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Chapter 1

Introduction

1.1. The mean annual rainfall in Boston is approximately | 1050 mm |, and the mean annual evap-
otranspiration 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

Fundamentals of Flow in Closed
Conduits

2.1. From the given data: D; = 0.1 m, Dy = 0.15m, V4 = 2m/s. Using these data, the following
preliminary calculations are useful:

7

7

A =1p2= (0.7 =0007854m2, Ay = ZD% = 2(0.15)2 = 0.01767 m?

4

Volumetric flow rate, @), is given by

Q = A;Vy = (0.007854)(2) =|0.0157m? /s

According to the continuity equation,

Q  0.0157
Vi oVo=0Q — VW A, 0.00767 0.889m/s

At 20°C, the density of water, p, is 998 kg/m?3, and the mass flow rate, 1, is given by

1 = pQ = (998)(0.0157) =

2.2. From the given data: D; = 0.2m, Dy = 0.3m, and V; = 0.75m/s. Using these data, the
following preliminary calculations are useful:

Ay = %D% = %(0.2)2 =0.03142m2, Ay = %D@ - %(0.3)2 = 0.07069 m?

(a) According to the continuity equation,

AVi o (0.03142)(0.75)
AV = A5V; Vo = = =10.333
Vi 2V2 = V2 Ay 0.07069

(b) The volume flow rate, @, is given by
Q = A, V4 = (0.03142)(0.75) = 0.02357m? /s = [23.6 L /s
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2.3. From the given data: D; = 200 mm, Dy = 100 mm, V; = 1 m/s, and

2.4.

2.5.

A = %D% = %(0.2)2 = 0.0314m?
Ay = %D% = %(0.1)2 = 0.00785 m?

The flow rate, ()1, in the 200-mm pipe is given by

Q1 = A1V1 = (0.0314)(1) = 0.0314m3/s

and hence the flow rate, (Q2, in the 100-mm pipe is

Q1 0.0314

Q2= 5 =—

0.0157m3 /s

The average velocity, V5, in the 100-mm pipe is

Qs  0.0157
V = —_— = = 2
27 A, 0.00785

The velocity distribution in the pipe is

o(r) = 1y [1 - (;)1

and the average velocity, V, is defined as
— 1
vz/ VdA,  A=nR%
A Ja

Combining Equations 1 and 2 yields

_ 1 R 7\ 2 2vg R
V:ﬂm/o UO|:1_<R>:|27TTdT:_R2|:/(; Td?"—

2U0 R2 . Vo

R2 4 |2

The flow rate, @, is therefore given by

Q = AV = | TN

8 R R2T3 R 7“5
:_RQ[A T‘dr—/o de?’—i—/o ‘R4d7":|

1 2 4 B 2% oy
- dA=— [ v2li-2
AV? /A” ﬂR2V()2/0 0 [ R R

dA = 27xrdr

R .3
I

o

29
TR
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2.6. D=02m,Q =60L/s =0.06m3/s, L = 100m, p; = 500kPa, py = 400kPa, v = 9.79kN/m3.
D 02

Ap=PL P2 B0 20_yp,,,
¥ ol 9.79
_ YRAh _ (9.79 x 10%)(0.05)(10.2) 5
mD?  7(0.2)? 5
Q006
A 0.0314 1.91m/s

81 8(49.9)
/= pVZ  (998)(1.91)2 =[0.11]

2.7. T =20°C, V =2m/s, D = 0.25 m, horizontal pipe, ductile iron. For ductile iron pipe, ks =

0.26 mm, and
ko 0.26
Bs =220 0.00104
D = 5ag = 00010
D 2)(2)(0.2
Re = PVD _ (9982)(2)(025) _ oot 109
1 (1.002 x 10-3)

From the Moody diagram:

‘f = 0.0202 (flow is not fully turbulent) ‘

Using the Colebrook equation,

1 ks/D 2.51
:—210g< / + > >

N3 3.7  ReVf

Substituting for ks/D and Re gives

o (000104 2.51
TR T3 T L8l < 10T

1
vl
By trial and error leads to

f=10.0204
Using the Swamee-Jain equation,

L [R/D O 5TAY ) T0.00104 5.74
- 37 TR T T%® T 37 T (4.981 x 105)09

which leads to

The head loss, hf, over 100 m of pipeline is given by

LV? 100 (2)?
he = f=—— =0.0204——
1=1D5 0.25 2(9.81)

=1.66m

Solutions Manual for Water Resources Engineering 4th Chin


https://textbooktestbanks.com/products/9780135357705-solutions

Therefore the pressure drop, Ap, is given by
= (9.79)(1.66) =|16.3 kPa

Ap = yhe =
If the pipe is 1 m lower at the downstream end, f would not change, but the pressure drop,

=[6.46kPa]

From the given data: D = 25 mm, ks = 0.1 mm, § = 10°, p; = 550 kPa, and L = 100 m. At
2/s, v = 9.79 kN/m3, and

Ap, would then be given by
Ap = y(hy —1.0) = 9.79(1.66 — 1)

2.8.
20°C, v = 1.00 x 1076 m
ks 0.1
B 2 2 0.004
o = 5o = 0.0
A= % D2 %(0.025)2 = 4.909 x 104 m?
L @Q? 100 Q? 8 o2
- = 8.46 x 1
= Dagar = 15,025 20981 (@009 x 104 — S0 10°/€

The energy equation applied over 100 m of pipe is
2

V2 Vv
b, 1—12+—+ZQ+hf
v 29

Y2

which simplifies to
p2 =p1 — (22 — 21) — Yht
p2 = 550 — 9.79(100sin 10°) — 9.79(8.46 x 10°fQ?)

p2 = 380.0 — 8.28 x 10° fQ?

(a) For Q = 2 L/min = 3.333 x 1075 m3/s,
Q 3.333x107°
V== T —0.06790
A~ 4.909 x 10 m/s
VD  (0.06790)(0.025)
= .06 — 1698

Re =

v

Since Re < 2000, the flow is laminar when ) = 2 L/min. Hence

4 4
0 01 _ = 0.03770

7= Re = 1608
p2 = 380.0 — 8.28 x 10%(0.03770)(3.333 x 107°)? = 380kPa

Therefore, when the flow is 2 L/min, the pressure at the downstream section is | 380 kPa |.

For @ = 20 L/min = 3.333 x 10~* m3/s,
3.333 x 1074
¢ . — 0.6790m/s

V= 1~ 1909 x 104
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VD  (0.6790)(0.025)

= pr— fr— 1
Re=— AT 6980
Since Re > 5000, the flow is turbulent when ¢ = 20 L/min. Hence,
0.25 0.25
/= /D, 574 12 [log (0004 o 574 V12 0.0342
[108"( 3= + R'e()‘g)} [log (%% + 1635009 ]

p2 = 380.0 — 8.28 x 10%(0.0342)(3.333 x 10~ %)% = 349kPa

Therefore, when the flow is 2 L/min, the pressure at the downstream section is | 349 kPa |.
(b) Using the Colebrook equation with ¢ = 20 L/min,

1, [kS/D+ 2.51}__1 [0'004+ 2.51 ]
N 37 ' RevT] %37 T 16930V

which yields | f = 0.0337|. Comparing this with the Swamee-Jain result of | f = 0.0342

indicates a difference of , which is more than the 1% claimed by Swamee-Jain.

2.9. The Colebrook equation is given by

1 91 ks/D N 2.51
- = [e)
JT S\ 37 TRevT
Inverting and squaring this equation gives
0.25

=

g | (#/PY , 251 2
81\ 37 ) " RevT
This equation is “slightly more convenient” than the Colebrook formula since it is quasi-

explicit in f, whereas the Colebrook formula gives 1//f .

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

2.11. From the given data: SG = 0.87, v = 1.20 x 10~* m?/s, D = 125mm, L = 80m, 0 = 8°,
p2 = 150kPa, and 19 = 180 Pa. Quantities derived directly from the given data are: Az =
Lsinf = 11.13m and v = SG - g = 8.532kN/m?>. The shear stress, 7 is related to the friction
factor, f, as follows

f=i o ot (1)
The energy equation applied between the upstream and downstream ends of the pipe is as

follows: LV
P1 LV=  ps
— 4+ —=—— ="+ Az (2)
v D2 ~
Combining Equations 1 and 2, rearranging to make p; the subject of the formula, and substi-
tuting given parameter values yields

7oL 4(180)(80
pL=p2+YAz + g = 150 + (8.532)(11.13) + (01)2(5)[ %1073 kPa/Pa] = [ 706 kPa
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2.12. From the given data: Q = 500L/s = 0.5m3/s, D = 750mm, ks = 1.5mm, L = 3km, and
Az = 1.5m. For crude oil at 20°C, p = 856kg/m3, u = 7.2mPa-s, v = p/p = 8.411 x
107%m?/s, and v = pg = 8.395kN/m3. The following preliminary calculations are useful:

7D?  7(0.5)? ) Q 0.5
A==/ == =04418m? V== s = L182m/s
VD (1.132)(0.750) 5 ks 1.5 3
Re= —= = "o Soms = 1009 x10%, = = o0 = 2.00 x 10
Using the Colebrook equation,
IS [kS/D L 251 ] L, [200x 107 N 2.51
JT 37 " RevT] VT %7 37 1.009 x 105+/F

which yields f = 0.0251. Substituting into the Darcy—Weisbach equation (Equation ??) gives
the head loss due to friction, h¢, over the length of the pipe as

_ fLV?  (0.0251)(3000) 1.132?

he = -
7D 2g 0.750  2(9.807)

= 6.955m

(a) The pressure change, Ap, can be determined using the energy equation, which gives
A
- <p + Az) =hs — Ap=—vy(ht+ Az)
~

Substituting the given and derived data gives

Ap = —(8.395)(6.555 + 1.5) = | —67.6 kPa

(b) The rate, P, at which energy is being consumed is given by

P = yQhs = (8.395)(0.50)(6.555) =

(c) If the roughness height is reduced by 70%, then ks/D = 0.3(2.00 x 1073) = 6 x 10~%.
Repeating the calculations in Parts (a) and (b) for the new value of ks/D gives

Ap = —58.0kPa, P =22.TkW

Therefore, the pressure change is reduced by , and the rate of energy loss is reduced

by .

2.13. From the given data: SG = 0.87, v = 1.20 x 107*m?/s, D = 50mm, A = 7wD?/4 =
1.963 x 1073 m?, ks ~ 0, and 79 = 150 Pa. For the given fluid, p = SG - 1000 = 870 kg/m?>.

The shear stress, 7y is related to the friction factor, f, as follows
70

_ 2 __
f—W —  fVi=

870

8
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2.14.

If the flow is turbulent, the f can be evaluated using the Colebrook equation such that

K\ (VD ),  8m k\ ( V(0.050) ,  8(150)
fer (RQ’D>< v ’O)V =, 7 e (RQ’D> <1.20><10—4’O V"= 50

This gives a Reynolds number (VD/v) equal to 2241 and a flow rate (AV) of 10.6 L/s. Since
2000 < Re < 4000 the flow is in the transition stage and the assumption of turbulent flow is
not validated. Try laminar flow where f = 64/Re, which gives

64 ., 87 64 » 8(150) B
voV' =" ooy ' - s V =8.98m/s
v 1.20 x 102

This gives a Reynolds number (VD/v) equal to 3742 and a flow rate (AV) of 17.6 L/s. Since
2000 < Re < 4000 the flow is in the transition stage and the assumption of laminar flow is
not validated. These results indicate that the flow is likely in the transitional range. The
flow rate given by the turbulent-flow analysis is 10.6 L/s, and the flow rate given by the
laminar-flow analysis is 17.6 L/s. Therefore the flow rate is expected to vary in the range of

10.6-17.6 L/s |

From the given data: D = 0.5m, p; = 600kPa, Q = 0.50m3/s, z; = 120m, 23 = 100m, y =
9.79kN/m?, L = 1000 m, ks = 0.26 mm (ductile iron). The following preliminary calculation
is useful:

A="p2= %(0.5)2 =0.1963m?, V

Q050
4 A

_ 9.
0.1963 — 200om/s

Using the Colebrook equation,

Ly (kD 251
Jr °g< 3.7 +Re\/7>

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

_ pVD _ (998)(2.55)(0.5)
p 1.00x10°3

Re = 1.27 x 108

Substituting ks/D and Re into the Colebrook equation gives

1 0.00052 2.51
— = -21 + — =0.0172
VI ( 3.7 1.27 x 106\/f> /
Applying the energy equation
V2 V2
By =22 ik
Y29 Y2

Since Vi = Va, and hs is given by the Darcy-Weisbach equation, then the energy equation
can be written as

Solutions Manual for Water Resources Engineering 4th Chin

V =5.38m/;


https://textbooktestbanks.com/products/9780135357705-solutions

Substituting known values leads to

600 P2 1000 (2.55)2
—— 4+ 120 = —— 4100 + 0.0172—— — = 684 kP
979 g79 TV 0.5 2(9.81) P2 a

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

p = p2 — 30y = 684 — 30(9.79) = 390kPa

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

2.15. From the given data: Q = 50L/s = 0.05m3/s, D = 200mm, k; = 0.12mm, L; = 1km,
Ly = 3km, pa = 500kPa, pg = 350kPa. For water at 20°C, v = 1.00 x 107°m?/s and
v = 9.789 kN/m?. From the given data:

D? VD
o 0.03141m2, V= % =1.592m/s, Re = — = 3.183 x 10°,
14

‘ I

A= > —6x 107"

>

Using the Colebrook equation with the above values of Re and ks/D gives f = 0.0187.
(a) Apply the energy equation between the reservoir and Location A:

1000 1.5922 500
+ +20=283.27Tm

V2
+1
0.2 ] 2(9.907)  9.789

%"

L
hy = [fDl + 1] %A Fop = [(0.0187)

Apply the energy equation between the reservoir and Location B:

L V2
hy = [fDQ + 1] A % top = [(0.0187)

20 = 52.08 m
29

3000 ] 1592’ L350
0.2 2(9.907)  9.789

Since both of the above conditions must be met, the required pump head is h, = 74.29 m,
and the required power, P, is given by

P =4Qhy, = (9.789)(0.05)(83.27) =

(b) If the flow is fully turbulent, Re — oo and the Colebrook equation gives f = 0.0174. This
friction factor differs by around 7% from the actual friction factor (= 0.0187), therefore

the flow is | not fully turbulent ‘

2.16. From the given data: D = 0.2m, Q = 0.03m?/s, ks = 0.01 mm, p; = 500kPa, z; = 10.00 m,
29 = 10.50m, and L = 100m. For water at 20°C, v = 9.789kN/m? and v = 10~°m?/s. The
following preliminary calculations are useful:

T T Q 0.03
A=-D?=2(0.2)2 = 0.03142 m? =% = = 0.954
1 4(0) 0.03142 m?, 174 = 003Dl 0.9548 m /s
D .9548)(0.2
Re:V _ (0.9 Ei)(o ):190960
v 10-6
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(a) Using the Jain equation to calculate the friction factor gives:

1 ks 5.74 0.01 5.74
— 9log | 2R 9 = 0.0161
NG °8 [3.7D * Re0-9] o8 [3.7(200) * 19096009 /
Calculate the head loss using the Darcy-Weisbach equation:
LV? 100 0.95482
hi = f=— =0.0161— ————— = 0.3742
t=IDa, 0.2 2(9.807) o

Using the definition of the head loss:

<pl+21> - <p2+z2> = hg
Y Y
500 p2
oo +10.00 ) — 10.50) = 0.3742 — 491kP
<9.807+ 000) 9.789 + 10.50 0.37 — | p2 9 a
(b) This pressure for water supply.

2.17. From the given data: @ = 100L/s, L = 100m, D = 200 mm, Az = 0.8 m, and Ap = —90 kPa.
For water at 20°C, v = 1.00 x 107°m?/s and v = 9.79kN/m3. The following preliminary
calculations are useful,

mD?  7(0.2)2 _ Q 0.1
A= 3142 x 10 2m2, V- ____ 2" 3183
1 1 A m A 3142 x 102 m/s
VD (3.183)(0.200) :
Re= = = T 00x106 036010

(a) According to the energy equation,

Ap —-90
hf=—|—+A =—(=—40.8)] =8.393
f ( 5 + z) <9'79 + ) m

The corresponding friction factor can be calculated using the Darcy-Weisbach equation,
which gives

_fLV?

he-D -2 8.393)(0.200)(2 x 9.807

L-V? (100)(3.183)2

(b) Using the Colebrook equation,

1 [ks/D+ 2.51 ]_> L, [k}s/200+ 2.51 }
JT $1737 T RevF)  V0.0325 3.7 ' 6.366 x 10°1/0.0325

which yields . According to Table 2.1, kg for ductile iron is typically around

0.1 mm or less, so the interior surface of the pipe is likely to be in ‘poor condition ‘
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2.18. The head loss, h¢, in the pipe is estimated by

hf = <pmain + Zmain) - <p0utlet + Zoutlet)
Y Y

where p,... = 400 kPa, 2., = 0 m, pouuee = 0 kPa, and 2., = 2.0 m. Therefore,

400
he= (=2 1 0) = (0+2.0) = 38.
£ (9'79 +0> (04+2.0) =38.9m

Also, since D = 25 mm, L = 20 m, ks = 0.15 mm (from Table 2.1), v = 1.00 x 107 m?/s
(at 20°C), the combined Darcy-Weisbach and Colebrook equation (Equation 2.36) yields,

Q = —2.291D gDhg log ks/D n 1.775v
L 3.7 D\/gDhi/L

(9.81)(0.025)(38.9) ‘1 0.15/25 1.775(1.00 x 1076)
20 0 3.7 (0.025)1/(9.81)(0.025)(38.9) /20°

= —2.221(0.025)2\/

= 0.00265m?/s = 2.65L/s

The faucet can therefore be expected to deliver [2.65 L/s | when fully open.

2.19. From the given data: @Q = 300L/s = 0.300m3/s, L = 40m, and hy = 45m. Assume that
v = 10"%m?/s (at 20°C) and take ks = 0.15mm (from Table2.1). Substituting these data
into Equation 2.36 gives

D /D 1.
Q = —2.2210% |92 150 (k/ 4 LTy )

L 3.7 ' D\/gDhi/L
— 2 [(981)D(45) .  (0.00015 1.775(10°6)
0.3 = —2.221D ! ( e D%(9-81)D(45)/(40)'>

This is an implicit equation in D that can be solved numerically to yield | D = 166 mm |.

2.20. Since ks = 0.15 mm, L = 40 m, @ = 0.3 m3/s, hy = 45 m, v = 1.00 x 1075 m?/s, the
Swamee-Jain approximation (Equation 2.37 gives

LO2 4.75 I\ %2
D =0.66 [k <Q ) +vQ"* <)
ghs ghs

- 5.9 0.04
= 0.66 {(0.00015)1-25 [%} +(1.00 x 107°)(0.3)* [(9.8411())(45)} }

)
(9.8
=0.171m =

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

0.04
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2.21. From the given data: k;/D =1 x 10~% and Re = 10* — 108. This problem can be done using
MATLAB or a similar program.

(a) Using the Haaland equation, the maximum percentage difference with the Colebrook
equation occurs at Re = 1.526 x 10° where fc = 0.0172, fg = 0.0169, and the percentage

error is .

(b) Using the Swamee—-Jain equation, the maximum percentage difference with the Cole-
brook equation occurs at Re = 2.20 x 10 where fc = 0.0127, fg; = 0.0128, and the

percentage error is [ 0.59% |.

(c) Based on these results, the ’ Swamee-Jain equation‘ would be preferable.

2.22. The kinetic energy correction factor, «, is defined by

1)3 V3
Y dA = ap—A
/,4'02d 4Py

or f SA
v°d
o= yag M

Using the velocity distribution in Problem 2.4 gives
R 912
/U3dA=/ Ve |1 - <£> 27r dr
A 0 R
R 2 4 6
r r r
:27rvo3/0 [1—3(R) +3(%) - (5) }rdr

R 3 5 7
:27rV03/ |:T_3r+3r r}dr
0

R? " R* RS
r2 3rt 70 8 R
— o3 | — — _
™V [2 iR TRt 8R6]0
1 3 1 1
=2mR*VG |- — S+ - — =
mHVy [2 172 8]
TR*V3
== 0 (2)

The average velocity, V', was calculated in Problem 2.4 as

Vo
V=—
2
hence 5 b3
V3A = (?) TR? = LRgVO (3)

Combining Equations 1 to 3 gives

TRV /4
= = 2
T IRVP8
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2.23. The kinetic energy correction factor, «, is defined by

fAv3dA
o= g

Using the given velocity distribution gives

/Av?’dA:/ORUS’(l—;)32777“617“:2#118/01%(1—;) rdr

To facilitate integration, let

~lw

r
11— —
v R
which gives
r=R(l—x)
dr = —R dx

Combining Equations 2 to 5 gives

1
/ v3dA = 27rvg’/ .%%R(l —xz)(—R)dx
A 0

10

1 1
= 27rR2vS’/ a:%(l —x)dx = 27rRQUg/ (x% —x7)dx
0 0

= 0.5767R*v3

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

1
== dA
V 1 AU
I 7 0 1
= /0 0 (1 - —) 27 dr 2/1 z7R(1 —z)(—R)dx
1 1
= 21)0/ (x% - $%)dx = 2v zxg - l:p%
0 15 0
= 0.817vg

Using this result,
V3A = (0.817v9)>7rR? = 0.5457 R?v}

Combining Equations 1, 6, and 8 gives

2,,3
o = 0.576m R ’UO _

~ 0.5457 R0

The momentum correction factor, 3, is defined by

5= fAUQdA
A2
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In this case,
AV? = 1R*(0.817v)? = 0.6677 R?v}

R 2
/vsz:/ va (1—1)727rr dr
A 0 R

and

0 1
= 27rv8/ l‘%R(l —xz)(—R)dx = 27TR2’U8/ (x% - :cg)dx
1 0
7 7 6]
= 21 R2v2 [93@3 - lﬁxﬂ = 0.6817 R2v2

Combining Equations9 to 11 gives
0.6817 R?v3
= ———-35 =102
0.667mR2v?
2.24. The kinetic energy correction factor, «, is defined by

fA v3dA

V3A

o =

Using the velocity distribution given by Equation ?? gives

/Av?’dA:/ORVO?’ (1—;>i27rrdr:27ﬂ/03/0]{<1—;) rdr

le—%, r=R(l1—ux), dr =—-Rdz

Combining Equations 2 to 3 gives

3w

Let

1 1
/ v3dA = 27TVO3/ x%R(l —z)(—R)dx = 27TR2V03/ x%(l —z)dz
A

0 0
1 3 . 1
:2R2V3/ 5 — 2y dz = 27 RV gHr__ N e
TRVE ) (- ) do = 202 3+ s5+2n” |,
on?
— R2V3
B+rn)B+2n) 0

The average velocity, V', is given by

1
n 1

T\ ® 2V [0 1
/vdA = VO<1_E> 27rrdr—R2/1 znR(1 — z)(—R) dx

1
1 14n n 1+n n 14+2n
=2V n —x n )dx =2V n — n

0/0 (x v ) v 0 |: +nx 1+2n$ :|0

- [(1 +n§?f+ Qn)} Vo
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Using this result,

V34 = 2 oeR? = sn’ RV (6)
T larnrzny] O T aaapArzn)d 0
Combining Equations 1, 4, and 6 gives
2n?
RV
B+n)B+an) 0 (1+n)3(1+2n)
B 6 | 4n4(3 342

8n TRAVP n*(3+n)(3 + 2n)

(I1+n)3(1+2n)3

Putting n = 7 gives |a = 1.06], the same result obtained in Problem 2.23.

2.25. (a)

For the logarithmic velocity distribution,

Vo= (1+1.326\/F)V (1)

For the power-law distribution, the average velocity can be calculated by integration,

1 R T\ w
V:W/O ‘/0(1_§) 27r dr

To facilitate integration let z = 1 — r/R and hence dr = —Rdz, which gives

V= 2v/0 w(l—2)de =2V | — n (2)
I R PRI S P |

Combining Equations1 and 2 gives the following requirement for both the average ve-
locity (V) and the maximum velocity (Vp) to be equal

n n 1
[n+ 1 2n+ 1] ~ 2(1 + 1.326V/7) 3

For f = 0.02, Equation 3 gives

n+l 2n+1 1+ 1.3261/0.02)

Normalizing the logarithmic velocity distribution by Vj and using the calculated value
for f gives

w204/ 1 1
v 1+1.326\/f1g[1—(r/R)] 1—(T/R)]

The normalized power-law velocity distribution given by Equation 2.56 can be expressed
as

u
— — =1-0.2431
Vo Og[

(4)

1

R P i o
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2.26.

2.27.

The logarithmic and power-law velocity distributions are plotted and compared in Figure

2.1.
1.0
= Logarithmic law
05 ==== Power law
I
R 0
0.5
1.0
0.0 025 05 075 1.0
U
Vo

Figure 2.1: Comparison of turbulent velocity distributions

It is apparent from Figure 2.1 that the logarithmic and power-law velocity distributions
are in very close agreement

From the given data: p = 1MPa, D, = 65mm, L = 300m, ks = 0.5mm, ks/D, = 7.692 x
1073, Az = 28m, h = 30m and k, = 0.04. For water at 20°C, v = 9.789kN-m? and
v = 1.004x10"%m?/s. The velocity of the jet, Vi, can be calculated from the energy equation,
as follows

V2 , ,
24 =h — Vi=+/29h =/2(9.807)(30) = 24.26m/s

g
Equations that must be satisfied are the energy equation between the beginning and end of
the hose, and also the continuity equation across the nozzle. These equations are given by,

V2 LV2 V2 V2 L V2 VQ
LR O N R p+[1—f ]p:(1+kn)J +Az (1)
¥y 29 Dp2g 29 29 v D, | 2g 2

D? D?

_ _ J _ J _ 2

VoA, =Vi4, — V= 2% = G063 (24.26) — Vj, = 5742D; 2)

The friction factor, f, calculated using the Colebrook equation is given by

- ks (ki _ ks 5 Val0065)
f=fcE (Re, D) (Dp,Rep> —  f=fcE <Re, D> <7.692 x 1077, 1004 % 10-6 (3)

Substitute Equation3 and the given values into Equation 1, solve for V},, and then use this
value of V}, in Equation 2 to obtain Dj. The result is V;, = 2.880m/s and Dj = 0.0224m ~

22 mm |

From the given data: D = 200mm, L = 1km, Az = 7m, p = 140kPa, and Q = 60L/s =
0.06m?/s. For water at 20°C, v = 1.004 x 10%m?/s and v = 9.789 kN/m3. The following
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preliminary calculations are useful,

7D?  7(0.2)? ) 0.06
A="T = =3.142 x 107? m? = =191
4 g M0t V= e e — Lotm/s
VD  (1.910)(0.2) 5 V2 o 19102
Re = = =3.805x10°, hy=—=————" =0.1860
T T T 1.004x 10-6 X T Sy T 2(9.807) -

In order to find the pipe roughness, apply the energy equation between the pressure source
and the outlet, which gives

PoA, V10

—+ Az —— 4+ 7 —0.1860
Poa, JEVE_VE o 2 _ 9789 = 0.0227
D 2g 0.2

Using the Colebrook equation,

ke ko ks s ke \ B
fom (Re, D> (Re, D> —0.0227 — fom <Re, D> <3.805 x 10 ’200) —0.0227 — ks —=0.324mm

With the new connection, Q12 = 80L/s, Q23 = 60L/s, and the following preliminary calcu-
lations are useful,

Q12 0.08 Q23 0.06
— = =2.54 = =50 = 191
Vie = =% = s 102 = 204Tm/s, Vas = 1 = s 02— 10w/
V2 2.5472 V2 1.9102
hyg = —2 = ———_ =1(.3306 hygs = =22 = " = ().1860
127 59 = 2(9.807) o 2= 9g T 2(9.807) o
VieD  (2.547)(0.2) 5 VasD  (1.910)(0.2) s
pr— pr— pr— . 1 pr— p— pr— . 1
Rerz 1.004 x 10-6 0073107, Rezs 1.004 x 106 — >80 x 10
k k k k
fi2 = fcg (R& DS> (Rem, DS> = 0.0226, fo3 = fce <Re, Ds> <R623, DS> =0.0227
L 1000 L 1000
L12_§_T_500m7 L23—§—T—500m

Applying the energy equation from the beginning to the end of the pipeline gives

PL AL feLi Vi fosLag Vi, _ Vi
0% D 2g D 2g 29

which yields

f12L12V7122+MVL%+VL%
D 2g D 29 29

pL=" [—AZJF

(0.0226)(500)
0.2

(0.0227)(500)

(0.3306) + ~——=——(0.1860) + 0.1860| =[219kPa

= (9.789) [—7 +
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2.28.

2.29.

p1 = 30 kPa, p» = 500 kPa, therefore head, h,, added by pump is given by

— 500 — 30
hp:p2 o = 9.79 :

v

Power, P, added by pump is given by

P =~Qhy = (9.79)(Q)(48.0) =|470 kW per m3/s

Q =60L/s =0.06m3/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?3, and p = 1.00 x 1073
Pa-s, therefore

A="p%="(0.2)2 = 0.0314 m?

1 1
Q006
= A~ go3ia - Otm/s
pVD  (998)(1.91)(0.2) .
Re="0 L0 x 103 oS0

Substituting ks/D and Re into the Colebrook equation gives

1 91 0.00450 n 2.51
— — 9o
T S\T87 T 38Ix105V/F
which leads to
f=10.0297
Minor head loss, h,,, is given by
ZK 10+03)( 91)* 0.242
— - =0.242m
fom 2(9.81)

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

LV?
fii hm
which means that
L (1.91)2
0.0297— =9(0.242
0.22(9.81) ( )
Solving for L gives
L=789m

For pipe lengths shorter than the length calculated in this problem, the word “minor” should
not be used.
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2.30.

2.31.

From the given data: py = 480 kPa, vg = 5 m/s, zp = 2.44 m, D = 19 mm = 0.019 m, L =
40 m, z; = 7.62 m, and > K,;, = 3.5. For copper tubing it can be assumed that ks = 0.0023
mm. Applying the energy and Darcy-Weisbach equations between the water main and the
faucet gives

2

@—FZo—hf—hm:ﬂﬁ-ﬁ—f—Zl
¥ Y2
480 f(40) o2 v? 0 v?
—— 4244 — —-35 =—4+ —— 4762
979 0.0192(9.81)  “°2(981) 5 2(9.81) T
which simplifies to
6.622
v = , (1)
V107.3f — 0.2141
The Colebrook equation, with v = 1 x 107% m?/s gives
L——Qlo [ ks n 2.51
I % 37D T ReyT
L 00025 251 ]
- v(0.019
N _3.7(19) 1(T(r<3)\/7
1 [ 1.321 x 107*
— = —2log |3.556 x 107° + } (2)
VI I v/ f

Combining Equations 1 and 2 gives

1
—— = —2log |3.556 x 107° +

i

1.995 x 1075,/107.3f — 0.2141}
VT

which yields
f=10.0189

Substituting into Equation 1 yields
6.622
v = ,
/107.3(0.0189) — 0.2141

Q=Av= (%0.0192) (4.92) = 0.00139m® /s = [1.39L/s (= 22 gpm)|

=4.92m/s

This flow is | very high | for a faucet. The flow would be if other faucets are open,

this is due to increased pipe flow and frictional resistance between the water main and the

faucet.

From the given data: D = 50 mm = 0.050 m, L = 30.0 m, and ks = 0. Assume water at
20°C, v = 9.79 kN/m? and v = 1.00 x 1075 m?/s. The local loss coefficients are given in the
following table:

Location Type of Fixture Klocal
1 sharp-edged entrance 0.5
2,3,5 90° elbow 1.2
4 tee 1.9
6 globe valve 4.0
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2.32.

Hence, between the water main and the faucet the total local loss coefficient is k = 0.5 +
3(1.2) + 1.9+ 4 = 10. The energy equation between points 1 and 6 is given by

V2
f+zl [f +§ ] f+26
which can be conveniently expressed as

_ [fg+<2k>+1:|‘2/;_(756_21) (1)

The friction factor, f, can be determined from the following sequence of calculations,

A="p2= 2(0.050)2 = 0.001963 m?

1
Q Q
_E ¥ 5093
V= 4 T 0.001963 @
VD 509.3Q(0.050) :
Re=— 1.00 x 10-9 AT X 10°Q
0.25 0.25 0.3086

log (_Fe_ 575 2 e (04 5.75 27 (6.563 + log Q)2
5\3.7D " Re"? 8 (2.547 x 107Q)09

Combining Equations 1 and 2 with the given data yields

=15

400 | 03086 300 o ] (509:3Q)
9.79 (6.563 + log Q)2 0.050 2(9.81)

which yields Q = 0.00991 m3/s =[9.91 L/s| = 595 L/min.

From the given data: z; = —1.5 m, 2o = 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

b1 V12 V2 fL V2
By hy =224 22 i k| —— 1
gy Tty = 'y+2g+2+D+Z o (1)
where 0 0.02
‘/121/2:‘/:227“0'_15)2 =1.13m/s (2)
i

At 20°C, v = 1.00 x 107% m2/s, and

VD (1.13)(0.15)

Re === = 100 x 10-6

= 169500

Since PVC pipe is smooth (ks = 0), the friction factor, f, is given by
i__210 2.51 >__210 < 2.51 >
I % \ReyT ) T T 69500 T
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2.33.

2.34.

which yields

f =0.0162 (3)
Taking v = 9.79 kN/m? and combining Equations 1 to 3 yields
450  1.132 150 1.132 (0.0162)(60) 1.132
— t ——— 4+ (=15t hy= —+ ———< +40+ | ——— + 10
979 2(9.81) +(=L5) 4 hy 979 2(9.81) A 015 2(9.81)

which gives
hp =11.9m

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

P =~Qhy = (9.79)(0.02)(11.9) =[2.3 kW]

From the given data: D, = 20 mm, D, = 12 mm, ks = 0.003 mm, and = 50 L/min =
8.333 x 107*m3/s. For water at 20°C, v = 9.79kN/m? and v = 1.00 x 10~m?/s. The
following preliminary calculations are useful,

7Dy 7(0.020)2 Q 8333x107*

A, = = =3.142 x 10~ m? =t = =2
Py 1 31425107 %, Vo = = g g o4 - 2058m/s

VD,  (2.653)(0.020) \
Re=— 100 x 106 0305107

ke 0.003 Ly
s 2T 15010
Dy 20 8
I =

Az=2m+3m = 5m, 35m+2m+5m+3m+4m=17.5m

D? 0.012)2
.= ”46 _ y ) 1131 x 10~ m?

i

> K =9+3(1.2) + 10 = 22,6,

Q 8333x107%
Vo=—"F—=———"—-="7.368
T4, L131x 104 m/s
Using Re = 5.305 x 10* and ks/D = 1.50 x 10~* in the Colebrook equation yields f = 0.0212.
Applying the energy equation between the water main and the faucet exit to obtain the
required pressure, py,, in the main gives

2

Pm fL VP_Vie2
. [D—FZK] 29—29+Az

Pm (0.0212)(17.5) 2.6532 7.3682
- 22.6 = ) m = -220 kP
9.79 [ 0.020 T 2(9807) 209807y 0 P a
From the given data: @ = 6L/s = 0.006 m?/s, D; = 75mm, and Dy = 50 mm. For water at

20°C, p = 998kg/m?, and v = 9790 N/m?. The following preliminary calculations are useful:

wD3  m(0.050)2 mD}  w(0.075)?

Ay = 1 1 =1.963x10%m?, A = = M =4.418 x 1073 m?
Q 0.006 Q 0.006
Vo= =" =3.056 Vi=-Y=——" " —=1358
27 A, 1.963 x 103 m/s, YT A, T 2418 % 10°3 m/s
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Dy 50

— = — =0.667

Dy 75

(a) Using the head-loss coefficient given by Equation ??, since Do/D1 < 0.76, the head loss,
hy, at the sudden contraction is calculated as follows,

D? 502
K=042(1-=22)=042(1-=—= ] =0.2
0 ( D%> 0 < 752) 0.2333

V2 3.0562
hy = K2 = (0.2333) ———— = 0.1111
(=Ko = )509.807) o

Therefore, the head loss at the sudden expansion is approximately equal to .

(b) The pressure change, Ap, at the expansion is calculated by applying the energy equation
across the expansion, such that

A AV?
- (fyp + % ) =hy — Ap=-— (’yhg + %pAVQ) (1)

Substituting the given and derived data into Equation 1 gives
Ap = — [(9790)(0.1111) + 1(998)(3.056% — 1.358%)] [x10~* kPa/Pa] = —1.278kPa

Therefore, it is expected that the pressure will decrease by 1.28 kPa across the sudden
expansion.

(c) If the local head loss is not taken into account, then hy = 0 and Equation 1 gives
Ap = — [0+ 3(998)(3.056% — 1.358?)] [x10~* kPa/Pa] = —0.1906 kPa

Therefore, if the local head loss is neglected, the pressure would be predicted to decrease

by approximately | 0.19 kPa |.

2.35. From the given data: D = 41 mm, p = 350kPa, D, = 30mm, 2, = 1m, h = 5m, K}, = 1.2,
K, = 0.05, ks = 0.1mm, and L = 15m + 3m = 18 m. For water at 20°C, v = 9.79kN/m?
and v = 1.00 x 107m?/s. Applying the Bernoulli equation to the fountain gives

2
‘2/'; =h — Vi=+/29h =+/2(9.807)(5) =9.903m/s

Applying the continuity equation gives the velocity, V, is the pipe as

Ae D? 30?
V= Z V-e = DfeQ ‘/e = E(9903) = 5302m/s
Using the values of the given and derived parameters, the following preliminary calculations
are useful,
VD  (5.302)(0.041) 5 ks 0.1 _3
Re = = T0x 10 e I A 3910
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V?  5.3022 VZ  9.903%

A = —1.433 — =——— =15.000
29 2(9.807) o 29 2(9.807) o
Substituting the given and derived parameters into the Colebrook equation (Equation 2.28)
gives
1 91 [ks/D . 2.51 } 1 91 [2.439 x 1073 n 2.51
N 3.7 ReJf N 3.7 2.174 x 105\/f

which yields f = 0.0254. Applying the energy equation between the water main and the

nozzle exit gives
p_(fL V2 Ve v
S| =4+K | ——-Ky—= ==
y (D+ V) 2g 29 29 7

which gives

p Ve Ve 350
w7 Ko 29 29 JL 979~ (1.2)(5) =5 -1 ~ (0.0254)(18) (93]
v V2 D 1.433 0.041 =
29

2.36. From the given data: py = 400kPa, L = 50m, ks = 0.1mm, K = 30, and @ = 100 L/min =
1.667 x 1073m?/s. For water at 15°C, v = 1.14 x 107%°m?/s, and v = 9.798kN/m?. The
following functions can be defined in terms of the unknown diameter, D,

wD? ' -3
(1) a(p) =", NIEC R LS L
(3) Re(D) = 4 (l,j)D _ 1,K1(f)1§6’ (4) f(D) = fcr <%,Re(p)>
_ V()
(5) hy(D) = 2

where fog is the friction factor derived from the Colebrook equation. Applying the energy
equation with the defined functions gives

o [f(D)L
v D

+ K] hy(D) = hy(D)

4 D
9 ;)88 B [ﬂ 1))(50) + 30] he(D) =hy(D) — D =0.0264m =

2.37. From the given data: Az =42m + 1.5m = 43.5m, L = 1km, D = 600 mm, ks = 1 mm, and
K3y, = 0.8. For water at 20°C, v = 1.00 x 107%m? /s, and v = 9.79kN/m3. The value of h can
be calculated for any given combination of p and ). The calculations will be illustrated for
Q = 0.3m3/s and pg = 450 kPa. The following preliminary calculations are useful,

D? .6)? 1
mD7 7067 _ ogerm?, v =@

A== 4 A 0.2827

=1.061m/s
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2.38.

s 1 _
ks 1 _ 1.667 x 1073, Re

B VD _ (1.061)(0.6)
D 600 N

= To0 . 1p-6 — 6:366 x 10°

Substituting the given and derived parameters into the Colebrook equation (Equation 2.28)
gives

IR [kS/D L 251 } NP [1.667>< 1072 N 2.51
T %37 T ReyT N 3.7 6.366 x 105y/T
which yields f = 0.0227. Applying the energy equation between Points A and B gives
fL V2 ps
h+Az— |*—+5Kp| — =—
+ Az |: D + 5Ky, % Y
(0.0227)(1000) 1.0612 450
h+435 — |————= 4+ 5(0. = h = 4.86
+ [ 0.6 08)] 50807 9790 "

These calculations can be repeated for the given extreme values of pg and @ leading to the
following results:

Q DB h
(m®/s)  (kPa)  (m)
0.3 330  —7.39
0.3 450 4.86
1.0 330 16.59
1.0 450 28.85

Since water will always be maintained in the tank, the range of h is |0 to 28.9 m| At the
minimum flow rate, the minimum pressure (when A = 0m) is approximately | 403 kPa |.

from the given data: L = 25m, D = 19mm, py = 200kPa, Az = 0.9m, ks = 0.1 mm,
D, = 10mm, and K, = 0.05. For water at 15°C, v = 1.140x 1075 m? /s, and v = 9.798 kN /m?3.
The following preliminary calculations are useful,

7D?  7(0.019)? . D*
A= = 1 =2.835 x 10~ * m?, r:D—é:13.03
ks 0.1 3 7D?  7(0.010)2 s
- = =5.263x 10 Ao = —% = = 7.853 x 10 2
D19 SR °T 7 1 A0om

For any given flow rate, ), the following functions can be defined,

MV =9 =t (2) he(@) =
V(@D _ V(Q)(0.019)
v 1.140 x 10-6°

() 5(Q) = fox | 5. Re(@)]

(3) Re(Q) =

where fcop represents the value of f derived using the Colebrook equation.
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(a) Applying the energy equation between the spigot and the hose exit (without a nozzle)
gives

fQL, 200 £(Q)(25)
D T h 7 S7esT 0019

Therefore the flow rate is Q = 8.667 x 10~*m3 /s = |52 L/min | The corresponding exit
velocity, Vs, is given by
Q  866Tx107*
Vo= 4 = gz w0t 306m/s

(b) Applying the energy equation between the spigot and the hose exit (with a nozzle) gives

Po f(Q)L _ 200 f(Q)(25) _
?"‘hv_ D hv—Ke'I"hV—Thv — 9'798+|:1—0.019—Ke7"—7":| hV(Q)—O

which gives @ = 7.592 x 107*m3 /s = |46 L/min| The corresponding exit velocity, Vs,
is given by
Q 7.592x107*
Voe=—"F=—-———-=|9.67
A, T7.853 x 1075

(¢) The main benefit of a nozzle is that it produces a jet that can deliver the liquid to a
‘further location‘ (from the exit) than is possible without the nozzle.

h(Q)=0 — Q=8667x10"*m?/s

@‘i‘hv_
Y

2.39. From the given data: L = 1km, D = 500mm, Az = 20m, K = 45, P = 250kW, and
Q = 500L/s = 0.5m3/s. For water at 20°C, v = 9.79kN/m?, and v = 1.00 x 10~m?/s. The
following preliminary calculations are useful,

mD?  7(0.0.5)? Q 0.5
= = = .1 2 = - — . 4
A 1 1 0.1963 m~, Vv 1= 01963 2.547m/s
V2 25472 VD  (2.547)(0.5)
hy = — = ——_ =0, = = =1.273 x 10°
59~ 2(9.807) _ O-osuom, Re = = 100x 100 7810

, _ P 250
P AQ T (9.79)(0.5)

(a) The friction factor as a function of ks can be expressed as

=51.07Tm

[(ks) = fog (%,Re) = fog <5k;0, 1.273 x 1()6’)

where fog represents the value of f derived using the Colebrook equation. Applying the
energy equation between the lower and upper reservoirs gives

L
0 [fDJrK} he + hy = Az

k) (1000
0 f(é(5) + 45} (0.3306) +51.07 =20 — ks =

The value of the friction factor corresponding to ks = 1.2mm is f = 0.0245. This friction
factor will remain the same as long as the flow rate remains the same.
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(b) If K is reduced by 70%, then K = 0.3(45) = 13.5. Applying the energy equation between
the lower and upper reservoirs gives

0-— [";LH(] hy + hy = Az

0245)(1
0— (005’)5(000) + 13.5] (0.3306) + hy =20 —  hp = 40.66 m

The corresponding pump power, P, is given by

P = ~yQhy = (9.79)(0.5)(40.66) =

Therefore the required pumping power is reduced by approximately 20%.

2.40. (a) Diameter of pipe, D = 0.75 m, area, A given by

A="p%="(0.75)2 = 0.442 m?
4 4
and velocity, V, in pipe
Q 1
=2 =239
V=4~ 0am 6m/s
Energy equation between reservoir and A:
pa Vi

7+hp—hf:7+ + 24 (1)

29
where p4 = 350 kPa, 7 = 9.79 kN/m3, V4 = 2.26 m/s, z4 = 10 m, and

_fLV?

he — -
f D 2g

where f depends on Re and ks/D. At 20°C, v = 1.00 x 107% m?/s and
VD  (2.26)(0.75)

_ _ 6
Re === = S0 i — 170 x 10
ke 0.26 »

Bs 020 g x1
D~ 750~ oATx 10

Using the Swamee-Jain equation,

=7.93

N

which leads to

Colge |B/D L BTAT ) [3.47x 107 N 5.74
37 TR T BT 37 (1.70 x 106)09

f=0.0159

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

he = SLV?  (0.0159)(1000) (2.26)
"7 Dog 075  2(9.81)

=5.52m
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Substituting into Equation 1 yields

350  2.262
T+hp—552=——
i 081 2(9.81)

hp = 44.5m

(b) Power, P, supplied by the pump is given by

P = yQhy = (9.79)(1)(44.5) =

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

+10

which leads to

1% V2
PA LA =P 2By
v 29 v 29

and since V4 = Vp,

pB =pa+7(2a — 2B — he) = 350+ 9.79(10 — 4 — 5.52)

=|355kPa
2.41. From the given data: Q = 0.7m3/s, D = 600mm, ks = 1mm, Loy = 1km, Lap = 1.5km,
Lc = 1.8km, , Lopc = 4.3km, 24 = —10m, 2z = 12m, 2¢ = 5m, and pc = 400kPa.

For water at 20°C, v = 9.79kN/m?3 and v = 1.00 x 107m?/s. The following preliminary
calculations are useful,

7D?  7(0.6)? ) Q 0.7
V2 2.4762 k 1
hy = — =—— =0.3125m, B = =1.667Tx107°
29 2(9.807) o D~ 600 x
D (24 .
Re = VD _ (2.476)(0.6) _ 1.485 x 108

v 1.00 x 106
Substituting the given and derived parameters into the Colebrook equation (Equation 2.28)

gives
1 ks/D 2.51 1 1.667 x 1073 2.51
— =21 + = —2log +
N 3.7 Reyf VT 3.7 1.485 x 106/ f
which yields f = 0.0225. Using the energy equation, the head added by the pump, hp, is
given by
fLoc PC (0.0225)(4300) 400
0+ hp — o) hy = 7+zc — hp — T(O.Sl%) = ﬁ+5 —  hp =96.18m
The maximum pressure is expected at A. Applying the energy equation between the reservoir
as A gives,
L 0.0225)(1000
o+hp—fT°Ahv =PA Lo 96.18—¢(0.312‘5) = 9]%—10 —  pa=925kPa
~ .
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The minimum pressure could occur at B. Applying the energy equation between the reservoir

as B gives,
fLop PB (0.0225)(2500) DB
0+hp,— hy = — 96.18——————=-(0.3125) = —+12 = 538kP
thy=—F"hy 5 +zB — 0.6 ( ) 9.794- — DB a

(a) Based on evaluations of the pressures at key points in the pipeline, the estimated range

of pressures is | 400-925 kPa |.

(b) Expressing the maximum pressure in the pipeline as a function of the pipe diameter
yields that the maximum pressure in the pipeline (at Point A) is equal to 600 kPa when
D =0873m = . This was done using MATLAB. Any similar software will
yield the same result.

2.42. From the given data: L = 230m, ks = 0.2mm, Az = 18 m, p = 400kPa, and Q = 50L/s =
0.05m3/s. For water at 20°C, v = 9.789kN/m3, and v = 1.004 x 10°m?/s. Applying the
energy equation between the discharge side of the pump and the reservoir, and using the
Colebrook equation to calculate f, yields

4Q k
ks s
P va2 V2_ P fCE(ReaD) (WDI/’D) 1 8Q2 N
v D2 2g vy D n2Dig :

Substituting the given data:

4(0.05) 0.0002

Re. ks 230

w0 | for (Re 5) (WD(1,004>< 109" D >( )+1 800" 1o, p—o136
B _ =0. m

— 5 72D4(9.807)

Therefore, the required pipe diameter is approximately

2.43. From the given data: Az = 4m, A, = 10m?, D = 75mm, L = 65m, k; = 0.5mm, p =
550kPa, hy = 0.5m, and hy = 3m. For water at 20°C, v = 9.789kN/m3. The following
preliminary calculations are useful,

7D?  7(0.075)? P ks 0.5 3
A==/ == =4418x107m? 5 =2 =6.667x10
ks ks p 550
= Re, — | [ = = 0.0332 =< 4=_""" _4=521
f fCE< e,D> <D,oo) 0.0332, a 5 9.789 52.19m
and
fL ) (0.0332)(65) 6 2
b=A? - = (1 =7.515x 10
94D ~ ) 39 507 (0418 x 10-92(0.075) < 10787 /m

Applying the energy equation between the pump and the reservoir gives

p fL Q*
S P Ath (1)

Solutions Manual for Water Resources Engineering 4th Chin


https://textbooktestbanks.com/products/9780135357705-solutions

and the continuity equation requires that

dh
Q=A @

Combining Equations 1 and 1 to eliminate ) gives

ih_ a—nh
dt b

Therefore, the requisite integral in terms of x is

2 dr to
—b/ —_— = dt — to —t1) = —2b VI — AT
o \/JT . ( ) [ 1]

The given initial and final conditions of h; = 0.5 m and ho = 3m translate into z; = 6.88 x
1075 m?2/s? and x5 = 6.54 x 1079 m?/s? and so

(t2 = t1) = ~2b [V/6.50 x 1075 = /6.33 % 1070 = 9655 = (3)

2.44. 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

 Quewe 0578

- aD2?/4  7wD2?/4

0.578
D= (/22 —0543
7(2.5)/4 o

Rounding to the nearest 25 mm gives

2.5

which gives

D = 550 mm

with a cross-sectional area, A, given by

T T
p2=_

A= 4

(0.550)% = 0.238 m?

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

2
pave V
h’ave - + = + 20 (1)
gl 29
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where p,.. = 340 kPa, v = 9.79 kN/m?3, V,.. = Q.../4 = 0.0175/0.238 = 0.0735m/s, and zg
= 8.80 m. Substituting into Equation 1 gives

340  0.07352

Powe = —— + ———— + 8.80 = 43.5
979 T 20981) T o

For ductile-iron pipe, ks = 0.26 mm, ks/D = 0.26/550 = 4.73 x 10~4, at 20°C v = 1.00 x 10~°
m? /s, and therefore

VieeD  (0.0735)(0.550) 4
Re = = =4.04 x 10
T 1.00 x 10-6 8
and the Swamee-Jain equation gives
I ol ks/D N 5741 ol 473 x 1074 N 5.74
T~ 7% 37 TR T TN 37 (4.04 x 10109

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
ht = f=—— = (0.0234) ——
=I5 ( )0.550 2(9.81)
Since the head at the water treatment plant is 10.00 m, the pump head, hj, that must be
added is

=0.035m

hp = (43.5 4 0.035) — 10.00 = 33.5m

and the power requirement, P, is given by

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

During peak demand conditions, the head, A ..., at the suburban development is given by

2
ppeak ‘/;eak
h == 4 == 2
peak 7 + 29 + Z(] ( )
where p,e. = 140 kPa, v = 9.79 kN/m?, V..o = Qpear/A = 0.578/0.238 = 2.43m/s, and zq
= 8.80 m. Substituting into Equation 2 gives

140 2.432

By =~ + o0 1 880 = 23.4
vk = 979 T o081 T o

For pipe, ks/D = 4.73 x 107*, and

VowD  (2.43)(0.550) .
Re = “rec” _ —1.34 % 10
T 1.00 x 106 %

and the Swamee-Jain equation gives

L oy [B/D L BTA] y, [AT3x1070 5.74
\/m a 3.7 Re?9 | 8 3.7 (1.34 x 106)0-9
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and yields
foear = 0.0170

The head loss between the water treatment plant and the suburban development is therefore
given by

Lv? 3000 2.432
—— =(0.0170) ———

D 2g ( )0.550 2(9.81)
Since the head at the water treatment plant is 10.00 m, the pump head, hj, that must be
added is

he = f =27.9m

hy = (23.4 4 27.9) — 10.00 = 41.3m

and the power requirement, P, is given by

P =4Qhy, = (9.79)(0.578)(41.3) =

2.45. From the given data: Q = 240L/min = 4 x 1073m?/s, D = 50 mm, L = 15m, ks = 0.5 mm,
and patm = 101.3kPa. For water at 15°C, p = 999.1kg/m3, u = 1.139mPa-s, v = u/p =
1.140 x 107%m? /s, v = pg = 9.798 kN /m?, and pyap = 1.704 kPa. The head-loss coefficient for
the reentrant intake pipe can be conservatively taken as K, = 1.0. The following preliminary
calculations are useful,

7D?  7(0.05)? Q 4x1073
A= = =1. 1073 m? —x__"""  _9
1 1 963 x 10~° m*, v A= 1063 < 10=3 037m/s
V2 20372 ks 0.5
hy = —=——"_ =0.2116m, === =001
Y7 2~ 2(9.807) o D~ 50

VD (2.037)(0.05)
v 1.140 x 10—

Re = 8.935 x 10*

Substituting the given and derived parameters into the Colebrook equation (Equation 2.28)
gives

REN. [k:s/D L 251 ] R SN (X 2.51
JT 37 ' Rey[ VT %% 37 T R935 x 104
which yields f = 0.0386.

(a) Applying the energy equation between the water in the well and the suction side of the
pump gives

atm L A%
Patm _ [Ke+f} he =29 4 b4
g D g

101.3 (0.0386)(15) 1.704
i BB (0.2116) = =% 1 0.2116 + & h=[772
9.798 [ 00 | )= o708t The

(b) Since h increases as ) decreases, the maximum value of h occurs when @ = 0. In this
case, the energy equation degenerates into the hydrostatic equation as follows

101.3  1.704
TS e 2 G = g e e = [102m)
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(¢) For any pump pumping water at 15°C from any reservoir, the suction side of the pump
should not be more that above the surface of the reservoir. Otherwise, the
pump will not work.

2.46. From the given data: D = 0.05 m, A = 7D?/4 = 0.001963 m?, Q = 4 L/s = 0.004 m3/s, V
=Q/A=2038m/s, L =125 m, v = 1.00 x107% m?/s, v = 9.79 kN/m3, ks = 0.23 mm, Re
= VD/v = 1.02 x 10°. Using the Swamee-Jain equation,

0.25 0.25
f= = 5 = 0.0308

| ks 574 2 1 023 5.74

gl =—0=+ —5¢ )

8\37D0 " RO &\ 3.7(50) T (1.02 x 105)09

For a sharp-edged entrance, K. = 0.5, for an open globe valve, K, = 10.0. The energy
equation applied between the reservoir and the outlet is given by

fL V2 V2 fL V2
40 — | Ko+ 22 4 Ky| —— — by = — he =40 — | Ko+ 22 + Ky +1| — (1
0 [ T R gy =g = he=40 + o R o (1)

Substituting the given and derived data into Equation 1 gives

(0.0308)(125)
0.05

2. 2
+10.0 + 1] (2.038)7 _ 21.27m

he =40 — |0.5
! [ * 2(9.81)

Therefore, the power extracted by the turbine is given by

P = 4Qhy = (9.79)(0.004)(21.27) =[0.833 kW

A similar problem would be encountered in calculating the power output at a’ hydroelectric facility |.

2.47. From the given data: L = 150 m, D = 350 mm, ks = 1 mm, P = 60 kW, and Az = 45 m.
For water at 20°C, v = 9.79kN/m? and v = 1.00 x 1075m?/s. The following preliminary
calculations are useful,

mD?  70.350? 5 ks 1 _3
A= - 1 = 0.09621 m~, E—ﬁ—z&’)?xlo
D D
Re = Vb _ @D Q = 2.749 x 10" "Re
v vA
12
P = ’}/th — ht = u
Q
Applying the energy equation between the upper and lower reservoir gives,
fL Q*
Az — |:D+Kin+K0ut 29142 _ht =0
f(150) Q? 6.129
45 — 0.84+1.0 - =0
0.350 Hoe 2(9.807)(0.09621)2 Q

Solving this equation simultaneously with the Colebrook equation gives | @ = 0.141m3 /s |
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2.48. From the given data: L = 1 km, Q = 2m3/s, ks = 1.5mm, Az = 23m, and T = 20°C. For
water at 20°C, v = 1.00 x 107%m?/s. From the given data,

Ro— (@QMA)D _T4Q]1 1 _ 4(2) 1 2.547 x 10
T _[71'1/:|D_|:7T(1.00><10_6):|D_D

(a) Neglecting local losses, the energy equation gives

fL Q? 8fLQ? 8£(1000)(2)
P D g2 T yops BT (980m 2D
which simplifies to
f = 0.0696 D°

Solving this equation simultaneously with the Colebrook equation (e.g., using MATLAB)

gives D = 0.802 m = [802 mm |

(b) Taking local losses into account with K = 15.3, the energy equation gives

fL Q? fL 8Q? £(1000 8(2)?
nem [P k] e [ k] S [0 ) S

Solving this equation simultaneously with the Colebrook equation (e.g., using MATLAB)
gives D = 0.802 m = [802 mm | Therefore, local losses have on the tunnel
diameter that is required to meet the design objective.

2.49. The head loss is calculated using Equation 2.72. The hydraulic diameter, Dy, is given by

4A 42)(1)

and the mean velocity, V, is given by

_Q@_ 5
A Q)

At 20°C, p = 998.2 kg/m3, = 1.002 x 1073 N-s/m?, and therefore the Reynolds number,
Re, is given by

Vv =2.5m/s

pVD,  (998.2)(2.5)(1.333) ;
_ _ —332x1
Re » 1.002 x 10-3 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/Dy, is given by

ks 1.6x107°

— = = 0.00120
Dy, 1.333

Substituting Re and ks/D), into the Swamee-Jain equation (Equation2.31) for the friction
factor yields

= 6.96

9log [kS/Dh 5.74 ] ~ 2log [0.00120 5.74

37 ' ROY 37 (3.32 x 106)09

.
7=
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2.50.

which yields
f=0.0206

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

as
FLV?  (0.0206)(100) 2.52
he =122 = —[0.493
F " Dn2g 1333 2(9.81)

The frictional head loss is calculated using Equation2.72. The hydraulic diameter, Dy, is
given by

4A  4(2)(2)
Dy=—=—"-"2 =2,
hE T Tty 200m
and the mean velocity, V, is given by
Q 10
V=—=——=25m/s
A (2)2)

At 20°C, p = 998 kg/m3, u = 1.00 x 1073 N-s/m?, and therefore the Reynolds number, Re,
is given by
VD, (998)(2.5)(2.000)

Re = = =4, 109
= 1.00 x 10-3 9910

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

ks 1.6 x107°

— = = (0.0008
Dy 2.000

Substituting Re and ks/Dy into the Swamee-Jain equation (Equation2.32) for the friction
factor yields
1 ks/Dy  5.74 0.0008 5.74
— =21 = —21
JT © [ 37 | R %8| 737 T (499 x 106)09

which yields

=731

f=0.0187

The frictional head loss in the culvert, h¢, is therefore given by the Darcy-Weisbach equation
as
e — FLV? _ (0.0187)(500) 2.5°
"TDn2g 2500 2(9.81)
Applying the energy equation between the upstream and downstream sections (Sections 1
and 2 respectively),

=149m

V2 V2
LN IR NIy
Y29 Y 29
which gives
p1 2.5 P2 2.5%
— 0.002)(500) = — 0+1.49
9.79 * 2(9.81) + )(500) 9.79 + 2(9.81) o

Re-arranging this equation gives

|p1 — p2 = 4.80kPa|
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2.51. The Hazen-Williams formula is given by

h
V = 0849CHROPSPH, =7

Combining the above two equations to eliminate Sg, taking R = D/4, and simplifying gives

D\ %63 /pp\ 054 I v o\ 185
V =0.849Cq | — — ht =6.82——= | 5
o(5) (5 v (o)

2.52. Comparing the Hazen—Williams and Darcy—Weisbach equations for head loss gives

< 1% )1'85 LV? 134 1

O = fﬁ@ = |f= CL D017 7015

L

For laminar flow, Equation 2.29 gives f ~ 1/Re ~ 1/V, and for fully-turbulent flow Equa-
tion 2.28 gives f ~ 1/V°. Since the Hazen-Williams formula requires that f ~ 1/V?1% this
indicates that the flow must be in the ‘transition regime ‘

2.53. From the given data: p; = 450kPa, py = 150kPa, ks = 0.002mm, @ = 150L/min =
0.0025m3 /s, Az; = 27m, Azy = 10m, and Cy = 140. For water at 20°C, v = 9.789 kN /m3.

(a) Applying the energy and Darcy-Weisbach equations between the water-supply pipe and
the location of fixture F gives

Az 2Q°
D gmD?

£(27) 2(0.0025)2
D (9.807)wD?

D2 =p1—7 + AZl} —  p2 =450 — (9.789) [ + 27
where po is the pressure at fixture F. Calculating ps for the given commercial pipe sizes

yields the results shown in the following table:

D D2
(mm) (kPa)
32 111
38 153
51 177

Since the minimum allowable pressure at F is 150 kPa, a pipe diameter of should
be used for the supply line.

(b) Applying the energy and Hazen—Williams equations between the water-supply pipe and
the location of fixture F gives
Azl

p2=p1—7 [85-4 <C}{'85D4-87

) Q1.85 +AZl:|

27
— g =450 — (9.789) [85.4 <W> (150)155 + 27}

where po is the pressure at fixture F, D is in cm, and @ is in L/min. Calculating py for
the given commercial pipe sizes yields the results shown in the following table:
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D b2

(mm) (kPa)
32 97
38 147
o1 176

Since the minimum allowable pressure at F is 150 kPa, a pipe diameter of should
be used for the supply line.

(c) If the fixture F is supplied by both the water-supply line and the roof tank, and D =
25mm, and the flow rate extracted at F is 150 L/min, then the following equations must

hold:
Q=0Q1+Q2
Az 1.85
P2 =p1 — 7 {85.4 <C%I'85D4-87> 10+ Az
Az 1.85

Substituting known quantities yields:

150 = Q1 + Q2

27 1.85

10 1.85

Solving these equations yields ‘ Q1 =42.3L/s, Q2 = 107.7L/s, and ps = 157kPa/|.

2.54. The Manning equation is given by

1
I o1\ 1/D\5 (h\? 2LV
vi=tris ) = L2V (M) L =63t
n n \ 4 L D3

2.55. Comparing the Manning and Darcy—Weisbach equations gives

Wl

2L 2 L 2 2
(h) =635 2V" _ pLVT o5
Ds3 D 2g D3

For laminar flow, Equation2.29 gives f ~ 1/Re ~ 1/V, and for fully-turbulent flow Equa-
tion 2.28 gives f ~ 1/V". Since the Manning equation requires that f ~ 1/V?, this indicates

that the flow must be fully turbulent or .

2.56. Equating the Hazen—Williams and Manning head loss expressions

1.85 2 2 0.082
6.82_ " <V> _e3s n—<1.04D> !

D17 CH D% 1/0.075 CI(_)I.QS

Solutions Manual for Water Resources Engineering 4th Chin


https://textbooktestbanks.com/products/9780135357705-solutions

2.57. Choose the ‘Darcy—WeisbaCh equation‘ since this equation is applicable in all flow regimes.

2.58.

The Hazen-Williams and Manning equations are limited to particular flow conditions (tran-
sition and fully turbulent respectively).

(a)

The Hazen-Williams roughness coefficient, Cy, can be taken as 130 (Table2.2), L =
500m, D = 0.300m, V = 2m/s, and therefore the head loss, ht, is given by Equation 2.78
as

L (V' 500 2\

The Manning roughness coefficient, n, can be taken as 0.013 (approximation from Ta-
ble2.2), and therefore the head loss, h¢, is given by Equation 2.81 as

2LV? 0.013)2(500)(2)2
he = 6,357 V" _ 350013 (500)2)° o=
D3 (0.30)3

The equivalent sand roughness, ks, can be taken as 0.26 mm (Table 2.1), and the Reynolds
number, Re, is given by

VD (2)(0.30)

_ 5
s T 1.00x 106 ~ 00010

Re =

where v = 1.00 x 1075m?/s at 20°C. Substituting ks, D, and Re into the Colebrook
equation yields the friction factor, f, where

1

ks 2.51 0.26 2.51
} = —2log [ 5 f=0.019

=2l {379 T RevT 37(300) | 6.00 x 105/T

The head loss, ht, is therefore given by the Darcy-Weisbach equation as

LV? 500 22
he = f=—— = 0.0195— —[6.63
=75 29 0.30 2(9.81)

It is reasonable to assume that the Darcy-Weisbach equation yields the most accurate
estimate of the head loss. In this case, the Hazen-Williams formula gives a head loss
that is 7% too low, and the Manning formula yields a head loss that is 61% too high.

Problem 2.52 has demonstrated that the relationship between the friction factor, f, and
the Hazen-Williams coefficient, Cfy, is given by

B 134 1
f= CLEDO1T 015
which can be re-arranged to give
14.2 14.2

Ch =[126

= £0-54 )0.0927,0.081 = (0.0195)0-54(0.30)0-092(2)0.081

which is 3% lower than the assumed value of Cy (130).
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Problem 2.55 has demonstrated that the relationship between the friction factor, f, and
the Manning coefficient, n, is given by

2
fF=125"1

D3
which can be re-arranged to give

n = 0.0894 %5 D17 = 0.0894(0.0195)%5(0.30)%7 =[0.010

which is 23% lower than the assumed value of n (= 0.013).

2.59. The pressure at the midpoint of the pipe as a function of time is shown in Figure 2.2.

po 44447

pressure

time

Figure 2.2: Problem 2.59.

2.60. From the given data: L = 100 m, V = 3 m/s, and T' = 20°C. The critical time, t., for valve

closure is
2L

Cc

te

(1)
At 20°C, E, = 2.15 x 10? Pa, and py = 998 kg/m? (Appendix B, Table B.1), therefore

E, 2.15 x 109
S Y R VY0
c p” 998 m/s

Substituting into Equation 1 gives

2(100
o= 2000
1470
The maximum water-hammer pressure that can occur is given by

Ap = pcV = (998)(1470)(3) = 4.40 x 10% Pa = [4400kPa
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If the water temperature is 10°C, E, = 2.10 x 10 Pa, py = 999.7 kg/m? (Appendix B, Table

B.1), and
2.10 x 109
=/— =14
c=1/ 999.7 50m/s

and the maximum water-hammer pressure is given by

Ap = pcV = (999.7)(1450)(3) = 4.35 x 10° Pa = | 4350 kPa

2.61. , in cases of rapid valve closure.

2.62. From the given data: 7' = 20°C, L = 150 m, D = 50 mm = 0.050 m, V" =4 m/s, e = 1.5
mm = 0.0015 m, and E = 1.655 x 10> MN/m? = 1.655 x 10! N/m?. Taking py = 998 kg/m?
and F, = 2.15 x 10° Pa, the speed of the pressure wave, ¢, is given by Equation 2.92 as

1
E 2.1 109
1+ (E,D/eE) 14 (2.15 x 109 x 0.050)/(0.0015 x 1.655 x 1011)

Hence, the pressure increase, Ap is given by Equation 2.86 as

Ap = pocV = (998)(1226)(4) = 4.89 x 10° Pa =[4890 kPa

2.63. From the given data: 7' = 20°C, L = 150 m, D = 50 mm = 0.050 m, V' =4 m/s, e = 2.0
mm = 0.0020 m, and E = 1.7 x 10* MN/m? = 1.7 x 10'° N/m?2. Taking pp = 998 kg/m? and
E, = 2.15 x 10° Pa, the speed of the pressure wave, c, is given by Equation 2.92 as

1

E, 2.1 109

c= _ Bu/po = (2.15 x 107)/(998) =719m/s
1+ (E,D/eE) 1+ (2.15 x 10° x 0.050)/(0.0020 x 1.7 x 1019)

Hence, the pressure increase, Ap is given by Equation 2.86 as

Ap = pocV = (998)(719)(4) = 2.87 x 10° Pa = [2870kPa

2.64. From the given data: Q = 0.06 m3/s, D = 1000 mm = 1 m, L = 3.2 km = 3200 m, 2
= 10.06 m, zp = 11.52 m, and Az, =1.5 m. For DIP, ks = 0.26 mm, and at 20°C, v =
1.00 x 1076 m?/s.

(a) The friction factor in the pipe is obtained using the Swamee-Jain equation from the
following sequence of calculations:

A= %D2 = %(1)2 = 0.7854 m?
O 06
A~ O7ssa — 0 T04m/s
VD (0.764)(1) 5
Re=— == T00x 106 ~ 64> 10
2 2
f= 02 = 025 5 = 0.01449

o (K 574 2 o 026 5.74
5\37D " RO &\ 3.7(1000) " (7.64 x 105)09
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The energy equation gives

L V2 P2 V2

hy — f=—— = 22 4+ —
zZ1 + np fD2g ’7+29—|—22
L V2 P2
_ _ 1) — ===
21+ hy <fD+ )29 7+Z2
3200 0.7642 350
10.06 + h, — [ 0.01449 1 = 11.52
i < T >2(9.81) 979

which gives h, = 38.62 m. Hence the required power, P, of the pump is given by

P = ~yQhy, = (9.79)(0.6)(38.62) =

(b) At the pump, with subscripts 1 and 2 referring to just before and just after the pump,

respectively:
pa | V2
z21+hy,=—+— + 29
Py 2
P2 0.7642
10.06 4+ 38.62 = — + —— 4+ (10.06 — 1.5
+ 979 T 20081 T )

which gives | p2 = 392 kPa|.

(c) For each of the two pipelines: D = 0.6 m and Q = 0.3 m?®/s and the friction factor in
the pipe can be obtained as follows:

A="D2="(0.6)? = 0.283m?
1 4
Q 03
V"= _106
A~ 0.283 m/s
VD (1.06)(0.6) ;
Re = —= = oot = 6.36 x 10
0.25 0.25
= _ S =0.0171

o (s 574 2 o [ 026 5.74
8\37D T ReO9 5\ 3.7(600) " (6.36 x 105)09
The energy equation, with subscripts 1 and 2 referring to the source reservoir and the
location 3.2 km downstream of the source, respectively, gives

L V2 P2
_ _ 1) — ==
21+ hyp <fD+ >2g St
3200 1.06° 350
10.06 + hy, — ( 0.0171 1 = 11.52
e < 06 © >2(9.81) 979 *

which gives h, = 42.49 m. Hence the required power, P, of the pump is given by

P =~Qhy, = (9.79)(0.6)(42.49) =
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2.65. From the given data: @Q = 30L/s, ks = 0.05mm, D; = 50mm, Az; = 4m, L; = 10m,
Dy =75mm, Ly = 10m, D3 = 8 mm, and L3 = 7m. The friction factors and pipe areas can
be calculated as follows:

1 ke/D
— =21 = 0.01964 =0.01733 = 0.01783
\/T 0og < 37 ) 3 fl ’ f2 ’ f3

A=—"—" A =1.963 x 1072 m2, Ay =5.675 x 1073 m?2, A3 =4.418 x 1073 m?

The energy equation between A and C gives:

Ll Q1 LS Qg
A p—
a-hp g, A f3D32gA2
10 2 7 0.030)2
4 — (0.01964) Q1 —(0.01783) ( ) =0

0.050 2(9.807)(1.963 x 10-3)2 0.086 2(9.807)(4.418 x 10—3)2

which gives Q1 = 0.00323m3/s = 3.23L/s. By continuity, Q2 = Q3 — Q1 = 30 — 3.23 =
26.77L/s = 0.02677m?/s. The energy equation between B and C gives:

_ Ly Q3 o Ls Q% _
*Dy2gAZ P D3 2gA2
10 0.02677)2 7 0.030)2
h — (0.01733) ( ) —(0.01783) ( ) 0

0.075 2(9.807)(5.675 x 10—3)2

which gives h = .

2.66. D = 0.85 m, A = 7D?/4 = 7(0.85)%/4 = 0.567 m?, ks = 0.26 mm (ductile iron), ks/D =
0.26/850 = 0.000306, T = 20°C, p = 998 kN/m?, = 1.00 x 1072 N-s/m?2. Assuming fully

turbulent flow, then
1 ks/D 0.000306
— =21 =21 — | =8.16
77 s ) — e (M5

f=0.0150

0.086 2(9.807)(4.418 x 10—3)2

which leads to

for each pipe. Writing the energy equations,

Lay Q% Lpy Q3y
100 — =80 — f— =5 1
o D 2gA? / D 2gA2 (1)
and
Lay Q% Ley Qy
1 = 2
00 =I5 5042 = OO 5 5040 @
and the continuity equation is
Qa1+ @By = Qcy 3)
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2.67.

Equations 1 and 3 assume that the flow is out of reservoir B. Substituting known values into
Equation 1 gives

900 Q3 800 Qhy
100 — 0.0150 =80 —0.0150
0.852(9.81)(0.567)2 0.852(9.81)(0.567)2
which leads to
Q% = 1.12Q3%,; — 8.93 (4)
Substituting known values into Equation 2 gives
900 % 700 2
100 — 0.0150 Qas 5 = 60+ 0.0150 e

0.852(9.81)(0.567) 0.852(9.81)(0.567)2

which leads to
Q%45 = 20.4 — 1.29Q3; (5)

Substituting Equations4 and 5 into Equation 3 leads to

Qas + \/1.12Q§U —8.93 — \/20.4 —1.29Q%; =0
Solving for Qaj by trial and error gives
Qaj = 2.84m3/s

and Equations4 and 5 give
QBy = 0.32m3 /s
Qcy = 3.16m3 /s

Recalculating f for each pipe (using Re and ks/D) and repeating the process until the assumed
f is equal to the calculated f leads to

Qay = 2.81m3/s
QB = 0.33m3/s
Qcy = 3.14m3/s (6)

These results do not differ by much from the initial result that assumes complete turbulence.

From the given data: Lag = 1.5km, Lgc = 1.5km, Lgp = 1.6km, £k, = 1 mm, ko = 0.5 mm,
D; = 150 mm, Dy = 200 mm, and Az = 8 m. For water at 20°C, v = 1.00 x 107°m?/s. The
following preliminary calculations are useful,

mD7  w(0.15) mD3  w(0.2)?

_ o —2 2 _ _ -2 2
A= 1 1 = 1.767 x 10”“m?, Ay = 1 1 =3.142 x 107“m
— = — = 6.667 x 10 — = —=2.5x10
D; 150 * Dy 200 %

kl k;2

= — | =0.0332 = — | = 0.0249

f1= fce <D1> , fo = fcr (D2>
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fiLlas 4 fiLlsc 4
aAR = —5— = 5.420 x 107, aBc = ——— = 5.420 x 10
2gA%LH QQA%IH
foLsp 4
= ————=1.028 x 10
ABD QQA%DQ %

where fog represents the friction factor given by the Colebrook equation.

(a) Under the existing system, the energy equation applied between reservoirs requires that

fl LAB QZAB

Az—2
TTUD 2947

=0 — Az—20pQip=0 — 8—2(5.420 x 101)Q35 =0

which yields Qap = 8.591 x 1072 m3/s = |8.59 L/s| When the new pipeline is added,
the following three equations must be satisfied:

QaB = @BCc + @BD (1)

_ filas Qis  filsc Q3¢

A — =0 2
T Dy 29427 Dy 29A2 @
filsc Q% _ faLsp Qb 3)

Dy 2gA?2 Dy 2gAZ2

Equations 1 to 3 can be more compactly expressed as

QaB = @pc + @BD (4)
Az — appQip — aBcQ3c =0 (5)
apc@hc = aBpQBp (6)

Combining Equations4 to 6 gives

1
Az — « 2 « -1
QAB—\/ABQAB—Q/E)) Qap =0 (7)
QaBC aBpc
which yields Qap = 11.62 x 1073m?3/s = [11.62 L/s|. Substituting this result back into
Equations 4 to 6 gives Qpc =|3.52 L/s|and Qpp = |8.10 L/s|. Therefore, the flow from

the upper to the lower reservoir increases from 8.59 L/s to 11.62 L/s, an increase of

approximately .

(b) Flow in the existing pipe will change from 8.59 L/s to 3.52 L/s, which is a change of

=7

(¢) The friction factors can be determined using the calculated flows and compared to the
originally assumed friction factors. The results of this analysis are as follows:

Pipe Assumed f Recalculated f Difference
(%)
AB 0.0332 0.0340 2.4
BC 0.0332 0.0356 7.2
BD 0.0249 0.0275 10.4
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Based on these results, the assumption of fully turbulent flow in all pipes is | not validated

and the determination of the flows should be repeated using the updated friction factors.
This calculation loop should continue until the calculated and assumed friction factors
are the same.

2.68. From the given data: Lag = 3.0km, Lac = 2.0km, Lap = 2.5km, Lgc = 1.8km, Dag =
300mm, Dac = 200mm, Dap = 250mm, Dpc = 150mm, zp = 3.40m, 2z = 2.80m,
zc = 3.20m, zp = 2.60m, py = 450kPa, pg = 330kPa, pc = 300kPa, pp = 360 kPa, and
ks = 0.2mm. For water at 20°C, v = 9.79kN/m3, and v = 1.00 x 107°m?/s. The following
preliminary calculations are useful,

D2 D2
App = % — 0.0707m2, Apc = % — 0.0314m?
mDip 2 7D 2
AAD:T:00491H1 s ABC:T:O-0177m

ha =22 4 20 =49.37m,
v

ho = PC 4 2o = 33.84m,
Y

hg =28 4 n—3651m
Y

hp =72 4 2 =39.37m
Y

Lag 5 Lac 5
= —— =1.020 x 10 = ———-— =15.166 x 10
BAB 2gDABA2AB X ) BAC 2gDACA2AC X
LAD 5 LBC 6
= —-— =2.116 x 10 = —— =1.959 x 10
BAD 2gDADA2AD X ) BBC 2gDBCA%C X
kAB 4 kAC -3
= 6.667 x 1077, —— =1.000 x 10
Dag DAC
kap —4 kpc
— =8.000 x 107, — =0.0013
Dap Dgc
The following functions of the flow rates can be defined,
~ QaDap  Qap(0.3) _ QacDac  Qac(0.2)
Reap(Qap) = == == = 750050 Reac(@ac) = == == = 155077075
~ QapDap  Qap(0.25) _ QpcDpc  Qap(0.15)
Rean(@ap) = === 755 796> Rese(@c) = === = 7550775
k k
faB(QaB) = fcg [RG(QAB), AB} ; fac(@Qac) = fc [RG(QAC)a AC}
Dap Dac
o kAD N kBC
fap(Qap) = fce [Re(Qap), = | fBc(@sc) = fe |Re(@Bc), =—
Dap Dgc

where fcg is the value of the friction factor given by the Colebrook equation.

(a) For the existing system, applying the energy equation to each of the pipe segments gives

ha — Bapfas(Qap)Qip =hs — Qap=Qa =0.0816m?/s =|81.6L/s
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ha — Bacfac(Qac)Qic =hc — Qac=Qp =0.0380m3/s =|38.0L/s
ha — Bapfap(Qap)Qip =hp — Qap = Qc = 0.0487m3 /s = | 48.7L/s

(b) For the new system,

hg — Bec(Qpe) fRcQic =hc  —  Qpc = 0.0075m3/s = 7.5L/s
Qa =81.6L/s — 7.5L/s =

Qp =38.0L/s+7.5L/s =

-

2.69. For ductile-iron pipe,
L @Q? L 1 5 5
h = —_—— = — =
f fD 29A2 (D 2gA2> @f=rad

Assuming fully turbulent flow:

Pipe ks/D f r
AD 0.000650 0.0177 143
BC 0.000867 0.0190 517
BD 0.000743 0.0183 345
AC 0.00104  0.0198 1173

From the given data: hy = 25 m, and A = 20 m. Since the flow directions in the pipe
network are not known in advance, flow directions can be assumed and validated. Assumed
flow directions are validated when the calculated flows are real and positive.

Assuming that the flow in pipe AC is from C to A and that the flow in pipe BC is from C to
B (i.e. ha < hc > hp), the Darcy—Weisbach equation gives

hc = 25 + 1173Q% 5 (1)
and for flow from C to B,
ho = 20 + 517Q% g (2)
Combining Equations1 and 2 gives
25+ 1173Q%, = 20 + 517Q%5 — Q% , — 0.441Q%5 + 0.00426 = 0 (3)

The continuity equation requires that

Qeca+Qce=02 — Qca=02-Qcn (4)

Combining Equations 3 and 4 gives

(0.2 — Qcp)? — 0.441Q%5 +0.00426 =0 —  0.559Q%5 — 0.4Qcp + 0.04426 =0 (5)
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Equation 5 has two real solutions that are given by

Qcp = 0.579m3/s and Qcp = 0.137m?/s
and substituting these results into Equation 4 gives

Qca = —0.379m?/s and Qca = 0.063m>/s

Since only real and positive flows are acceptable, Qcp = 0.137m?3/s, Qca = 0.063m3 /s, and
the assumed flow directions are validated. [If invalid flow directions were assumed, then there
would be no real and positive simultaneous solutions to the corresponding Darcy—Weisbach
and continuity equations.]

Assuming that the flow in pipe AD is from A to D and that the flow in pipe BD is from B to
D (i.e. ha > hp < hp), the Darcy—Weisbach equation gives

hp = 25 — 143Q%p (6)
and for the flow from B to D,
hp = 20 — 345Q%, (7)
Combining Equations6 and 7 gives
25 — 143Q4p = 20 — 345Q3, —  Qfp — 0.414Q%p + 0.0145 =0 (8)

The continuity equation requires that
Qap+@sp =02 — @pp=02-Qap (9)
Combining Equations 8 and 9 gives
(0.2 — Qap)? — 0.414Q%H +0.0145 =0 —  0.586Q%p — 0.4Qap +0.0545=0  (10)
Equation 10 has two real solutions that are given by
Qap = 0.495m3/s and Qap = 0.188m?/s
and substituting into Equation 9 gives
QBp = —0.295m3/s and Qpp = 0.012m3/s
Since only real and positive flows are consistent with the assumed flow directions, Qap =

0.188m?/s, Qpp = 0.012m?/s, and the assumed flow directions are validated.

Therefore, based on these results,

flow out of reservoir at A = Qap — Qca = 0.188 — 0.063 = [0.125m3 /s

flow into reservoir at B = Qcg — @pp = 0.137 — 0.012 = |0.125m?3 /s

The flows into and out of the reservoirs (0.125 m3/s) are equal as expected.
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2.70. From the given data: zp = zp = 2¢ = 100 m, 24 = zp = 0 m, and Vo = Ve = 2.5 m/s.
Since pipes AC and BC are identical, they have the same flow. If @ is the flow through the
pump, then

% = VacAac = 2.5%(0.5)2 =0.4909m3/s = |Q = 0.9817m>/s

and so Vop = Q/Acp = 2.222 m/s. If hy is the head added by the pump, applying the
energy equation gives

2.52 0.0055(100) 2.52 0.0050(300) (2.222)?
0+ +0-— - + hp—
2(9.81) 0.50  2(9.81) 0.75  2(9.81)
0.0060(500) Qg B Qg 100
™ 2 T 2
0.30  2(9.81) [2(0.3)2]"  2(9.81) [3(0.3)2]
which simplifies to
hy = 112.2Q% 5 + 100.5 (1)
For lines F and G,
2 0.0060(400 2
Qbr 1100 + (400) Qbr L=
2(9.81) [%(0.25)?] 0.25 2(9.81) [%(0.25)2]
2 2
Q% 100+ 0.0060(500) Q%a 2
2(9.81) [2(0.30)2] 0.30 2(9.81) [%(0.30)2]
which simplifies to
Qpr = 0.7074Q pg (2)

Since E and G are identical pipes, then

QpE = Qpa (3)

and by continuity
0.9817 = Qpr + Qpr + Qpac (4)

Combining Equations 2 to 4 gives

0.9817 = Qpg + 0.7074QpE + QpE

which yields Qpg = 0.3626 m3/s. Substituting into Equation 1 gives

hp = 112.2(0.3626)% 4 100.5 = 115.5m

Therefore, the pressure difference across the pump is 9.79(115.6) = | 1128 kPa | and the power
consumed by the pump is YQhy/n = (9.79)(0.9817)(115.6)/0.76 = | 1461 kW |.

2.71. Using the Darcy-Weisbach head loss equation,

fL fL fL
2gA2D — 2(9.81)(xD?/4)2D 0-0826 7

r
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For ductile-iron, ks = 0.26 mm, and for fully turbulent flow the friction factor, f, is estimated

using
1 ks/D
— = 21
viooT ( 3.7 )

Using the given values of D and L in Equations 2 and 2 yields

Pipe f L D r
(m) (mm)
AB 0.0190 1000 300 646
BC 0.0186 750 325 318
CD 0.0210 800 200 4337
DE 0.0198 700 250 1172
EF 0.0190 900 300 581
FA 0.0198 900 250 1507
BE 0.0183 950 350 273

2.72. Using the Darcy-Weisbach equation to calculate frictional head losses in each pipe, the Hardy-

Cross parameters are:
fL 1
T ( D + 29 A2’ n

Assuming the flow is fully turbulent, the friction factor, f, is given by both the Colebrook

and Swamee-Jain equations as
0.25

[log <3]'€7 )] |

Using the given pipe characteristics and the above equations for r and f yields the following
results:

f=

Pipe f r

AB  0.00965 51.0
BC 0.01014 69.7
AD 0.00965  69.0
CD 0.01014 105.3

Applying the Hardy Cross method to any assumed flow distribution and using the derived
values of r and n (= 2) yields the flow distribution shown in Figure 2.3. Taking Qap =
31.9 L/min = 0.000532 m3/s, the pressure at B is determined using the energy equations as

follows:
V; Vv
<pB+Zg+ZB> = (})A-FZZ—FZA) — rapQ?
Y g Y g
PB 340 9
—4+2)=(—+1]| —(51. ) 2
('y + > <9.79 + > (51.0)(0.000532)

which yields pg = | 330 kPa |.
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31&I_>/min
60 L/min — — 20 L/min
28.1 L/minl 111.9 L/min
20 L/min <— — —20 L/min
D 8.1 L/min

Figure 2.3: Flow distribution

0.100
0.050 Final Flows, ma/s
B c
A 0.040 — = 0.045 ——=
0.010 '
0.005
0.005 0.070
E P F
0.040 ——— 0.008 ———=
0.030 0.043 0.047
G 0.030 —= - 0.013 I
H
0.060 0.060

Figure 2.4: Final Flows

2.73. The final flows using the Hardy Cross method are shown in Figure 2.4. The results of
intermediate calculations will depend on initial flow assumptions. Since the pressure at P
is 500 kPa, and the network is on flat terrain, then the head at other intersections can be
calculated by accounting for the frictional head losses. For each pipe, the pressure, p, is given
by

p = 500 £ vhs kPa (1)

where hy is the frictional head loss, and the + accounts for whether the flow is towards P (+)
or away from P (—). The frictional head loss, ht, is given by the Darcy-Weisbach equation as

L Q?

= Do
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Since D = 0.3 m and A = 7D?/4 = 7(0.3)?/4 = 0.0707 m?, then

_ . L Q?
=153 2(9.81)(0.0707)

5 =33.99fLQ* (2)

where L is given for each pipe, () has been calculated, and f can be calculated using the
Swamee-Jain equation

ky/D 574
=2 il 3
7= e ST+ ) ¥
where ks/D = 0.26/300 = 0.000867, and Re is
pVD  pQD  (998)(Q)(0.3) ‘
- - - —4.23% 10 4
Re = = = A = [0.0707)(1.00 x 10-3) < 10°Q )

Combining Equations 3 and 4 gives the following expression for f in terms of the flow rate,

Q,

1 91 0.000867 n 5.74
- 9o
NG 81737 T (4.23 x 105Q)09
which simplifies to
0.25
[= 12 (5)
{1og [2.34 x 10~ + %”

Combining Equations 2 and 5 gives the following expression for the frictional head loss in each
pipe
8.50LQ?

1 2
{log [2.34 x 10—4 + 6,2%;%]}

The pressure drop, Ap, in each pipe is equal to vhs, = 9.79h¢ kPa, and therefore

hy =

(6)

83.2LQ2

2
{1og [2.34 x 10~ + 6225%‘6]}

Ap =

Calculating the pressure changes in each pipe, and adding/subtracting from the pressure at
P (= 500 kPa) yields the following results:

Pipe L Q Ap Node Pressure
(m) (m®/s) (kPa) (kPa)
PB 100 0.005  0.02 B 500.0
PF 150 0.008 0.08 F 499.9
PH 100 0.043 1.28 H 501.3
PE 150 0.040 1.67 E 501.7
AB 150 0.040 1.67 A 501.6
BC 150 0.045  2.10 C 497.9
FI 100 0.047 1.52 I 502.8
GH 150 0.030 0.96 G 502.2

Solutions Manual for Water Resources Engineering 4th Chin


https://textbooktestbanks.com/products/9780135357705-solutions

2.74. This problem can be solved using the Hardy Cross method. From the given data, ks =
0.05 mm and D = 1120 mm. Hence,

2 2
f= Ok 5D 5 = 0-25 5 = 0.01033
< -5
()] o)
A= %DQ = %(1.12)2 = 0.9852m?

and the Hardy Cross parameters corresponding to the Darcy-Weisbach equation are n = 2

and L 1 L 1
= = (0.01 = 0.0004843L
D 2gA2 (0.01038) 355 2(9.81)(0.9852)2 00004843

Using this formulation with the given pipe lengths, the r values for each of the pipes are: CD
= 2.42, DE = 5.81, EF = 4.36, FC = 2.91, FG = 3.39, GH = 3.87, and HC = 4.84. The
intermediate flow values will depend on the initial assumed flow distribution. The final flow
values are shown in Figure 2.5.

r=f

48000 m®/d
8000 m3/d 8000 m®/d 8000 m?¥/d
11600 13700
- —_
H C D
w — )]
% IN N
£ E E
8000 m?¥/d 8000 m®/d 8000 m*/d
G - ': —>
4400 2300

Figure 2.5: Flow distribution.

2.75. From the given data: w; = wp = 1200 rpm, Dy = 500 mm, Dy = 250 mm, Q1 = 250 L/s, hpy
= 63.7 m, and 1; = 81%. Applying the affinity relationships given by Equation 2.116 requires
that

[(wl)%)l)?’} - [(w2)%72)3]

[(12035(0500)3} - [(12006)2(2250)3}

which yields Q2 = 31 L/s. Also,

[(wl)};z()blp} B {(w2)};ﬁ72)2}
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2.76.

{(12006)?;(7500)2} - [(1200?5?250)2]

which yields hp2 = 15.9 m. Therefore, the best-efficiency operating point for a 250-mm pump
in the given homologous series is at Q = |31 L/s|and h, = . The efficiency at this

operating point can be estimated using Equation 2.120 which gives
1
I1—m2 ([ Di\*
L—m <Dz>
1— 1 500 1
T 081~ <250>

which yields n; = 0.77. The efficiency can also be estimated by Equation 2.121 which gives

0.94 — 72 _ <Q1>0'32

0.94 — Qs
0.94—ny  (250\%%
0.94—0.81 \ 31

which yields 72 = 0.69. Based on these results, it is estimated that the 250-mm pump will

have an efficiency somewhere in the range of | 69-77% |.

(a) Three types of pumps: centrifugal flow, axial flow, mixed flow. A homologous pump
series has common characteristics. Two properties in common are geometric similarity
and the same specific speed.

(b) From the given data: ks = 0.9mm, D = 1m, p, = 2.337kPa, Q = 2m3/s, L = 20m,
K =5 Az=35m—3m=0.5m, Ah =2m, and w = 1800rpm = 188.5rad/s. For
water at 20°C, v = 1.0 x 107°m?/s and v = 9.789 kN/m?. Assume patm = 101.3kPa.
The following preliminary calculations are useful:

A= 1irD*=0.7854m?, V= % =5.547m/s
k D
=2 =9.0x 1074, Re = VP _ 9547 % 10°
D v
Using the Swamee-Jain equation,
0.25 0.25
f= - 5 = 0.01933

[10 <kS/D AL )}2 g (9107 N 5.74
S\ 37 T Re9 8\ 737 T (2547 x 106)09

The following calculations give the head added by the pump, h;, and the head at the
inlet of the pump, h;, as:

L V2 20 2.5472
hy, = A Z+K)—=0. .01933== T —=92.981
b z+<fD+ > 2 05+<00 9331 +5> 2(9.807) 81m
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10 2.5472
—(0.01933— +25) ——— =94
(00 9331 + 5> 2(9.807) 9.458 m

Patm L V2 1013
hi = —05(fZ24+K)—=—1r
07 (fD + ) 2g  9.807

So, the specific speed and the net positive suction head are given by:

1 1
ng = WQQ _ (1885)(2)2 _

(ghp)T  [(9.807)(2.281)]1
Dy 2.337
NPSH = h; — 7+Ah = 9458 — | 5o +2 =[7.22m]

The specific speed would be used in selecting the , and the NPSH would be

used in determining the ‘pump placement ‘

2.77. From the given data: w = 3500rpm = 366.5rad/s. The points in the following table can be
read from the given dimensional performance curves:

Q Head, h, for given impeller diameter, D
(m3/h) 178 mm 165 mm 152 mm 140 mm 127 mm
0 68.2 55.4 46.4 37.0 29.0
5 69.0 55.6 46.2 37.5 28.8
10 68.0 54.6 45.0 36.4 27.8
15 66.6 52.4 42.8 33.8 25.5
20 63.7 49.5 39.5 29.1 19.5
25 59.4 44.7 34.0 — —

30 54.1 39.9 — — —

a) Converting @ from m?/s to m3/s and plotting gh,/w?D? versus Q/wD? gives the di-
(a) g g ghp g
mensionless performance curves shown in Figure 2.6.

—\
N 0.14 — 178 mm
Q \& — 165 mm
3 0.12 — 152 mm
Zﬁ \\\ 140 mm
> 010 \\ — 127 mm

0.08
0 2 4 6 8
Q/wD?x 103

Figure 2.6: Nondimensional performance curves.

(b) Since these nondimensional performance curves do not coincide, the given pump sizes

are ‘not from a homologous series |.
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(¢) The maximum efficiency, flow rate, and head at the best-efficiency point (BEP) for each
pump size, along with the derived spacific speed are given in the following table.

D TImax Q hp Nng
(mm) (%) (m’/h) (m) ()
178 59.5 23.5 60.6 0.25
165 58.0 21.9 479 0.28
152 56.0 18.7 40.4 0.30
140 54.0 16.9 32.0 0.34
127 51.5 16.0 24.6  0.40

3
1

The specific speed is calculated using the relation: ng = wQ% /(ghp)3. The efficiencies

are in the range | 51.5-59.5% | and the specific speeds are in the range |0.25-0.40|. The

fact that the BEP efficiency and the specific speed is not the same for all pump sizes
further indicates that the pumps are not homologous.

2.78. From the given data: Q = 20L/s = 0.02m?/s, P = 5kW, and 7 = 0.80. For water at 15°C,
v = 9798 N/m3. The head, hy, added by the pump can be determined from the relationship
between power, P, and head as follows

_ Q@ 5 (9798)(0.02)h, —
P_T = 5x107= et o [y = 204m

2.79. From the given data: D; = 300 mm, w; = 1800 rpm = 188.5rad/s, Q1 = 300L/s = 0.3m3/s,
hpr = 65m, Py = 240kW, Dy = 250 mm, and wp = 1400rpm = 146.6rad/s. For water at
20°C, p = 998.2 kg/m?3.

(a) Using the definitions of Cg, Cy, and Cp gives

Q1 0.3 ghp1 (9.807)(65)
Co = = =[0.0589 Cy = = =[0.199
©T LD} (188.5)(0.3)3 [0.0589] 17 02D? ~ (188.5)2(0.3)2

Py 240 x 103
P 3D T (998.2)(188.5)3(0.3)5

(b) Under optimal operating conditions, the 250-mm pump has the same values of Cg, Cp,
and Cp as the 300-mm pump, so

Q2 QQ 3
—Co — 2 00580 — —0.135m3/s = [135L
wD3 9 (146.6)(0.25) @2 me/s
ghya (9.807)hya
T2 _ ¢ 2O 199 hps =[27.3
w2p M (146.6)2(0.25)2 - 2

Py Py 3
i —Cp— = 0.0148 — P, = 45.4 x 103 W =[45.4kW|
p3D3 77 (998.2)(146.6)3(0.25) ? 8
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2.80. From the given data: Cg = 0.035, Cy = 0.14, Cp = 0.006, D = 600 mm, and w = 1140 rpm =
119.4rad/s. For water at 20°C, p = 998.2kg/m?, and v = 9.789kN/m? (Appendix B.1).
Using the definitions of the coefficients given in Equation 2.117, the best-efficiency conditions
are calculated as follows:

Q Q 3
ghp (9.807)hy
=0.14 — = =0(.14 hy, =173.2
2D? 7 (119.4)%(0.6)2 oo
BHP BHP

Using these results, the efficiency of the pump, 7, is given by

YQhy  (9.789)(0.903)(73.2
> = Bip ( )(793 12— 0816 ~ [52%

2.81. From the given data: Cg = 0.035, Cy = 0.14, Cp = 0.006, Q = 200L/s, and w = 850rpm =
89.01rad/s. For water at 20°C, p = 998.2kg/m?, and v = 9.789 kN/m?® (Appendix B.1).
Using the definition of the flow coefficient given in Equation 2.117,

Q 0.2
%~ 0.035 e 0.035 D = 0.400 m = [400
wD3 ~ (89.01)D° - m

2.82. From the given data: Dy = 400mm, Q; = 200L/s, hy = 24m, P; = 50kW, n; = 85%, and
Dy = 350 mm. It is also implicit in the problem statement that w; = ws.

(a) Assume that viscous and scale effects are negligible. Since both pumps are geometrically
similar and have the same efficiency, Equations 7?7 and 2.116 require that

], =], o e=(B) () a= () wem =[mins
| wD?3 17 wD3 |, 2= D, w1 1=\ 100 a

[ _gh h Dy\’ 2 350') 2

wgpz]lz LﬁDQL —  hy= (Di> (“)2> hy = <400> (1)%(24) =[18.4m |

w1

TP Ja) Do\® [\ ? 350\° 4
R I D P=(22) (22) P=(=) 1)350) =[25.6kW]
_pw3D5]1 [/M3D5]2 B <D1> ( ) ' 400 (17(50)

w1

(b) The efficiency with the 350-mm impeller can be estimated using Equation 2.120 which

gives
1 1
1-— Dy\* 1-— 400\ 4
772:( 1) - 2 —( > — =084

1—-m  \D: 1-085 \350
The efficiency can also be estimated by Equation 2.121 which gives

094—my  (@1\** L, 09— 200
0.94 — 1y Q2 134

0.94 —0.85

0.32
) — 1n2=084
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Based on these results, it is estimated that the pump with the 350-mm diameter impeller
will have an efficiency of approximately . This scale effect in relatively small and

can be characterized as |not significant ‘

2.83. From the given data: wy = wy = 2400 rpm, D7 = 400 mm, Dy = 300 mm, Q; = 500 L/s,
hpr = 89.5 m, and 71 = 85%. Applying the affinity relationships given by Equation2.116
requires that

{(M)%)l)‘g] - [(M)%%)?’] - [(240(?)0(?100)3] B [(24006)2(2300)3] — @2=210L/s

o) i)~ |awioon] = o] > e -s0an

Therefore, the best-efficiency operating point for a 300-mm pump in the given homologous
series is at @ = 210 L/s and h, = 50.3 m. The efficiency at this operating point can be
estimated using Equation 2.120 which gives

1 1
1—7]2 D1 1 1—772 400\ 4
—(2) o == (2R, =084
1—m <D2) 1-0.85 (300) "

The efficiency can also be estimated by Equation 2.121 which gives

0.94 — 1y Q1) %% L, 09— 500
0.94 — m

Q2 — \210

0.94—0.85
Based on these results, it is estimated that the 300-mm pump will have an efficiency some-
where in the range of 82%-84%.

0.32
) — M= 0.82

2.84. From the given data: D = 250 mm, w = 1200rpm = 125.7rad/s, hp, = 8.2m, and Q = 20L/s.
Using the definition of specific speed given by Equation 2.124 yields

ol

wQz  (125.7)(0.020)

- . - =[0.662
(ghp)s [(9:807)(8.2)]4

Uz

For a specific speed of 0.662, Table 2.3 indicates that the pump is likely to be a’ centrifugal pump |.

2.85. The specific speed in SI units is given by Equation 2.124 as

wQ%
(ghp)

and the specific speed in English units is given by Equation 2.125 as

Ng =

1
_ we?

Ny = %
hp
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2.86.

2.87.

2.88.

The unit conversions are as follows:

2
w (rad/s) = %w (rpm) = 0.1047w (rpm)

3.785 x 1073
3/q) —
Q (m*/s) 50

hy (m) = 0.3048h, (ft)

Q@ (gpm) = 6.308 x 107°Q (gpm)

Taking g = 9.81 m/s? gives n, in English units as

0.1047w)(6.308 x 107°Q)2 2
n, — (QA0T)(6308 X 107°Q)% 1150966492 _ ) 000366,
(9.81)%(0.3048h,,) 1 hi

which can also be written as
Ny = 2730n,

Therefore, the constant used to convert the specific speed in SI units to the specific speed in

English units is | 2730 |.

From the given data: ns = 4.2, Q@ = 300L/s = 0.3m?/s, and h, = 10m. The required
rotational speed can be derived from the the specific-speed equation (Equation2.124) as
follows

N[N

WQ% [ghp]

- w=ns 0! :(4.2)W:239rad/s:

According to Table 2.3, since 3.7 < ng < 5.5 the pump is an ’ axial-flow pump ‘

The specific speed ng, flow coefficient, Cg, and head coefficient, C'y, are defined by

1
2 h
ne — wQ23, CQ:%’ _ 9hp
(ghp)t wD

The relationship between ng, Cg, and Cy, can be derived directly from Equation 2.123 which
gives

From the given data: Q = 500L/s = 0.5m3/s, h, = 80m, and w = 1800 rpm = 188.5rad/s.
Application of Equation 2.124 gives the specific speed, ng, as

wQz  (188.5)(0.5)

nS: =

lghp]?  [(9.807)(80)]

elow| WI=

According to Table 2.3, since 0.15 <ny < 1.5 a ‘ centrifugal pump‘ is required.
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2.89. The synchronous speed is given by Equation 2.126 as

3600
No. of pairs of poles

synchronous speed =

The maximum speed occurs when there is 1 pair of poles, which gives a speed of | 3600 rpm |

2.90. From the given data: Q = 100L/s, and h, = 50m. The available specific speeds are: 0.95,
0.81, 0.61, 0.36, and 0.25. For the angular speed wypm, the specific speed, ns, is given by

nS = d = == 3178 X 10_4wrprn

3

(ghp)T  [(9.807)(50)]3

Using this relationship yields the following results,

Wrpm Ng
(rpm) ()
3450  1.096
1725 0.548
1140 0.362

850  0.270

The closest match with the available specific speeds is 0.362, which matches the available
specific speed of . A motor speed of | 1140 rpm | should be specified with this pump.

2.91. From the given data: D = 250 mm, wy = 1200rpm, hg, = 8.2m, hpep = 6.5m, and Qpep =
20L/s.

(a) Apply the parabolic equation at the shutoff and best-efficiency points:
shutoff: 82=a-0b0)? — a=82m
bep: 6.5=a—b(20> — 65=82-5b20% — b=0.0045

Combining the above results gives the following performance curve:

h = 8.2 — 0.00425Q? (1)

(b) Applying the homologous relations given by Equation2.116 with w;/ws = 1200/1800 =
0.6667 yields

2
Q1= “ Q2 = 0.6667Q2, hy = <w1> ho = 0.4444ho
w9 w1

Substituting these relations into Equation 1 yields

0.444hy) = 8.2 — 0.00425(0.6667Q2)> —  hy = 18.45 — 0.00425Q3
2

— | h =18.45 — 0.00425Q?
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2.92. From the given data: ny = 1.2, Q, = 5L/s, hy = 10m, 1, = 5-10, and D, = % From the
gives specific speed,

1 1
ng = MQZ L o1g- w0052 .
[ghp]a [(9.807)(10)]
In accordance with Equation ?? the following similarity requirements are applicable if viscous
effects are to be reproduced in the model,

Qr —1 errQ —1 hr
w, D} ’ Ur ’ w?D?

—  w=167.2rad/s = 1597 rpm

=1

For Reynolds number similarity, and noting that D, = % and 1, = 5-10, gives,

wy = l’;—‘"rz =52 — wy = 125 t0 250 — Wy, = 125(1597) to 250(1597) rpm

— W =11.99 x 10° to 3.99 x 10° rpm

For flow rate similarity, and using the requirement for Reynolds similarity,

Uy

Qr = w, D3 = () D} =u.D, = .

- Qu=[Fw L

For head similarity, and using the requirement for Reynolds similarity,

= Qr=1%t02— Qu=1(5) to 2(5) L/s

2

2
hy = w?D? = (g;) D? = % = 522 < hy = 125 or 250 — hy, = 125(10) to 250(10) m
T r

— By = 1250 to 2500 m |

These model requirements are clearly unrealistic. In reality, Reynolds similarity is usually not
required as long as fully turbulent flow is maintained in both the model and the prototype.

2.93. From the given data: Q = 10L/s = 0.01m3/s, p; = —20kPa, po = 100kPa, Az = 0.83m,
D = 150 mm, and Dy = 75mm. For water at 10°C, p = 999.7kg/m? and v = 9.784 kN /m?3.
The following preliminary calculations are useful,

mD?  7(0.15)2 _ Q 0.02
A =—L= =1.767 x 1072 m? Vi=-%=————— =0.5659
' T2y T 2(9.807) o P4 T 1767 X 1072 m/s
D3 .075)? .02
Ay = TP2 OO e 100 m2, = 2 0.0 =2.264m /s

29 2(9.807) T A 4418x 103
Using the given and derived data, the head, hp, added by the pump is given by the energy

equation as
V2 V2
o-eal-[o-
Y2 Y29

hy

100 2.2642 —20  0.56592
= — 0.83] — — =[13.3m]|
[9.784 2(9.807) + ] {9.784 2(9.807) [133m]
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2.94. From the given data: Az = 0.38m. Corresponding values of ), Ap = ps — p1, and P are
given in tabulated form. For water at 20°C, v = 9.79 kN /m?>.

(a) Using the given data, h, and n are derived using the following relationships (derived
from the energy equation and definition of efficiency, respectively):

Ap YQhp
h = — A = —
p 5 + Az, ] D

Using these equations yields the following tabulated data:
Q (L/s) | 1.26 | 2.52 | 3.79 | 5.05 | 6.31 | 7.57 | 8.83
hy (m) | 689|682 |67.1|64.6 | 610 |57.3|512
n(%) | 24 | 40 | 50 | 57 | 60 | 59 | 57

Plotting these data gives the following performance graph:

75 70
= 70— e S RerT 60 =
= < —
=65 \ 50 5
® 60— ~ 40 8
T 5s \\ 30 &

5oL 20

1 3 5 7 9
Flow rate, Q (L/s)

Figure 2.7: Performance curves.

(b) From the transformed data (tabulated above) the maximum efficiency is and the

corresponding flow rate is | 7.57 L/s |.

2.95. From the given data: D = 300mm = 0.3m, Az =1.5m+2m = 3.5m, and L = 300m. For
water at 20°C, v = 1.00 x 10~°m?/s. The following preliminary calculations are useful:

D? 0.32 VD QD Q(0.3)
A=n— =7-—"— =0.07069 m? Re = = = = 4.244 x 10°
3T e ReE T T A T (1079)(0.07069) < 10°¢
The energy equation requires that
Lv? _ 300 Q? B 4 2

The friction factor, f, can be approximated by the Swamee-Jain equation (smooth pipe,
ks =~ 0)

5.74

O, (5T 5.74 L p = otom (— 9\
7F = 0810 | poom | = ~2logio (4.244 x 10°Q)09 ~ 79810 5292 % 10-6
(2)
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2.96.

Combining Equations (1) and (2) gives the system curve as

4 Q"? - 2
hp = 3.5+ 1.020 x 10 [2 logg (6222><10—6>] Q (3)
The pump curve is given as
hy, =6 —6.67x107°(Q x 10 — h, =6 —66.7Q* (4)
where @ is in m3/s. Solving Equations (3) and (4) simultaneously gives
Q=0.111m3/s = 111L/s

Since the flow rate (111 L/s) is not within 10% of the desired flow rate of 150 L /s, the suggested

From the given data: D = 100 mm = 0.1 m. At 20°C, v = 1 x 10 m?/s. Using these data:

A= %DQ = %(0.1)2 = 0.00785 m?
Q
=== =127
A 0.00785 @
VD  (127Q)(0.1) 7
Re = =TI 10° =127x10'Q
5.74 5.74 —6—0.9
= =2.32x10 |
RO~ (1.27 x 107Q)09 x107°Q
0.25 0.25
f= z = —6()—0.912 (1)
5.74 [log (2.32 x 10-6Q—09)]
log Ro09
The energy equation to be satisfied is given by:
L @Q? 100 Q?
h = — — = 9 _
= (2= 2) H 55 7 = 9 15T 598 0.0075)2
which simplifies to
hp =9+ 8.27 x 10° fQ? (2)
Combining Equations 1 and 2 yields the following system equation
2.07 x 10°Q?
hy =

[log (2.32 x 10-6Q—0-9))?

This curve can be plotted on the pump performance curve using the following points:

Q hp

(L/min) ~ (m?/s)  (m)
200 0.00333  9.20
400 0.00667  9.68

600 0.01 10.41
800 0.0133  11.36
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The system curve intersects the pump performance curve at @ = |600 L/min | and the corre-

sponding efficiency is approximately . Since the maximum pump efficiency is approxi-
mately 59%, the pump will be not be operating at its maximum efficiency and so this pump
is | not optimal |.

2.97. From the given data: Az = 10 m, D = 200 mm = 0.200 m, A = 7D?/4 = 0.0314 m?, L =
2 km = 2000 m, and Ky, = 6.2. For DIP, ks = 0.26 mm. Assuming fully-turbulent flow, f is
given by the Colebrook equation as

1 ko/D

—T = —2log( 57 )
1 0.26/200

N < 3.7 )

which yields f = 0.021.

(a) The energy equation gives

2
0—<fL+Km>+hp:Az

D 29 A2
(0.021)(2000) 0?
- (0-200 * 6'2> 2(9.81)(0.0314)2

+h, =10

which simplifies to
hp = 10 4 11176Q*

where @ is in m3/s. If Q is in L/s, then the energy equation becomes

Q 2
hp = 10 + 11176 <103> (1)

Solving iteratively with the pump characteristics is shown in the following table,

Q (L/s)  hp (m) hp (m)
(Equation1) (Table 15.3)

10 11.1 23.2
20 14.5 20.8
30 20.1 17.0
26.7 18.0 18.2
26.9 18.1 18.2
27.0 18.1 18.1

Therefore, the flow rate delivered by the pump is |27.0 L/s|.

(b) For the given pump data, the efficiency, 7, of the pump is 69.2%, h, = 18.1 m, Q =
27.0 L/s = 0.027 m3/s, hence the power required from the pump motor is given by

h 9.79)(0.027)(18.1

n
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2.98. The system curve is given by

L V2 L V2
0— f—V—Jrh =61 — hy, —61+f5‘2/— (1)

For DIP it can be assumed that ks = 0.12 mm, and for the system:
A=2D” = 1169m?

% = 1.711m/s

v=1x10"% m?/s

VD  (1.169)(1.220)
v  1x10-6

2
f= 025 =0.0128

5 2
oz (5 + )
Substituting the above results into Equation 1 gives

3200 (1.711)2

V:

Re = = 2.087 x 10°

hp =614 0.0128—— =61+5.01 =66.01m

1.22 2(9.81)
power delivered to water = yQh, = (9.79)(2)(66.01) = 1292 kW
1292
power consumed by pump = 088 = 1520 kW

energy consumed in 8 h = 1520 x 8 = 12160 kWh
cost of electricity = 12160 x 0.06 = $730 per day

When the system is operating in power-generation (turbine) mode,

ht =61 —5.01 = 55.99m
power extracted from water = yQhy = (9.79)(2)(55.99) = 1096 kW
power delivered as electricity = 0.90(1096) = 986 kW
energy delivered in 8 h = 986 x 8 = 7888 kWh
revenue from sale of electricity = 7888 x 0.12 = $947perday

Based on these results, the profit is $947 — $730 = $217/day = | $79,200/year

When the elevation difference is 65 m and h, = 80 — 3.5Q)?, then the combination of the
pump curve and system curve gives

L @ 2
fD2A2+80 3.5Q% = 6bm
and for fully turbulent flow,
0.25 0.25
f= = 5 = 0.0119

oz (5%)1" 1oz (5021
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Substituting into the pump/system curve equation gives

3200 Q2

~(0.0119) 0 2(9.81)(1.169)2

+ 80 — 3.5Q% = 65

which yields

Q =3.20m3/s
hp = 80 — 3.5Q% = 80 — 3.5(3.20)? = 44.16 m
hy =11.92m
hi = 65— 11.92 = 53.08m
YQhy

cost of electricity = 8 x x 0.06 = $781 per day

0.85
revenue = yQhs x 0.9 x 8 x 0.12 = $1437 per day

Based on these results, the profit is $1437 — $781 = $656/day = ’ $239,440 /year ‘

2.99. From the given data: L = 300m, ks = 0.26mm, D = 800mm, A = 7D?/4 = 7(0.8)?/4 =
0.503m?, ks/D = 0.26/800 = 0.000325, T = 20°C, p = 998.2kg/m3, v = 9.789 kN-m3,

p = 1.002 x 1073 N-s/m?, 2y = —5m, zp = 0.5m, 22 = 4m, and pump performance curve
given by
hp =12 — 0.1Q?
The energy equation between well and reservoir
L @Q?
hy=9+h=9 —
P + * fD 2gA2
For fully turbulent flow, and ks/D = 0.000325, then f = 0.015 and the head loss equation
becomes )
300
hp =9+ 001550 ___ @ g, 1.13Q*

0.8 2(9.81)(0.503)2
Combining the energy equation with the pump equation gives
9+1.13Q*=12-0.1Q* — Q=1.56m>/s
Check the assumption of f = 0.015,

_ p(Q/A)D _ (998.2)(1.56/0.503)(0.8) — 247 % 10°

R
¢ 0 1.002 x 10-3

The Swamee-Jain equation confirms that f = 0.015 and therefore |Q = 1.56m3/s|.

specific speed, NN, is given by
1
w@Q?
Ny = —5—
hp

where

The

(1)

= 1.56 m3/s = 24,727 gpm, hy, =12—0.1(1.56)? = 11.8 m = 38.6 ft, w = 1200 rpm
P
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Substituting into Equation (1) gives

1

(38.6)1

Therefore the type of pump required is an ‘ axial flow pump ‘

2.100. From the given data: @ = 1500L/s, hy = 2.3m, and NPSHg = 2.9m. Under standard
sea-level atmospheric conditions, pg = 101.3kPa. For water at 25°C, p, = 3.167kPa and
v = 9.778kN/m? (from Appendix B.1). Substituting these data into Equation 2.133 gives

_Po—Dv 101.3 — 3.167

Zmax = —hg—NPSHR:W—ZB—Z.Q:
Y .

2.101. From the given data: @ = 20L/s = 0.02m3/s, D = 150mm, ks = 0.3mm, K = 12,
and NPSHg = 5.5m. For water at 20°C, v = 9.79kN/m3, v = 1.00 x 10~%m?/s, and
py = 2.337kPa. Under standard atmospheric conditions, patm = 101.3kPa. The following
preliminary calculations are useful:

mD?  7(0.15) Q 0.02

_ — -2 2 = - =
A== == L0t V= = e o 2w/
V2 1.1322 ks 0.3
he =~ = 22— 0.06531 m, B 2 0.002
29— 2(9.807) o D~ 150
VD (1.132)(0.15 ke
Re = _( )(0.15) _ 1.698 x 10°,  f = fcr (Re, D> = 0.0245

v 1.00x 1076
where fcor denotes the friction factor given by the Colebrook equation.

(a) When the available net positive suction head is equal to the required net positive suction
head, Equation 2.131 gives

fAz

NPSHg = 2% —Az—p, - 20 NPSHR:p‘“m—Az—[ +K}hv—pv
v y v v

Substituting the given and derived parameters yields

101. .0245)A 2.
5.5:%—&— [(000155)Z+12] (0.06531)—% —  Az=[3.78m]

(b) If K=1.2, then

101.3 0.0245)A 2.337
55 =g — Az [(015)2 + 1.2} (0.06531) = - = Az=

Therefore, by reducing the local head loss coefficient to 1.2 the pump can be places

4.48 — 3.78 = higher.
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2.102. From the given data: D = 225mm, w; = 1725rpm, Q = 50L/s, ps = 80kPa, V5 = 5m/s,
wy = 1140 rpm, and Dy = 675 mm. For water at 80°C, v = 9.530kN/m3, and p, = 47.367 kPa
(from Appendix B.1).

(a) Using the definition of NPSH given by Equation 2.130 gives

ps—py V2 80— 47.367 52
NPSH = S = =[4.70m |
~ 29 0530 2(9.807) [4.70m]

(b) Using the NPSH scaling relationship given by Equation 2.134 gives
(NPSH) (NPSH) 4.70 NPSH,
= = NPSH,; =|18.5
{ G2D2 |, | WD |, (1725)2(225)F | (1140)2(675)% 2

2.103. From the given data: Az =3m+ 19.3m = 22.3m, L = 100m, D = 50mm = 0.05m, A =
7/4D? = 0.00196 m?, and @ = 370 L /min = 0.00617 m3/s. For galvanized iron, ks = 0.15 mm.
Taking @ = 370L/min as the operating point gives V = Q/A = 3.15m/s, Re = VD/v =
1.58 x 10° (where v = 107%m? /s at 20°C) and

b [k 251 T015 251
VT T BID T ReyT T T8 37(50) T 158 x 105/T

which gives f = 0.0270. The energy equation for the system is given by

fL Q* Q*
— |+ 1. =A
0 [D+829A2+hp z+29A2
(0.0270)(100) Q> Q?
0— |——"—2+1.8 h, = 22.3
[ 0.05 * 2(9.81)(0.001962) i * 2(9.81)(0.001962)

which simplifies to
hp = 22.3 4+ 7.54 x 10°Q?

This equation is appropriate for hj in meters and @ in m?/s. For hp in ft and @ in gpm, the
system equation becomes

h
<3 2%1) =223+ 754 x 10°(Q x 6.309 x 107°)* = Ay = 73.2 4 0.00985Q"

Plotting the system curve on the pump performance curve indicates that will
be required, with a maximum flow rate of around 112 gpm = 424 L /min. The next smaller
pump size of 6.5-inch will yield a maximum flow of around 95gpm = 360 L/min, which is
slightly less than the minimum requirement of 370 L /min.

Under the pump operating conditions, NPSHgr = 15ft = 4.57m, p, = 2.34kPa (at 20°C),
po = 101kPa, v = 9.79kPa, Q = 424 L/min = 0.00707m3/s, V = Q/A = 3.61m/s, and the
NPSH requirement is that

A 2
NPSHy = 20— pn, - I85V7 By
v

D 29 ~
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101 0.0270Az; 3.612 2.34
457 = — — Azy — _
- 0.05  2(9.81)  9.79

9.79

which gives Azgs = 4.05 m. Since the water is 3 m below ground and the pump must be placed
4.05m above the water, the pump must be placed a maximum of 4.05m — 3m =
above ground.

2.104. The following points are derived from the performance curve of the 6.5-in. (165-mm) pump
in Figure 2.64:

Q(gpm) | 0 | 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120 | 130
hy (ft) | 182 | 184 | 184 | 182 | 180 | 178 | 176 | 172 | 168 | 160 | 156 | 148 | 140 | 126
n(%) | - | - | 25| 35 | 42 | 475| 52 | 55 | 57 | 575 | 58 | 57.5 | 56 | 53

The above points correspond to a rotational speed of 3500 rpm.

(a) Using the affinity laws, the following conversions are applied to adjust for the change in
rotational speed to 2500 rpm:

2
w w

hpa = <2) hpt, Q2 = <2> Q1
w1 w1

Taking wo /w1 = 2500/3500 = 0.7143 and applying the unit conversions (1 gpm =
0.06309 L/s, 1 ft = 0.3048 m) gives the following points on the performance curve

of the modified pump:

Q(L/s) | 0 | 0451 | 0.901 | 1.35 | 1.80 | 2.25 | 2.70 | 3.15 | 3.61 | 4.06 | 4.51 | 4.96 | 5.41 | 5.86
hy (m) | 28.3 | 28.6 | 28.6 | 283 | 28.0 | 27.7 | 27.4 | 26.7 | 26.1 | 24.9 | 24.3 | 23.0 | 21.8 | 19.6
n%) | - | - | 25 | 3 | 42 | 475 | 52 | 55 | 57 |575| 58 | 575 | 56 | 53

This performance curve is plotted in Figure 2.8.

0T 60
\\’.,' '~..' -
< 25 50 &
~— “’ Q
< 20 AN 40 3
© . [
© K [}
(&) D ‘O
T 15f 30 &
K [WH]

10 20

0 1 2 3 4 5 6
Flow rate, Q (L/s)

Figure 2.8: Performance curve of modified pump.

(b) It is apparent from the points on the performance curve derived in Part (a) that at the

best efficiency point the efficiency is , the flow rate is [4.51 L/s|, and the head
added is .
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(c) At the BEP of the existing pump: w = 3500rpm = 366.5rad/s, @ = 100gpm =
6.31 x 1073 m3/s, and hy, = 156 ft = 47.5m. Using these values the specific speed, ns, is
given by Equation 2.124 as

wQ?  (366.5)(6.31 x 1073)3
s = 3 = 3 == 029
' lghp] [(9.807)(47.5)] %

At the BEP of the modified pump: w = 2500 rpm = 261.8rad/s, Q = 4.51 x 1073 m3/s,
and hp = 24.3m. The specific speed is given by

wQ3  (261.8)(4.51 x 1073)3
' lghp] [(9.807)(24.3)] 4

As expected, both the existing and modified pumps have the same specific speed, since
they are from the same homologous series. According to Table 2.3, since 0.15 < ng < 1.5,
the pump is most likely a ‘ centrifugal pump ‘

2.105. From the given data: Az =2m, L =3m, D = 150mm, A = 71D?/4 = 1.767 x 1072 m?, k, =
0.25mm, K = 50, NPSHR = 4m, and pam = 101.3kPa. For water at 25°C, v = 9.778 kN /m3,
v =8.927 x 107" m?/s, and p, = 3.167kPa (from Appendix B.1). The following preliminary
calculations are useful,

ks 025 _3 Q. Q
D~ 0~ LOOTX 10 V@Q=4= 757107
Re(Q) = VIQD _ V(Q)(0.150) f(Q) = fce(Re(Q),1.667 x 1073)

v 8.927 x10-T7’

The the energy equation and the NPSH requirement are stated as follows,

fL] @* ps V2
— K+ = — By s 1
: [ "Dl T Ty W
2
NPSH, = 25 1 Vo _ By (2)
v 29 v

Combining Equations 1 and 2 with the requirement that NPSHr = NPSH, yields the follow-
ing equation for the maximum allowable flow rate, Q*,

_ fL] Q% py
NPSHg = Az [K + 5 s - 2
F(Q")(3) Q*? 3.167 — 101.3
4=2— |50 _
- [ TT015 | 2(9.807) (1767 x 10-2)? 9.778

— Q" =00312m3/s =

2.106. The system curve is derived from the energy equation:
V2 &

- —hiet+h,— — =1 1
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where the V?/2g terms account for the entrance and exit losses. The head loss, ht, is given
by the Darcy-Weisbach equation as
Lv?

hfIfBE—f

Lo
D 2gA?

The energy equation can therefore be written as

QQ
2gA2

L
h, =1 2 —
p= 10+ [24 5]

For ductile iron, ks = 0.26 mm, therefore ks/D = 0.26/100 = 0.0026. Assuming the pipe is
hydraulically rough,

1 ke/D 0.0026
! — —2log |~ | = 6.306 = 0.0251
JT Og{ 3.7} Og[ 3.7 ] =

For the pipeline, L = 104m, D = 0.100mm, A = 7D?/4 = 0.00785m?, and therefore the
system curve given by Equation (1) becomes

Q2
2gA2

L
hy = 10+ [2 + fD] =10+ [2 +(0.0251) —  hy = 10+23250Q°

0.1 | 2(9.81)(0.00785)2

104] Q?
This equation is for @ in m3/s. For Q in L/s, the system equation becomes
hp = 10 4 0.0233Q*

Solving the system curve and the pump curve yields

10 +0.0233Q* =15 - 0.1Q* — |Q =6.37L/s

which leads to hp, = 10.9m. Under this operating condition, the (given) required net positive
suction head, NPSHg, is 1.5 m. Putting NPSHr = NPSH requires that

15=L0 Ay —p - 2)
v v

In this case, pp = 101 kPa, v = 9.79kN/m?, p, = 2.34kPa (at 20°C), and

L 2
o= |1+ 73] g0

where L = Az + 1, f = 0.0251, D = 0.1m, Q = 0.00637m3 /s, A = 0.00785m?, which gives

hy = |14 0.0251

A 1 0.006372
(Az + )] —  hy = 0.0420 4 0.00843Az,  (3)

0.1 | 2(9.81)(0.00785)2

Combining Equations (2) to (3) gives
101 2.34
o= 0 s 00— ommsia, - 2
5 979 zs — 0.0420 — 0.00843A % o9 zs = 8.40m
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2.107. From the given data: Ly = 8m, Ly = 50m, D = 100mm, A = 7D?/4 = 7.854 x 1073 m?,
ks = 0.5mm, NPSHA = 2.8m, Quin = 6L/s = 0.006m3/s, 2, = 0.8m, and z, = 2m.
Assuming that the flow is fully turbulent, the friction factor, f, can be calculated as follows:

1 ks/D 0.5/100
— =21 =21 = (0.03037
77257 ) = 2ee (B77) o
The system (energy) equation for the irrigation system is determined as follows:
Li+ Ly Q? Q*
— =9 v
0—-f o) 2gA2+hp +Z+29A2
8 +50 Q? Q?
0 — 0.03037 hp, =2
0.1 2(9.807)(7.854 x 10-3)2 ™ = 2T A g RoT) (7,854 x 10-3)?
—  hp =2+ 2+ 15386Q> (1)

where hp, is in m, and @ is in m?/s. Putting the pump performance curve in a form having
the same units gives:

hpy =40 —0.9(10° x Q)  —  hp =40 — 9 x 10°Q? (2)
(a) Solving Equations (1) and (2) for Q = 0.006 m3/s gives

2+ 24 15386Q% =40 —9 x 10°Q* — 2+ 2+ 15386(0.006) = 40 — 9 x 10°(0.006)?

— z=25.00m

Therefore, the system delivers @) > 6 L/s when .

(b) For water at 20°C, take psyp = 2.34kPa and v = 9.789 kN-m?. Under limiting cavitation
conditions, when z = z*,

Patm — Psvp Ll Q2
NPSH, = =2 5 o =
SHa v - D 2gA?
101.3 — 2.34 8 Q?
28=—— """ _(2*4+0.8) — 0.03037—
9.789 (27 +08) 0.1 2(9.807)(7.854 x 10-3)2
—  2*=19.31 —2008Q? (3)

Combining Equations (1) and (2) (eliminating hj,) gives the following condition at the
operating point:
z =38 —9.154 x 10°Q? (4)

Solving Equations (3) and (4) for z = z* gives @ = 0.0056m?/s and z = z* = 9.25m.
For Q@ > 6L/s, z < z* and ’ cavitation will not be a problem ‘

2.108. From the given data: L = 30m, D = 0.15m, A = 7D?/4 = 7(.15)2/4 = 0.01767m?, and
specific speed = 3000.
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(a)

Energy equation:

Q2

L
ZA+hp:ZF+(fD+KA+KB+KC+KD+KE+KF>M

For PVC pipe, ks =~ 0, and the friction factor is a function of the (unknown) Reynolds
number according to the relation

1 91 ( 2.51 > (1)
— = 2log |
VI Rey/f’
Substituting known values into the energy equation gives
0+ hp, =10+ fﬂ+1+09+02+09+09+1 Q”
b 0.15 ' ’ ' ’ 2(9.81)(0.01767)2

— | hp = 10 + 163.2Q%*(4.9 + 200f)

The pump performance curve is given by
hp = 20 — 4713Q?
Simultaneous solution of the energy equation and the pump performance curve gives

10 ‘
10 + 163.20Q%(4.9 + 2 =20 — 4713Q* ~\/ 5513 + 32640 F 2
0+163.2Q°(4.9+200f) = 20 —4713Q° — @ \/5513+32640f @

This equation must be solved simultaneously with the friction factor equation, Equa-
tion (1), where Re is given by

Re — pQD _ (998.2)(Q)(0.15) — 8.46 x 1050

Ap— (0.01767)(1.002 x 10-3)

which combined with Equation (2) gives

Re = 2.68 x 107(5513 + 32640f) 2 (3)

Substituting Equation (3) into Equation (1) gives the following implicit equation for f,

1 g [5513 4 32640f
— =-2log |9.37Tx 1078 [/~ | — f=0.014
Jp = 2w s oy [P0

from which Equation (2) gives

— 3, _9_ 0.0409
Q =0.0409m”/s| and V = A= 001767 — 2.31m/s

The available net positive suction head, NPSH 4, is given by

Do py 101 2.34
NPSHy =— - Azg—hy——=——-3-0——-=17.08

AT TR T T T 9.79 o
Since the required net positive suction head, NPSHy at the pump operating point is
given (by the pump manufacturer) as 3.0 m, and NPSH (= 7.08 m) > NPSHgi (= 3.0m),

cavitation is not expected to occur in the pump.
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2.109.

(d) According to the affinity laws,

w1 800
=y = 20y =05
Q1 o Q2 1600Q2 Q2
and ) )
800
hpt = -4 hps = 0.25hy;

~ w2 P 16002

Using the affinity relations in the pump performance curve gives

0.25hp = 20 — 4713(0.5Q2)> — | hpa = 80 — 4713Q3

(a) From the given data: D = 6 cm = 0.06 m, L = 107 m, ks = 0.01 mm, z; = 10.00 m,
2z = 15.00 m, and Az = z0 — z; = 15.00 m — 10.00 m = 5.00 m. The system curve is
given by

fL @
h, =A — 1
p zZ+ D 2gA2 (1)
where . .
A= ZD2 = Z(0.06)2 = 0.002827 m? (2)
and the Swamee-Jain formula gives
0.25
/= k s.74 )12 )
o8 (0 + )
where VD QD
Re=—""="7 )
Taking v = 1.00 x 107% m?/s (at 20°C) and combining Equations 2 to 4 yields
0.25
f= 3
[log (3%(0610) + Q><5OZ): 09 )]
(0.002827><1.00><10_6)
which simplifies to
0.25
f= (5)

[log (4.505 x 105 + 1.461 x 10-6Q—0-9))?
Combining Equations 1 and 5, and substituting other known data yields

0.25 107 Q?
hp =5+ 5 5
[log (4.505 x 105 4 1.461 x 10~6Q—09))* 0.06 2(9.81)(0.002827)

which simplifies to

2.84 x 10Q?
hp =5+ Ll 2 (6)
[log (4.505 x 10~ 4 1.461 x 10-6Q—0-9)]

These system curve is plotted on the pump curve in Figure 2.9 using the following
tabulated values derived from Equation 6:
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Model 3656 / Size (Tamafio) 2 x 2-5 NOTE: Not recommended for operation beyond printed
RPM 3450 Curve. (Cunva) CN3AGROC :gl:ixz se recormenda para funaonantento superior af
mg;gg ;F[EST IMP DWG No. 119-86 impreso en la curva HQ

SO%EE gy S NPSSI;R—FEH(HES)
X '

60

TCTAL DYNAMIC HEAD (CARGA DINAMICA TOTAL)
=
T

0 20 40 60 80 100 © o0 140 160 U.S. GPM 180
1

L
0 10 20 30 mhr A0
CAPACITY (CAPACIDAD)

Figure 2.9: System Curve on Pump Curve.

Q Q hp
(gpm) (m’/s)  (m) (ft)
0 0 5.00 16.4

20  0.001262 544 179
40  0.002524 6.53 214
60  0.003785 8.18 26.9
80  0.005047 10.38 34.1
100  0.006309 13.11 43.0
120 0.007571 16.35 53.7

The intersection of the system curve with the pump curve indicates that pump
should be used. This yields an operating point of @ = 390 L/min (= 103 gpm) which is
slightly greater than the desired flow rate of 380 L/min. The maximum flow rate can be
throttled down with a valve. The head added by the pump, Ay, at the operating point
is 13.6 m (= 44.5 ft).

(b) The efficiency, 1, of the pump at the operating point is approximately 64%, and hence
the power, P, of the required motor is given by

h _ 103 13.
o 7?7 b _ (9.79)(390 ><O 604 [60)(13.6) _ 1oy (= 1.8 HP)

(¢) The available net positive suction head, NPSHy4, can be estimated by (neglecting pipe-
entrance losses)

2
NPSHA:@— ZS_hL_m:m_(1+fV)AZS_m (7)
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2.110.

2.111.

From the pump curve at the operating point, NPSH, = 6.5 ft = 1.98 m, pg = 101 kPa,
v = 9.79 kN/m?, p, = 2.34 kPa (at 20°C), Q = 390 L/min = 0.00650 m?3/s, D = 0.06 m,
A =0.002827 m?, V = Q/A = 2.30 m/s, and Equation 5 gives f = 0.0178. Substituting
these data into Equation 7 gives

L 08 101 N 0.0178 2.302 2.34
. = — — Zg — ———=
9.79 0.06 2(9.81) *9.79

which yields Azs; = 7.50 m. Therefore, the pump can be placed up to above
the pond.

If Hy, is the head added by the pump system, and @ is the flow through the system, then for
n pumps in series

H
=2 —30-0.05Q%
n

or

H, = 30n — 0.05nQ?

2
H, =30 — 0.05 <Q)
n

For n pumps in parallel,

or

0.05

The flow rate is given by the simultaneous solution of the system curve and the pump curve,
hence
15 4 0.03Q? = 20 — 0.08Q?

The pump curve for two identical pumps in series is given by

H
7" =20 — 0.08Q?

which gives

or

H, = 40 — 0.16Q* (1)

Solving Equation 1 with the system curve gives

15 4 0.03Q? = 40 — 0.16Q?

The pump curve for two identical pumps in parallel is given by

2
H, =20 —0.08 <Q>

which leads to

2
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or
H, = 20 — 0.02Q* (2)

Solving Equation 2 with the system curve gives

15 + 0.03Q% = 40 — 0.02Q?

2.112. From the given data: Q = 1000L/s, h, = 9m, Py = 35kW, n = 0.62, and ny = 1.5. Assume
v = 9.789 kN/m3.

which leads to

(a) From the definition of overall pump efficiency, the flow rate through each pump can be
estimated using the relation

LR g 0820)
YCQp (9.789)Qp

Therefore, the number of pump units required is given by

1000
number of pumps = 632 =516 - 4.06 ~
P
(b) Since the specific speed, ng, of the pump is 1.5, the motor speed can be estimated as

follows:

hyp Qp =0.246m3/s = 246 L /s

1

1
3 0.246)2
ng = [“Q2 L oqpo w0246 87.09rad/s = [832rpm

ghy) ~[(9.807)(9)]

This could be rounded to the nearest rated speed of available motors.

N

2.113. From the given data: N =9, By = 40kW, h, = 35m, and n = 0.60. For water at 20°C,
v = 9.789 kN/m3. Using these data gives the flow from each pump unit,

Qb (9T9)Q()

_ -2 3
iz 10 Q =17.005x 107" m?>/s

For all 9 units,

Qiotal = NQ = (9)(7.005 x 107%) =|0.630m?/s

2.114. From the given data: D = 250 mm, ks = 0.1 mm, L = 5000 m, and Az = 70 m. Find the
system curve with @ in L/s:

0.25 0.25
f= = = 0.01589

[logm (316%)] |:10g10 <%)i|
A="p?= %(0.250)2 = 0.04909 m?

1
L Q? 5000 (@ x 1073)2
hy = Az + f=—% =70+ (0.01589
p AT o ae + ) 0,250 2(9.81)(0.04909)2

=70 + 0.006722Q>

The points on the system curve are as follows:
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Q (L/s) 10 20 30 40 50 60 70
hy, (m) 70.7 727 76.0 80.8 86.8 94.2 102.9

(a) Plotting the system curve on the given pump performance curves shows that the ‘ 225 mm pump

will have an operating point with a flow that is closest to (but greater than) the desired
pumping rate. The desired flow rate can then be obtained by installing a (partially
closed) valve in the pipeline system.

(b) Reading directly from the performance curve of the 225-mm pump, the efficiency at an
operating flow of 35 L/s with the 225 mm pump is .

(c¢) For a flow of 35 L/s through the 225-mm pump, the given performance characteristics
indicate that (approximately) NPSH, = 5.0 m. Neglecting friction and entrance losses
in the suction pipe and taking po = 101 kPa, p, = 2.34 kPa, and v = 9.79 kN/m? gives

NPSH, = 22 _ A, - P¥
v v

oy 101 — 2.34
Az, = <p“p> — NPSH, = (03) _50=51m
y 9.79

Therefore, the pump should be no more than above the water surface in the

river.
(d) For 2-225 mm pumps (approximately):
Q (L/s) 60 88
hy, (m) 100 80

Intersection with system curve = 65 L/s

For 3-225 mm pumps (approximately):

Q (L/s) 60 90 132
h, (m) 105 100 80

Intersection with system curve = 77 L/s

Based on the above results will be needed to provide a flow rate of (at least)
70 L/s.

2.115. From the given data: D = 600 mm, ks = 0.26 mm (for DIP), and pg = 350 kPa. It will be
assumed that v = 1076 m?/s (QT = 20°C). The flow area and relative roughness are given

by
A= %D2 = 2(0.600)2 = 0.2827 m?
ks 0.26
2= =y 107*
D= 600 33 x 10

For a flow of 200 L/s, the following variables can be calculated:

Q@ 0200
V= A= 02807 =0.7074m/s
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VD (0.7074)(0.600)

_ _ _ 5
Re = = 10-6 =4.24 x 10
0.25 0.25
f= s = 5 = 0.0175
[10 < ks N 5.74 >] log (433X 1074 N 5.74
5\37D " RO & 3.7 (4.24 x 105)09

L V2 2000 0.70742

he = f= 2 = (0.0175)— —1.47
1=/ p2y = )5.:600 2(9.81) o

Applying the energy equation between A and B gives

v2
oA+ hy—he =12 4 2B 4oy
29
350  0.70742
20+4+h, —147= "4+ —_—"—"—"—""_ 13
i 979 " 2(9.81) +

which yields h, = 20.2 m. For a flow of 400 L/s, similar calculations yield V' = 1.415 m/s,

Re = 8.49 x 10°, f = 0.0169, hy = 5.70 m, and the energy equation gives

350
20+ hp —5.70 = 0 + 3

which yields h, = 24.4 m. Hence, when one pump is operating a delivering 200 L/s the
desirable head added is [20.2 m |, and when two pumps are operating and delivering 400 L /s

(each pump delivering 200 L/s) the desirable head added is [24.4 m].

Selection of the pump model must be based on each pump having an operating point of
(200 L/s, 22.4 m), with some throttling of the flow necessary when 200 L/s is being delivered.

Using the given pump curve,

hp = (0.293D — 24.3) — 5.72 x 1074Q?
22.4 = (0.293D — 24.3) — 5.72 x 10~4(200)?

which yields D = 237 mm. Therefore, the pump model with an impeller diameter of

should be selected.

2.116. From the given data: L = 20 km = 20000 m, D = 1120 mm = 1.120 m, ks = 0.05 mm, 24
=z2p=5m, hy=2m, zc = 15m, Q = 48000 m3/d = 0.556 m?3/s, and pc = 448 kPa. At

T =20°C,v=1x10"%m?/s and v = 9.79 kN/m3.

(a) Using the given data,

A= %DQ = %(1.120)2 = 0.9852m?
O  0.556
A~ Dospy  -D04m/s
VD (0.564)(1.120) 5
Re=— e = 6317 x 10
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ks 0.05

= T = 4464 x 1070
D~ 1120 64 >10
0.25 0.25
/= h/D 7 = 5 = 0.01333
s 5. 74 4.464x10-5 5.74
[IOg ( + Re’ )] [log ( 3.X7 + (6. 317><10~’)09>}
L 2 2 42
f*v— (0.01333) ——~ 0000 0564 _ 5 g58m

1.120 2(9.81)
The system curve derived from the energy equation as follows:

%+2A+hp*hf:pfc+20
Y Y

448
2 hy =—+1
+ 5+ hp —3.858 979+ 5

which yields h, = 57.62 m. For N pumps in parallel the pump-system performance is

given by
s(QY
h, =65—7.6x10"°( =

[7.6 x 108 [7.6 x 108
N=y/—Q=1/———=(48000) = 4.87 = 5
65 — hyp @ 65 — 57.62 ( )
Hence are needed to deliver the required flow at the required pressure.

To determine the actual operating point, the system curve must be expressed in terms
of the flow Q). Assuming fully turbulent flow,

which gives

0.25 0.25
f= = 5 = 0.01033
e (S s ()]
L @Q? 20000 Q? 9
= —_—— = . 1 — J.
e =1poga2 (0.01033) 735 5(9.81)(0.0852)2 686Q
The system curve is derived from the energy equation as follows:
f-i-ZA-f-h — hy = f—l-Zc
Y Y
448
245+ hy —9.686Q% = —~ + 15
ot =g
which simplifies to
hy = 53.76 + 9.686Q°
This equation is for Q in m3/s. For Q in m3/d,
Q 2
hp = = 53. 1.298 x 1079Q? 1
P 5376+9686<864OO> 53.76 +1.298 x 107°Q (1)
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For 5 pumps, the performance curve of the pump system is given by

2
hp =65 — 7.6 x 107° (g) = 65— 3.04 x 1077Q?

Combining Equations 1 and 2 gives

65 — 3.04 x 107%Q? = 53.76 + 1.298 x 1079Q?

which yields | 50,900 m3/d|.

2.117. (a) The energy equation between the supply reservoir and any delivery location, X, is given

by
Lap V2 Lpx V3 V3
_JaslasVip g JexDexVex _px | Vx|
Dagp 29 Dpx 29 vy 29

which can be conveniently written as

3

L 2 L 2 2
hy = M%_?)M[M% px | V¥

- +2&x
Dap 29 Dpx 29 v 2

(1)

where the first term in brackets on the right-hand side is the same for both pipe desti-

nations.

For pipe AB:

Qap =27L/s = 0.027m3/s

Lap =1050m

Dup =0.200m

Aup = %DZ‘B = %(0.200)2 = 0.03142 m?

_ Qap _ 0.027
Vap = 3" = G st = 0-809m/s
VapD 0.859)(0.200
Reyp = —2BZAB ( )E ) _ 171800
v 10-6
2 2
fap = 0.2 5 0.25 5 = 0.02248

0.26 5.74
{log <37k5w + 1&%’)} [IOg (3.7(200) + (171800)0~9>]

B

which gives

[fABLAB Vi 3] - [(0.02248)(1050) 0.8592

— 3| =1.439
Dap 29 (0.200)  2(9.81) ] o

For pipe BC:

Qpc = 12L/s = 0.012m3 /s
LBC = 2800 m

Solutions Manual for Water Resources Engineering 4th Chin


https://textbooktestbanks.com/products/9780135357705-solutions

Dpc = 0.150m
Apc = %D%C = %(0.150)2 = 0.01767 m?

Qpo 0012
Ve = 40~ dotmer ~ 0670m/s
VpeD 0.679)(0.150
Repo = — 20 = ( 13(6 ) ~ 101850
0.25
fBc = o — 5 = 0.0246
[log (3.7(150) - (101850)09)}
zo=2m

which gives

+2

Lpc V2 V2 .0246)(2 6792 6792
fBeLBe 5o po Ve |- (0.0246)(2800) 0.679 +350+ 0.679
Dpc 29 v ' 2¢ (0.150)  2(9.81) ' 9.79 ' 2(9.81)

= 48.567m (3)

For pipe BD:

Qpp = 15L/s = 0.015m3/s

LBD = 2500m
DBD =0.150m
App = %D%D - %(0.150)2 = 0.01767 m?
QBD 0.015
Vap = = = 0.849
BD = App — 0.01767 m/s
VepD 0.849)(0.150
Repp = V20080 _ )(_6 ) ~ 127350
v 10
0.25
fBp = - . 5 = 0.0242
[log (3.7(150) + (127350)09)}
Zp =5m

which gives

+=+ 242
Dpp 29 0l 2g

(0.150)  2(9.81) ' 9.79 * 2(9.81)
= 55.605m (4)

fepoLep Vip | po | VB } [(0.0242)(2500) 0.849% 350  0.8497 +5
—_— D =

Assessing the results in Equations 1 to 4, it is apparent that the required conditions at
location D will yield the maximum value of hj such that

hp = [1.439] 4 [55.605] = 57.04m

and the required pump power, P, delivered to the water is given by

P =4Qaphy = (9.79)(0.027)(57.04) =
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(b) If n pumps are used in series and the pump size, D, can be adjusted to meet the desired
operating conditions, then
h
2 —0.455D + 4000Q% 5
n

57.04
— — =0455D + 4000(0.027)>

which can be put in the form

1254
D:i—6.4
n

Assuming different values for n yields the following results

n D (cm)
1119

2 69

3 48

4 38

Since the pump manufacturer requires that 40cm < D < 50cm, use with

[D =48 cm]

2.118. At w = 600 rpm, the operating point is determined by simultaneous solution of the pump
and system curves,

6 — 0.05Q% = 3 + 0.042Q?

which yields Q =|5.7 m?®/min|.

From the given data: w; = 600 rpm, we = 1200 rpm, and the affinity laws (Equation 2.144)

give that
w1 600
=—Qs=—-0Q2=05
Q1 o Q2 1200 Q2 Q2
w? 6002
hi=—%hy = —— hy =0.25h
T2 T 12002 ?
Since the performance curve of the pump at speed w; is given by
hi =6 — 0.05Q%

then the performance curve at speed ws is given by
0.25hy = 6 — 0.05(0.5Q2)>
which leads to
hy = 24 — 0.05Q3
The new operating point is determined by simultaneous solution of the pump and system
curves,

24 — 0.05Q% = 3 + 0.042Q*

which yields @ = |15.1 m3/min|.
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