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Experimental K
d, /d, Th?“itic“ velocity, V, (m/s)
: - 0.60 | 1.20 | 3. .50 6. : .
Af | 2 | 3.00 | 4.507 6.00 | 9.00 | 12.00
1.0 0.00 0.00 | 0.00 { 0.00 | 0.00 | 0.00 | 0.00 | 0.00
1.2, 0.10 0.11 | 0.10 | 0.09 | 0.09 | 0.09 | 0.09 | 0.09
| 1.4 || 0.2 0.26 | 0.25 { 0.23 | 0.22 | 0.22 | 0.21 | 0.20
; 1.6 0.37 0.40 | 0.38 | 0.35 | 0.34 | 0.34 | 0.33 | 0.32
| 1.8 || 0.8 - 0.51 | 0.48 | 0.45 | 0.43 | 0.42 | 0.41 | 0.40
2.0 0.56 0.60 | 0.56 | 0.52 | 0.51 | 0.50 | 0.48 | 0.47
| 2.5 0.71 0.74 § 0.70 | 0.65 | 0.63 | 0.62 | 0.60 | 0.58
\ | 3.0 0.79 0.83 | 0.78 | 6.73 | 0.70 | 0.69 | 0.67 | 0.65
; 4.0 . 0.88 | 0.92 |0.87 |0.80}0.78 | 0.76 | 0.74 | 0.72
E 5.0 ||+ 0.92 0.96 | 0.91 | 0.84 | 0.82 | 0.80 | 0.77 | 0.75
| 10.0 ||  o0.98 1.00 | 0.96 | 0.89 | 0.86 | 0.84 | 0.82 | 0.80
= 1.00 1.00 ] 0.98 | 0.91 | 0.88 | 0.86 | 0.83 | 0.81

VoEs

Table 10.1 Head loss coefficients for the sudden enlargement
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Table 10.2 Head loss coefficients for the gradual enlargement

Cone Angle,8 .- . I '
5 T1s0 [20° |22 |30° |36 [40° Jas® |s0° [ec®
5031 0.05 | 0.10 | 0.13]0.16]0.18]0.19}0.20] 0.21} 0.23
0.08 | 0.09 | 0.16 | 0.21]0.250.29]0.31]0.33} 0.35{ 0.37
0.06 | 0.12 | 0.23 | 0.30]0.36}0.41]0.22}0.47]0.50] 0.53 |
0.07 1 0.14 | 0.26 | 0.35]0.42]0.47]0.51}0.54] 0.57}0.61
o.07 | 0.15 | 0.28 |0.370.44}0.50[0.54 0.580.61| 0.65 |
0,07 | 0.16 | 0.29 |0.380.460.52{0.560. 60} 0.63) 0.68
0.08 | 0.16 | 0.30 | 0.39]0.48]0.54|0.58}0.62]0.65]0.70
0.08 | 0.16 | 0.31 | 0.40{0.48]0.550.590.63]0.66{0.71
0.08 | 0.16 | 0.31 | 0.40]0.490.56 |0.60{0.64]0.67}0.72
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Table 10.3 Head loss coefficients for the sudden contraction

Velocity, Y?(m/s)

d1/d2n -

ﬂ 0.6 | 1.2 [ 1.8 [ 2.4 | 3.0 |36 |45]6.0]9.0]12.0
1.0 [l0.00 | 0.00] 0.00 [ 0.00 | 0.00 | 0.00 | 0.00} 0.00]0.00]0.00
1.1 J0.03 | 0.08 | 0.08 | 0.08 | 0.04 | 0.04 | 0.04]0.05]0.05]0.06
1.2 llo.07 | 0.07 | 0.07 | 0.07 | 0.08 | 0.08 | 0.08] 0.09] 0.10]0.11
1.4 §0.17 | 0.17 | 0.17 | 0.17 | 0.18 | 0.18 | 0.18 0.18{0.19 | 0.20
1.6 llo.26 | 0.26 | 0.26 | 0.26 | 0.26 | 0.26 | 0.25] 0.25] 0.25 | 0.24
1.8 |lo.3a | 0.3a ] 0.38| 0.33 ] 0.33 | 0.32 | 0.32] 0.31 0.29 | 0.27
2.0 llo.38 | 0.37 ] 0.37.] 0.36 | 0.36 | 0.34 | 0.38]0.33]0.31 |0.29
2.2 llo.a0 | 0.40 ] 0.39 | 0.36 | 0.38 | 0.37 | 0.37] 0.35[0.33]0.30
2.5 llo.a2 | 0.42] 0.41] 0.40 | 0.40 | 0.39 | 0.38]0.37 | 0.34 | 0.31
3.0 ll0.44 | 0.44 ]| 0.43] 0.42 | 0.42 | 0.41 | 0.40]0.39]0.36 | 0.33
8.0 |l0.47 | 0.46 | 0.45| 0.45 | 0.44 | 0.43 | 0.42] 0.41]0.37 |0.34
5.0 l10.48 | 0.47 | 0.47 | 0.46 | 0.45 | 0.45 | 0.44]0.420.39 |0.35
10.0 l0.49 | 0.48 | 0.48 | 0.47 | 0.46 | 0.46 | 0.45]0.43] 0.40|0.36
'@ |lo.49 | 0.48 | 0.48| 0.47 | 0.47 | 0.46 | 0.45] 0.44] 0.41 | 0.38
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Table 10.4 Head loss coefficients for the gradual contraction

i Cone Angle,s Loss Coefficient, k
! 30 , 0.02
[, 40 _ 0.04
i 60 0.07
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d)  VALVES
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Table 10.5 Resistance in valves, which are expre§sed as the
equivalent length in pipe diameters

U Equivalent length in pipe
Type :

diameters, L /d
Globe valve-fully open 340
Angle valve-fully open ) 145
Gate valve-fully open , 13

-3/4 open - 35

-1/2 open 160

-1/4 open © 900
Butterfly valve-fully open ' 40
Check valve-ball type 150
Check valve-swing type 135




(d) Butterfly valve

~ (e) Ball type check valve (f) Swing type check valve -

Figure 10.12 Some typical.valves.
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Table 10.6 Resistance in fittings, which are expressed as the
equivalent length in pipe diameters

‘ Equivalent length in

Type _ pipe diameters, L /d
90° standard elbow 30
90° long radius elbow 20
90% street elbow ' 50
| 45° standard elbow 16
| 45° street elbow | 26
i Close return bend 50
Standard tee-with flow through run ‘ 20
-with flow through branch 60

. ] o
(a) 902 standard elbow (b) 90" long radius elbow

(c) 90° street elbow (d) 459 standard elbow

(e) 45° street elbow (f) Return bend

OO |

| U

7
=
|

i .
1
tandard tee (h) Standard tee
.é?gustgrough run Flow through brancﬁ

Figure 10.13 Some typical fittings
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. 10.5 ANALYSIS OF VISCOUS FLOW IN PIPES

The,vlscous flow in pipe systems may be analysed by classiflying

_them in the following manner:

i) series system of pipes,
ii) parallel system of pipes,
iii) pipe networks, and
iv) interconnected reservoir systems.

In this section; the viscous flow in these pipe systems is discussed.

10.5.1 Series System of Pipes

If the pipe system is arranoed such that the fluid flows through‘a

continuous line without branching, it is referred as a series system .of

pipes. In a series system of pipes which is shown in Figure 10.16, the

- Fo o0

Figure 10.16 Series system of pipes

total head loss is the sum of the head losses in each serxally connected
plpes that is

' . ' {
“f =hey + Mgy + Bee N (10.18)

Also,_one.should observe that the volumetric flow rate in each of the
serially connected pipes should be the same, s0O that

Q=0,=0Q,=0 : -' : (10.19)
In designing or analysing a pipe flow system, there are six primary
parameters involved, which are =
i) the total head loss of the system, hf.‘ :
ii) the volumetric flow rate of the fluid, Q,
i1i) the diameter of the pipe, d,
iv) the length of the pipe, L,
. v) the roughness of the pipe, cs; and
.vi) the absolute viscosity of the fluid,u .

~ {52 =~



Usually, one of the first three parameters is to be determined, while

‘the remaining ones are either known or can be specified by the designer.
-The method , of performing the design or completing the anmalysis is

different depending on what is unknown. These methods can be classified .
in the following manner: ' ' ‘ ' s

__i),tiass I Systems for which the total head loss of the system is

to be determined S - \

i1) Class 1I Systems for which the volumetric flow rate of the

" fluid is to be determined

iii) Class III S}stems for whichithe diaméter of the pipg.is to be

determined. !

10.5.1.1 Classil Systems

In Class 1 Systems, the volumetric flow rate of the fluid, Q, the
diamexe} of the pipe, d, the length of the pipe, L,.the roughness of

“the pipe, e, and the absolute viscosity of the fluid,n , are known,

A S
and the total head loss of the system, hf,is to be determined.

The procedure for solving C{assv} problems may be given as follows:

i) Determine the relative roughnes§, 'eS/d. for each pipe from
Figure 10.4 by using the pipe diameter, d, and the pipe material.
ii) Calculate the average velocity, V = 4Q/(nd?), in each pipe.
iii) Calculate the Reynolds number, Re = pVd/u for each pipe.

iv) Determine the friction factor, f, for each pipe from the Moody
diagram in Figure 10.5 by using the Reynolds number, Re, and the
relative roughness, es/d.

v) Calculate the major head losses for each pipe by using the
Darcy-Weisbach equation, he = f(L/d)(V/2g). )

vi) Calculate the minor head losses for the variable area portions
in each pipe by using hf = kV 9(29). The head lossvcoefficient, k, can
be determined by using Tables 10.1, 10.2, 10.3, and 10.4 and Figure
10.10. ‘

vii) Calculate the minor head losses for valves, fittings and bends
in each pipe by using he = f(Le/d)(VZIZg). The equivalent length ratio,

. Le/d. can be determined by using Tables 10.5 and 10.6 and Figure 10.15.

viii) Evaluate the total head loss, hf, of the system by adding up the
major and the minor head losses from steps (v), (vi) and (vii).



Example 10.1

Calculate the power supplied to the pump, which is shown in Figure
10.17, if its efficiency is 76 percent. Water at 20°C is flowing at the
volumetric flow rate of 0.015 m3/s. The length of the 4" commercial

steel pipe in the suction line is 15 m, while the length of the 2"
_ commercial steel pipe in the discharge line is 200 m. The entrance to
the suction line from the reservoir is through a square edged inle*.

90° stanhard elbow is used and the globe valve is fully open.

Solution

The required pump head for transporting water between the two
reservoirs may be determined by applying the extended Bernoulli equation

. Q

Streamline = :

" \1 | \ 1
| ~ 90° elbow \

/ ‘Discharge line

_tna't@ o S

Globe valve

x

Pump

Suction line

Figure 10.17 Sketch for Example 10.1

(7.28) between points 2 and 1'along‘£he streamline, whfcp_is shown in
Figure 10.17. Then ) B \

o o7 |
hiz = Ryy + Mg - Reyy

or solving for the pump. head, it is possible to obtain

hg = Rep = ey + P
As long as the areas of the two reservoirs are very large, when compared
to the‘;ross-sect@onal areas of the suction and the discharge pipes,
then the velocities at the free surfaces of the reservoirs are
negligible, that is V, =0, and V, = 0. Also, the free surfaces of the
reservoirs are gxpgsed to the atmosphere, so that Py= Py= atm.Therefore

— 454~
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.?_accordlng to the datum. which is shown in Figure 10.17. Therefore, the.
HE requxred pump head may be expressed as ’ '

hg = hﬁ-z” L

The frictional head loss. hf1_2, may'nowsbgvevaluated by folloning.

the procedure which is presented in this.section

i) The relatlve roughness for the 4" commerc1al steel suction pipe -

and the 2" commercial steel dlscharge pipe may be ‘obtained from Figure
10.4 as follows:

(eg/d) = 0.00084 4 .
(e4/d)q = 0-0009

ii) The averége>velocity in the suction and the discharge pipes nay
then be evaluated as follows: ' ' '

(4)(0.015 m3/s)

4Q
Vo= L = = 1.85 m/s
S add (1)(0.1016 m)?

_4Q _ (8)(0.015 m/S) _ 7.4 mys

i ndg T ()(0.0508 m)2 ' .-

iit) The kinematic vlscosity of water at 20°C is presented in Table

A2 as 1. 003x10"% m2/s. Therefore, the Reynolds number for the suction
- . and thevdlscharge,plpes are as follows

RGS'= (1 85 m/s)(O 1016 m) _ - 1. 87x105
v (1 005&10 m /S) =
: V.d .
: _.dd 7.4 3 - i
Rey = - = (7.4 m/5)(0.0508 m) _ 3 ;e 405

(1.003x10°% m?/s)

iv) Now, the friction factor for the suction pipe corresponding po
a relatxve rgughness of (e /d) = 0.00044 and a Reynolds number of
R = 1.67x10° from the. Moody diagram in Figure 10.5 is

f = 0. 019 - ' =

Similarly, the friction factor for the discharge pipe‘Eorresponding to

a relative roughness of (e /d)d = 0.0009 and a Reynolds number of
Rey = 3.75x10° is

fd = 0.020
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v) The major head losses in thg sdction and the discharge pipes .
may be evaluated by using thg Darcy-Weisbach equation as
L 15 m) (1,85 n/s)? '
= (0.019) -(-O-Lmlm z > = 0.49 m
o e (2)(9.81 m/s€)-

he, = f.—>
vfs._ .s s

-
Sl

2
d 'd- 200 m (7 4 m/s)
hey = 1 = (0.020) =.219.77 m

vi) For the square edged inlet, the head loss coefficient, ki' may
be obtained from Figure 10.10 asv0.5. Then the minor head loss through
the inlet is i ' i !

2

v PR :
he 5 ko= (0.5)—1=B5M/S) . 909 m
fi~ 7129 (2)(9.81 m/s?)

The head loss coefficient, k for the outlet from the dischargev
pipe into the reservoir may be obtalned from Equation (10.11) as 1.0,
then the minor head loss is

_ d (7.4 m/sl,
Wiy = k.owtz (1.0) - 279m
fo = "o 2g (2)(9 81 m/s’ )

vii) The equivalent leng;h ratio for\the fully open. globe valve is
- 340 from Table 10.5, so that the minor head loss through the globe
valve is ‘ ' ' :
. ’ 2 8 1 :
L v BPT 2 _
d (7.4 m/s) : |
f.2) = (0.020)(340) = 18.98 m.
d'dv'Zg S (2)(9.81 n/s?) o

hfy s

'Slmilary. the equxvalent 1ength ratio for the 90° standard elbow is 30 ’
from Table 10. 6 Therefore the minor head loss thrOugh the elbow is

] o ‘ 2 |
N L e (0-020)(30) ,.('7-“ m/s)”_ . 1.68m
fe” 'didve2g (2)(9.81 n/s?)

viii) As long as the total head loss is the sum of the major and the
minor head losses, then

hf1-2 * N ¥ Meg + Moy * "fo'f Mey + Mre
= 6.49:m + 219;77 m+ 0.09m + é.79 m + 16.98 m+ i.68 m:
2438 | e |
| The réquired puhp head may now be evaluated a§

hy =263.8m+ 10m=253.8m



_ velocities.

As long as the denslty of water at 20°C is 998 2 kg/m3 from Table A. 2"
then the poner requ1red by the pump is . : oA

_ P9 (998.2 kg/m3)(9 81 m/s?-)(o 015 m3/s)(253 8 m)
) n (0. SR
Ko S

49.05 kM -

10.5.1.2 Class ll Systems

In Class II Systems, the total headvloss of the system, hf the

" diameter of the pipe, d, the length of the pipe, L, the roughness .of

-the pipe, E» and the absolute viscosity of the fluid,y , are known,
and the volumetrlc flow rate of the flu1d Q, ls to be determined.

whenever the volumetrlc flow rate in the system fis unknown, then
the system performance may be analysed by iteration. This is required
because there are too many unknown quantities to use a direct solution
procedure.- Specifically, if the volumetric flow rate f{s unknown, then
the velocity of flow is also unknown. It follows that the Reynolds
number ‘is unknown, since it depends on the velocity. If the Reynolds
number cannot be evaluated, then the friction factor cannot be
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determined directly. Since the major and the minor-head losses are -

dependent on both the velocity and the friction factor, then the value
of these losses cannot be calculated directly. Iteration overcomes
these difficulties. It is a type of trial-and-error solution method in

which a trial value is assumed for the unknown friction factor, which:
' allows the calculation of a corresponding velocity. The procedure ‘

~ provides -a means of’ checking' the accuracy of the trial value of
the friction factor, and also indicates the new trial value to be used
if an additional calculation is required. The procedure for solving
Class 11 problems may be presented in step-by-step form as follows:’

i) Determine the relative roughness, ‘s/d for eaoh pipe - from
Figure 10.4 by using the pipe diameter, d, and the pipe material.

" ii) Assume a friction factor, f, for each pipe from the Moody

diagram in Figure 10.5 by using the relative roughness, tS/d. in the

fully rough region. The reason for the assumption of the flow in the
fully rough region is that no iteration is necessary if this assumptlon‘

is true.
iii) Calculate the major head losses for each pipe by uslng the

. Darcy-Weisbach equatlon. hf = f(L/d)(V 2/2g) fn terms of the unknown



iv) Calculate the minor head losses for thé variable area portions
in each pipe by using he = kvzl(ZQ) in terms of the unknown velocities.
The head loss coefficient, k, can be determined by using Tables 10.1,
10.2,-10.3 and 10.4 and Figure 10.10. = : R

v) Calculate the minor head losses for valves, fittings and bends
in each pipe by using hf = f(Le/d)(v2/Zg) in terms of the unknown

velocities. The equivalent length ratio, Le/d. can be determined by

using Tables 10.5 and 10.6 and Figure 10.15.

vi) Evaluate the total head lpss. hes of the system by adding up

the major and the minor head losses from steps (1ii), (iv) and (v)
vii) Relate the unknown velocities in each pipé by using the
- .continuity equation. ' ) ' "es o n
~ viii) Express the total head loss, hf, of the system in terms of the
one of the unknown velocities, and then solve for the unkncwn velocities
~ix) Calculate the Reynolds number, Re = pVd/u for each pipe.

x) Determine the improved value of the friction factor, f, for
each pipe from the Moody diagram in Figure‘10.5 by using the Reynolds
number, Re, and the relative roughness, cs/d. '

xi) Compare the assumed and the improved values of the friction
factor and repeat steps (iii) through (x) as many times as needed in
order to obtain the desired accuracy in the friction factor.

xii) Evaluate the volumetric flow rate of the fluid, Q = nd2v/4.

Exampie iO.Z

The piping system, which is shown in Figure 10.18, is used to
transfer water at 25°C from one storage tank to the_other.'The larger
pipe is a 6" cormercial steel pipe having a total length of 30 m, while
the ‘smaller pibe is a 2" commercial'pipe having a total length of 15 m.
The entrance to the larger pipe f?om the storage tank is through an
inward projecting pipe. 90° standard elbows are used, and the gate

valve is half open. Determine the volumetric flow rate of water through

the system.

\\\\‘\\\~__;‘ﬁ% : 50° elbow

P | S A O -

Streamline

90° elbow
Gate valve

Sudden contraction

—15%-



Solution - - e

‘l The tdtal head loss during the transfer of water from one stofage
tank to the other may be determined by applying the extended Bernoulli

‘equation (7.28) between points 2 and 1 along the streaml ine which is L

: shown in Figure 10. 18 “Then

;htz‘= hyy = Neyoz

~ or solving foh the total head loss

hf1 2 ht - N

As long as the areas of the two reservoirs are very large when compared o

to the cross-sectional ‘areas of the larger and the smaller pipes, then

the velocities at the free surfaces of the storage tanks are negligible,

that is v1 = 0 and v2 = 0. Also the free surfaces of both storage tanks
are exposed to the atmosphere, so that_p1 = Py = Paine Therefore .

~according to the datum, which is shown in Figure 10.18. Therefore the
total head loss of the system is- '

" The volumetric flow rate of water may now be evaluated by follbwing
the procedure which is presented 1n this section.

i) The relative roughness for the 6" commercial steel larger pipe
and 2" commergial steel smaller pipe may be obtained from Figure 10.4
.as follows: : : -

(ts/d)l /'-"0.00028
(cs/d)S = 070009
ii) The friction factor for the larger pipe corresponding to a

relative roughness of (eS/d)l = 0.00028 in the fully rough flow region
may be obtained from the Moody diagram in Figure-10.5 as

fl = 0.015

Similarly, the friction factor for the smaller pipe correspoﬁding to a
relative roughness of (:s/d)s = 0.0009 in the fully rough flow region
is : 3 ‘

fs = 0.019

— 459 -
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iii) The maJor head losses in the larger and the smaller p)pes may
be evaluated by using the Darcy-wensbach equation as

2 ‘ 2
. v
30m 1 2
o = fromhek = (0.015) 1 .05y
fl= a 129 ) (2)(9.81 m/s%) 1
2 ’ VZ

L V2 o

; 15 m S 2
he = .5 Sa (0. °‘9’7L‘56%“5 = 0.286 V
fs = 's dg g 2 0.0508 m) (5)(9.81 m/s?) s

iv) For an inlet through an inward prOJecting pipe, the head loss
coefficient, k;, may be obtained from Fxgure 10.10 as 1 0. Then the
minor head loss through the inlet is :

2 2
h.=k.v‘=(10) I o512
St T (2)(9.81 m/s2) !

Using d /d = 0.1524 m/0. 0508 m = 3 and assuming that V is
approxlmately 3 m/s, it is possible to obtain the head loss coeffxcxent,
kr for the reducer as 0.42.

V2 V2 e -
Mo = K= (0,42) 5 = 0.021 v2
fr='r2g (2)(9.81 m/s?) s

One should note that if Vs is much different from 3 m/s then kr should
be revaluated. ) ‘

The head loss coefficient, ko, for the ‘outlet from the smaller
pipe into the storage tank may be obtained from Equation (10.10) as
1.0, then the minor head loss is '

2 Y

b s KoS o (1.0)——S - = 0.051 V2
fo ™ To2g (2)(9.81 m/s?) E

v) The equivalent lengtﬁ ratio for the half open gate valve is 160
from Table 10.5, so that the minor head loss through the gate valve is

| Le)- E (0 , (160). s X
h, =f_ (). —= = (0. 019) 160 = 0.155 V
fv s 'd v 29 (2)(9 51 m/se) . S

~ Similarly, the equivalent length ratio for the 90° standard elbow is 30
from Table 10.6. Therefore, the minor head loss through two elbows is

2 ) VZl

2 |
= 2f ) - (2)(0.015)(30) ————— = 0.046 Ve
O (d 2 (' (2)(9.81 m/s?) ‘

-160 -



‘_ vi) As long as the total head loss is the sum of the major and the
. mlnor head losses then St "

“f1 2® "fl # lye * gy * "fr + hfo +hey + heo

\

= 0. 151 v2 + 0.286 v2 + 0.051 vf + 0. 021 v2 + 0.051 v2

+ 0.155 v2 + 0. 046 vl =0 248 vf +0.513 v2

i

vii) The yelocities‘ln the -larger and the smaller pipes may now be
related by using the continuity equation as '

297K — adl
ndiVv,/4 = ndsvs/4
or
L Coena h2u
vs- (dl/ds) Vl = (0.1524vm/0.0508 m) vl.' ng
Cyiii) Now; the equation for Vlrmay be expressed as

10 = 0.248 V2 + 0.512(9 vl)zi

“which may be solved for V; to yield

Vv 0.49 m/s

1

vg 9V, =.(9)(o.49 m/s) = 4.41 m/s

ix) The klnematlc v1scosxty of water at 25°C ls presented in Table -

A 2 as 0. 893x10 m /s. Therefore. the Reynolds number for the larger
and the smaller pipes are

Re, = v» _(0.49 m/s)(O 1524 m) _ g.36k10"
(0.893x10™8 m?/s) ,
v ..
Rey = —2 = L4 m/s)(O 0508 m): . 2.54x10°

(0.893x10~ m /s)

x) Now, the improved value of the friction factor for the larger
plpe corresponding to a relative roughiness of (e /d)l = 0. 00028 and a

" Reynolds- number of Rel 8 36x10 from the Moody diagram in Figure 10.5

is

Simllarly, the improved value of the frictlon factor for the smaller'

pipe corresponding to a relative roughness of (c /d) = 0.000% and a
Reynolds number of Re 2 2. 54x105 is

fg = 0.0205

— %1 -



xi) As long Sslthe'aésumed and the.lmproved values of the friction -
- factors are not the same, then the calculations in éteps (11!) through
* (x) must be repeated. The summary of these iterations is presented. in

Table 10.6.

iii) Now, the Volumetric flow rate of water may be evaluated as

— {62-

ot

g s Ve <. (0.473 m/s)(1)(0.1528 m)2/4 = 8.63x1073 mY/s

Tab)é 10.6 Iterations for Example 10.2

Iteration 1 2
_fl(assumed) 0.015. 0.02
fs(gsﬁumed) 0.019 * 0.0205

he) (m) 0.151 v 0. 201 V2
he(m) 0.286 V2 0.309 v2
he (m) 9.051'vf~> - 0.051 V2
hep(m) 0.021 V2 - 0.020 v2
heo(m) -0.051 V2 | 0.051 V2
nfv(m)' 10.155 V2 0.167 v2
heg(m) 0.046 Vf‘ 0.061 V2
he,_,(m) 0.248 VZ + 0.513 vfl 0.313 VZ + 0.547 V2
vy (n/s) 6.49 0.473

v (/s 4.41 4.26

.RelA 8.36x10% 6.07x10% |
Re, . 2.51x105 2.42x105
.fl(improved) 0.02 0.02

f (inproved) 0.0205 olozds'




10.5.1. 3 Class Ill Systems

Systems that fall into Class I1I are true design. problems. The
reduirements‘placed on the system are specified in terms of an allowable
total head loss. hf, a desired volumetric:flow rate, Q. the’ length of -
the pipe,
of the pipe, € - Then the proper diameter of t“?,PIPE: d, hh]ch will
meet: these requxrements is to be determined. '

Iteration is required to solve Class III desxgn prohlems because
there are too many unknowns to allow a direct solution. The averaqe
velocity, the Reynolds number and the relative roughness are all

“dependent on the pipe diameter. Therefore, the friction factor cannot
be determined directly. The procedure for solving Class 111 problems

may be given as follows:

i) Assume the diameter d of each pipe

ii) Determine the relative rouhness, € /d for each pipe from Flgurq,‘

10.4 by using the pipe diameter. d, and the pipe material
-i1i) Calculate the average velocity, V = 40/(nd ) in each pipe
iv) Calculate the Reynolds number, Re = pVd/u for each pipe.
v) Determine the friction factor, f, for each pipe from the Moody

diagram in Figure 10.5 by using: the Reynolds number, Re, and theA

relative roughness, & /d.
¢ vi) Calculate the major head losses for each piped by using the
Darcy-Weisbach equation, hf = f(L/d)(V /2g)

vii) Calculate the minor head losses for the variable area’ portions '

in each pipe by using hf = kY /(Zg) The head loss coefficient, k, can
be determined by using Tables 10 1, 10.2, 10.3 and 10. 4 and Figure
10.10..

viii) Calculate the minor head losses for valves,. fittings and bends
in each pipe by using hf = f(L /d)(v /Zg) The equivalent length ratio,
L. /d, can be determined by using ‘Tables 10.5 and 10.6 and Figure 10.15.

- ix) Evaluate the total head loss,: hf, of the system by.adding up
‘the major and the minor head 1osses from steps (vi), (vii) and (viii).

x) Compare the calculated head loss with the given one. If the

- calculated head loss is less than the given one, then decrease the ‘pipe

| - diameters.. If the calculated head loss is more than the given one, then

increase the pipe diameters. Repeat steps (ii). through (ix) as many

times as needed.

L, the absolute viscosity of the fluid,u - and the roughness :

’_/ég‘



. Example 0.3 . T

In a chemical processing system, benzene at 20°C is taken fron t'he

_- bottom of a large tank and transferred by gravity to another part of

the system, as shown in Figure 10. 19 The length of the line between

two tanks is 7m A filter is Installed in the line, and is known- to
have'a loss coefficient of 8.5. The gate valve is fully open. Commercial

steel piping is to be used for the transfer line. Determine the standard

size of piping which would allow a volumetric flow rate of 0. 0025 m3/s
through this system. . - :

E'*";_*“~;

8 i
.A ) P ! : : " ) z
L ‘Gate . ' )
' valve Streanllne ‘ (:2 _

= = |

o B Filter

) Figure 10.19 Sketch for Example 10.3

Solution

Datum

The total head loss during the transportation of benzene from one
tank to the other may be determined by applying the extended Bernoulll
equation (7 28) between points 2 and 1 along the streamline which 1s
shown in Figure 10.19. Then - :

heo= Py Peyls

or solving for the total head loss -

=h,.-h

M M Me

As long as the areas of the two reservoirs are very large when cohpared

to the cross-sectional 'area of the transfer pipe, then the velocities

at the free surfaces of the tanks are negligible, that is V = 0 and

v2 = 0. Also the free surfaces of both tank are exposed to the

atmosphere, so that Py = Py = Paipe Therefore

Py Yy Patm
t1 '?ﬁi+-7§'+ z, = + 8
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according to the datum. which is shown in Figure 10.19. Therefore the ‘

total head oss of the system is

hf1_2 8 m |
‘The diameter of the transfer: line may now be determined by
following the procedure which is presented in this section.

i) In order to start the iteration procedure, a pipe diameter of

2" may be assumed for the “transfer line. -

ii) The relative roughness for the 2" commercial steel pipe may be
obtained from Figure 10.4 as

S/ = 0. 0009

ixi) The average velocity in the transfer may then be evaluated as

i} _g_ (4)(0.0025 m¥/s) _
ad®  (1)(0.0508 m)

= 1. 23 m/s

iv) The den51ty and the absolute viscosity of benzene at 20°C are

given as 895 kg/m and 6 5x10 Pa.s in Table A.1. Therefore, the
Reynolds number is ' : '

Re o£Vd _ (895 kg/m3)(1.23 m)( 0.0508 m) _

4 .
= 8.6x10%
u (6.5x107% Ns/m?)

N

~v) Now, the friction factor for the transfer pipe corresponding to

a relative roughness of ¢ /d = 0.0009 and a Reynolds number of

Re = 8.6x10" from the Moody dlagram in Fxgure 10.5 1s

f = 0.022

vi) The major head loss in the transfer pipe may now be evaluated
- by using the Darcy-wexsbach equatlon as

2
hep = F %'53 y (0.022)-T57é§U§l—r _(.23w/s)® | 0.234 m

(2)(9.81 m/s?)

vii) For an inlet through an inward projecting pipe, the head loss
coefficient, ki‘ may be obtained from Figure 10 10 as 1.0. Then the
minor head loss through the inlet is

(1.23 m/s)?

= 0.077 m
(2)(9.81 m/s?)

vZ
hey = Rygg = (1-0)
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'The minor head loss through the filter is.

2 (1.23 m/s)? | ‘
hee = K = (8.5) = 0.655 m
ff 70207 7 (2)(9.81 m/s?) -
The head loss coefficient, k, for the outlet from the discharge
pipe into the reservoir may be obtained from Equation (10.10) as 1.0, |
then the minor head loss is

. . 2 - b
v (1.23 m/s)
her = ke (1.0) = 0.077 m
fo = To2g " 1 (2)(9.81 m/s?)

\ . ’
viii) The equivaleni length ratio for the fully open gate valve is 13
from Table 10.5, so that the minor head loss throggh the gate valve is

- 2 ' ®
(1.25 m/s)"_ _ 9.022 m

(2)(9.81 m/s?)

hfv = f &a—)v-?§-= (0.022)(13)
ix) As long as the total head loss is the sum of the major and 'the
minor head losses, then

hf1-2

hfp + hfi + hff + hfo + hfv

u

0.234 m + 0.077 m + 0.655 m +,0.077 m + 0.022 m

1.065 m

x) As long as the given and the calculated values of the total
head loss are not the same, then the calculations in step. (ii) through
(ix) must be repeated. The summary of these iterations are presented in
Table 10.7. '

Table 10.7 Iterations for Example 10.3

¢

Iteration 1 2 - 3 .4

d (assumed) | 2" 1.1/2" (LI IS IR V2
/d 0.0009 |0.0012 0.0018 | 0.0015
Vio/s) || 1.3 209 | 493 13.16
" Re 8.6x10" 1t.49x10hl 17.2ax10" | 13.82x10"
£ | 0.022 |o0.0225 0.024 0.023
| hfp(m) 0.234 1.011 8.194 | 2.581
| heg(m) 0.077  |0.245 1.239 | 0.509
é. hee (m) 0.655 |2.078 10.530 4.326
l nem || 0.077  [o.285° 1.239 0.509
| hey(m) 0.022 [0.072 - | 0.387 0.152
} hf1_2(ﬁ§ | 1.065 - |3.651 21.589 8.077
\ ‘ Change in d decrease_ decrease | increase 0.K.
. L ]
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10.5.2 Parallel System of Pipes ..

If the pipe system causes the flow to branch into two or more
lines, then it ‘is referred as a parallel system of pipes. A typical
parallel system of pipes is shown in Figure 1(.20. The flow in the main
line splits inta three branches at section’1, and then rejoins. at

_section 2. The head loss in each branch between sections 1'and 2 must
.be equal, that is ‘ ' ' ‘

Meyz = Mea = Nep = P _ S (020

‘Also, one should observe that the volumetric flow rate in the main Iine
- is equal to the sum of the volumetric flow rates through each branch.

Hence

Q=0+ G+ Q. (10.21)

Usually, two typés of problems occur in parallel System of'pipes.1

These are:

i) Class I Systems for which the head loss in each branch is

known, and the volumetric flow rate in each branch and in the main

line are to be determined. S g

ii) Class II Systems for which the total volumetric flow rate js ‘

kﬁown, and the volumetric flow rate and the head loss in each branch
are to.-be determined.

10.5.2.1 Class I Systems

In Class I problems, the pressure drop or the head loss across the

ﬁérallel branches is known, ‘and it is desirable to determine ihe'A-
'volumetric flow rates in each branch and in the main line..

The procedure for solving Class I problems may be given as follows:

i) Determine the relative roughness, es/d.~for each branch from
Figure 10.4 by using the pipe diameter, d, and thé.pipe material.

Figure 10.20 Parallel system of pipes

— 63 -



ii) Assume a friction factor. f, for each branch from the Moody
diagram in Figure 10.5 by uslng the relative roughness, e /d in the
fully rough region. The reason for the assumption of the flow in the
fully rough region is that no iteration is necessary, if this assumption

- is true.’ -

iii) Calculate the major head losses for each branch by using the =

" Darcy-Weisbach equation, hf = f(L/d)(VZIZg) in terms of the unknown
_branch velocities.

.

*iv) Calculate the minor head losses for the variable area portions
in each branch by using he = kVZ/(Zg) in terms of the unknown branch
velocities. The head loss coefficient, k, can be determined by using
Tables 10.1, 10.2, 10.3 and 10.4 and Figure 10.10. -

v) Calculate the minor head losses for valves, fittings and bends
in each pipe by using hf = f(L /d)(V /2g9) in terms of . the unknown

branch velocities. The equivalent length ratio, L /d, can be determined

by usxng Tables 10.5 and 10.6 and .Figure 10. 15.
‘ vi) Evaluate the total head loss, hf of each branch by adding up
the major and the minor head losses from steps (iif), (iv) and (v).
' \
vii) Equate this head loss to the given head loss across the parallel
branches and solve for the unknown branch velocities.
viii) Calculate the Reynolds number, Re = de/uvfor each branch.

ix) Determine the improved 'value of the friction factor, f, for-
each branch from the Moody diagram in Figure 10.5 by using the Reynolds

number, Re, and the relative roughness, ¢ /d
x) Compare the assumed and the 1mproved values of the friction
" factor for each branch and repeat steps (iii) through (ix) as many
times as needed in order to obtain the desired accuracy in the friction
factor. ‘ ’
xi) Evaluate the volumetrlc flow rate of the fluid Q = ndZV/d, in
each branch and in the main line.

Example 16.4

The arrangement, which is shown in Figure 10.21, is used to supply
lubricating oil to the bearing of a large machine. The bearings act as
restrictions to the flow. The head loss coefficients for the journal
bearings in branches x and y are 11 and 4 respectively. The length of
{* commercial steel branch is 10 m, while the length of 1 1/2"
commercial steel branch y is 5 m.'Each_of the four bends in the tubing
has a radius of 100 mm. The pressures before and after the branching
are 275 kPa and 195 kPa respectively. The density and the absolute
viscosity of the lubrxcating oil are 881 kg/m and,-2.2x10'3 Pa.s.
Determine :

’

a) the volumetric flow rate'through each bearing, and
b) the total volumetric flow rate.

—16% -



, = 195 kPa

" Branch y |

A\

Figure 10.21 Sketch for Example 10.4

Solution

The head loss across the parallel branches may be determined by

" applying the extended Bernoulli equatlon between sectlons 2 and 1 in

<

b e S,

Figure 10.21 as

pz’,v2 Py VZ 4
7@*75” =<5 25t 2" M

However, one should note that V = V2 and z, = z,,

so that the head
loss between sections 1 and 2 may be evaluated as . '

. =m492=nwmnm2-wmmum2=&%m
f1-257 g (881 kg/n)(9.81 m/s?)’

a) The volumetric flow rate through each branch may now be
determined by applying the procedure which is presented in this section.

i) The relative roughness for the 1" and 1 1/2" commercial ‘steel
plpes may be obtained from Figure 10.4 as follows:

(es/d)x 0.0018

(e 19), 0.6012'

ii) The friction factors in branches x and ¥ corresponding to -

relative roughness values of (c /d) = 0.0018 and (e /d) = 0.0012 in
the fully rough flow region may be obtained from the Moody diagram in
_Figure 10.6 as '

-
\

= 0.0225
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"using the Darcy-Weisbach equation as

iii) The major head loss in branches x and y may be evaluvated by -

2~ | 10 m‘ Vi
hepx = x‘a"E‘ (0.0225) 15,0254 W) 3)(9.61 m/s?)
= 0.452 yi |
. 2 v v 2
Repy = fyfgi';é - (O'OZ)lTUTé%B%lﬁy (2)(9.81ym/52)
= 0.134 v§ |

iv) The minor heéd losses ih the journal bearings are
vz . vz ‘

X X s 2
B =k = (11) . = 0.561 V
Mfix ix?i( (2)(9.81 m/s?) &
2
v %
y = 0.204 V2

R Y
thy ka'?é (%) (2)(9.81 m/s?) X

v) The equivalent length ratio (L /d)t for standard tees thh flow
through the branch is 60 from Table 10.6. Then the miror head losses in

branches x and y are

vé' : V2

- te - 0.0225)(60 . —
ey = 2xlgo0 7g = (2 , . )‘(2)(9.81 m/s%)

= 0.138 vi

L v2 v2

i} ey _ Y - (2)(0.62)(€0 y
hfty = ny(a_)t,.ﬁ (2)( )(€0) (2)(9.51 m/sz)

- 0.122 V2 o |

~ The relative radius of bends in branch x is r/dx = 0.10 m/0.0254 m
= 3.94, so that the equivalent length ratio is 14 from Figure 10.5.
Then the minor head loss is ‘ : :

v2 . v2

L,
hey . = 2f 2)(0.225)(14 X
fbx (T)b 29 ( )( )( ) ( )(9 81 m/sz)

2
= 0.032 Vi

Similarly, the relative radius of bends in branch y s
r/d, = 0.10 m/0.0381 m = 2.63, so that the equivalent length ratio fis
11.5 from Figure 10.5. Therefore,the minor head loss is

hey = 26 (28) 7"!2- (2)(0.02)(11.5)—22
= = (2)(0.02)(11.
oy = #yfgazg (2)(9.81 m/s2)

- 2
0.024 Vy
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vi) Then'the head losses in branches x any y may be evaluated as
- hfpx * hfjx + Negx + Neby ;

' :0452V2+0561 v2+o13sv?+ooszv2- 1. 183&2_

2. 2 2 2 . 484 2
o134vy+0204vy+o122vy+0024vy 0.48 Vy\
vii) The velocity in branch X is

. P
- fx 172 _ (9.26 my1/2 _
Vy = byg3) 1= ey T = 2 a0 L

and the velocity in branch y is

e cU'KéZ) 12 ; 9.26 m) = 4.37 m/s

viii) how,the Reynolds number in branches x and y may be calculated
as ' ‘
pV d

X_X
_ Re, = =

(861 kg/m3)(2.80 m/5)(0.0254 m) _ , g 4o
(2.2x1073 N.s/nf)

. . PVydy _ (881 kg/m3)(4.37_ 2/5)10.0308 W) _ ¢ c7x10P
(2.2x1073 N.s/m?)

“ix) Now, the improved'value of the frietion factor for branch x

corresponding to a relative roughness of (e /d) = 0.0018 and a Reynolds
number of Re 2 81x10* from the Moody diagram in Figure 10.5 is

fs 0 028

Similarly, the improved value of the friction factor for branch y
corresponding to a relative roughness of (e /d) = 0.0012 and a Reynolds

-of Rey = 6. 67x10 is

fy = 0.024 /
"~ x) As long as the assumed and the improved values of the friction
factors are not the same, then the calculations in steps (iii) through

(vii) must be repeated. The summary of these iterations is presented in

Table 10.8.

_ xi) The volumetric flow rate throygh branches x and y may‘now be
evaluated as ' :

1.34x10°3 m3/s

Q, - udivx/4'= (1)(0.0254 m)2(2.64 m/s)/4

"

Q = 967V, /4 = (1)(0.0381 m)2(4.14 m/s)/4 = 4.72x1073 m3/s

y
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b) The volumetric fléw rate through the main Jine is the sum of -

'the volumetric flow rates in branches x ard y, that is

Q=0,+0Q,- 1.38x10°3 m3/s + 4.72x10°3 m3/s = 6.06x10°3 m/s

Table 10.8 Iterations for Example 10.4

Iteration‘ -ll 1 2
fx(assumed) 10.0225 0.028
fy(assumed) 0.02" 0.024
(M) 0.452 vi 0.562 vi-
- 2 2
hfpy(m)' 0.134 V7 | 0.161 vy
hfjx(m) 0.561 V2. 0.561 V2
. 2 2
pij(m) 0.208 V7 0.204 V¥
. 2 2
hei (M) 0.138 V2 0.171 V2
h ) 2 : 2,
fry(m 0.122 V3 0 147.vy
hepy (M) £ 0.032 v2 0.040 v2
h 0. 2 .028 V2
eby(™ 0.024 ¥y 0 oge'vy
he, (m) 1.183 v2 1.33 v2
he, (m) 0.484 vj 0.540 v§
v, (nfs) 2.80 2.64
vy (n/s) - 4.37 4.14
Re, 2.65x10" 2.69x10"
Rey, 6.67x10" 6.32x10"
f (improved) ~0.028 0.028
fy(improved) 0.024 0.024
! _
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16.5.2.2 Class II Systems

In Class 11 problems, the volumetric flow rate in the main line is
known, and it is desirable to determine the volumetric flow rates in
each branch and the head loss across the parallel branches.

The procedure for solving'Class 11 problems may be given as foliowsv

i) Determine the relative roughness, € /d for each branch from
Figure 10.4 by using the pipe diameter, d, and the pipe material

ii) Assume a friction factor, f, for each branch from the Moody
diagram in Figure 10.5 by using the relative roughness, € /d in the
fully rough region. The reason for the assumption of the flow in ‘the
fully rough reglon is that no iteration is necessary, if this assumptxon
is true. e | '

iii) Calculate the major head losses for each bran"h by using the
Darcy-Weisbach equation, hf f(L/d)(V /29) in terms of the unknown
branch velocities. -

iv) Calculate the minor head losses for the variable area portions

in each branch by using hf = kv2/29 in terms of the unknown branch
velocities. The head loss coefficient, k, can be determined from Tables

10.1, 10.2, 10.3, and 10.4 and Figure 10.10.

v) Calculate the minor head losses for valves, fittings and bends‘

in each pipe by using hg = f(L /d)(V /29) in terms of the unknown
branch velocities. The equxvalent length ratio, L /d. can be determined
by using Tables 10.5 and 10.6, and Figure 10.15.

vi) Evaluate the total head loss, hf. of each branch by addlng up

the major and the minor head losses from steps (iii), (iv) and (v).

vii) As long as the total head loss of each branch must be\the same,
then express all unknown branch velocities in terms “of one unknown
branch velocity. i

viii) As long as the volumetric flow rate in the maxn line is the sum

of the volumetric flow rates of each branch, then express it in terms.

of the unknown brancﬁ velocities.
ix) Solve for the unknown branch velocities.
x) Calculate the Reynolds number. Re = de/u. for each branch.

xi) Determine the improved value of the friction factor, f, for

each branch from the Moody diagram in Figure 10. 5 by using the Reynoids

number, Re, and the relative roughness, es/d.
xii) Compare the assumed and the improved values of the friction

" factor for each branch and repeat steps. (iii) through (xi) as many

times as needed in order to obtain the desired accuracy in the friction
factor.

1 'oxiif) Evaluate the volumetric flow rate of the fluid, Q = ndzvl4 in

each branch
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Example 10.5

0.0063 m3/s of water at 15°C is flowing in a 2" commercial steel
pipe at section 1, as shown in Figure 10.22. The'heat exchanger f{n
branch x has a head loss coefficient of 12.5.” Branch y is a bypass
line, which is composed of 1 1/4" éommercial steel pipe with a length
of 6 m. All three valves are wide open, and the elbows are standard.
Determine ¢ e R ’ ' ‘

a) the volumetric flow rate of water in each branch and

b) the pressure drop between points 1 and 2. :

Solution

a) To detefmine the volumeiric flow rate of water in each branch
one may apply the procedure which is presented in this sgction.

~

i)'The relative roughness'for the 2" and 1 1/4" commercial steel
pipes may be obtained from Figure 10.4 as follows:

(eg/d),

0.0009

(:S/d)y = 0.0014
[

ii) The friction factor in branches x and y correspohding to

- relative roughness values of (eS/d)x = 0.0009 and (‘s/d)y = 0.0014 in
the fully rough flow region may be obtained from the_Moody diagram in

+ Figure 10.5 as

0.019

-
"

0.021 _ -

~y
"

Gate ' . gate
yalve ‘ valve

!

Heat exchanger

Branch x

Branch y

Gate
valve

Figure 10.22 Sketch for Example 10.5
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iii) The major head loss in branch y may be evaluated by using the

Darcy-weisbach equation as

2

' - voe o
Pepy = fﬂlz"' (0.021) '(O—i(ig'f%_m)' —t

(2)(9.81 m/s°)

2
= 0 20
: 2 Vy
iv) The minor head lbss'for the heat exchénger is
v2 S

Ky ~n = (12.5 4
h'Zg ) (2)(9.81 m/s? )

0637V

v) The equivalent length ratio (L /d) for the fully open gate
valve is 13 from Table 10. 6. Then the mmor head losses in branches x

andyare‘ v
- L Vi, R
| hevx = x@ v 29 ™ (2)(0'0‘9)(1?) (2)(9.81 m/s?)
= 0.025 vf' |
o . >
hevy = fy(sg)v ;% - (0.021)(13) (2)(9A§: n/s2)
= 0.014 v;

The equlvalent 1ength ratxos (L /d)t_1 and (L /d)tz for =tandard
 tees with flow through run and with flow through branch are 20 and 60
respectively, so that the minor head losses in branches x and y are

2
Nety : 2f (d‘*)t,—zf (2)(0. 019)(20) _)_(Z?Fm_/?_)
= 0.039 V2
| . | . :
gy = 2 (—cr)t;} = (2)(0.021)(60) (2)(9’81 7
= 0.128 vs‘

Fin-ally. the equ_ivélent length ratio “‘e/d)é for the standard
elbow is 30, so that the minor head loss in branch y is
2" . ' v2

L. y :
. &) X = (2)(0.021)(30 J
heey = 2fyb e 75 = (2)(0.021)(30) s

s : 2
P 0.064 v
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. vi) Now, the total head losses in branches 'x and y'ére

Mex = Menx + Peyx * Prex e

. 0.637 v2 2 2 _ 2
0.637 V2 + 0.025 V2 + 0.039 v = 0.701 Vv
hfy = Neoy f hevy * Nety * Prey

| 2 2.0 2. o y2
0.20? Vy + 0.014’Vy + 0.128 Vy + 0.064 v = 0.408 Vy

y

- vii) As long as the total head loss in each branch must be equal
then '

_ _ 2 _ 2
hfx = hfy,- 0.701 Vx 0.408 Vy

or

V= 0.763 V,

viii) The volumetric flow rate in the main line may now be expressed
as ) '

Q =+ divx/é + .a;vx/4 .
No;. the numerical valves may now be substituted to obtain
(1)(0.0508 m)zvx/4 + (%)(0.03175 m)2v3/4 = 0.0063 m /s
or |

2.027 Vx + 0.792 Vy = 6.3

ix) The velocities in branches xland y may now be evaluated as-

V, = 2.05 m/s

vy = 2.69 m/s |
x) The kinematic viscosity of water at 15°C s 1.139x10f§ m3/s
from Table A.2. Then the Reynolds number in branches x and y may now be
evaluated as ‘ ' )

Re, =- é x _ (2.05 m/s)(0.0508 m) =-9.14x10h -
(1.139x107° n?/s)
v.d

Re. = 5 y _ (2.69 m/s)f2.03175 m) . 7.50x10"
y (1.139x10°° m°/s

— {76 -



xi) Now, the imoroved value of the friction factor for branch x
corresponding to a relatlve roughness of (e /d) = 0.0009 and a Reynolds
number of Re = 9, 19x10 from the Moody dlagram in Figure 10.5 is

f, = 0.022

Similarly, .the improved value of the friction factor for branch y
corresponding to a relative roughness of (e /d) = 0.0014 and a Reynolds
number of Re = 7.50x10" '
TY = 0.024
xii) As long as the assumed and the improved values of the friction
factors are not the same, then the calculations in steps (iii) through
(xii) must be repeated. The summary of these iterations is presented in
Table 10.9.

xiii) The volumetric flow rate through branches x and y may now be
evaluated as

o
n

1d2V. /4 = (2)(0.0508 m)2(2.10 ri/s)/4 = 4,26x10°3 /s

Q ndij/4_ (1)(0.03175 m)2(2.59 m/s)/4 2. 05x10'3 m/s

¥

" b) The'pressqre drop between sections 1 and 2 may be evaluated by
using the extended Bernoulli equation as
2 2
pz Y5 Py | Vf
gtz vt =ggty v by,

At this point, one should note that V =V, and-z1 = 7,. Also the
frictional head loss between sections 1 and 2 is

h. =h OJnv§=(mnnmJ0mhf;3A4m

hf"1-2 = fx fy
The density of water is 999.1 kg/m3 from Table A.2, therefore

(999.1 kg/m3)(9.81 m/s%)(3.14 m)

PPy LY

= 30.78 kPa
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Table 10.9 Iterations for Example 10.5

’

Iteration " 1 2
f, (assumed) 0.019 0.022
f, (assuned). 0.021 0024
- | 5 -
hfpy(m) 0.202 V, 0.231 V7
' 2 2
henx (M) 0.637 Vi 0.637 V.
' 2 2
hfvx(‘m) 0.025 Vg 0.029 Vs
2 2
hfvy(m) 0.014 vy 0.016 V
. 2 2
ey (m) 0.039 V& 0.045 V2
: 2 , 2
Pety(m) 0.128 v, 0:147 Vy
2 2 2
hfey(m) 0.064 VJ 0.073 V,
) 2
he, (m) 0.701 v 0.711 Vg
’ 2 2
| hfy(m) 0.408'Vy | 0.467 vy
Vx(m/s) 2.05 2.10
vy‘(m/s) F 2.69 2.59
Re, 5. 14x10" 9.37x10"
Re, 7.50x10" 7.22x10"
fx(improved) - 0.022 0.022
fy(improved) 0.024 0.024
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10.5.3 Pipe Networks

In municipal water distribution systems, the pipelines are
frequently branching and looping in a complex manner which is often
referred as a pipe network. A simple pipe network is shown in Figure
10.23. The most important factor which makes the analysis ‘of pipe
- networks difficult, is the uncertainity about the direction of the flow
in different pipes one should note that, it is almost impossible to
tell the direction of the flow, such as in pipe c of Figure 10.23.

The fluid flow in a pipe network must satisfy the basic’principles _

of the conservation of mass and the conservation of energy. These
principles can be summarized as follows’

i)'At each'junction of the pipe network, the sum of the volumetric

flow rates into the junction must be equal to the sum of - the volumetric
flow rates out of the junction.

ii) The algebraic sum of the head losses around any closed loop must
be zero: o

The pipe network problems are generally solved by a trial-and-error
procedure. The most practical and widely used method of flow analysis
‘in plpe networks is that of successive approxlmations, which is
developed by Hardy Cross.In the solution procedure, which is outlined
below, the pipe network should be divided into several ;Iosed loops

i) Determine the relative roughness._' ;s/d, for each pipe from
Figure 10.4 by using the pipe diameter, d, and the pipe material

Figure 10.23 A simple pipe network -

ii) Assume a friction factor, f for each pipe from the Moody
‘diagram in Figure 10.5 by using the relative roughness. € /d in_ the
fully rough flow region. The reason for the assumption of the flow in
the fully roughn region is that no iteration is necessary. if this
assumption is true
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lii) Express the total head loss hf. for each pipe fn the form of
-2 | ' .22
hf KQ . _ oo (10.22)
where K is the equivalent resistance to the flow in the plpe. and Q is

the unknown volumetric flow rate through the pipe.
iv) Assume a-value for the volumetric flow rate 1n each pipe such

' that the sum of the ‘volumetric flow rates into each junction is equal
fo the sum of the volumetric flow rates out of the junction. Note that.
~the ‘fluid tends to follow the path of least resistance through the pipe

network, so that the pipes having a high values of K have relatlvely

: low volumetric flow rates.

v) Determine the algebraic sum of total head losses, zh _for each
, closed loop by using the following sign convention. If the flow is
~ clockwise, then the total head loss and the volumetric flow rate are

positive. However, if the flow is counterclockwise, then the total
head loss and the volumetric flow rate are negative.
vi) Determine the arithmetic sum of 2KQ, that is £(2kQ) for each
closed loop. During this summation,, consider all 2KQ values as positive.
vii) Calculate the correction for the volumetric flow rate, aQ, for

each loop from 1

o h - .

viii) Calculate the improved values of the volumetric flow rate. Q',
by u51ng

Q'=0-a0 . (10.24)

ix) Repeat calculations in steps (v) through (viii) until a Q from .

step (vii) becomes negligibly small. The Q' value is used for the next

“cycle of iteration.

x) Calculate the average velocity. 4Q/(ud2) for each pipe.
xi) Calculate the Reynolds number, Re = pVd/u for each pipe.

xii) Determine the improved value of the friction factor, f, for
each pipe from the Moody diagram in Figure 10.5 by using the Reynolds
number, Re, and the relative roughness, e /d

xiii) Compare the assumed and the improved values of the friction
.factor for each pipe and repeat steps (i11) through (xifi) as many times
as needed in order to obtain the desired accuracy in the friction
factor.
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1 0.01 m3/s
5 i

|
{

Example 10.6

Water at 20°C.is flowing through the pipe network, as shoﬁn in

Figure 10.24. All ﬁipes are 1" cast iron, and the elbows are standard.
Determine the volumetric flow rate of water in pipes a,b,c,d and e.

Solution

‘The volumetric flow rate in each pipe of the network may be

. determined by applying the procedure which f{s préSented in this section
as follows: A ’

0.001 /s
4 m - ;
Jz
Pipe a Pipe d
2 m B
Loop 1 4 m Loop 2 TL=4t’ T
Jy ‘ | - Ju,.:::& S ‘
¥ . "

im ;
1_1Ei% Pipe b

0.004 m3/s

Figure 10.24 Sketch for Example 10.6

i) The 'relativé roughness for. the 1" cast jron pipes may be
obtained from Figure 10.4 as )
:s/q = 0.01

ii) The friction factor corresponding to a relative foughness of

-ég/d = 0.01 in the fully rough flow region may be obtained from the

Moody diagram in Figure 10.5 as
f = 0.038

iii) As long as the equivalent length ratios for the standard elbow,
the standard tee with flow through run and the *standard tee with flow
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through branch are (L,/d), = 30, (L/d),. = 20 and (Lg/d) - 60
respectively, the total head loss in pipes a,b,c,d and \ - be
expressed as ”
[ L L 4Q
- fr—2 e ] €y 3122 \
hfa = f[ d + (a_)ta + (d )e + (d )tTJ 29[ “fj \
1
(2)(9.81 m/s%)

= (0.038)[ 0"’05“5 — 4 60 + 30 + 20]

4Q .
X [—2 P - 2.61x10° ¢ -
(1 )(0.0254 m) )

4Q 5
b3

L oL L L,
b e e e 1
= flg + @ha* (@le * @talzg

= (0.038)[——25r5— + 60 + 30 + 20]
-0E58 . (2)(9.81 m/s)
4Q -
X [ .
(%)(0.0254 m)

=] = 2.32x10° Q)

L, ‘4Q
c e 1 G

- | [ "
(2)(9.81 m/s?) (1 )(0.0254 m)

2'3‘2

= (0.038) [5gong— + 2(60)]

= 2.09x10° Qg

L, L L L
hey = fI—=9 + (& e ey .1, %
fd d e + (39),,) ) D)2
_ d’e d “t2” 2g ﬁdz
= (0.038)[ —s2 M 1
00557 = + 20 + 30 4 60] ——
: : (2)(9.81 m/s?)
4q . ' ‘
x[—~_.~g____]2 =2 6 2 .
(1)(0.0254 )2 - 17x10°g,
L. T L L
he = f[—& 4+ (=& 4Q
e = T+ Gy, + (39, + (T)42] ;gp-f_sgz _
s : i
= (0.038)[—3:5m |, R
0.0254 m * 20 + 30 + 601

(2)(9.81 m/s%)

4 |
x[ . 2 _ 6 2
E;;?Bta;gz-;sgl = 1.87x10 Qg
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iv) As long as the K value for pipe a.is larger than the K value
for pipe b, then the vo}umetric flow rate in pipe b will be larger. The
continuity equation at junction J yields o

Q, + Q = 0.0f m/s

therefore it is possible to assume Q, and‘Qb as

Q, = 0.004 m/s

Q,, = 0.006 m3/s

Now, the continuity equa{ion may be applied to junction J) as
0 + Qq = Q, - 0.001 m%/s = 0.003 m/s

when the flow in pipe C is a»ssurvned to proceed from junctiSn J/ to

“junction J3. Since the K value for pipe C is_sméller than the K value
in pipe d, then it is ﬁrobable that the volumetric flow rate in pipe ¢
will be larger. Hence, Qc and Qd may be assumed as :

Q. = 0.002 m3/s - -

C

Q4 = 0.001 m3/s

Finally, the continuity equatidn for junction J3 is

~ ) 3/e o 3,0
Qp = Qy + Q - 0.004 m*/s = 0.004 m /s

v) The sum of the total head losses in loop 1 may now be caiculated
as

. Y RV S T 6y AREYS
th1 = ha + hc hb = KaQa + KCQC Kbe = (2.61x10 )(0f004)
6 2 6 2 _
+ (2.09x10°)(0.002)° - (2.32x10°)(0.006)° = -33.4m

Similariy, the sum bf the head losses in loop 2 is
L 02 2 2 _ 6 2
thz = hd - he - hc =.Kde - KeQe - KCQC (2.17x10 )(0.001)
- (1.87x108)(0.008)7 - (2.09x10%)(0.002)° =-36.11m
vi) The sum of the values of 2KQ for loop 1 is
: , ; v : 6
.}2(2KQ)1 = Z[KaQa + KCQCF+ Kbe] = 2[(2.61x10 )(0T004)
4+ (2.09x106)(0.002) + (2.32x{06)(0.006)]= 57080 S/m2
Similarly, the sum of the values of 2KQ for loop 2 is
£(2KQ), = 20K{Qy + Kol *+ KQcD = 20 (2.17x10°)(0.001)

& (1.87x105)(0.004) + (2.09x106)(0.002)] = 27640 s/m2

1

oo
)

o~



vii) The estimates of error in the assumed values of the vglumetric
flow rates for loops 1 and 2 are,

Qe _-33.40m
S T2y T 57080 s/m?

= -0.59x1073 m3/s

a zh, _=36.11m
2 = 2{2KQ), "~ 27640 s/m?

= -1.31x1073 m3/s

viii) The volumetric flow rates in pipes a, b'andvc of loop 1 may .now
be corrected as - ' :

Q) =Q

, - AQ, = 4x1073 /s - (-0.59x1073 m3/s)

4.59x1073 m3/s

Q) = Q, - 40, = -6x1073 m3/s ~ (-0.59x1073 m3/s)

-5.41x1073 m3/s

- 80, = 2x1073 /s - (-0.59x107) n*/s)
'

0; - o

2.59x1073 m3/s

Similarly, the correction may be applied tc the volumetric flow rates of
pipes ¢, d and e as

Q = Q. - 40, = -2.59x1073 m3/s - (-1.31x1073 m3/s)

-1.28x1073 m3/s

Q} = Qg - 80, = 1x1073 n¥/s - (-1.31x1073 n/s)

Q.
1

2.31x1073 m3/s

Q) = Q - 80, = -4.10x10°3 m3/s - (-1.31x1073 m3/s)

-2.69x1073 m¥/s *

ix) In ordey to make AQ1 and A02 negligibly small, it is necessary
to ‘repeat the calculations. These iterations are presented in
Table 10.10. '

x) The velotity in each pipe may now be evaluated as

. = ) s |
va g _ (4)(4.79x107" m é§)_= 9.45 m/s
*ond (7)(0.0254 m)

8% (a)(5.21x1073 m3/5) _ 4o 08 m/s
b~ 542 (1)(0.0254 m)?

-
]
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8 (a)(1.23x10°3 m3/s) | 5 43 /s

Ye T ad ~(1)(0.0254 m)?

2By (a)(2.56x1073 w/s) 5 05 s
d * 742 (7)(0.0254 m)2

220 (a)(2.001073 W/s) 4 g2 s
e g42 (1)(0.0254 m)2

' ' ' ' 6 2
, ‘xi) The kinematic viscosity of water at 20°C s 1.003x10 m</s
from Table A.2, so that -the Reynolds “number . for each pipe may be

calculated as
3 |

Vad  (9.45 m/s)(0.0254 m) _ 5 %9410

a
Re, =—— =
T4 T TV T (1.003x107% n?/s)

v - b% _ (10.28 m/5)(0.0254 m) _ 5 gox105
b v -6 2 . )
(1.003x107° m°/s).

Ved  (2.43 m/s)(0.0254 m) _ ¢ ys5x10"
¢V T (1.003x10°8 mP/s) '

Vgd _ (5.05 m/s)(0.0258 m) _ 4 rgy405
v (1.003x1076 m3/s)

re . Vel (4.82 m/s)(0.0254 m) _

; 5
1.22x10
g » (1.003x10°° m¢/s)

xii) The friction factor corresponding to a relative roughness value
of cs/d = 0.01 and Reynolds numbers in the range 6.15x10u to 2.60x105
may be determined from the Moody diagram in Figure 10.5 as

f = 0.038

xiii) As long as the assumed and the improyed values of the friction
factor are the same, then there is no need to iterate.

Consequently, the volumetric flow rate in each pipe may be given
as follows: -

4.79x10~3 m3/s

' Qa =
Qp = 5.21x10"3 m3/s
Q- $.23x10 3 m/s

Q = 2.56x10 3 m /s

\

Q, - 2.48x10 3 m¥ys
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Iterations for

Example 10.6

Table 10.10
Iteration 1 2 3 4
Q,(m/s) 4.00x10°3 | 4.59x1073 4.76x103 | 4.79x1073
Qb(m3/s) 6.00x10°3 | -5.41x1073 | =5.24x1073 | -5.21x1073
qc(m3/§) 'f 2.00x1073 | 1.28x1073 | 1.24x1073 1.23x1073
0 (m/s) 2.00x103 | -1.28x1073 | -1.24x1073 | -1.23x1073
,’Qd(mpls) 1.00x1073 |- 2.31x1073 | 2.52x1073 2.56x1073 |
Qy(m/s) _4.00x1073 | -2.69x1073 | -2.48x1073 | -2.44x107
zh (m) -33.40 -9.49 | -1.35 -0.07
sh, (m) 23611 - -5.38 -0.93 -0.07
z(2kQ), (s/n®) || 57080 54413 54344 54320
z(2KQ), (s/m°) 27640 25436 25395 25377
aQ, (m/s) _0.59x1073 | -0.17x1073 | -0.03x1073 | -0.001x1073
aQ, (m/s) 1.31x10°3 | -0.21x1073 | -0.0ax1073 | -0.003x1073
Q(m/s) ssoxto”3 | a.76xt073 | 47exi03 | a.7ox1073
Qp(m?/s) 5.41x103 | -5.24x1073 | -5.21x1073 -5.21x1073
Q. (m/s) 2.59x1073 1.45x10°3 | 1.27x1073 1.23x1073
Qnd/s) _t.26x1073 | -1.24x1073 | -1.23x1073 | -1.23x1073
Qy(m/s) 2.31x1073 | 25201073 | 2.56x107 2.56x1073
Q. (m3/s) _2.69x1073 | -2.48x1073 | -2.44x1073 | -2.48x1073
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10.5.4 Interconnected Reservoir Systems '

~ Another example of pipe systems, which has bractical importance in
 water supply systems  is- when ‘three or more reservoirs at various
elevations are interconnected at a joint. Figure 10.24 shows  three
interconnected reservoirs. Reservoir A is at the highést elevation,
reservoir B is a' the intermediate elevation and reservoir C is at the
lowest elevation. Three pipes 1; 2 and 3 meet at a common junction J,
and 01 . QZ and Q. are the volumetric flow rates in the respective

pipes. It is obvio: that the flow takes place from the highest

Upper
reservoir

NN RN Y

7

/
17 ®
ﬁ‘
s

Intermediate
reservoir

AT

7
Lover
'reservoir§
/

== ¢ - R

Figure 10.25 Three interconnected reservoirs

reservoir, that is reservoir A, towards the junction, and then from the
junction to the lbwermost reservoir. that is reservoir C. However, the
direction of the flow in the second pipe is still uncertain. If the
total head at the free surface of reservoir B is greater than the
total head at'junction J, then the flow takes place from reservoir B
towards juhction J. In this case, the continuity equation at’junction‘d

.becomes
/

+Q, =0y

However, when the total head at the free surface of the reservoir is
smaller than the total head at junction J, then the flow takes place
from junction J towards reservoir B. Hence, the continuity equation at

junction J is

Q1 = 02 + 03 when htB < htJ x | (10.2?)

when htB > htJ » v (10.24)
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The procedure. for determining the volumetric flow rate for each
pipe in the interconnected reservoir system may be given as follows:

i) Calculate the 4total héad. hys at the free surface of each
reservoir. ) - :
ii) Determine the relative roughness, € S/d. for each pipe from
Figure 10.4 by using the pipe diameter, d, and the pipe material.
jii) Assume a friction factor, f, for gach pipe from the Moody
diagram in Figure 10.5 by using the relative roughness, cS/d, in the
fully rough flow region. The reason for the assumption of the flow in
‘the fully rough region is that no iteration is necessary if this
assumption is true. . 4 '

iv) Express the total head loss, hf, for each pipe in the form of‘

hf = KQZ. where K is the equivalent resistance to the flow and Q is the
unknowh volumetric flow rate through the pipe. ,
y) Assume the total head for the junction, and determine the

direction' of flow in pipes which are connected to intermediate

reservoirs. Write the continuity equation for the junction.
vi) Write the 'extendéd Bernoulli' equatibn along the streamlines
between the free surface of each reservoir and the junctibn. '
vii) Determine the volumetric flow rate, Q, for each pipe.

viii) Determine whether the continuity equatidn is satisfied at the
junction or not. If the continuity equation is not satisfied, then
repeat ‘the calculations in steps (v)- through (vii) as many times as
necessary. ’ ’ . _

ix) Calculate the average velocity, V 4Q/(ﬂd2) for each pipe.
%) Calculate the Reynolds number, Re = pVd/u for each pipe.
xi) Determine the improved Value‘of the friction factor, f, for

each pipe from the Moody diagram in Figure 10.5 by using the Reynolds

number, Re, and the relative roughness, es/d?

xii) Compare the assumed and the improved values -of the friction

factor for each pipe and rereat steps (iv) through (xi) as many times
as needed in order to obtain the desired accuracy in the friction

factor.
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Example‘10.7

water at 20°C is flowing through the three reservoir system, which

. @

AONUNSNAAN

SINNNANNAN

Soultion

700 m
4
4
7
z, = 100 m’]
’ 7/
TR T

- is shown in Figure 10,26. All pipes are cast iron. Neglegting all minor
head losses.'determine'the volumetric flow rate for each pipe.

ATTINNSR

Lz =300 m

Q.
N
n

400 ]
=0.4m

e e W=l ___—__L

Figure 10.26 Sketch for Example 10.7

i) As long as the cross-sectional area of the reservoirs are very
large when compared to the cross-sectional area of pipes, then the
velocities at the free surface of three reservoirs are negligible, that
is VA =0, VB = 0 and Vc = 0. Therefore, tbe total head at the freeA
surface of reservoirs are :

t

h

tA

t8 =

tC ©

: 2
Pa Y

el 5 + Z, =
P9 29" A " (998.2 kg/m3)(9.81 m/s?)

=710.35m

2
101325 N/m + 700 m

~ (998.2 kg/m3)(9.81 m/s?)

2
1101325 N/m P

2
101325 N/m + 100 m

" (998.2 kg/m3)(9.81 m/s?)

0.35 m z, =450 m

—(89 -



— 40—

ii) The relative roughness for cast iron pipes with diameters of .
d, =03m d,=0.35m and d3 = 0.4 m may be obtained from Figure 10.4

as follows:

(e/d), = 0.00084

ey o002

(G S/d)3 = 0.00062

iii) The friction factors corresponding to relative roughness values
of (es/d% = 0.00084, (cs/d)2 = 0.00072 and (és/d)3 = 0.00062 in the
fully rough region are

ﬂ = 0.0185
f} = 0.018
'g = 0.0175

from the Moody diagram in Figure 10.5.

iv) As long as the minor head losses are neglected, then the total
head loss for pipes 1, 2 and 3 may be evaluated_from the Darcy-Weisbach
equation as follows: _ '

4
Ry = 1_;1'5%'—9512
1 9d

. - .
200 m 1 { s 5

(0.0185) ) i 12 = 125.81 Q
. 0.3 m%(2)(9.81 m/s?) (1)(0.3 m)? 1

S
. fg 2 d2.29 udg

o pyarp S0 o { F N, 2
0.018) (90 C 1% = 84.95 Q3 -
-0 35w ) (0 81 ws2) (1)(0.35 m | <

" L, 14q, ,
- 352
hes “-fafai'?if,dgl

A00 m
) 2 L 2
(2)(9.81 m/s°) (u)(0.4 m)

. 2 2

v) ﬁhe total head at junction J may now be assumed as 400 m, that
is htJ = 400 m. In this case,

hia > Peg > Nyg > Mye

and water is flowing from reservoirs A and B into reservoir C. As a
reshlt.vthe continuity equation at junction J becomes

Q, +0, =0,



vi) The.extended Bernoulli equation may now be\a?plied along£::z
;ireémlines between the free surfaces of three resgrvoxrs and qug

J as
Hgp = ey = Mgy~ < | \
Mg = Mg = Nz .
Mtg = Nec = heg

vii) The volumetric flow rate in each Pipe may now be determined as

oy = hey -
) 01 = { t¢25. ?J)1/2 - (710.3?2?.81400 m)1/2 = 1.57 m3/s
1= \T8ergs s 84.95 B #
Moo Mz ac0m- 110,35 h\;/z e
Q= g ) = ( 56.48 ) = 2.27m/s

| viii) Therefore, at junction J
Q +Q, = 1.57 m3/s + 0.84 m3/s = 2.41 m3/s > 0 = 2.27 m¥/s
Now, ih'order to decrease the volumetric flow rates from reservoirs A

and B to junction J, and to increase the volumetric flow rate from
junction J to reservoir C, one must increase the assumed value of the

(vii). The summary of iterations is presented in Table 10.11. As a
result, the volumetric flow rate in pipe 1, 2 and 3 are

Q1 = 1.54 m3/s
Q, = 0.76 m3/s
Q; = 2.30 m3/s

"ix) Now, the velocity in each pipe may be evaluated as follows:

4Q 3,
v, s —L - (0.5 [5) < 21.79 w/s
nd: (1)(0.30 m)

4q, {4)(0.76 m3/s) =7.90m /s

V, =—% =

adg (1)(0.35 m)2

V. = 403 =li)(2'30 m3/§L= 18.30 m/s
3 wd® (1)(0.40 m)2

3

total head at junction J, and must repeat the calculations in step
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x) As iong as the kinematic viscosity of water at 20°c s

_1.003x10‘§ mzls. then;ihe Reynolds number for each pipe may be evaluated

as
Cre. o 1% (21,79 w/5)(0.30 m) _ ¢ 570108 \
- VY T (1.003x1078 2/s) »
2 v (1 003x1075 2/sj X
re. 3% _ (18.30 n/s)(0.40 m) _ 5 306108 R
R (1.003x107® m2/s) ‘

xi) The friction factors corresponding to the relative roughness

and the Reynolds number for pxpes 1, 2 and 3 may be determined from the
Moody diagram as follows: '

!

f1 = 0.0185
f2 = 0.018
f3 = 0.0175

xii) As long as fhe"'assumed and the improved values of friciion
factors are the same for each pipe, then there is no need to iterate.

" Hence, the volumetric flow rates for pipes 1, 2 and 3 may be given

as
Q= 1.54 m¥s
" Q,=0.76m¥s
0, =2.30mYs
c T p S : E— ‘ 4
Iteration . : 1 2 3 \
h(m) 400 420 410 411
Q,(m3/s) - 1.57 1.52 ' 1.55 1.54 .
Q,(n%/s) L 0.8 | 069 | 077 | 0.7
Q,(m?/s) 2.2 2.3 | 2.30 2.30
Q, + 0, - Qy(n%/s) | 0.14 -0.13 . 0.02 10.00
Change in hJ(m) . increase decrease increase | 0.K

Table 10.11 Iterations for Example 10.7
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