Chapter 9

PIPE FLOW PROBLEMS

. NTRODUCTION ' ‘ |
o1 ¢ line is made of small lengths of pipes of uniform or different diamete
IS in:

Ap ]
PP h as couplings, flanges, reducers, bends elh > oingy
’ OWS

together with the help of pipe fittings Su¢ :
. : < like valves and sluices are employed for the regulatiop o naﬂd

pipe junctions- Pipe fitings ‘
ds of fluids such as water, oil, gas, et o
> €tC. Fory,

Long pipes are used to convey different kinds
supply ‘nstallations, pipe line is meant to distribute water from one reservoir to one g tey |
m()[e ¢
l

reservoIrs.

9.2 PIPES IN SERIES
Figure 9.1 represents a system of pipes of different lengths and diameters cop
Veyjn

o another. Such a pipe line is called a compound pipe or p;
1pes jy

liquid from one reservolr
series. As the pipes are in series, the discharge through them will be continuous. Ass
- A\SSumigg

the liquid at Fest iq both reservoirs, the difference H 1n elevation of free surfaces is th
head producing dlsgharge. The losses of head, as indicated by the drops in the o
gradient are successwel.y: he,, due to contraction at entrance at A; hg, due to friction le T
flc;llhcz, due ttct> clontractlon to smaller pipe at B; hp, due to friction in pipe 2; hg gu?l:ﬂ‘
argement to larger pipe at C; h, due to friction in pipe J; (T
outlet at D. Therefore, pipe 3; and hez, due to enlargementar |

ﬂmzzzzgr 1 B 2 m S ——— D~
c 3 ‘D

H=h +h,+h,+h .
athythoythy +h,+ h,yth, 9.1) |
-_— L_—/ Energy —————————————————— T !‘
(s G |
Zg ’ e h h H k’
/ | Hydraulic A} ‘L/ ‘! Gradient s\i |
; L—L—G-rjiient 1 1 ! il E ' ‘
l hm __\{_1 g ' — E’:‘::: 6
Datumy 20 ——"—%—— | 29 i ’In - _:{'E |
e y e ——— E
|

Fig. 9.1 Sys
- ystem of pipes connecting two reservoirs
e hydraulic gradient i
the three ns ¢ grddlcnl’ 1S at a dj 2~ et N
> pipes. Since pi § at a distance V7/2 : oints'
hvdraul , ce pipe , g below at all POk
“g'ff:iuhc gradient is l'arllhpctr s llS smaller than pipe 1 thethelen‘e’rgy grilidl'(im :cqter and el
velucity head becomes |L5° ow the energy gradieni Witlvethomyl o tga[L howc'vn“‘ ,
5 1€8S - 1 the enlargemen ’

S, rCSUIti Y 1N A . .
Ng In arise in the hydraulic gradient at that Po"lt'
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3 In most hydraulic problems the major pipe friction losses hg, 'hm"‘an:d},hg'in Eq.(9.1)

itute most of the total head H, and the minor losses are mostly so small as to be
cogligible' If the pipe length is about 500 pipe diameters ‘
nt

inor Josses will ordinarily not exceed 5 per cent, and if the pipe length is 1000 diar‘nc,ter's"dr” E

0 include these losses, a solution may be obtained first neglecting them and then correcting
he results by including them. o |

Figure 9.2 shows a simplified diagram of flow through a pipe line of different
Jiameters in series connecting two reservoirs. Minor losses are negligible and only the
hydraulic gradient is shown. The flow is assumed to be continuous and steady. Two common
problems which arise are:

1. Sizes and lengths of pipe and Q given, to find the total loss of head.

This problem can be solved as follows. The total loss of head is given by
H=h,+h,+h,

2 2 2
BN gL LY 9.2)
d g d, 2g d, 2g
& fLV2 fL Q* LO* 1 80" fL
e _—— —_ = _— 3 = -
N T a0g T g T dg wd iy nigd’
o 892( Ly, fiL, | st3}
‘g

, therefore

(9.3)
/4

' d; dy

Fig. 9.2 Pipe lines of different diameters 1n series

Now. if the coefficient of friction is the same for all the pipes, then Eqs.(9.2) and (9.3)
| become

2
) S (L L _L_q 9.4)
T2\ d 4, 4 , ~—
and _
125

, the error resulting from neglecting -

OTE, the effect of minor losses can usually be considered negligible. However, if it is de'sired‘
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. _spectively. The minor losses can be com

_ 8Q’f(i+£z_+£i] o)

puted and included if considerable.

Example 9.1

A 5 cm pipe takes off abruptly from a large tank, runs 8 m, and then expands abrupy

to 10 cm diameter, again runs 45 m, and then dlischarges directly into the open ajr With
velocity of 1.5 m/’s. Compute the necessary height O_f water surface above the POint o
discharge. Take f; = 0.024 and f; = 0.026. Include the minor losses.

Solution We have,d,=5cm=0.05m,L; =8m, d;=10cm=0.10m, L, =45 m, V, =

1.5 m/s, f, =0.024, f, = 0.026 - .
Now, height of water surface above the point of discharge = total head loss
v} L V: W, -V,) L, V;} vy Q)
" 2g-+j}d,2g 28 *d,2g 2g

Since the flow is continuous, Q = A}V, = A, V3

N
s%ﬁﬁ=%ﬁ% LﬁJF‘“’
—>

i 10 A e W
Vo=V, ﬁ —l.SX(w) =6m/s
i 0.05

|
.. From (1), we have

2 ) B " , 2
SR Y P S M Cl. ) Y MV MR &
2x9.81 0.05 2x9.81 2x9.8] 0.10 2x9.81 2x98]

H =0.5x

=0917+7.045+1.032+1.341 +0.115 = 10.45 m of water

2. Allowable losses of head and lengths and sizes of pipes given, to find Q.

Four different methods of solution of this problem using Eq. (9.4) or (9.5) are as
follows.

i) Trial solution: Assume a Q. Compute loss of head in each pipe by formula or

diagram and add the losses. Compare with the allowable loss and revise Q in proper
direction. Repeat until satisfactory check is obtained. '

LV?

ii) Algebraic solution: Write f ;I—T for each pipe, assuming values of f and
g

equating sum Qf the terms to the allowable head loss. Express all velocity heads in terms ol
velocity head in one of the given sizes of pipes. Solve for the velocity head and velocity:

Compute the velocities in the other ipes. L head.
) . . Look u loss of he
Revise solution if necessary. PP P proper 's and check total
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y

This method is adapted to the condition inw
an also be expressed in terms of the velogit
loss coefficients selected for the first solutio

jii) Equivalent-length solution:

hich minqr losses are appreciable since
Y head and included in the equation. The
N may also need revision.

Reduce the overal]
. : _ length of ¢ i
o givalent length of some selected diameter. With this selec%ed diarr(:::gro 1::1((11 pc‘s:n;t)(\)ltzlc]l

equivalent lquth, detgrmlpe Q fo_r the given loss of head. Using this Q, check tion of

[osses in the hm.e. A pipe .dlagram 1 of much assistance in the applicatio;l of t‘hissr‘;‘;?;ldmn i
iv) Egulvalent-dlamgter solution: Reduce the different sizes of pipe in series.to an

equivalent diameter of the given overall length. With this diameter and length, determine Q

from the. given loss of head. Using this Q, check summation of losses in the line. A pipe
diagram is of much assistance in the application of the method.

they ©
minor

Example 9.2

A pipeline 40 m long is connected to a water tank at one end and discharges freely
into the atmosphere at the other end. For the first 25 m of its length from the tank, the pipe 1s
15 cm in diameter and its diameter suddenly enlarges to 30 cm. The height of water level In
the tank is 8 m above the center of the pipe. Considering all losses of head which occur,
determine the rate of flow. Assume = 0.020 for both the pipes.

Solution Wehave,L=40m,L;=25m,d,=15cm=0.15m, [,=40-25=15m,d2 =
30cm =0.30m,H =8m, f=0.020
The total head loss is given by

H-_—OS_I_/L.+j'£'__V'__+M+f2£_Z_£/}:.+K£_
2g d 2g . 2g8 d,2g 2g

Since the flow is continuous, Q = AV = A; V2

o =Za, —
A T

V| = VZ(_d_?_] = V2 X(OBOj :4V7 ——’“—l_’li

d, 0.15 :
. From (i), we have
2 24y, -1, 15 Ve Vv
8=0.5X(4V2) +0.020x 25 X£4—Vl)~+(——2’-—i+0.020><——x 2 42
2g 0.15 2g 28 030 2g 2g
e 2 2 2 2 2 )
:8V2' +53.331/2 +2K2_+V’2+K2_:_72.33V2

¢ 2g 28 28 28 28

= [P _yu3mis
7233

LO=AV, =%><0.302 (1473 =0.104 m’ /s
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|

PES .
same discharge in both systems. We hzave, for t8h5 : lfrsL pIp . S the/
LI I/l - _I,J_'_____.Q—/ = —’T—I—gl_ 9
hn=hg g~ 7 2gGudl 14 7 06) |
and for the second pipe ‘;ﬂ
8Q2f2L2 (97
2 = ”2'——3—_ )
/2 ntgd, disch _

For the two pipes t0 be equivalent, hp = he for the same discharge Q. So, equating Eqs.(9. 6)
and (9.7), we have after simplifying ;el
Lf'. = _fLL_’_ (9.8)

T
d,\ 3
L =10 % 9.9)
’ , \ 4 ' |
which deternfines the length of the second pipe to be equivalent to the first pipe. [(

Example 5.3 _
place 300 m of 250 mm diameter pipe (f = 0.020) w

mm diameter pipe (f=0.018).

ith an equivalent length of 150

Solution We have, L; =300 m, d; =250 mm = 0.25 m, f; = 0.020, d = 150 mm =0.15m, £

=0.018
From Eq. (9.9), we have I
"

5 5
d : .
Lzle_f'_(-le :300x0020x(015) =259 m

, L d, 0.018 (0.25
Therefore, 25.9 m of 150 mm diameter pipe is equivalent to 300 m of 250 min

diameter pipe. {

jameter and of

Obviously, a compound pipe may be replaced by a pipe of uniform d
e the

the same length as that of a compound pipe, such that the loss of head and discharge ar¢ t
same in both the cases. The new pipe of uniform diameter is called equivalent pipe and 1S

diameter is called equivalent size of the pipe.
Let L,, L, and L; be the lengths and d,, d, and d; be the diameters of the three pipes of

a compound.pipe. Assume that the three pipes have the same friction factor f as that of the
compound pipe. Then, the total head loss in the compound pipe is given by

LV LV ’ :
pag il LVl L S0 (h L b 010
28 " d,2¢ T dy2g nlg\d) d, dy

[
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v
.
gl L is the length and d is the diameter of the equivalent pipe that would give the same
| jischarge for the same head loss due to friction, then total head loss in the gquivalent pipe

_8Q'fL -
= ’—nzgds (9.11)
pere L=t L, + Ly = length of the equivalent pipe. Equating Eqs.(9.10) and (9.11) and
~mplifying, we have K Y £ SONE 11 S SO T T
[ Slmp H - - + S -‘_ S
| L +L2+L3 Kvac\gL Fva d, AL(9 12)43
—_— _— — L .
& d d d R : L 2

| . P LA
Equation (9.12) gives the uniform diameter of an equivalent pipe which has the same
[ength, same head loss and same discharge as the compound pipe.
It is also sometimes required to determine the length L of a pipe of uniform diameter
4 which is available for use to replace the compound pipe. To have the same discharge and
same loss of head due to friction, the length of such a pipe would be

L L, L
L.—_-a's o= o 913
[dﬁ a; d:j 6-13)

Remember that in this case, L# L, + L, + Ls.

Exampl%

Acompound pipe line is made up of pipes 45 cm in diameter for 900 m, 37.5 cm n
diameter for 450 m and 30 cm in diameter for 300 m. (a) It is required to be replaced by 2
pipe of uniform diameter. Find the diameter of the new pipe, assuming the length to remain
the same. (b) If we want to replace the compound pipe with a pipe of 40 cm diameter, what

~ would be the length of this pipe? :

| Solution We have,d; =45cm=045m,L; =900 m,d;=37.5cm=0.375m, L, = 450 m,
| d;=30cm=0.30m, L3;=300 m

(a) L=L,+L;+L;=900+450+300=1650 m

| Ustg the equation

L L L L

| d* d} d; d;

- we obtain

| 1650 900 450 300

= + S+ 5=2329]1
d° 045 0375 030

232911
« (b) d=40cm

1/5
d=( 1630 ) =03716 m=37.16 cm

129
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L, L, L)
. i — -r—+ -
wL=d [dls dS dJJ

o0 ( 00 , 40, LOO_) =001024x 232911 =238501

045°  0375° 030°

9.4 PIPES IN PARALLEL . o

A combination of two or more pipes connected as in Fig. 9.3, so thy the
divided among the pipes and then is joined 1 0y
again, is a parallel-pipe system. In series - —
pipes, the discharge is same in all the A 2 j )
pipes and head losses are cumulative, But — . m— . §
in parallel pipes, the head losses are the 3 :] —
same and discharges are cumulative. —

‘Fig. 9.3 Parallel pipe systen

To solve a problem involving parallel-pipe system, the following two conditions pf
be satisfied:

I The head loss in each parallel pipe is the same, i.e. hy = hp =hg.
2. The discharge in the main line is equal to the sum of the discharges in the pmr

Iines, i.e. Q=Q, +Q,+ Q.

A mathematical determination of the division of
Darcy-Weisbach formula

b LV 80

/

T (914)
so that e W 7(J—
\/—-ds” | O~ T \]?J\,\ 3

i

ff X = 9.15)

If on]y two branches 1 and 2 are in parallel, then for a given hy

(r o

If the diameters and the lengths of the two ‘
are known or assumed, then Eq. (9.16) can be exp

flow can be made by use oft

branches are known and the friction faC'nrsi

ressed as
Ql = FQz (9.17)
where F is a known quantity. Moreover,
0=0,+0, (9.18)

E
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jischaree , . These must be equal. If the ~ =
;dlmputatIODS do not .show them equal, the discharges should be adjusted by trial .until J
¥ Coasonable agreement is obtained. A

10

V

s the discharge through the o : gt
e Q1S : g approach or the cxit pipe. With ,
e |tan€eous solution of Eqs.(9.17) and (9.18) gives pipe. With Q kIlOWIl or assumed,

: o a0 Then™ vsins hese -
head losses in pipes 1 and 2 can be comput 31 nd -Q,:: Then, using -these

V"h

; This method‘ can be extepdeq to any number of branches in parallel. For example,
.~ with three branches in parallel as in Fig. 9.3, it is possible to develop the relations

0,=F'0, and Q =FQ, (9-19) |
which can be combined with the equation
0=0,+0,+0, 9.20)

(o obtain the flow in each of the three parallel branches.

Two types of problems with parallel-pipe system generally arise:
1. Having given the lengths and the diameters of all the pipes and the allowable

 pead loss, to determine Q.

This type is, in effect, the solution of simple pipe problems for discharge, since the

lL head loss is known. These discharges are added to determine the total discharge.

. Example 9.5 :

In Fig. 9.3, L; = 900 m, d; = 300 mm, f; = 0.021, L, = 600 m, d; = 200 mm, f; =

0.018, Ly = 1200 m, d3 = 400 mm, f; = 0.019 and the head loss between A and B is 6.62 m.
Determine the discharge. <~

Solution We have, hp = hp = hg = 6.62 m. From Eq.(9.6), we obtain for pipe 1

LV L 0] 80 f.L
h[I:flll_fl_L | _ 1 J17

ZZg d, 2g(nd} 14)* - n’gd’

IS

or
h, xnlxgxd’ 2%9.81x0.30°
0=+ g ':\F&” OO0 _ 4 1015 /5
8/.L, 8x0.021x900 .
Similarly,
hoxrixgxd: [6.62x7°x9.81x0.20°
0, = /2 £*9, :\[ kil X =0.0487 m’ /s
8f,L, 8x0.018 x 600 ‘
h.xrlxgxd: 6.62x % x9.81%0.40°
0, = |22 5 3:\[ X X728 =0.1897 m’ /s
8/,L, 8x0.019x 1200

2 Q=0 +0,+0,=0.1015+0.0487 +0.1897 = 0.3399 m’/s
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e ————————

R

Bl

.y
charge Q and the diameters and the lenggy
s

total dis
ead loss. of ‘hl

f flow and the h
lex, as neither the head loss nor the g;q

2. Having given the
the distribution 0

pipes, to find i o h
This type of problem 1S mO -

any pipe 1sl knyc?wn Tr:vo methods of solution of this problem are as follows. e
Method 1 Algebraic solution _ _ [
1. Determine the division of flow in the branches in parallel. To do s0, cxpre |{

t

discharges Q, and Q; in terms of Q;.Then, using Eq. (9.20), determine Q,. From Q, 0
> X249

Q; can be obtained.
2. Compute the head losses hy,

should be equal.

h, and h. The loss of head in the paralle| branh
c

Method 2 Trial solution
1. Assume a discharge (| through pipe 1.

2. Determine /, using the assumed discharge.
3. Using h}, , determine Q) and Q.

4. The given total discharge Q is split up among the three
pipes in the sam
as Oy, 0; and QJ,le € proporti

_ O
ZQQ Q ZQQ QJ ZQ (9_21) !
where ZQ‘Q|+Q;+Q3-

5. Check the correctness of these discharges by computing hg, hy and hy

Example 9.6

In Fig. 9.3, L; = 900 m, d|—300mm fi=0.021, L, = 600 m, d, = 200 mm, f;

0.018, Ly = 1200 m, d; = 400 mm a
nd f; = 0.019. F
flow through each pipe and the loss of head between();\aa(rlllsc};large or0.34 m3/s detemnine tk‘

Solution by Method 1 We have from Eq (9 16)

5/2
:[) \/T.\F 020 0.021  [500
L 030 “Voois Voo ~ 4%
(i) ~

= 0.4800,
Simllarly
:[‘] X\/;x\/’i’: 040 0.021 ’900
3 0 30 X, [—— =1.869
-1 869Ql o 0.019 1200
Smce 0=0 + 0, + 0., we have
132
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g

0.34 = Q, +0.480Q, + 1.869Q, = 3.349Q,

0= 032 _o.1015 m' /s
' 3349
Then
0, =0.480x0.1015=0.0487 m’ /5
and

0, =1869x0.1015=0.1897 m’ /s

Using Eq.(9.6), we have
802f L, 8x0.1015% x0.021x900
n="_2 g5 ; : =6.62m
m gd, 71%x9.81x0.30

So, the head loss between A and B 1s 6.62 m.

Solution by Method 2 Assume Q| = 0.085 m’/s. Then, using Eq.(9.6)
o 80 f,L, _ 8x0.085% x0.021x900
N ngd] 7 %x9.81x0.30°
~. For pipe 2, we get
0 :\/7 xm® xgxd, \/4 6432 x9.81x020° _ (e v
81,L, 8x0.018 x 600
and for pipe 3, we obtain

h  x 7t x xd; s
0 - g \[4643xn <981x040° _ o005
87,L, 8x 0.019x 1200

The total discharge for the assumed condition is
0 +0, + 0, = 0.085+0.0408 +0.1589 = 0.2847 m’ /s

But the total discharge 1s 0.34 m’/s. So correcting the discharges in proportion, we
obtain

Q =

=4643 m

0.085

0.2847

Qz—% 0.34 = 0.0487 m’ / s

02847
0.1589
Q3 =

0.2847
Now, check the values of hp, hp, and h using Eq.(9.6).

%x0.34=0.1015m"/s

%034 =0.1898 m’ /s
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80; f,L, 8x01015 xOO2lx9OO e

" rgds T x9.81x030

n, =3 hk _8x004872x0018x600 6l m

T g 77x9.81x0.20°

h, = 2L _8><Ol8982x0019x1200 P
7" gdy 72 x9.81x0.40°

It is seen that the loss of head in the three branches is almost the same.

Note: Method 1 seems to be better than method 2.
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