t

t,=3 hrs =8 hrs

Since the storm produces 2.00 inches, of runoff, the
unit hydrograph is a triangle half as high (Q, = 252
cfs). Also, it is a 2-hour unit hydrograph since the

excess rainfall occdss during a 2Hour period.

11.5.6

Subracting lesses from the rdinfall yieldgyld cm of
runoffiin the 1% hour and 2.0 gm ithe 2™ hour. Thus,
multiplying the unit hydrograph by th€se amounts and
lagging the second hout 0fgunoff by an hour yields:

11.5.7

The resulting stream flow is tabulated below.

Unit ] 3<UH* | 3xUI* [ 4<UH | Base | Stream

Hour | Hyd. Flow Flow
(m’/s) (m’/s) (m’/s) @/s) | (ms) (m’/s)
0 0 150 150
6 38 114 157 271
12 91 273 0 165 438
18 125 375 114 172 661
24 110 330 273 0 180 783
30 78 234 375 152 187 948
36 - 132 330 364 195 1021
42 26 78 234 500 202 1014
48 14 42 132 440 210 824
54 7 21 T8 312 217 628
60 0 0 42 176 225 443
66 21 104 200 325
72 0 56 180 236
78 28 170 198
84 0 160 160

*Assmmes 3 _inches of runoff occurs in each 6-hour
period ofithe first 12-hour period.

11.5.8

In order to use a 1-hour unit hydrograph (U.H.) as a

desigh tool, sunoff,dépths must be available in 1 hour

imerements. Hence, the runoff depths are 1.0 inch in the

first, hour and 0.5 inches in the second hour.

predicted stream flow is tabulated below.

The

Unit 1,5xUH | 2xUH | Base | Stream
Hour | Hyd. Flow Flow
(m’/s) (mi/s) s) | m¥s) | (m’s)
0 0 0 5 5
0.5 10 15 5 20
1 30 45 0 5 50
1.5 70 105 20 5 130
2 120 180 60 5 245
2.5 100 150 140 5 295
3 70 105 240 5 350
3.5 40 60 200 5 265
4 20 30 140 5 175
4.5 0 80 5 85
5 0 40 5 45
5.5 0 0 5 5

Unit IXUH | 0.5xUH | Base | Stream

Hour | Hyd. Flow | Flow
(cfs) (cfs) (cfs) (cfs) (cfs)
0 0 0 10 10
1 60 60 0 10 70
2 100 100 30 10 140
3 80 80 50 10 140
4 50 50 40 10 100
5 20 20 25 10 55
6 0 0 10 10 20
7 0 10 10
= 545

The runoff volume is:

Vol = (545 ft*/s)(1 hr)(3600 sec/hr)(1 ac/43,560 ft%)

Vol = 45.0 ac-ft
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11.5.9

In order to use a 12-hour unit hydrograph (UH,,) as a
design tool, runoff depths must be available in 12 hour
increments. Hence, the runoff depths are 0.5 inch in the
first 12 hours and 0.5 inches in the second 12 hours.

The predicted 24-hr unit hydrograph (UH,,) is:

Hour | UH;, 0.5xUH;; | 0.5xUH;; | UHy
(m’/s) (m*/s) m/s) | (m¥s)
0 0.0 0.0
6 38 19.0 19.0
12 91 45.5 0.0 455
18 125 62.5 19.0 81.5
24 110 55.0 455 1005
30 78 39.0 62.5 101.5
36 44 22.0 55,0 77.0
42 26 13.0 39.0 52,0
48 14 7.0 22.0 29.0
54 7 3.5 13.0 1615
60 0 0.0 7.0 7.0
66 35 35
72 0.0 0.0

To find the UHgpplacethe UH), in the far right g@liimn
in the table below and work numerically backwards:
Some instability in the numerical proces§ occurs injthe
hydrograph,tail, so it should be graphed and adjusted so
that thedresulting UHg proddees one inch of runoff. A 3
hour intérval would producg lesg, numerical instability.

The,asterisks belowdepict where the instability occurs.

Hour | UHg 0.5xUHg | 0.5xUH, | UHI2
(m'/s) (m’/s) (m’/s) (m’/s)

0 0 0.0 0
6 76 38.0 0 38
12 106 53.0 38.0 91
18 144 72.0 53.0 125
24 76 38.0 72.0 110
30 80 40.0 38.0 78
36 8 4.0 40.0 44
42 * 22.0 4.0 26
48 ® -8.0 22.0 14
54 * 15.0 -8.0 7
60 * -15.0 15.0

11.5.10

In order to use original storm flows to predict the future
design storm, we need to fotmulate a unit hydrograph.
Since it is a 2 hour storm6f uniform intensity, a 2-hour
unit hydrograph (UH,) ", formulated by dividing the
original flows By two.2With this a design tool, stream
flowsdre piedicted in the normal way by multiplying 2-
hour, runoff depths by the unit hydfograph (linearity)

and adding th€ resulting flows (superposition).

Hour Q UH, 165xUH4 | 3.0xUH; W Netwn@Q
(ms) | (m¥s) (mls) (m’/s) (m’/s)
4:00 0 0 0 0
5:00 160 80 120 120
6:00 440 220 330 0 330
7:00 920 460 690 240 930
8:00 860 430 645 660 1305
9:00 720 860 540 1380 1920 Peak
Q
10:00 580 290 435 1290 1725

14.6:1

Based on Table 11.3,"We have B soils. Based on Table
11.4,(CN =6}, torithe’open space and CN = 88 for the
mdustrial park. The area-weighted composite curve

number representing the whole watershed is:
CN =4(169 ac)(61) + (31 ac)(88)]/200 ac = 65

Then based on Figure 11.8 and the location of Chicago,
the 10-year, 24-hour rainfall depth is 4.0 inches. Next,
using Equations 11.4 and 11.3, we have

S = {1000 — 10(65)}/65 = 5.4 in.

R =[P -0.2(S)]/[P + 0.8(S)] =

R =[4.0-0.2(5.4)]/[4.0 + 0.8(5.4)] = 1.0 in.
Alternatively, Figure 11.18 yields the same answer.

The volume of runoff is:

Vol. = (1.0 in.)(1 f/12 in.)(200 ac) = 16.7 ac. ft.
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11.6.2

Based on Table 11.3, we have B soils (Drexel), C soils
(Bremer) and A soils (Donica). Based on Table 11.4,
CN =61 for the golf course - B soils, CN = 74 for the
golf course - C soils, CN = 94 for the commercial area -
C soils, and CN = 54 for the residential area — A soils.
The area-weighted composite curve number
representing the whole watershed is:
CN =[(8 hec)(61) + (12 hec)(74) + (30 hec)(94) +

(50 hec)(54))/100 hec = 69.0

Fora 15 cm (5.91 in.) storm, use Eq’ns 11.4 and dik:3:
S = {1000 — 10(69.0)}/69.0 = 4.49 in.

R=[5.91 - 0.2(4.49)]%[5.91 + 0.8(4.40)] = 2.64 in

Thus the runoff is 2.64 in. (6.71 cm).
Alternatively, Figure 11.18 yields the same answer.
The volume of runoff is;

Vol. = (0.0671 m)(200 hee)(10,00001°/1 hec)

Vol. = 67,100¢°

11.6.3

The solittion procedure follows Example 11.6 except the

P,/Pr and P,/Pt columns which come from Table 11.1.

t t) Pi/Pr | Po/Piif. Py P, R, R, AR
(hr) | (hr) (in.)"} (in.) | (in.) | (in.) | (in.)

0 2 1 0.000] 0.023 420.00 | 0.14 | 0.00 | 0.00 | 0.00

4 0.023,] 0.048 | 0.14 [ 0.29 | 0.00 | 0.00 | 0.00

8 0.080 | 0.120 | 0.48 | 0.72 | 0.00 | 0.00 | 0.00

2
4 6 1 0.048 10080 | 0.29 | 0.48 | 0.00 | 0.00 | 0.00
6
8

10 | 0.120 | 0.181 | 0.72 | 1.09 | 0.00 | 0.04 | 0.04

10 | 12 1 0.181 | 0.663 | 1.09 | 3.98 | 0.04 | 1.58 | 1.54

12 1 14 ] 0663 | 0.825 | 3.98 | 495 | 1.58 | 2.32 | 0.74

14 1 16 | 0.825 | 0.881 | 495 | 529 | 2.32 | 2.59 | 0.27

16 | 18 | 0.881 | 0.922 | 529 | 5.53 | 2.59 | 2.80 | 0.20

18 | 20 | 0922 ] 0953 | 553 | 572 | 2.80 | 2.95 | 0.15

20 | 22 109530977 | 5.72 | 5.86 | 2.95 | 3.07 | 0.12

22 | 24 1 0977 | 1.000 | 5.86 | 6.00 | 3.07 | 3.18 | 0.12

Note: Py =6.0in, CN =74, and S=3.51 in.

11.6.4

For the sheet flow segment by using Equation (11.5)

Ty =[0.007-(0.15-200)"*1/{(34)"° -(0.02)**} = 0.276 hrs
For the shallow concentrated flow, from V =L/V:

Ty = [600 ft/(2't/see)|(Ih1/3600 sec) = 0.083 hrs

Fordhe channel flow segment, R, = A/R&= D/4 = 0.50 ft.
Themfrom Manning’s Equation (11.8)

V&.(1.4904013)-(0.50)7°-(0.01" = 7. 22/sec
and
Ty =2,000/[(7.22 ft/sec)@600'sec/hr)| = 0.077 hr

Thus, T, =0.276+0.083+0.077 = 0.436 hrs (26.2 min.)

11.6.5

Tlie tithe-tosp€ak requires the time of concentration.

Applying Equation (11.9):
Tt [L7%(S+1)°71(1 140908°)

tedfuires the maximum poteritial retention (S).

Thus, fiom,Equation (11.4)

S.= (1000/CN) 2 10 = (1000/92) - 10 = 0.87 in.

whete the curve number is found in Table 11.4 (commercial

with Bfsoils). Substituting into Equation (11.9) yields
T, = [(3000)"%(0.87+1)"7]/(1140-(2.5)"*) = 0.52 hours
Apply Equation (11.13) to estimate the time-to-peak.

T, =0.67-T, = 0.67(0.52) = 0.35 hours

The peak discharge for the watershed is calculated from

Equation (11.14) as
qp = (Ky-A)/T,
qp = 484-[100 acres (1 sq.mi./640 acres)]/0.35 hrs

qp =216 cfs
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11.6.6

Unit Hydrograph, Example 11

Flow, cfs

The unit hydrograph is graphed above. To determine the the area under the
flo time interval associated
with it). Note that we can’t sum all the flow ply by three minutes tivgylaw) since the time interval
Performing the nume inteégrations yields:

2 ft*/sec)(15 mi /1 min)(1 acre/43,560 ft*) = 20.6 acre-ft

Runoff depth = Volume/Drainage Area 0.6 ac-ft)/(250 @ =0.99 in. = 1.0 in. (i.e., unit hydrograph).
11.6.7 Q
The area omposite curve number: = ac

res = 92.0
Thus, from Equétior 4): S =(1000/C 000/92) - 10 =08
N ing Byuation (11.9): T¢ = [( 8.00.870+1)"71/(114 ) ours (24.1 minutes)
he is estimatéd b uation (11.13): T, = . . ) =0.269 hours (16.1 minutes)

The peak discharge from E 14)s: qp, = (K,-A)/T, = 484- es (1 sq.mi./640 acres)]/0.269 hrs = 703 cfs
torm durationffro uation (11.11) is: AD =0.133-T, = 0:133-0.402 = 0.0535 hrs (3.2 minutes)
d

The 3.2-min UH is di e ow using Table 11.8. The peak flow is 703 cfs and occurs 16 minutes into the storm.
Izeigi)s ft)ios Time Flow Izeigfs Ifellfc)i\(;)vs Time Flow
(t/t) (9/9p) (min) (cfs) (t/t) (9/9p) (min) (cfs)
0.0 0.000 0.0 0 1.6 0.560 25.6 394
0.2 0.100 32 70 1.8 0.390 28.8 274
04 0.310 6.4 218 2.0 0.280 32.0 197
0.6 0.660 9.6 464 2.4 0.147 38.4 103
0.8 0.930 12.8 654 2.8 0.077 448 54
1.0 1.000 16.0 703 3.2 0.040 51.2 28
1.2 0.930 19.2 654 3.6 0.021 57.6 15
14 0.780 22.4 548 4.0 0.011 64.0 8
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11.6.8

From Eq’ (11.4): S =(1000/CN) - 10 = (1000/84) - 10 = 1.90 in. with CN found from Tables 11.3 and 11.4.

Now applying Equation (11.9): T, = [(5280)"%(1.90+1)*7]/(1140-(2)"%) = 1.24 hours (744 minutes)

The time-to-peak is estimated by Equation (11.13): T, =0.67-T, = 0.67(1.24) = 0.83ldhours (50.0 minutes)

The peak discharge from Eq’n (11.14) is: q, = (K-A)/T,, = 484-[400 acres (1"§g.mi./640iacres)]/0.831 hrs = 364 cfs
The storm duration from Equation (11.11) is: AD =0.133-T, = 0.133-1.24 =0. 165 hrs(= 10 minutes)

The 10-min UH is displayed below using Table 11.8. The peak flow is 364, cfs and occurs 50 minutés, into the storm.

Ratios | Ratos | Tme | Flow roly Pravos | Tz NP
(t/t,) (a/dp) (min) (cfs) (Uty) (a/dp) (min) (cfs)
0.0 0.000 0.0 0 1.6 0.560 800 204
0.2 0.100 10.0 30 1.8 0.390 900 142
04 0.310 20.0 113 2.0 0.280 100.0 102
0.6 0.660 300 240 24 0.147 120.0 54
0.8 0.930 40.0 339 2.8 0.077 140.0 28
1.0 1.000 500 364 3.2 0.040 160.0 15
1.2 0.930 60.0 339 R 0.021 180.0 8
1.4 04730 70.0 284 4.0 0.011 200.0

11.6.9

From Eq¥(11.4)48,=(1000/CN) - 10 = (1000/93),- 10 =0.753 in. with €N foundfrom Tables 11.3 and 11.4.

Now applying Equation (11.9): T, = [(5280)"7(0.753+1)"71/(1140-(2) %)= 0igZ4dtours (52.4 minutes)

The time to-peak 1s estimated b Equation (BlF13): T, = 0.67Tg= 0.67(0.874) = 0.586 hours (35.1 minutes)

The peak discharge from Eq’nd(l 1.14) is: q, = (K,-A)/T, =484-[400 acres (1 sq.mi./640 acres)]/0.586 hrs = 516 cfs
The storm duration from Equation'(L1.11) is: AD =0.133-T, = 0.133-0.874 = 0.116 hrs (= 7 minutes)

The 7-min UH is displayed Below using Table 11.8. The peak flow is 516 cfs and occurs 35 minutes into the storm.

Rotiol, | o | Tme | Flow Rofios | Ratios | Tme | Flow
(/t)) {a/dp) (min) (cfs) (/t)) (a/gp) (min) (cfs)
0.0 0.000 0.0 0 1.6 0.560 56.0 289
0.2 0.100 7.0 52 1.8 0.390 63.0 201
04 0.310 14.0 160 2.0 0.280 70.0 144
0.6 0.660 21.0 341 24 0.147 84.0 76
0.8 0.930 28.0 480 2.8 0.077 98.0 40
1.0 1.000 35.0 516 32 0.040 112.0 21
1.2 0.930 42.0 480 3.6 0.021 126.0 11
1.4 0.780 49.0 402 4.0 0.011 140.0 6
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11.71

The (25/4¢)+0 vs. O relationship is tabulated below where 47 = 8 minutes = 480 sec.

11.7.2

See the table below where Q = Outflofv(0) = CpA-(2gh) " = 0.6 {(v/4)(2/12)4Lgh) ¢, S = 12-h, and A1 = 10 sec.

11.7.3

Elevation, /4 Outflow (O) Storage (S) 25/4t¢ 285/4p.+0
(m) (m*/sec) (m?) (m’/sec) (m*/sec)
0.0 0.00 0 0.00 0.00
0.2 0.05 87 0.36 0.42
0.4 0.15 200 083 0.98
0.6 0.28 325 1.35 1.63
0.8 0.43 459 1091 2.34
1.0 0.60 600 2.50 3.10

Elevation, & Outflow (O) Storage (S) 25/t (25/4t)+0
(ft) (ft'/sec) (ft) (f¥/sec) (ft'/sec)
0.0 0.00 040 0.00 0.00
0.5 0.07 6.0 1.20 1.27
1.0 0.11 12.0 2.40 251
1.5 0.13 18.0 3.60 3.73
70 045 24.0 480 4.95

The rest.of the routing table'i§ seeh below along with the inflow andéutflow hydrographs. The peak elevation and

storage is found bytakingithe peak outflow (149 cfs) back to the €levation-storage table and interpolating to determine

the peak elevationgand sterage. Spcak = 4.49 ac-ft and Elev,,., = 884.3 ft, MSL

Time Inflow (;) | Inflow (Z) (25/At)-0 | (25/At)+O | Outflow, O

(cfs) (cfs) (cfs) (cfs) (cfs)
13:20 85 79 897 1181 142
13:25 79 67 783 1061 139
13:30 67 59 659 929 135
13:35 59 52 527 785 129
13:40 52 46 394 638 122
13:45 46 40 272 492 110
13:50 40
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Flow, cfs

Inflow and Outflow Hydrograph
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11.7.4
The [2S/At + O] vs. Outflo h and the storage routing tab h elow. Outflow peak =125 m’/sec.
(0)
0 500 600 700
3/sec)
Inflow (Z;) (25/4t)-O (285/48)+0 Outflow, O
(m*/sec) (m*/sec) (m*/sec) (m*/sec)
8 40 5
15 37 53 8
30 42 60 9
85 61 87 13
160 112 176 32
10:00 160 140 191 357 83
12:00 140 95 241 491 125
14:00 95 45 236 476 120
16:00 45 15 200 376 88
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11.7.5

The [2S/At + O] vs. Outflow table is filled in below using the data available at given stages; either the outflow and

min = 600 sec from the

storage to obtain (25/4¢)+0 or the outflow and (25/4¢)+0O to get the storage noting At

Stage Outflow (O) Storage (S)
(ft) (cfs) (acre-ft)
0.0 0 0
0.5 3 148
1.0 8 298
1.5 17 43
2.0 30 61

At# O vs. Outflow (O)
35 4

Outflow (0), (m3/sec)

700

x,

low using normal calculatiox

able in the table.

le t procedures as shown in Example 11.9 or using

«flestoZe routing table is

calculations t&fil cells based on the information ave

T nflow () Inflow (1)) (285/4t)-0 (25/4)+0 | Outflow, O
(m1 (cfs) (cfs) (cfs) (cfs) (cfs)

90 50 45 468 514 23

100 45 43 511 563 26

110 43 30 541 599 29

120 30 26 554 614 30

The peak outflow is 30 cfs, and using this flow yields a peak storage of 4.0 ac-ft and peak stage of 2.0 ft from
the [2S/At + O] vs. Outflow table above.

147



11.7.6

The new [2S/At + O] vs. Outflow table is filled in below using the new time increment; A¢= 10 min = 600 sec from

the routing table. The results should not change regardless of the time increment. How if the time increment is

too coarse, the peak may not be predicted accurately because the linearity ass

The [2S/At + O] vs. Outflow graph is plotted below; the reservoir routing i ew peak flow of 150 cfs.

Elevation Outflow (O) Storage (S)
(ft, MSL) (cfs)

878 0

880 48

882 108

884 144

886 173

+0 vs. Outflow

0 200 600 Q 1200 1400

(25/at)+0, (
Inflow (Z;) 2 (2S5/At)+0 Outflow, O

(cfs) s) (cfs) (cfs)

11 0 8

13 -3 19 11

18 -3 21 12

43 -6 28 17

119 -11 55 33

12:20 119 210 7 151 72
12:30 210 241 104 336 116
12:40 241 202 279 555 138
12:50 202 156 430 722 146
13:00 156 114 488 788 150
13:10 114 85 462 758 148
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11.7.7

The [2S/At + O] vs. Outflow table is filled in below using the time increment: A¢ = 12 hours = 43,200 sec from the

routing table. The [2S/At + O] vs. Outflow graph is plotted below and the reservoir

ing calculations yields a

Elevation Outflow (O) Storage ()
(ft, MSL) (cfs)
865 0
870 20
875 50
880 130
885 320
S/4t)+0 vs. Outflow

°
2
(25/At)+0, (cfs)
L 2
Day/Time (£ Inflow (Z;) (28/At (25/4t)+0 Outflow, O
cfs (cfs) (cfs) (cfs)
58 0 2
58 118 52 60 4
118 212 198 228 15
midnight 212 312 444 528 42
3 - noon 312 466 802 968 83
midnight 466 366 1286 1580 147
4 - noon 366 302 1668 2118 225
midnight 302 248 1824 2336 256
5 - noon 248 202 1850 2374 262
midnight 202 122 1798 2300 251
6 - noon 122 68 1672 2122 225
midnight 68
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11.7.8

The [2S/At + O] vs. Outflow table is shown below using the time increment: A¢ = 8 min. = 480 sec from the routing

outflow of 0.55 m*/sec. Taking this outflow to the [2S/At + O] vs. Outflow table ctpolating yields a peak
stage above the spillway of approximately 0.94 m.

Stage, h Outflow (O) Storage ()
(m) (m*/sec)
0.0 0.00
0.2 0.05
0.4 0.15
0.6 0.28
0.8 0.43
1.0 0.60
2
0.60

0), (m3/sec)

.00 1. 2.50 3.00

(25/At)+0, (m

Inflow (Z;) (25/41)-0O (25/4t)+0 Outflow, O
(m*/sec) (m*/sec) (m*/sec) (m*/sec)
0.15 0 0
0.38 0.11 0.15 0.02
0.79 0.46 0.64 0.09
0.71 1.07 1.63 0.28
0.58 1.61 2.57 0.48
0.46 1.80 2.90 0.55
0.35 1.76 2.84 0.54
0.21 1.61 2.57 0.48
0.1 1.39 2.17 0.39
72 0.1 1.12 1.70 0.29
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11.7.9

The [2S/At + O] vs. Outflow table is shown below ( 4¢ = 30 sec from the routing table), The [2S/At + O] vs. Outflow

graph is plotted below and the reservoir routing calculations yields an outflow of 0. ’/sec at t = 4 minutes.

Taking this outflow to the [2S/At + O] vs. Outflow table and interpolating yie

depth would be 1.91 meters if there was no leak (h = Inflow Volume/ta

Depth, h Outflow (O) Storage ()
(m) (m*/sec)
0.0 0.00
1.0 0.70
2.0 1.06
3.0 1.35
4.0 1.61
5.0 1.84

Inflow (7)) (25/4t)+0 Outflow, O
(m*/sec) (m*/sec) (m*/sec)
2.5 0.00
2.5 5.0 0.16
2.5 9.7 0.34
2.5 13.0 14.0 0.48
2.5 16.8 18.0 0.60
2.5 20.4 21.8 0.70
2.5 23.9 25.4 0.78
2.5 27.2 28.9 0.85
2.5 30.4 32.2 0.90
4.5 2.5 335 354 0.96
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11.8.1

For pre development conditions, the SCS time-of-concentration can be computed. Ap

S = (1000/CN) - 10 = (1000/80) - 10 = 2.50 in.

where the curve number is found in Table 11.4 (pasture land, clay or D soils). S
T = [L"%(S+1)*71/(1140-Y*%) = [(1200)"%(2.5+1)"71/(1140-(7)°&=.0.232 Hours (14 minutes)
Applying Equation (11.19) for pre development conditions yields
Q10 =C-1-A =(0.35)(5.2 in./hr)(20 acres) = 36.4 cfs

where C is found using Table 11.10 and [/ is obtained fro

slopes are steep). Using lawns with clay soils steep so
For post development conditions, the SCS the
S =(1000/CN) - 10 = (1000/95) - 10 =

[1(200 ft)*](1 acre/43,5
.10 (high end of range for flat la

4.34 cfs

w C is found i s with clay soil and flat slopes since the slope is

on the high end o range) and / is obtained from Figure 11.26 (with a storm duration equal to 20 minutes).

11.8.3

Using the SCS sheet flow equation (11.5) and shallow concentrated flow equation (11.6) yields
Ty =[0.007-(0.011-300)"%1/{(2.4)** (0.005)**} = 0.0978 hrs (5.87 min)
V =20.3282(0.015)"° = 2.49 fps, and Ty, = 600/[(2.49 ft/sec)(3600 sec/hr)] = 0.0669 hrs (4.01 min)
Applying the rational equation (11.19) yields
Q1o = CI-A = (0.90)(6.0 in./hr)(300 ft)(600 ft)(1 acre/43,560 ft*) = 22.3 cfs
where C is found using Table 11.10 (mid range) and / is obtained from Figure 11.26 (with a storm duration equal to the

roughly 10 minute time of concentration; i.e., sheet flow time plus shallow concentrated flow).
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11.84

Using the SCS sheet flow equation (11.5) and Manning’s channel flow equation (11.8) yields

Ty =[0.007 (n-L)**1/(P,** -s**) = [0.007-(0.011-270)**1/{(2.8)* -(0.005 hrs (5.0 min)

V = (1.49/n)-R, 2. = (1.49/0.013)-(2/4)**-(0.005)"* = 5.1 ft/se

Ty =L/V = (600 ft)/(5.1 ft/sec) = 118 sec. = 2.0 min. Thus, T, = +2.0=7.0 min.
Applying the rational equation (11.19) yields

Qs =C1-A = (0.90)(5.8 in./hr)(270 £t)(600 ft)(1 ac 9.4 cfs g
where C is found using Table 11.10 (mid range) and Figure 11.2&wit®n equal to
the roughly 7 minute time of concentration; i.e. et flowtime plus channel flow \
11.8.5 E

Using the SCS sheet flow equation (11.5), shallow concentrated quation (11.6), and Manning’s channel

flow equation (11.8) yields ime of concentration after deyélopment
/4{(3.8)"% (0.02)%%h= min)

3 =1.61 fps, and

= (1.49/)-R,7*-Sp"* =461.49/0.035)-(18/24)(

s =L/V=(4300 N c) = 1730 sec. =29 min
A :
Thus, T, = \0 5~ 61 min.
(

n (11.19) for pre-development conditions yields

€C

Applying the rafional
Q5 =CI-A=1(0.30)(2.1 in./hr)(150 ac) = 94.5 cfs

where C is found using Table 11.10 (mid range) and / is obtained from Figure 11.26 (with a storm duration equal to

the 90 minute time of concentration). Applying the rational equation for post-development conditions yields
Q5 =C-1-A =(0.45)(2.7 in./hr)(150 ac) = 182 cfs

where C = (60/150)(0.40) + (40/150)(0.70) + (50/150)(0.30) = 0.45 (weighted average runoff coefficient) and /

is obtained from Figure 11.26 (with a storm duration equal to the 61 minute time of concentration).
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11.8.6

Applying the rational equation (11.19) yields

A min

o
) ollowing logic %these changes tak @ at a time:
ar design storm (was 5-year),the inlet would be loca to the east (or less than 220 feet

fall intensity.

i )ffo accommodate

street from the dr &

If the lawns were a grass, the inlet would be located further to the west (or more than 220 feet down

the stree@ inage divide) because the time of concentration greater reducing the rainfall intensity.
oThugi

d) If the lon, street slope is 3% (was 2.5%), the inlet would be located further to the west (or more than
220 feet down the street from the drainage divide) because the gutter capacity would be increased.

e) Ifthe cross slope is 3/8-in. per foot (was Y4 -in.), the inlet would be located further to the west (or more than
220 feet down the street from the drainage divide) because the gutter capacity would be increased.

Even though the inlets on the north side of the street will accommodate runoff from residential lots based on the land

slope, a few inlets will be required on the south side to accommodate rain that falls on the south side of the street.
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11.8.8

Based on a cross slope of 3/8-inch per foot and a spread of 8 feet, the flow depth at the curb is 3.0 inches. Thus
Q = (1.49/n)-A-R,**-S."* = (1.49/0.015)-(1.00 ft*)-(1.00/8.25)*3(0.025)"* = 3.85 fs

Applying Equation (11. 5) for sheet flow to determine the time of concentration yields
Ty =[0.007-(n-L)**1/(P,** -s**) = [0.007-(0.41-100)**1/[(3.2)**-(0.03)"*}#= 01310 hrs = 18.6 min.

Adding a little gutter flow time to the sheet flow time above give§us a time, of'€oncentration of roughily 20 minutes,

which equals the storm duration for the rational method. Usging Figure 11.26, and the rational equation results in
A =Q/(C-T) = 3.85 cfs/[(0.35)(4.3 in/hr)] = 2&6.acres (dpproximately 111,000 ftF)

Since the drainage area on the north side of the street is roughly rectangular with a Widthief 100, feet, the first inlet

is placed about 1,100 feet down the street from\thedrainage divide. (Note: Recheck T, due to gutter length.)

11.8.9

Referring to Example 11 dd5%ue, see that the gutter flow at the firsh,curb opening inlet is 0.914 cfs. The first inlet
intercepts 75% of this flow, or 0.686 cfs. The gutter capacity at'the second inlet will increase due to the increase in

longitudinal slopefThe flow depth at the curb is still 1.5 inches,(i.€., no changein cressyslope or spread). Thus
Q =(1.49n)- AR>S = (1.49/0.015)-(0.3%5. {t°)-(0.375/6.13)%%0.080) ““ = 1.00 cfs

The carryover(flow from the first inleti.c.;the flow not intercepted) 1500.228 jefs (i.e., 0.914 cfs — 0.686 cfs).
Therefare, the drainage area for the second inlet can only contribute a pottion of the 1.00 cfs flow capacity of the
gutter,of 0.772 cfs (i.e., 1.00, cfs®,0.228 cfs). We will alsd assume thatthe time of concentration is the same for the
second'inlet as it was for the figst inlét, or roughly 10 minutes, and the runoff coefficient remains the same. Using
the, IDF curve in Figure,11.26,\a storin duration of 10 minutes produces an intensity of 5.2 in/hr for the 5-year storm.

Substituting into the rational equation (Equation 11.21) results in
A =QUC-T)=0.772 cfs/[(0.35)(5.2 in/hr)] = 0.424 acres (approximately 18,500 ft*)

Since the drainage area on the north side of the street is roughly rectangular with a width of 100 feet, the second
inlet is placed about 185 feet down the street from the first inlet.

NOTE: The timing of peak carryover flow from upstream inlets is not likely to correspond to the peak time of local
runoff to individual inlets down the street. Therefore, carryover flow from upstream inlet may not be a factor as you
move down the street; however, it is the conservative approach. Many local agencies have outlined very prescriptive
procedures for inlet spacing including standards for time of concentration to inlets, street cross slopes, pavement
encroachment or spread criteria, carryover flows, and inlet types. However, the general design procedure outlined

here is likely to be followed with some minor variations.

155



11.8.10

Referring to Example 11.11, we see that longitudinal street slope is 2.5%. Applying Equaiton 11.22 yields
D, = [n-Q,/{0.463+(S,)"*}1*® = [0.013-0.914/{0.463-(0.025)"*}1""* = 0.506 ft (6,0%in.)

The design pipe diameter is 12 inches (the minimum standard size). The full pipe area (Equation 11.23) is
Ar=nD%4 = 1(1.0)%/4 = 0.785 ft*

The full pipe hydraulic radius and the full pipe velocity, as computed fromyEquations 11.24 and 11.26 are
Re=D/4 = (1.0)/4 = 0.250 ft; V;=(1.49/n)R;**-SE=(149/0.013)-(0.250) **-(0.025)"% = 7.194t/sec

Now, the full pipe flow (from continuity) and the flow{Fatios,(O,/Qy) can be determined.
Qr=(Vo)(Ap) = (7.19)(0.785) = 5.64 cfhng, Q,/Qr=x(0.914)/(5.64) = 0.162

Using the flow ratio, we enter Figure 11.29 to obtaindhe depth of flow (y) and#igactual flow velocity (V).
y/D=0.27; y=0.27(1.0 ft)= 0.27 ft (32 im:); V/V;=0.73; V.= 0.73(7.49 ft/sec) = 5.3 ft/sec

Finally, the time required to travel through 1004t of pipe is: t=L/V&400 /(5.3 ft/sec) = 19 sec.

11.8.11

The revised désigh tableis shown below.

Stormwater Pipe 1-2 2-3 3A-3 3-4
Length (ft) 350 300 350 250
Inlet Time, 7, (min) 15 15 15 15
Time of Concerifrationy, 7. (min) 15 16 15 17.5
Runoff Coefficient, € 04 0,5 0.5 0.48
R/F Intensity, I (in/hr) 5.0 4.9 5.0 4.6
Drainage Areagpd (acres) 2.8 5.6 2.8 10.9
Peak Discharge, U, (cfs) 5.6 13.7 7.0 24.1
Slope (ft/ft) 0.01 0.02 0.006 0.03
Required Pipe Diameter, D, (in.) 14.2 17.5 17.0 20.0
Design Pipe Diameter, D (in.) 15 18 18 21
Full Pipe Area, 4, (ft%) 1.23 1.77 1.77 2.41
Full Pipe Velocity, Vr(ft/sec) 5.28 8.43 4.62 11.4
Full Pipe Flow, Oy (cfs) 6.48 14.9 8.16 27.5
0,/0(or Q/0y) 0.86 0.92 0.86 0.87
y/D 0.71 0.75 0.71 0.72
|44 1.14 1.15 1.14 1.14
Flow Depth, y (in.) 10.7 13.5 12.8 15.1
Pipe Velocity, V (ft/sec) 6.02 9.69 53 13.0
Pipe Flow Time (min) 1.0 0.5 1.1 0.3
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11.8.12

11.8.13

Stormwater Pipe 4A-4 4-5 5A-5 5-6
Length (ft) 350 320 250 100
Inlet Time, 7; (min) 14 12 12 10
Time of Concentration, 7, (min) 14 17.8 12 18.4
Runoff Coefficient, C 0.6 0.50 0.4 0.52
R/F Intensity, I (in/hr) 4.4 3.9 4.8 3.8
Drainage Area, A (acres) 2.5 15.9 2.4 20.5
Peak Discharge, 0, (cfs) 6.6 31.0 4.6 40,5
Slope (ft/ft) 0.004 0.01 0.02 0.015
Required Pipe Diameter, D, (in.) 18.0 27.0 11.6 2
Design Pipe Diameter, D (in.) 18 30 15 30
Full Pipe Area, 4, (ft%) 1N 491 1.23 491
Full Pipe Velocity, V;(ft/sec) 3.77 8.38 7.46 10.3
Full Pipe Flow, O (cfs) 6.66 41.1 9:06 50.4
0,/Or(or 0/0)) 0.99 0.75 0.50 0.80
y/D 0.80 0.64 0!5 0.67
V/Vy 1.16 112 1.02 1.13
Flow Depth, y (in.) 14.4 19.2 7.5 20.1
Pipe Velocity 7 (fi/sec) 4.37 9.38 7.6 11.6
Pipe Flow Time (min) 1.3 0% 0.5 0.1
Stormwater Pipe AB CB BD DR
L ength (16) 200 300 300 200
Inlet Time, 7; (min) 12 10 13 10
Time of Concentration, 7, (nin) 12 10 13 14.1
Runoff Coefficiént, € 0.3 0% 0.33 0.36
R/F Intensity, 7 (in/hr) 52 5.7 5.0 4.8
Drainage Area, A \(acrés) 2.2 1.8 6.2 7.4
Peak Dischaige, \©, (cfs) 3.4 4.1 10.2 12.8
Slope (ft/1t) 0.01 0.005 0.003 0.002
Reqiiired Pipe Diameter, D, (in.) 11.8 14.4 22.3 26.2
Design Pipe Diameter, D (in.) 12 15 24 30
Full Pipe Area, 4, (ft%) 0.79 1.23 3.14 491
Full Pipe Velocity, V;(ft/sec) 4.55 3.73 3.95 3.75
Full Pipe Flow, O (cfs) 3.57 4.58 12.4 18.4
0,/0(or 0/0y) 0.96 0.89 0.82 0.69
y/D 0.78 0.73 0.68 0.60
V/V, 1.16 1.14 1.13 1.09
Flow Depth, y (in.) 94 11.0 16.3 18.0
Pipe Velocity, V (ft/sec) 5.28 4.25 4.5 4.1
Pipe Flow Time (min) 0.6 1.2 1.1 0.8
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11.8.14

11.8.15

Stormwater Pipe AB CB BD DR
Length (ft) 200 300 300 200
Inlet Time, 7; (min) 14 10 10 10
Time of Concentration, 7, (min) 14 10 1468 15.9
Runoff Coefficient, C 0.3 0.4 0.33 0.36
R/F Intensity, I (in/hr) 4.8 5.7 4.7 4.5
Drainage Area, A (acres) 2.2 1.8 6.2 7.4
Peak Discharge, 0, (cfs) 3.2 4.1 9.6 12:0
Slope (ft/ft) 0.005 0.005 0.003 0.002
Required Pipe Diameter, D, (in.) 13.1 14.4 21.8 2596
Design Pipe Diameter, D (in.) 15 15 24 30
Full Pipe Area, 4, (ft%) 1°23 1.23 3.14 491
Full Pipe Velocity, V;(ft/sec) 3.73 3.73 3.95 3.75
Full Pipe Flow, O (cfs) 4.58 4.58 124 18.4
0,/Or(or 0/0)) 0.69 0.89 0.77 0.65
y/D 0.60 0.72 0.65 0.58
V/Vy 1.09 1.14 1.12 1.08
Flow Depth, y (in.) 9.0 1068 15.6 17.4
Pipe Velocity 7 (fi/sec) 4.07 4.25 4.4 4.0
Pipe Flow Time (min) 0.8 12 1.1 0.8

Stormwater Pipe AB CB BD DR
L ength (16) 200 300 300 200
Inlet Time, 7; (min) 12 14 13 10
Time of Concentration, 7, (nmin) 12 14 15.7 16.8
Runoff Coefficiént, € 0.3 0% 0.33 0.36
R/F Intensity, 7 (in/hr) 52 4.8 4.5 4.4
Drainage Area, A \(acrés) 2.2 1.8 6.2 7.4
Peak Dischaige, \©, (cfs) 3.4 3.5 9.3 11.7
Slope (ft/1t) 0.01 0.002 0.003 0.0005*
Reqiiired Pipe Diameter, D, (in.) 11.8 16.1 21.5 32.9
Design Pipe Diameter, D (in.) 12 18 24 36
Full Pipe Area, 4, (ft%) 0.79 1.77 3.14 7.07
Full Pipe Velocity, V;(ft/sec) 4.55 2.67 3.95 2.12
Full Pipe Flow, O (cfs) 3.57 4.71 12.4 15.0
0,/0(or 0/0y) 0.96 0.74 0.75 0.78
y/D 0.78 0.63 0.64 0.67
V/V, 1.16 1.11 1.12 1.12
Flow Depth, y (in.) 94 11.3 15.4 24.1
Pipe Velocity, V (ft/sec) 5.28 2.96 4.4 2.4
Pipe Flow Time (min) 0.6 1.7 1.1 1.4

*Note: Slope was adjusted up from 0% (ground slope) to 0.05% to get a 2 ft/sec full pipe velocity.
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