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Chapter 1

Introduction

1.1. The mean annual rainfall in Boston is approximately | 1050 mm |, and the mean annual evapo-
transpiration is in the range of | 380 — 630 mm | (USGS). On the basis of rainfall, this indicates

a climate. The mean annual rainfall in Santa Fe is approximately and

the mean annual evapotranspiration is . On the basis of rainfall, this indicates

an climate.
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Chapter 2

Flow in Closed Conduits

2.1. D; =0.1m, Dy =0.15m, V; =2 m/s, and

Ay = %Df = 2(0.1)2 = 0.007854 m?

Ay = %D% = %(0.15)2 = 0.01767 m?
Volumetric flow rate, @, is given by

Q = A1Vi = (0.007854)(2) = |0.0157 m3 /s

According to continuity,
AV = AV =0Q

Q 0.0157
Vo=-—"= =10.889
27 A, 0.01767
At 20°C, the density of water, p, is 998 kg/m?, and the mass flow rate, 7, is given by

1 = pQ = (998)(0.0157) =

2.2. From the given data: D; = 200 mm, Dy = 100 mm, V; = 1 m/s, and

Therefore

A = Tp?="(0.2)2 =0.0314 m?
4 4
Ay = %D% = %(0.1)2 = 0.00785 m?
The flowrate, @1, in the 200-mm pipe is given by
Q1 = A1V7 = (0.0314)(1) = 0.0314 m3/s

and hence the flowrate, (02, in the 100-mm pipe is

Q1 00314
=5 ="5 =

The average velocity, Vo, in the 100-mm pipe is

Qs 0.0157
Vo = 42 — =2
27 A, 0.00785

0.0157 m3/s
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2.3. The velocity distribution in the pipe is

2.4.

and the average velocity, V, is defined as

_ 1
V:Z/AVdA 2)

where

A =nR? and dA = 27rdr (3)

Combining Equations 1 to 3 yields
— 1 R r\?
= — 1—|( = 2
V 7TR2/0 V;[ (R) ] wrdr
2V, R R 43
= [/0 rdr _/0 RZdr]

_ zvolR?_R“]

R2 |2 4R?
2V, R?
R2 4
Vo
2

The flowrate, @, is therefore given by

TRV,

Q=AV =

1 2
- A
B AV?/A“ d

4 R 22 rd
= — [ Vi1l-F5 4 —
7.‘.]%2‘/02/0 o [ R2 + R4

8 R R 943 R 5
= [/0 rdr — ; ﬁdr+/o ﬁdr

8 [Rz_R‘* 361

2mwrdr

|2 ortem
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2.5. D=0.2m, Q = 0.06 m*/s, L = 100 m, p; = 500 kPa, py = 400 kPa, v = 9.79 kN /m3.

D 02
R = = =-2=005
11 o
Ah = PL_I2
v
_500—400 _ o,
9.79
YRAR  (9.79 x 10)(0.05)(10.2) 5
> = = =499 N
T T 100 9.9 N/m
wD?  7(0.2)? 5
A = - =—"=00314m
Q 0.06
= = =1.91
v A~ 0os1a _ LOtm/s

81, 8(49.9)
f= pV2 — (998)(1.91) =[o.u1]

2.6. T'=20°C, V =2m/s, D = 0.25 m, horizontal pipe, ductile iron. For ductile iron pipe, ks =

0.26 mm, and
ks 0.26
Bs 220 _0.00104
s S = 0-0010
D 2)(2)(0.2
Re pVD _ (9982)2)(025) _ ey q09
1 (1.002 x 10-3)

From the Moody diagram:

’ f =0.0202 (pipe is smooth) ‘

Using the Colebrook equation,

R ks/D  2.51
N 21 (3.7 +Re\/f)

Substituting for ks/D and Re gives

00104 2.51
__210g<0000 5 )

37 T L1981 x 100/]

Sl

By trial and error leads to

Using the Jain equation,

ke/D  5.74
—21
Og[ 37 © Reo’g}
. [0.00104+ 5.74 ]
1787 T (4.981 x 105)09

-

which leads to
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The head loss, hy, over 100 m of pipeline is given by

LV? 1 2)2
Lv: = 0.0204—00 (2)
D 2g 0.252(9.81)

hy=f = 1.66 m

Therefore the pressure drop, Ap, is given by

Ap = vhy = (9.79)(1.66) = [16.3 kPa

If the pipe is 1 m lower at the downstream end, f would not change, but the pressure drop,
Ap, would then be given by

Ap =~(h; —1.0) = 9.79(1.66 — 1) = [6.46 kPa

The Colebrook equation is given by

1 k/D 251
Vi 21Og(&? +Reﬁ>

Inverting and squaring this equation gives

B 0.25
~ {log[(ks/D)/3.7 + 2.51/(Re/f)]}2

This equation is “slightly more convenient” than the Colebrook formula since it is quasi-
explicit in f, whereas the Colebrook formula gives 1/+/f.

f

The Colebrook equation is preferable since it provides greater accuracy than interpolating
from the Moody diagram.

D = 0.5m, p; = 600 kPa, @ = 0.50 m?/s, 21 = 120 m, 2o = 100 m, v = 9.79 kN/m?3, L =
1000 m, ks (ductile iron) = 0.26 mm,

A = %DQ = %(0.5)2 = 0.1963 m?
Q 050

Vo= 2= 70 g
A~ Oaog oo m/s

Using the Colebrook equation,

1 ks/D  2.51
77 = 2loe ( 37 Re\/f)

where ks/D = 0.26/500 = 0.00052, and at 20°C

pVD  (998)(2.55)(0.5) 6
DAL —127x1
Re="0 1.00 x 10-3 1o

Substituting ks/D and Re into the Colebrook equation gives

1 <0.00052 2.51 >

=9
JT 6\ 737 T 127 x 10577
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which leads to
f=0.0172
Applying the energy equation
V2 V2
O =B 2 iy
Y2 Y2

Since V1 = V3, and h; is given by the Darcy-Weisbach equation, then the energy equation
can be written as

Substituting known values leads to

600 P2 1000 (2.55)?
—— 4+ 120 = == + 100 + 0.0172——
9.79 979 0T 0.5 2(9.81)

p2 = 684 kPa

If p is the (static) pressure at the top of a 30 m high building, then

which gives

p = p2—30y
— 684 — 30(9.79)
= 390 kPa

’This (static) water pressure is adequate for service. ‘

The head loss, hy, in the pipe is estimated by

hf — (pmain _l_ Zmam) o (poutlet + Zoutlet)
Y Y

where poa.m = 400 kPa, 2., = 0 m, pouue: = 0 kPa, and z,ue = 2.0 m. Therefore,
400
hf=—+0]—-(0+2.0) =389
! (9.79 * ) (0+2.0) o

Also, since D = 25 mm, L = 20 m, ks = 0.15 mm (from Table 2.1), v = 1.00 x 1075 m?/s
(at 20°C), the Swamee-Jain equation (Equation 2.43) yields,

Dh; . [ ks/D 1.774
Q = —0965D% /L=y /D, v
L 3.7 D\/gDh;/L

(9.81)(0.025)(38.9) | [0.15/25 1.774(1.00 x 10-9)
20 T1TBT T (0.025)4/(9.81)(0.025)(38.9)/20

= —0.965(0.025)2\/

= 0.00265 m3/s = 2.65 L/s

The faucet can therefore be expected to deliver | 2.65 L/s| when fully open.
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2.11. Step 1: Assume f = 0.020
Step 2: Since @ = 0.3 m3/s, L = 40 m, and hy = 45 m, then

_ 5 [ 8LQ% |, 5[] 8(40)(0.3)7 _
D— m - \/[(45)(981)#} (0.020) = 0.168 m

Step 3: Since v = 1.00 x 1075 m?/s (at 20°C), then

107 1 4(0.3) 1 ;
Re— [—%| = — — 227 x 10
¢ [m] D Lr(l.OO X 10—6)] 0.168 X

Step 4: Since ks = 0.15 mm (from Table 2.1), then

ks 1.5x107*

D= ol 0.000893

Step 5: Using the Colebrook equation (Equation 2.35) gives

R (kS/D L 251 )__210 (0.000893 L 251 )
I 37 " RevFi/) 8\ 37 2.27 x 106,/F

which leads to

f=0.0192

Step 6: f = 0.0192 differs from the assumed f (= 0.020), so repeat the procedure with f =
0.0192.

Step 2: For f = 0.0192, D = 0.166 m
Step 3: For D = 0.166, Re = 2.30 x 10°
Step 4: For D = 0.166, ks/D = 0.000904
Step 5: f = 0.0193

Step 6: f = 0.0193 differs from the assumed f (= 0.0192), so repeat the procedure with f =
0.0193.

Step 2: For f = 0.0193, D = 0.166 m
Step 3: For D = 0.166, Re = 2.30 x 10°
Step 4: For D = 0.166, ks/D = 0.000904
Step 5: f = 0.0193

Step 6: This is the same value of f as originally assumed. Therefore, f can be taken as 0.0193,

and D = [166 mm |
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Since ks = 0.15 mm, L = 40 m, @ = 0.3 m?/s, hy = 45 m, v = 1.00 x 107% m?/s, the
Swamee-Jain equation gives

9\ 475 5.2
066 [k (L) gue (L
ghy ghy

(40)(0.3)2
(9.81)(45)

0.04
D

= 0.66 {(0.00015)1~25 [ (9.81)

= 0.171 m =[171 mm]

The calculated pipe diameter (171 mm) is about 3% higher than calculated by the Colebrook
equation (166 mm).

4.75 40 2|
—6 9.4
+(1.00 x 107%)(0.3) [(45)} }

The kinetic energy correction factor, «, is defined by
1)3 V3
—dA =ap—A
/A 3 0y
or [ vtdA
v°d
o= Spag M

Using the velocity distribution in Problem 2.3 gives

R 213
/v3dA - / V3 [1-(” o dr
A 0 R
R

R2 RY RS
R
_ 271'V03 j B 3rd n 70 r8
2 4R?  2R* 8RS 0
1 3 1 1
— 9rR2V3|Z _ L 4
TV, [2 172 8}
TR2V3
- = 2)
The average velocity, V', was calculated in Problem 2.3 as
Vo
V=75
hence 5 or 3
Vs RV,
V3iA= (2) nR? =12 "o - (3)

Combining Equations 1 to 3 gives

TRV} /4
o= pvig ~ 2
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2.14. The kinetic energy correction factor, «, is defined by

B fAv3dA

REREY

Using the given velocity distribution gives

R N\ 3/7
/ v3dA = / V3 (1 - ) 2mr dr
A 0 R

To facilitate integration, let

which gives

r = R(l—x)
dr = —Rdx

Combining Equations 2 to 5 gives

1
/v3dA = 271\/03/ 2*"R(1 — z)(—R)dx
A 0

1 1
= 27TR2VO3/ 271 — x)de = 27TR2V03/ (237 — 21z
0

0
7 7 L
— 9 R2v3 |: 10/7 U 17/7:|
R T 7",
= 0.5767R*V?

The average velocity, V, is given by (using the same substitution as above)

1
1 R

r\M7 2Vo [0 17
= @/0 VO<1—R) 27rrdr:ﬁ/1x/R(l—x)(—R)dx

7 1

= 2V, /1(x1/7 — MV d = 2V, {%8/7 B x15/7}
0 8

15 0

= 0.817V,

Using this result,
V3A = (0.817V,)37R? = 0.545m R*V>

Combining Equations 1, 6, and 8 gives

0.5767 R2V?
=0 Yo —[1.06
T 05457 R2V3

10
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The momentum correction factor, (3, is defined by

In this case,

and

/ v2dA
A

5= fAv2dA
A2

AV? = 1R%*(0.817V,)% = 0.6677 R?V?

R 2/7
= /0 Vf(l—;) 27mr dr

0 1
= 27TV02/ $2/7R(1 — 2)(~R)dx = 27TR2VO2/ (.76'2/7 _ x9/7)dx
1 0

1
= 27R?V? {7:1,-9/7 — 71:16/7} = 0.6817R*V?
9 16 )

Combining Equations 9 to 11 gives

_ 0.681TR*V?

=T o _[1.02
0.667TR2V2

g

The kinetic energy correction factor, «, is defined by

B fAv3dA

RERTEY

Using the velocity distribution given by Equation 2.75 gives

Let

which gives

R r 3/n
/ v¥dA = / V3 <1 - > 2mr dr
A 0 R

R r 3/n
= 2v3/ (1—) d
™V, 0 R r ar

r = R(1-x)

Combining Equations 2 to 5 gives

/ v3dA
A

1
= 27rV03/ ¥ MR(1 — 2)(—R)dx
0

1 b 1 >
= 27rR2VO3/ /"1 — x)dx = QWRQVOS/ (23" — 3™ dy
0

0
1
_ 9 R2Y8 { N 3inm D 3+2n/n:|
m o 3 + n$ 3 + an 0
2n2
_ R2v3
Brn)B+2n)  °

11
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The average velocity, V', is given by
1
vV = — dA
A /A Y
1 R

r L/n 2% 0 1/n
= T.RQ,/Q Vo<1—R> 27tr dr = R2/1 2" R(1 — z)(—R)dx

1 n n 1
_ 2%/ (x,l/n o $1+n/n)dl‘ =2V, [xl—l—n/n o 7$1+2n/n
0 1+n 14 2n 0
2n?
- v, 7
(14+n)(1+2n) ™)

Using this result,

3

2 2
n V*OS,]TRZZ

(1+n)(1+2n)

8nb

VA=
(1+n)3(1+ 2n)3 ©

Combining Equations 1, 6, and 8 gives
2n? 21/3
(3+n)?3+2n) TRV,

8nb
e (rzap TV

(1+n)3(1+2n)3
An*(3 +n)(3 + 2n)

Putting n = 7 gives |a = 1.06], the same result obtained in Problem 2.14.
2.16. p; = 30 kPa, po = 500 kPa, therefore head, h,, added by pump is given by

— 500 — 30
hp:p2 n = 9.79 :

~
Power, P, added by pump is given by

P =~vQh, = (9.79)(Q)(48.0) = | 470 kW per m?/s

2.17. Q = 0.06 m3/s, D = 0.2 m, ks = 0.9 mm (riveted steel), ks/D = 0.9/200 = 0.00450, for 90°
bend K = 0.3, for the entrance K = 1.0, at 20°C p = 998 kg/m?, and p = 1.00 x 1073 Pa-s,

therefore
A = %DQ = %(0.2)2 = 0.0314 m?
QO  0.06
= X_ —191
v A~ 00314 Ot m/s
pVD  (998)(1.91)(0.2) .
fe i o0 x 103 oS0

Substituting ks/D and Re into the Colebrook equation gives

1 <0.00450 2.51 >

=9
JT %\ 737 t3gix105v7F

12
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which leads to
f=0.0297

Minor head loss, h,,, is given by

(1.91)7

— 0.242
2(9.81) o

m_ZK— (1.0+03)3

If friction losses, hs, account for 90% of the total losses, then

Lv?:
hy = f—=— =9,
=I5 29
which means that ( )2
L (1.91
0.0297— = 9(0.242
0.22(9.81) ( )

Solving for L gives

For pipe lengths shorter than the length calculated in this problem, the word “minor” should

not be used.

2.18. From the given data: z; = —1.5 m, z9 = 40 m, p; = 450 kPa, >~k = 10.0, @ =20 L/s = 0.02
m?/s, D = 150 mm (PVC), L = 60 m, T = 20°C, and py = 150 kPa. The combined energy

and Darcy-Weisbach equations give

P1 V1 V2 [fL } V2
P it hy =2 2 [ Y k|
v 2 v 2g D 2 2g
where 0 0.0
‘/1 :‘/QZV: Z — 7.((0‘.15)2 :113 m/s
4

At 20°C, v = 1.00 x 107% m?/s, and

VD (1.13)(0.15)

Re=— = =100 < 10-6

= 169500

Since PVC pipe is smooth (ks = 0), the friction factor, f, is given by

RUN <2.51 )__210 ( 2.51 )
VI %\ \RevT) T 7% 16950007
which yields
£ =0.0162

Taking v = 9.79 kN/m? and combining Equations 1 to 3 yields

450  1.132 150  1.132 (0.0162)(60)
—_— ~15)+hy, = — 40 + |
9.9 " 2(9.81) +(=L5) + 9.9 © 2(9.81) T 0.15

13

+ 10

1.132
2(9.81)

(1)
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which gives
hp =119 m

Since hy, > 0, a |booster pump is required ‘ The power, P, to be supplied by the pump is
given by

P = yQh, = (9.79)(0.02)(11.9) =

Diameter of pipe, D = 0.75 m, area, A given by
A= %D2 - %(0.75)2 = 0.442 m?

and velocity, V', in pipe

Q 1
= — = = 2‘2 |
A 0.442 6 m/s
Energy equation between reservoir and A:
A X
T+h,—hr= 1
+ hp — hy Y + 5 +za (1)

where ps = 350 kPa, v = 9.79 kN/m?, V4 = 2.26 m/s, z4 = 10 m, and
_ fLV?
= 6%
where f depends on Re and ks/D. At 20°C, v = 1.00 x 107% m?/s and
VD  (2.26)(0.75)

= = =1. 10°
e v T Toox1os  T0xH0
ks 0.26 4
= = = 3.47 x 10
D 750 8
Using the Jain equation,
1 ks/D  5.74 3.47 x 1074 5.74
— =21 =21 =17.93
Ndi { 37 ReO-9] & [ 3.7 * (1.70 x 106)0-9

which leads to
f=0.0159

The head loss, hy, between the reservoir and A is therefore given by

_ fLV? (0.0159)(1000) (2.26)

- — =5.52
=D 2 0.75  2(9.81) o
Substituting into Equation 1 yields
350  2.262
7+h,—552= 410
i 981 " 2(9.81) +

which leads to

hy, = 44.5 m

14
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(b) Power, P, supplied by the pump is given by
P = 7Qh, = (9.79)(1)(44.5) = [436 kW

(c) Energy equation between A and B is given by

V2 V2
pfA—FfA-F A—hf:pr-i-fB-f—ZB
v 29 Y29

and since V4 = Vp,

pe = pa+7y(za—2z—hs) =350+9.79(10 — 4 — 5.52)

= [355 kPa

2.20. From the given data: L = 3 km = 3000 m, Q,,. = 0.0175 m?®/s, and Q,.. = 0.578 m3/s. If
the velocity, V..., during peak flow conditions is 2.5 m/s, then

_ Qpeak 0578

- wD%/4  7D2?/4

0.578
D= |22 — 054
w(25)/a " o m

Rounding to the nearest 25 mm gives

2.5

which gives

D = 550 mm

with a cross-sectional area, A, given by
A= %DQ = %(0.550)2 = 0.238 m?

During average demand conditions, the head, h,.., at the suburban development is given by

p ave V2
h — ave 1
ave ’Y + 2g + Z o ( )

where p,.. = 340 kPa, v = 9.79 kN/m3, V,,. = Q.../A = 0.0175/0.238 = 0.0735 m/s, and z,
= 8.80 m. Substituting into Equation 1 gives

340  0.07352

B = o)y 907307
=979 T 29.81)

+8.80=43.5m

For ductile-iron pipe, ks = 0.26 mm, ks/D = 0.26/550 = 4.73 x 104, at 20°C v = 1.00 x 1076
m? /s, and therefore
_ V..D  (0.0735)(0.550)

_ 4
v T 1o0x 100 0ExHo

Re

15
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and the Jain equation gives

1 ks/D 74 4. 1074 74
—2]og{ /D 5.7 ]:—QIgl 73 x 10 5.7

NG 37 R0 37 (4.04 x 101)09

and yields
fave = 0.0234

The head loss between the water treatment plant and the suburban development is therefore
given by
LV? 3000 0.07352
hy=f—=—=1(0.0234) ——

1= D5 ( ) 0550 2(9.81)
Since the head at the water treatment plant is 10.00 m, the pump head, h,, that must be
added is

=0.035 m

hy = (43.5+ 0.035) — 10.00 = 33.5 m

and the power requirement, P, is given by

P =~Qh, = (9.79)(0.0175)(33.5) =

During peak demand conditions, the head, A ..., at the suburban development is given by
2
Ppeak |, Viea
hPeak = ka + ;Tk + Zo (2)
where p,... = 140 kPa, v = 9.79 kN/m?, V..o = Qpear/A = 0.578/0.238 = 2.43 m/s, and 2z,
= 8.80 m. Substituting into Equation 2 gives

140  2.43?2
[ — 8.80 = 23.4
vk = 979 T o0081) T o

For pipe, ks/D = 4.73 x 1074, and

View D (2.43)(0.550)
v 1.00x 106

Re = =1.34 x 10°

and the Jain equation gives

L o {ks/D N 5.74} PO ERCE 1074 N 5.74
o %8737 TROY T BT 37 (1.34 x 100)09

and yields

oo = 0.0170

The head loss between the water treatment plant and the suburban development is therefore
given by
LV? 3000 2.432

hy = f= o = (0.0170)—— =2 — 979
1=Ip25 =t ) 05502981 o

Since the head at the water treatment plant is 10.00 m, the pump head, h,, that must be
added is
hy = (23.44+27.9) — 10.00 = 41.3 m

and the power requirement, P, is given by

P =~yQh, = (9.79)(0.578)(41.3) =

16
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The head loss is calculated using Equation 2.80. The hydraulic radius, R, is given by

_A_ (20 _
R_F_ 22+ 1) =0.333 m
and the mean velocity, V, is given by
Q 5
V=—==——=25m/s
A (2)1)

At 20°C, p = 998.2 kg/m3, = 1.002 x 1073 N-s/m?, and therefore the Reynolds number,
Re, is given by
_ pV(4R)  (998.2)(2.5)(4 x 0.333)

— _ = 3.32 x 108
Re ” 1.002 x 103 3.32> 10

A median equivalent sand roughness for concrete can be taken as ks = 1.6 mm (Table 2.1),
and therefore the relative roughness, ks /4R, is given by

ks 1.6 x1073

— = ———— =0.00120
AR ~ 4(0.333)
Substituting Re and ks /4R into the Jain equation (Equation 2.38) for the friction factor yields
1 ks/AR  5.74 } {0.00120 5.74
— =21 = 21 = 6.96
/T %6737 TR %1737 T332 x100)09

which yields
f=10.0206

The frictional head loss in the culvert, hy, is therefore given by the Darcy-Weisbach equation
as
fLV?  (0.0206)(100) 2.52
hf=="——= =10.493
77 4R?29 ~ (4x0.333) 2(9.81)

The frictional head loss is calculated using Equation 2.80. The hydraulic radius, R, is given
by

A (2)©)
R=—=——"—">=-=0.500
P 22+2) o
and the mean velocity, V, is given by
Q 10
V===—==25m/s
A (2)(2)

At 20°C, p = 998 kg/m?3, u = 1.00 x 1073 N-s/m?, and therefore the Reynolds number, Re,
is given by
_ pV(4R) _ (998)(2.5)(4 x 0.500)

Re — = =4.99 x 10°
¢ r 1.00 x 10-3 %

A median equivalent sand roughness for concrete can be taken as ks = 1.6 mm (Table 2.1),
and therefore the relative roughness, ks /4R, is given by

ks 1.6 x1073

S 22— 0.0008
4R~ 4(0.500)

17
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Substituting Re and ks /4R into the Jain equation (Equation 2.39) for the friction factor yields

1, [k:s/4R N 5.74] o [0.0008 . 5
JI 37 RO T %[ T37 T (4.99 x 106)09

which yields

=731

f=0.0187

The frictional head loss in the culvert, hy, is therefore given by the Darcy-Weisbach equation

as
_ fLV?®  (0.0187)(500) 2.5%

P 7 4R2g ~ (4% 0.500) 2(9.81)
Applying the energy equation between the upstream and downstream sections (Sections 1
and 2 respectively),

=149 m

V2 V2
&+—1+21:]2+—2+z2+hf
Yo 29 Y2
which gives
D1 2.5 P2 2.52
— + ——— +(0.002)(500) = — + ——— + 0+ 1.49
9.79 = 2(9.81) + )(500) 9.79 + 2(9.81) O

Re-arranging this equation gives

’pl —Pp2 = 4.80 kPa‘

The Hazen-Williams formula is given by
V =0.849Cy R* %895 (1)
where "
Sp=-1 (2)

Combining Equations 1 and 2, and taking R = D /4 gives

D 0.63 hf 0.54
=0.84 = =f
1% 0890H<4) (L>

which simplifies to

L V4 1.85

Comparing the Hazen-Williams and Darcy-Weisbach equations for head loss gives

L Vv 1.85 L V2

which leads to

134 1
- CEB5DO'17 1/0.15

f

For laminar flow, Equation 2.36 gives f ~ 1/Re ~ 1/V, and for fully-turbulent flow Equation
2.35 gives f ~ 1/VY. Since the Hazen-Williams formula requires that f ~ 1/V%15 this
indicates that the flow must be in the ’transition regime ‘

18
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