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FLUID DYNAMICS

6.1, Introduction. 6.2. Different tvpes of heads for energies} of a liguid in motion. 6.3,
Bernoulli 5 equation. 6.4. Euler s equation for motion. 6.5. Bernoulli s equation for real
Huids. 6.6. Practical applications of Bernowlli 5 equation — Venturimeter-Orificemerter—
Pitot tube. 6.7. Free liguid jet. 6.8. Impuise momentum equation. 6.9. Kinetic energy and
momentum correction factors (Coriolis co-efficients. 6.10. Moment of momentum egua-
fion, 6.11. Vortex motion—~Forced voriex flow-fiee vortex flow-equation of motion for vor-
tex flow-equation of forced vortex-rotation of liguid in o closed cylindrical vessel —High-
lights—Objective Type Question—Theoretical Questions —Unsolved Examples.

Introduction

E When the fluids are at rest, the only fluid property of significance is the specific weight of the
jacs. On the other hand, when a fluid is in motion various other fluid properties become significant,

bon of fluids without reference to the forces causing the motion is kinown as “hyvdrokinematies™

fumply kinematics). Thus, kinematics involves merely the description of the motion of fluids in

s of space-time relationship. The science which deals with the action of the forces in producing

Weharnging motion of fluids is known as “hydrokinetics” (or simply kinerics). Thus, the smdy of

ks i1 motion involves the consideration of both the kinematics and kinetics. The dynamic

_' Hon of fluid motion is obtained by applying Newton’s second law of motion to a fluid element
adered as a free body. The fluid is assumed 10 be incompressible and non-viscous.

- Tn fluid mechanics the basic equations are: (1} Continuiry equation, (i1} Energy equation, and (iti)
dse-momentum equation. Inthis chapter energy equation and impulse-momentum equations will
pescussed (Continuity equation has already been discussed in the chapter 5).

Mfferent Types of Heads (or Energies) of a Liquid in Motion
i There are three types of energies or heads of flowing liquids:
1. Potential head or potential energy:

Thus 15 due to configuration or positicn above somie suitable datum line. It is denoted by =.
¥Yelocity head or Kinetic cnergy:

Ny

This is due to velocity of flowing liquid and is measured as v where Vis the velocity of

: . . 2
flow and ‘g’ is the acceleration due to gravity (g = 9.81) £

Pressure head or pressure energy:

This is due to the pressure of liquid and reckoned as £ where p is the pressure and w is the
welght density of the liquid. e
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wnch the nature of flow of a real fluid is complex. The science which deals with the geometry of
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Total head/energy:

Total head of a liquid pariicle in metion 1s the sum of its potential head, kinetic head and pressurs
head. Mathematically, |

iy
._..-.li-

Total head, =2+l 4 P mofliquid 161 (a)]
2g W
Tota) energy, E=z+ T + P Namikg of liquid 61D ]
g w |

Example 6.1, /n ¢ pipe af 90 mm diameter water is flowing with a mean velociy of 2 m/s and at
a gauge pressure of 350 LN/, Determine the rotal head, if the pipe is & metres above the datum line.
Neglect friction.

Solution. Diameter of the pipe =50 mm

Pressure, p = 350 kN/m*

Velocity of water, ¥ =2 mis

Datum head. z =8 m

Specific weight of water, W= $.81 KN/m®

Total head of water, H:

H=1z -i-i; + 2
g ow
2° 350
+ o
| 2% 9.81 9.81
H =43.88 m (Ans.)

— S = 4338 11

6.3. Bernoulli’s Equation
Bernoulli’s equation states as follow:

“In an ideal incompressible fluid when the flow is steady and continuous, the sum of pres-
cure energy, kinetic energy and ofential (or datum) energy is consiant along a stream line.”}
Mathematically,

p V°
£ 4+ — 4+ z =constant
W 2g
e,
where, — = Pressure energy,
13%
172
— = Kinetic energy, and
2g

z = Datum {or elevation) energy.

Proof.

Consider an ideal incompressible liquid through a non-uniform pipe as shown in Fig 6.1, Letwl
consider two sections LL and MM and assume that the pipe is running full and there is continuity
flow between the two sections, |

Let, p, = Pressure at LL,
V', = Velocity of liquid at LL,
z, = Height of LL above the datum,
A, = Area of pipe at LL, and
Doy Vs 250 Ay= Corresponding values at MM,
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L et the liquid between the two sections LL and MM move to L’ L7 and M’M’ through very small
s 7/, and @/, as shown in Fig. 6.1. This movement of liquid between LL and MAM is equivalent
movement of the liquid between LL and L2"and MM and MM, the remaining liquid between

and MM being unaffected.
W = Weight of liquid between LL and L7L".

the flow is continuous,
W=wA, . dl =wA, . di,

¥ 1
4 .dl, == ()
W
W
mlarly, A; *fﬂz = _1: ..[F)
4, .dl =A,dl,

. -

done by pressure at LZ, in moving the liquid to L"L’

. .-. 'l
h = Force x distance =p, . 4, . 4/,
£ /-
!
i Pfﬁe
i Y A
A ~— Ag-
lruf
L/ !
a,, 2%
Loy —
21 - f
dl,
o>
m of l Mg+
‘ v _ v
; Fig. 6.1, Bernoutli’s equation.
. Similarly, work done by the pressure at MM in moving the liquid to M M =-p,A,.dl,
ve sign indicates that direction of p, 1s opposite to that of p,)
P - Total work done by the pressure
=p, .4, dl,-p, A, dl,
=p, A di,—p, 4, dl, (' A,dl, = A,dl)
= A1 : 'fﬂ1 {P1 _pg)
3 W 14
g6.1. 14 =:(P1_ p:) [ A4, . d =—]
, . W

* .
[ IR

F Eoss of potential energy = W ({z, — z,)

: (v v w
¥ Gain in kinetic energy = W | —=— — L l=— (1 - i)
- 2 2

g 2g) 28

k Also, loss of potential energy = work done by pressure = gain in kinetic energy

W W
Wizy —z3)+—(p — pi) = —'(V:E ‘V12}
W 2g |
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I.= 1 ). ¢ I*: I';: Y
Or 3]_;:]+:f.-__f"_- —‘ e —
Lw owy s 2g 2g,
3 ? - Vﬁ:
or AR S S (6.2)
W 2g W 2g

which proves Bernouwlli s equuiion,

Assumptions:

It mav be mentioned that the following assumptions are made in the derivation of Bermoulli’s
equation:

1. The liguid is ideal and incompressible.

2. The flow 1s steady and confinuous.

2, The flow is along the streamline, f.e., 1t i5 one-dimenstonal.
The velocity is uniform over the section and is equal to the mean velocity.
The only forces acting on the flutd are the graviry forces and the pressure forces.

s

|

LT |

6.4. Euler’s Equation for Motion

Consider steady flow of an ideal fluid along the stream tube. Separate out a small element of
fluid of cross-sectional area ¢4 and length ds from stream tube as a free body from the moving flutd.

Fig. 6.2. shows such a small element LM of tluid of cross-section area ¢4 and length ds.

[et, p = Pressure on the element ar L.

p + dp = Pressure on the element at 1/, and
I = Velocity of the fluid element.

) -'-.“*'eé .
/ ) Streamline
R, 0 Y

g = po dd ds

Fig. 6.2, Forces on a fluid element (Euler’s equation).
The external forces tending to accelerate the fluid element in the direction of streamline are as
follows;
1. Net pressure force in the direction of flow 1s,
pdd—(p—dpydd=—dp . dd ..(1)
2,  Component of the weight of the fluid element in the direction of flow is

it

=— p.e.dd ds. cosh

:-p.g.dﬁi,ds(ﬁl :/ cosBzEW

. @5 \ l’fS .
=—p.g.dd.d: ..
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" Mass of the fluid element
= p.dA.ds . (if)
The acceleration of the fluid elernent 5
a= Ly ) =

fdt ds ot ds 5 .
Now, according to Newton’s second law of motion, Force = mass x acceleration i

| dV
—dp.dA - pgdA. dz=pdA ds x V. —

ds
Dividing both sides by p.dA, we get
—dp
— —gd:=V 4V
P
P ons
or E +V.dV + g.dz=0 (6.3)

This is the required Euler’s equation tor motion, and is in the form of differential equation.

Integrating the above eqn., we get

1
— Idp + J'L-’Zdl*’ + J'g.dz = ¢onstant
P
p 'L__.FE
— + 5 + gz = constant
P
Dividing by g, we get
Ve
P - — 7 = Constand
pg 28
p V*
or — + — + z = constant
w  2pg
Vi vy
or, in other words, RS = £2 422 4 )
w Qg W 2g

which proves Bernouwlli's equation.
Euler’s Equation in Cartesian Coordinates:

+ Consider an infinitely small mass of fluid enclosed in an elementary parallelopiped of sides
r, dv and dz as shown in Fig. 6.3, The motion of the fluid element is influenced by ihe following

forces:

(Y Neormal forces due to pressure;

. The intensities of hydrostatic pressure acting normal to each face of the parallelepiped are shown
s Fig. 6.3

| The net pressure force in the X-direction

4 3
=p.dy.dz—|p +§—P—ix |d_v dz
;

'\ X
= ey
dx '
(i{) Gravity or body force: .
L Let B be the body force per unit mass of fluid having components B, B_and B, in the X, ¥’ and
fdifections respectively.
| Then, the body force acting on the parallelopiped in the direction of X-coordinate 1s = B, pdx.dydz
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+ s
’ F}xdx

Fig, 6.3, Normal surface forces on a non-viscous fluid element.
{{if) Inertia forces:

The inertia force acting on the fluid mass, along the X-coordinate is given by,

Mass x acceleration = p, dx . dy. 42, au

dt
As per Newton’s second law of motion summation of forces acting in the fluid element in any

direction equals the resulting inertia forces in that direction. Thus, along X-direction:

B .p dx.dydz- ti_p dx.dv.dz. = p.dx.dydz. %

Gx
Dividing bath sides by p.dx.dyv.dz. we have
1 8p | . . _
y — — Lo | LA
p O dt

In this equation each term has dimensions of force per unit mass or acceleration. Obviously
the total acceleration in a given direction is prescribed by the algebraic sum of the body force
and the pressure gradient in that direction since the velocity components are functions of posi-

tion and time, i.e., u = fix, y, z, 1), therefore, the total derivative of velocity u in the X-direction
can be written as; |

Cid Gl Cu I5rt,
dit = ——dt + —dx + —dv + — 4>
St ax Y oz
du  ou  Ou dx Ou dv Bu dz
Dr = - + —- - + - . + - 1
a3t x o dt &y odr &gt
. e}
Substituting, E =, -@— = v and & . w; we have
dar at qar
dﬂ — cu + H-— -+ pﬁ + wﬁ (H)

dt ot ox
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Combining eqns. () and (i7), we get the force components as,

& 3 3 .

B, - 12p = uﬁ_u + 1«*?—“ + w@_u i)
p Ox Ot Ox gy oz

Sinﬂlaﬂ}’, ' [ g— l ap = ov + “..a_v + pﬁ + wﬁ (f'v':l

Y o &y &t &x bz
1 3p _ow ow w ow )

and, p — +U—+V— + W
p gz O | oOx oy 0z
du v
For steady flow: =—-= 5_:"" =)
gt of ot
‘Thus, the Euler’s equation for a steady three-dimensional flow can be written as:
1 & &
BI—-—~_‘£=H-5—H+F8—“+WH—H (V)
p Cox Ex &z
1 ¢ &v 7 C
B},+—?£:u-—+vi£+w$ (vii)
- p oy cx oy gz
I Ow oW
p Oz X Oy ar:

. In Euler’s equation each term represents force per unit mass. Thus, if each equation is muluplied
b by the respective projections of the elementary displacement, the resulting equation would represent
L energy. Thus, in order to get total energy in the three-dimensional-steady-incompressible flow, the
[ energy terms can be combined as follows:

1 dp Ou Ju o

B dy — — Zody = —dx + V=—dx + w—dx -
* p E&x ox ay oz +AEX)
B, d —ljﬁﬁdy=u@}—dy+v?‘—vd}-‘+w§£dy (x)
p oy o Oy &z
BIdE-Lf—Fdz=uEEdz+vﬂtdz+ w;ﬂ:dz {xi)
_ p oy Ox &y Gz
From the equation of a streamhine in a three-dimensicnal flow, we have:
dx dy _dz
£ 1 W

udy = vebx; vdz = wdy, udz = wdx
Substituting these values in egns (ix}, (x) and (xi), we get

B dx - -l-fiﬁdx = uiu—dx + u‘i—“dy - uiliffz {xi)
1 0 é %
Bdy - — Zdy = v——dx + l’id}f v v dz . (xit)
' p oy ox % oz
h ) o
B.dz - i E'F-dz = W:'dx + w?dy + wF;idz ()
p Oz Gx oy Gz
Su 1 &(u’
Acceleration terms are of form u_ﬂ which can be replaced by 3 {f }1Thus,
Cx Gx

B dx - +P gy == [ 2wt ydx + = (u?) dy + f-(f}dz} - -lid(uzﬁ (o)
oy 2

p Cx 2| Ox
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1 1
Similarly, B, dy- —G—dy = —d(v*) - {xvi)
p Oy Z
B.dz— ——dz = —d(w” 7
and, z > &y (w?) L xvin)
Adding egns (xv}, (xvi) and (xvii), we get
2 h
B, dx + B dy + B.dz - 1 [E‘E + Tdv + P
: D\ ox oy cz

= %Ed(uzﬁ +d?) + d(w7) ]

1
Of, B.dx + B dy + B,dz - -l—cfp = -i-d{V;"} XL
' P
where, V = Total velocity vector.

When gravity is the only body force acting on the third element, then

B =0,B=0and B =-¢

B = - g since the gravitational force acts in the downward direction which 1s neqame "with’
reapect to Y, which is positive upward. Inserting these values in (xviif), we get
! 5
—g-—dp= ()
D 2
|
QT —g‘—_dp—lﬂf
’ P
or, iﬂ- + VdV + g =0 whicitis the same as Euler’s equation {6.3).

Y
Hydrostatic equation from Euler’s equation:

If the fluid is 2t rest then the velocity terms in the Euler’s eqns, (w), (vif) and (vizi}, vanish and we

have
1 - = -y
_tu_-iEID; Bl'_'_l'_\E=0a Bz_li =0
P X p oy p oz
Further if gravity is the only body force, then
I=O}B},——g} B =0
1 & 1 ¢
_,‘f_=0; _:E:{] L(xix)
p Cx p oZ
1 ¢
and —E——:E=D L {xx)
P cy
op dp
Eqn. (xix), signifies that fluid pressure p is independent of x and z. In that case — = - and
Sig ¥
Ldp_
p dy
Or rfp = — pgd} 0T dp - _ Hd}

Integrating both sides, we get,

Jap = [
1

It
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or (Pz_p5}=_w(yj_.]"'])

or dp = wdy

which represents the hydrostatic equation. Thus, hydrostatic equation is merely a coroliary of
Eulers equation.

Example 6.2. 4 discharge through a 24 cm diameter horizontal pipe increases linearly from 30
to [20 litresssec. of water in 4 seconds,

(1) MWhat pressure gradient must exist io produce this acceleration?

(if) What is the difference in pressure intensity that exists between two sections that lie 9 m
apart’

Solution. The Euler’s equation for one-dimensional flow along the pipe axis may be written as:

1 & % &
R AL ()
pox Ot o

As the pipe is of uniform cross-sectional area, the velocity remains constant along the flow
direction and therefore,
Gl
= =0
ox

Further, since the pipe has been laid horizontally, therefore, the body forces per units velume in
the direction X =0
Thus, the egn. (1) reduces to
_lép  cu
o & &
The change in velocity when the flow changes from 30 to 120 litres/sec

=3 -3
Cu = (1, —u )= _IIZD RN LS VA 1.98% m's
JI « (0.24)° .E x (0.24)?

This change takes place in 4 sec,

01 1990 157
&t
) bresoe raden, 2
{7/} Pressure gradient, 3
e - 1000 x 0.497 = — 497 N/m*/m (Ans.)
cx Ct

(/) Difference in pressure intensity between the sections:
Difference in pressure intensity between two sections that lie 9 m apart

— %”’— x 0= — 497 %« 0 = — 4473 N/m? (Ans.)
Y

3 Example 6.3. Brine of specific gravity 1.15 is draining from the bottom of a large open tank
F ' drough a 80 mm pipe. The drain pipe ends at a point 10 m below the surface of the brine in the tank.
- Lensidering a streamline starting at the swiface of the brine in the tank and passing through the
semire of the drain line to the point of discharge and assuming the friction is negligible, calculate the
2acity of flow along the streamline at the point of discharge from the pipe.

- (AMIE Summer, 2000}

selution. Refer Fig. 6.4
Section /- The surface of brine in the tank
Yeetion 2 = The point of discharge.
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Applying Bernoulli’s equation between point 1 and 2, @ «—— Large tank
we Zet
P2 12 R
ALl =2,0 LIIITTIIIIC
w2 w2 S Brine I
Here p, =p. =p_  (atmospheric pressure), - '_:':'__': ZZ“_'__'_ -
Vi=0and{z -z)=10m “""__:{ """ (z,—z,)=10m
Vi =2g(z,-2)=2gx 10=2x9.81 x 10 =196.2 - !
or ¥, = 14 m/s (Ans.) -]
Example 6.4. 4 pipeline (Fig. 6.5) is 135 om in diameter - @ v
and it is at an elevation of 100 m at section 4. Ar section B it ‘
s an elevation of 107 m and has diameter of 30 cm. When a Fig. 6.4

discharge of 50 litre/sec of water is passed through this pipeline, pressure at A is 35 kPa. The energy
loss in pipe is 2m of water Calculate pressure t B if flow is from A and B.  (AMIE Summer, 1997)
Solution, Given. D,=15em=0.15m; Dy =30cm=0.3 m;

p, =35 kPa; O =50 litre/sec = 0.05 m*/s;
hf= 2 i of water; Direction of flow: from A to B

w0

mme s - lm‘tmdia,

T Pipeline
! / {i
A I3.cm dia. ! 1i
_...+_._¢_ ____________ d ’1
Fig. 6.5
Pressure at B, p:
V, = - ¢ __ 00 = 2.829 m's
! il -
— x Di — x (.15 .
4 4 Aled
0.05 - 1
Vg = - ¢ =7 0> = (0.707 m's
I X DB ‘1 L4 ('DB} or
Applying Bernoulli's equation between section A and B, we get
2 2 43
i"‘"i"‘"':fl :PE +VB +;B "".hjr ."._.
woo 2g woo2g
P, (R ?
or E=P.4+;. A EJ“"(EA_EB}*"‘EI; /
W WL 2g

| ]
or Pp = P, +W“ 3 B|+(E,4—23J—ﬁfj
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=3

¢ 1 +
7 i 7 -
5 “UOIU{};{?EU { “'Szi K 9‘;‘1‘ 4 (100 - 107) - 2

'\ A

35+ 981 (03824 -7 -2)=-4934 kPa.
e, pg =~ 49.54 kPa. This shows that the given pressure at A, 35 kPa 1s gauge pressure and
hence there 15 vacuum af point B. (Ans.)
Example 6.5, An open circuit wind tunnel draws in wir from the atmosphere through a well
contoured nozzle. fn the test section, where the flow is straight and nearly uniform, a static pressure

tap is drilled into the tunnel wall. A manomefter connected to the tap shows that the static pressure
within the tunnel is 45 mm of water below atmospheric

. Assume that air is incompressible and ar 23°C, pres- \ (1) Test section
- sure is 100 kPa (absolite). Caleulate the velociny in 5o
i ; : iy 7= 253C
the wu?ff tunnel sicrmﬂ {Refer to Fzg 6.6). Density of o o0 P v
water is 999 ke/m” and characteristic gas constant for PI;'I .
air is 287 Vg K. (GATE) ="
Solution. Given: T, =25 + 273 =298 K: /' | | To manomeer

p, =100 kPa {abs.); V=0,
Velocity in the wind tunnel section J7:

As per the problemn, air is assumed as incompressible {i.e., p, = p, = p). VelocHy at test section
¢an be found by using the equation:

Fig. 6.6

Ve )
pﬂ'i' 'Er+:,|j;p1+ - +:]
W 2g wo2g
where, z,=2z; V,=0, p,=100kPa {abs.)
p = 45 mm of water below atmosphere
= 999x 9,81 x —_ Pq
1000
45 _3
= 099 x 9 81 x % 1077 kPa = 044 kPa
1000
435 3
=900 x 0 81 x x 107" kPa = 0.44 kPa below atmosphere

1000
p(absolute} =P _ (inkPa)—0.44 kPa

=100 - 0.44 = 99.56 kPa

™

Also pV=mRT=pRT ( where P = 'i';_)
r  100x10° y
SN - =1.169 kg/m
or P RT T 287 x 298 &

o w=pg=1169x 98] =11468 N'm’
Substituting these values in (i), we get
100 x10°  99.56 x 10° N e
11468  11.468  2x9.81
2
2 x 9581

8719.9 = 8681.53 +

V, = \(8719.9 — 8681.5) x2 x 9.81 = 27.45 m/s (Ans.)
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Example 6.6, Water flows in a circular pipe. At one section the diameter is (.3 m, ihe static
pressure is 260 kPa gauge, the velocity is 3 m/s and the elevation is [ m above ground level. The
elevation at & section downstream is 0 m, and the pipe diameter is (.15 m. Find out the gauge
pressure at the downstream section.

Frictional effects may be neglected. Assume density of water to be 999 kg/m,
(AMIE Summer, 2001)
Solution, Refer to Fig, 6.7. D,=03m D, =015mz =0 z, = 10m; p, =260KkPa, VV, =3 my/
s; p =999 keg/m®.
From continuity equation, 4, ¥, = A,V

Weight density of water,
w=pg=999 x 98] =9800.19 N/m’
¥rom Bernoulll's equation between sections 1 and 2 (neglecting friction effects as given}, we have

v, . VE
F’1+;*.zt=F',, 3

260 x 1000 (3)

+ + 10
9800.10 2 x Q.81

__p Q2
0800.19 2x981
26.53 +0.459 — 10 =~ —=2— + 7.34
9800.19
or p, = 290566 Nim? = 290,56 kPa {Ans.)

Example 6.7. The water is flowing through a tapering pipe having diameters 300 mm and 150
mm at sections | and 2 respectively. The discharge through the pipe is 40 litresisec. The section | is
[0 m above datum and section 2 is 6 m above datum. Find the intensity of pressure at section 2 if that
at section 1 is 400 kN/m?,

Fivid Dynamics

Diameter, D g

=1
b

C. Area, ol

Pressure, _
Height of upps

At Section 23§

Diameter, D, 5

-

. Area, .
Height of low-
Rate of flow (i

Intensity of pref’

Now, 1_

and

Applyving Bernoe '

and,
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Splution. At Section 1:
Diameier, D, = 300 mm = 0.2 m

T 2 - 2
4 =—=x023 =00707m

rea 1
Pressure, p, =400 kN/m?
Height of upper end above the datum, =, = 10 m

At Section 2
Diameter, D, = 130 mm = 0.1 m

CoA . -‘I':- -
Ircd, 2 A

Height of lower end above the datum, 2, = & m

Rate of flow {i.e., discharge},
40 = 10°

N 0152 =0.01767m

o

O = 40 litresisec = ——
10

= (3.04 m*is

AT
- “hﬁﬁ ﬂﬂ_ ~ N,
ﬂamﬂ“'ﬁ
A
b0 m
Y v
Datum ling
Fig, 6.8
Intensity of pressure at seetion 2, p,:
Now. Q=4 V,=AF,
0.04
M = L = 0.506my's
4, 0.0707
.04
and Ve = QO _ Y0 2264 mis
A, 001767

Applying Bernoulli's equation at sections 1 and 2, we get

q

HE . =
WSS =S S 2
W 2g wo 2g

o LN
N : K- i
and, D RSUS I S

" W 2g 2g

400 1

= +
9.81 2x9.8l

(0,566 - 2.264%) + (10 - 6)

( x

265

. e L L |

w=9281] k.Nr“mE}
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=40.77 - (0245 ~ 4 = 44.525 m
Py = 44.525 x w=44.525 x 9.81 = 436.8 kN/m? (Ans.)

Example 6.8, 4 pipe 200 m long slopes down at | in 100 and tapers from 600 mm digmeter at
thie higher end to 300 mm diamerer at the lower end, and carries 100 litres/sec af oil (sp. graviey .8).
if the pressure gauge at the I igher end reads 60 kN/m®, determine:

(i} Velocities at the two ends:
(i£)  Pressure ar the lower end.
Neglecr all losses.

Solution. Length of the pipe, 7 = 200 1m; diameter of the pipe at the higher end, D, = 600 mm =
0.6 m,

*. Area, 4, = —:— x 0.6 = 0.283 m’ e

Diameter of the pipe at the lower end. @ v
0,=300mm=03m

T ; . ' ;{:ﬁ{'j'mm
S Area, A = Z 0.3 = 0.0707 m*~ 'j @ ’_,J—
Height of the higher end, above datum. DT W

i ‘ik{[} A Datum hine
53 =——=x200=2m T
Y100 |
Height of the lower end, above datum =0 Fig. 6.9

Rate of oil flow, O = 100 litres/sec = 0.1 m’/s
Pressure at the higher end, p, = 60 kN/m?
(7} Velocities, 10 Ve

2
Now, PQ=4 V=4,V
Where, V, and V, are the velocities at the higher and lower ends respectively.

, 1 .

bl = 2 _ = 0.353m/s (Ans.)

A 0.283

and ¥y = 2 = .1 = 1.414m s ( Ans.)

T4 00707

(zf} Pressure at the lower end Pyt
Using Bemoulli’s equation for both ends of pipe, we have

py b vy

+ Ly =82
w2y W 2g -
60 0.353°
+ + 2
0.8x 981 2x9R]
2
___p 144
0.8 x981 2x98]
7.64+0.00635 42 = L — 5105
R Y I TR
72 _954m
(.8 x 9.81
or P, = 74.8 KN/m? (Ans.)

K
l'1

!
AppH.

or

Examsgl §
boitom andy!
pressure at ]}
through thed

Solutd

Diamei




hines

eler af

y 0.8).

—_— I —
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Example 6.9. 4 6m long pipe is inclined at an angle of 20° with the horizontal. The smaller
section of the pipe which is at lower level is of 100 mm diameter and the larger section of the pipe Is
of 300 mm diameter as shown in Fig. 6.10. If the pipe is uniformly tapering and the velocity of water
at the smaller section is 1.8 m/s. Determine the difference of pressurves between the two sections.

Solution. Length of the pipe, /=6 m
Angle of inclination, 8 = 20°

At Section 1:

Diameter, £, = 100 mm = 0.1 m

. Area, A = 3;— x 0.1° = 0.00785 m®

Velocity, ¥, =18 m's

Datum, z,=0

At Section 2:

Diameter, O, = 300 mm=0.3m

- Area, A = E « 0.3% = 0.0707 m’

Datum, z,=0+6sm8=0sm20°=06x0342=2.0om
Let, p, = Pressure at section 1 in kN/m*, and
P, = Pressure at section 2 in kN/my’.
Difference of pressures, (p, —p,):
From the equation of continuty, we know that
AV = AV,
v - AV, _0.00785x 1.8

R 0.0707
Applying Bernoulli’s equation to both sections of the pipe, we get

= (.2 mis .

= ;
Pyl oy =272
W 2g W 2g
;o P f oy \i B
or ' . J=7 T +1(z; — 7))
W ow \ 2g  2g)
1
= vy sz, -2
29 (Vy =1 )+{z - z)
s (027 S1.8%) +(2.05— 0) = 1.88
2 x G381

(P, ~p,} =w x 1.88 =9.81 x 1.88 = 18.44 KN/m* (Ans.)
[~ w {for water) = 9.8] kN/m’]
Example 6.10. Water is flowing through a pipe having diameters 600 mm and 400 mm at the

bottom and upper end respectively. The intensity of pressure at the bottom end is 330 kN/m* and the
pressure at the upper end is 100 kN/m?. Determine the difference in datum head if the rate of flow

through the pipe is 60 fitres/sec.
Solution. At section 1:
Diameter D, = GO0 mm=0.6 m

-, Area A = g 0.62 = 0.283 m?

e A
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Datum of thef
Gauge reading, & 2
(:) Differential {3

The gauge e E

Pressure p, = 350 kN/my’
At Section 2:
Diameter D, = 400 mm=0.4 m

Arca Ay = % %0.47 = 0.1257 m’

Pressure p, = 100 kKN/m?
Rate of flow,

(i) Rate of flo 4

0 = 60 litres/sec = 2 = 0.06 miisec. -+
1000 0y — Let,
Now, C=A4V, =4,V, o I[:atum line
[Where V| and V, are the velocities at 13 O N We know the _';
sections 1 and 2 respectively. ] | p: |
= © L 090 _ 4219 ms |
4 0283
o, 0.06 Now, using B f
M, = = = 0,477 m/'s > 1
and, P74, 0.1257
Applying Bernoulli's equation at sections 1 and 2, we get
2 2 S
p;+VI +zf=p3+3+:z I
w o 2g W 2g . : |
350 0.212° 100 0477

—_
e}
i

+ +z, = + +
981 2x951 g81 2x958l]
3567+ 0.0023 +z, = 10.19+ 0.0116 + 7,
z,—z, = 25.47 m (Ans.)
Example 6.11. Gasoline (sp. gr 0.8) is flowing upwards a vertical pipeline which tapers from

300 mm to 150 mm diameter. A gasoline mercury differentiaf manometer is connected between 300 '. or
mm {3t mm pipe section to measure the rate of flow. The distance between the manometer tappings "

is | meire and gauge reading is 300 mm of mercury. Find. D, =
(i) Differential gauge reading in terms of gasoline head; !*] mzmm_}! Outlet
(1f) Rate of flow !4.»

Neglect friction and other losses between tappings.
[Ailahabad University]

Sclution. Sp. gravity of gasoline = 0.8
At Inlet:
Diameter D, = 300 mm = 0.3m

or

. Rate of :
Example 6.12.

v {2 cm in diameter.
reservoir. For design rd:
73 kPa below atmosply
pump may deliver Tak
Solution, Refer Fig{ s
Applying Berno

Area 4 = E < 0.32 = 0.0707 m”

At OQutlet:
Dhameter Dz =1I30mm=00.1>m

y | !
Area 4, = e 0.15° = 001767 m* v - .ty ¥, on the/

Length of the pipe = Im }‘_ D, = Z‘:;DEJ T _>i Inlet
Iet datum of the pipe at iniet, z, =0 Fig. 6.12

Taking point 1 as A |




Fiuid Dynamics 269

Datum of the pipe a at outlet, z, =0+ 1=1m
Gauge reading, # = 500 mm of mercury = 0.5 m of mercury.

57 3

(i} Differential gauge reading in terms of gasoline head:
The gauge reading = 0.5 m of mercury

136 - 0.8

0.8
= 8 m of gasoline (Ans.)

(/i) Rate of flow, Q:
Let, V', = Velocity of gasoline at the mlet, and
V, = Velocity of gasoline at the cutlet.
We know that, as per equation of continuity

x 0.5 of gasoline

AV, = A,V
, = AV 0.0707 x W
A, 0.01767
Now, using Bermoulli’s equation for the inlet and outlet of the pipe, we get
V:J' p’z
i sz =42 12 + 2,
w o 2g wo 2g
.'2 2
(n_e). L/ S
W W Zg 2e -
SN
8+{ -8R J+[D—1]={}
L 2g 2g
3%
ot QLA
g
158°
or L =7
2g
7x2%93817" |
m:[ <2398V 3 26 s
otbet 13 J
. Rate of flow, 0 = 4V, = 0.0707 x 3.026 = 0.2139 m%/s (Ans.)
Example 6.12, The suction pipe of a pumnp rises at a slope of 3 vertical in 4 along the pipe which
12 cm in diameter. The pipeis 7.2 m long, its lower end being just below the water surface in the
servoir For design reasons, it is underable that pressuve at tnlet to the pump shall fall to more than
0 kPa beliow armosphere pressure. Neglecting friction determine the maximum discharge that the
E tp may deliver. Take atmospheric pressure as [01.32 kPa. (Banglore University)
Solution. Refer Fig, 6.13. Given: d=12em=0.12m; /= 7.2 m; p =101 32 kPa=101.32 kN/m*
& . Applymng Bernoulli’s equation at point 1 (F'W.5) and point 2 (suction point to pump), we get
dj: I;E VE
g Bl =824 4, ()
i w  2g w2z
¥ ‘ty ¥, on the free water surface (F'W.8) = 0 (sump being very large)
~

Py =P, = 10132 KN/MY, p,=101-32 - 75 = 26.32 kN/m?
Taking point 1 as the datum head, we have,
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3
?=D*”=?.2HE:5.4H] f

of =2

Inserting the various values in the eqn {7), we have

101.32 L0+ = 26.32 . V3 P54
Q.81 981 2g
or V, =6.64 mis

Discharge that the pump may deliver,

Pump

T
Q=4,xV,= “i" x (0.12)° x 6.64 =0.075 m%s (Ans.)

6.5. Bernoulli’s Equation for Real Fluid

Bernoulli’s equatien earlier derived was based on the
assumpticon that fluid 1s non-viscous and therefore friction-
less. Practically, all fluids are real (and not ideal) and there-
fore are viscous and as such there are always some losses
i fluid flows. These losses have, therefore, to be taken
into consideration in the application of Bernoulli’s equa- .
tion which gets modified (between sections 1 and 2} for Reservoir/surnp
real fluids as follows:

I/.-".E I(.-"'E
A I R R . -(6.4)

W 2g w o 2g
where, /i, = loss of energy berween sections land 2.

Example 6.13. The following data relate to a conical tube of length 3.0 m fixed vertically with
ity smaller end upwards and carrying fluid in the downward direction.

The velocitv of flow at the smaller end = 10 wm/s.
The velocity of flow at the larger end = 4 m/s.
0.4 (¥, — 1,)

5
<&
where V) and V. are velocities ar the smaller and larger ends respectively.

9,

The loss of head in the tube =

Pressure head at the smaller end = 4 m of liguid
Determine the pressure head at the lavger end.
Solution. Length of tube, /= 3.0m

Velocity, ¥, = 10 m/s,

Smaller end

- A

Conical tube

Pressure head, 2 4m of liquid.
B W \
~Veloeity, V, =4 m's. 3m
- Loss of head,
04V, - ¥,)"  0.4(10 — 4)°
-’IEL - ( 1 E) — ( ) _ 0‘?3 m
2g 2x981
Pressure head at the larger end, 2 ; Y
Applyving Bernoulli’ ' o © Y t :
Ving 15 equation at sections (1} and (2), Larger end 4

we get Fig. 6.14
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i 1
Al +fl=p2+ = ~zy + Hy
W 2g wo 2g
Let the datum line passes through section (23
Then, z, =0,z,=3.0m
Pump -
107 41
4+—+30=2£ +0+0.73
2z W Zg
29
or {4+509+3D)—%+031‘~—0?3
or - 12,09 = LiE 1.54
W
. ) 22— 10.55 m of liquid (Ans.)
% PIpe ._ W
Example 6.14. /n a smooth inclined pipe of uniform diameter 250 mm, q pressurg of 30 kPa was
L ooserved qr section | which was ar elevarion I} m. At another section 2 at elevation 12 m. the
— e pressure was 20 kPa and the velocity was .25 m/s. Determine the direction of flow and the head loss
voit/strng ] 8 benween these two sections. The fliuid in the pipe is

y waiter The density of water at 20°C and 760 mm 350 e
F Hg is 998 kg/m’. (AMIE Winter, 1998) vy

Solution. Givern, D = 250 mm = 0.25 m, p. =20 kPa
E p, = 20 kPa =20 x 10° Ny,
¥, =V,=125 mfs, p =998 kg/m’,

(64K

12 m

cally Refer Fig. 6.15 v
Lass .ﬂfhffﬂdk ) AP rr el rrrr Ay 77
L Fig. 6.15
Total energy at secrion /-1, 8
2 3 2
=21 ;= 030 1Y 10-1587m
w2 998 x 9.81 2 x9.81
_. Total energy of seciion 2-2
alier end 2 1 2
V. - 2
. g=f oy, (20 125 4122m

* w  2g 7 998x981 2x98l

. Lossofhead, h, =E - £,=15.187 - 14.122 = 1.065 m (Ans.)
Direction of flow:
sinee £, > £, direction of flow is from section 1-1 to section 2-2. (Ans.)

Example 6.15. 4 pipe line carrying oil (sp. gr. 0.8) changes in diameter from 300 mm ai position
I to 800 mm diameter at position 2 which is 5 metres at a higher level If the pressures at positions
¥ land 2 are 100 kN/m* and 60 kN/m? respectively and the discharge is 300 litres s/sec. Determine:

{1} Loss of head, and
(i1} Direction of flow:
Solution, Discharge, (= 300 hires/sec




272 Fluid Mechanics and Hydraulic Machines

5p. gr. of 0il = 0.8
. Weight of oil,
w=0.8 x 98] =785 kN/m’
At position °1°:
Diameter of pipe,

T

. Area of pipe, A = i 0.3* = 0.0707 m°

Pressure, p, = 100 kN/m?
If the datum line passes through section 1 (Fig. 6.16) then datum, z,=0

A _'ﬁ: '1\/'7 Datum line

. A
ﬂ:‘: ﬁﬁﬂﬂfh'
"
Fig. 6.16
Velocity, | = 2 U3 = 4,24 m/s
A 0.0707
At position 2
Diameter of pipe, 'Dz =000mm=06m
i
.. Area of pipe, Ay, = 2 x0.6° = 0.2828 m*
Pressure, P, = 60 KN/m?
Datum, z,=35m
Velecity, V, = o __03 = 1.06 m/s .
A, 02828
() Loss of head, Byt
Total energy at position |,
2
EI - p: -+ V-I =+ :l
w o 2g
100 (4.24)°
= + +U=1274+092=13.66
785 2x 981 | o
Total energy at position 2,
2
EE - & T _2' + E:

W 2g
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_ 60 (1.06)?
785 2 9.81

. Loss of head, er =£ - £,
=13.66-77=3596m

re, /1, = 5,96 m {Ans.)

¥ (ii) Direction of Flow:

| Since £ > £, therefore flow takes place from 1 te 2. (Ans.)

Example 6.16. A conical tube is fixed vertically with its smaller end upwards and it forms a part
ppeiine. The velocity at the smaller end is 4.5 m/s and at the farge end 1.5 m/s. Length of conical
b is /.5 m. The pressure at the upper end is equivalent to a head of 10 m of water.

+3=764+0.06=77m

0 Neglecting friction, determine the pressure ai the lower end of the tube.

0.3 (1 - 1)’

iil) [f hread loss in the wube is , where V. is the velocity at the smaller end and v,

is the velocity ar the larger end, determine the pressure at the lower end (larger cross-

% section), {AMIE Summer, 1998)
olution. Given: Vl =4 5 m's, Vy=1.5mis; L = z, =z, = 1.5 m;
0.3(V — 1,)?
. 10m of water; f?f = S V)
W 2g

Pressure at the lower end, P
B} Neglecting friction:
' Applymg Bernoulli’s equation between points 1 and 2, we get

VE j2
al + ] -+ E'] -~ p;_" + 2 ~+ 9
wo 2g wo 2g
. i 22
E Or 2 A T (- VIEJ +{5 —z,)
.:_ W W zg
=10 + (452 —1.5%) +1.5
:3_. 2 oy 981 I
- 5 =10~ 0,917+ 1.5 = 12.42 m of watet Fig. 6.17
- or py=12.42 x 9810 N/m? = 12,42 x 9810 x 1075 bar

= 1.218 bar (Ans.)
Considering loss of head () ) in the tube:

0.3(1; - 1,)?

ho =
f Do
Applying Bernoulli’s equation between points 1 and 2. we have
;;2 VE
pl"‘ ! +:1=P2 + 2 +EE "|'hf
w o 2g W 2g
> 1 .2
or B2 By _vRyas - )~y
W w o 2g
4.5° —1.5° 0.3(4.5 - 1.5)°
—10 4 1.5 15 _ 3(4.5 3)

2 % 0.81 ' 2 % 9,81
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cm or 0.45 m of water.
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=10=-0917+1.5-0.138 = 12.279 m of water
P, =12.279 x 9810 x 107 bar = 1.204 bar (Ans.)

Exampie 6.17, 4 drainage pump has tapered suction pipe. The pipe is running full of water. The

pive diameters at the inlet and ar the upper end are | m and 0.5 m respectively. The free wate:
surface is 2 m above the centre of the inlet and centre

surface. The pressure at the tip end of the pipe is 25 cm of mercury and it is known thar foss of hecd
by friction between tap and the bortom section i

s one tenth of the velocity head at the top section.
Compute the discharge in litre/sec. Neglect loss of head at the entrance af the tapered pipe.

or

Soilution. Gz‘vén: D, =1m; Dz =15 m;
76
p,=76cmef Hg = T—{-}E % 13.6=10.336 of water;

) "
p,=25cmof Hg = 2, 13.6=3.4 m of water; &, = L

100 A 10 2
Discharge, Q:
Retfer Fig, 6.18. Applying continuity equation for the flow 2
through pipe, we get “-m- (3)
A4,V =4,V Suction
; Dipe
Ej_'}]: v, = X piy,
4 4 - - F
or DJE - Dﬁ'? v, = ié,%::,'_:::_-_: ______
or 2%V, =05V, | N TS ¥
or v, =4v -k

Now, applying Bermoulli’s equation at 1-1 and 2-2,
we get

2 2
Ao h +E]=P2+V2 + 2z, + hy,
w  2g W 2g
2 -"2
J ]
10.336+V—]-+{]=3.4+161 +3+—x
g 2g 10 2g

P16t i
161 +16P3 LS =10336-34-5=1913¢

g 2g  2g
or 16.6 1> =2 x 9,81x 1.936 = 37.98
o Vi=1.513 m/s

i
- Discharge 9 = 4.V, = 2 12 % 1.513 = 1,188 m>/s = 1188 litres/sec (Ans.) | _
Example 6.18. The closed tank of a fire engine 1s partly filled with water, the air space abo
being under pressure. A 6 cm bore connected to the tank discharges on the roof of u building 2.5
above the level of water in the tank. The friction losses are 45 cm of water '

Determine the air pressure which must be maintained in the tank to deliver 20 litres/sec on thet

{Madras Universite¥

Solution. Refer to Fig. 6.19 Given: Diameter of hose pipe d = 6 cm = 0.06 m; Friction, hf = 4% ;

of upper end is 3 m above the top of free waier |

(AMIE Summer, 1999)

Fluid Dynamics

s A .

. TP TR LR iy

Water

m h’"‘mnﬂr_m_. I

Discharge, 0 {1

Velocity of we f

Applying Berr 4

i
T
H
E)

[4
s

Here, |
Inserting the va i

or, |

-
Flal

Example 6.19. 4

. i
F &7 = U0.8) from the tan
 Surface in the tank is gl
@1 an elevation of 5.7 s}

“;' The fffj'f&ﬂ ot ..

() The pressure of

i Thelosses in the g
e outler: !

SD] I.Iﬁﬂﬂ. CDHS! r '

ar

L8 Fig. 620, The veloci |
} 2, we get ]

Al

w1/
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06.24%
9.81 §

l
12 ||

Kerosene ol
(Sp.gr. = 0.8) l—— Tank A

| Siphon
/ (d =12 cmj

06.24
9811,

Examgj
diameie}’
TN |
0.6 m*/q
peam of 41
p the drafl:
pressiofi
| dow the 3

————

-

, |
1.2m +v @

-

Fig. 6.20 _

{i) The discharge in the pipe Q:
0= A, = 7 (0.12)° x 5.05=0.057 ms (Ans)
(if) The pressure at point C:
Apply Bernoulli’s equation at points 1 and €, we get

.VE VE
w o 2g wo 2g

: = eyl

pe o (2.05)7
=) = + + 57 +035
0=0+42=" " 938l
or Fe o . 33m
H.l

or p-=(08x981)=*(-33)=~259 KN/m? or — 25.9 kPa (gauge) (Ans.)

Example 6,20, The outlet at the bottom of a tank is so formed that velociy of water at pm'.'ltt
(see Fig. 6.21) is 2.2 times the mean velocity within the outlet pipe. What is the greatest length of pip =3
which may be used without producing cavitation? Neglect all other losses. :.

Take atmospheric pressure = 96.24 kPa (abs.) and vapour pressure = 3.9 kPa {abs.)
Solution, Given: V, =22V, p, =Py~ Py = 96.24 kPa = 96.24 kN/m?
Vapour pressure, p,= 3.9 kPa = 3.9 kN/m* (abs.)

Applving Bernoulli’s equation to points 1 anzd A, we get R
2 iy
p1+}1+z,=p"{+V"+zA
w  21g w  2g
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39 2
9624 0417 = 4 4+ 0 ]

+
s 93] 981 2x06.8l g A g T

S CIIIIIIIIIES
Vo=14.76 m's Tank \ oo Llm
_ Y _ 14.76 = 671 m/s

. 2.2 2.2 |
Appiving Bernoulli’s equations to point 1 — ® {'
g we get

2

4 96.24  6.71°
0+ +1.1) = 4 + 0 !
+ 0+ ) 981 2x98l d

I=1.195 m (Ans.)

b -_ sample 6.21. A turbine has a supply line
' pmeicr 45 and a tapering draft tube as
in Fig. 6.22. When the flow in the pipe . . J

w'/s the pressure head ar point L up- #2
of the turbine is 35 m and at a point M v
Mrcf1 tube, where the diameter is 63 om,
Yrsire head is — 4.1 m. Point M is 2.2 m
e point L. Determine the power output of the turbine by assuming 92% efficiency.

s
L

Fig. 6.21

ion. ¥, = Q0 __ 9% _397ms

Ay _} x (0.45)

‘ A I 2

5 cm dha.

( Turbine {T) } Ty 8" - -
A

4
-

M
L 65 cm
ugg} (2 . dia
vater at ps
 length of 8
(abs.) -
_ Fig. 6.22
p1ving Bernoulli’s equation to points and M:
' V7 Py Vi
i+—“r‘+zL= My ‘H+3'M+HT

W 2g w  2g
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2 2
35+ _h_ZG:-;:?@:)SI +22=-41+ 2{1::;891.}81 + 0O + Hy
H;=41.86m
Power output of the turbine,
P=wQH_xn

=0.81 x 0.6 x 41.86 x 0,92 = 226.68 KW (Ans.)

Example 6.22. Fig 6.23 shows a pipe connecting a reservoir 1o a furbine which dischargesd
water to the tail race through another pipe. The head loss berween the reservoir and the turbine is %

times the kinetic head in the pipe and that from the turbine to the tail race is 0.4 times the kinetic hea
in the pipe. The rate of flow is 1.2 m*/s and the pipe diameter in both cases is 1.1 m. Determine:
(1) The pressure at the inlet and exit of the turbine.

-
{17) The power generared by the turbine.
| | 12 12
Solution. Given: d = 1.1 m; Q =12 m?/s, hf[] o= E x EE  Aps g =04 x E
(i) The pressure at the inlet and exit of the turbine; Py Py
o . o, 1.2 ,.
Flow velocity in the pipe, V = —S— = = 1.263 m/s
il ;2 T 2
—d® = x(1.1
4 4
Since the pipes before and after the turbine and of equal diameter.
V,=V,=1263m's
L
ol 3
T mdia
S0m

Turbine (T) -ﬁ‘—-vbt-::-ﬁ T

Fig. 6.23
further, V=V, =0, p,=p,=0 {atmospheric pressure)
Applying Bernoulli’s equation between point | and 2, we get

2 ) Z
ﬂ+i+gl=pg+% +zz+3x£%_
w 2g w o 2g 2g

P, (1.263)° (1.263)?

= + +0+8x —L

SO sl 2% 981

2

124

or = 49.27 m of water = 483.34 KN/m? or kPa (Ans,)

| Fluid Dynamics

Appiyl

or
(7Y They
Applyig :

where, B4

Hence, g

Example 6.% i

iiciency of rurbid}

(i} The powdy
(7))  The read i
Solution, i:‘
Discharge FLigt
Diameter of tha:

Area of it ]
:

" Velocity of w.

{i} Power ded

A
unit weight § 4

(whex!
Power deve

ie.,
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Applying Bemoulli’s equation between point 3 and 4, we have
V: I(?._-} P!Z
w2z wo 2g 2g
1.263)" 263)°
F3+( ) +5=0+0+O+G,4x(126}
w2 x95] 2 x 98]
Or B 5.049 m of water = — 49.53 kN/m’ or kPa (Ans.)
W

The power generated bv the turbine, P:

Applying Bernoulli's equation between points 2 and 3, we get

VL* ] I(Z
N R S U 2
= J T

wo 2g W W

where, H = energy developed by the turbine per unit weight of liquid = Nm‘N or m of liquid
49.27=-5.049 + H, (- Vo=V,and z,=z,)
H,= 5432 m of water.
Hence, power generated by the turbine,
P =wQH_ =981 x12x5432=639.46 kW (Ans.)

ple 6.23. In the Fig. 6.24 is shown a wrbine with inlet pive and a draft whe. If the
of turbine is 80 per cent and discharge is 1000 litres/s, find:

| The power developed by the furbine, and
The reading of the gauge G. (Panjab University)
Hon. Etfhelency of the turbine, i = 80%

peharge through the turbine, @ = 1000 litresisec = Int's s 350 KN/m’
neier of the inlet pipe = 0.4 m @ :@ —
i Area of the inlet pipe, | T
| A =7/ % 0.42=0.1257 m? Pamda—e e E
Iedocity of water through the pipe, QF & ntet pipe
' 0 | Turbine - -4 - -
V=== 1 — = 7.96 m’s l*n _I_
ol A 012:"? Dj M dlﬂ l] E
j Power developed by the turbine, P; . -
i | g Draft tube
FApplying Bernoullt’s equation at | and 2, we get @ i
: p, ¥ 2 J2 ). —ro - Y - -— oo~
L =220 L ogges H. :Tifa_tér-:—_-z:::/{ Q  EEIsidEsi:
w 2g w  2g - ]
here, HT = Eperg}r develm_::ed by thg m?bine per Fig. 6.24
et weight of liquid = Nm/N or m of liquid
E ' 350 7.96° 5 00404
-, -+ = - -
: § 981 2x958l1 T
(o V=1V, =796ms) {neglecting losses)

H.=3568+323+5=4391m
__ (where w =9 81 kN/m?)
Power developed, P = wQH . xn kW (where w = 9.81 KN/m*)
3 =981 x 1 x43.91 x 0.8 = 3446 kW
P = 344.6 kW (Ans.)




e .
LA
L
.
L2
. '“ilﬁ L
H-F T
hl—-'.
L
.:E,_. "
kg
P
i
.
i
Lot
R
o
i
N -
H
i
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(iiy Reading of the gauge G, pst
Applying Bemoulli’s equation at | and G, we get

wo 2g w  2g .

350 796 . po Ve . |

9.81 T2 081 s w i 2g O - S Power delivers’

But, Ve = Q _ = 509 m's . or 531 x -’-a

4. m/4x05

| : . H_=1699%:

it alue of V.. in (1) and rearranging, we get i g
Substituting the value of ¥ {Z) () Pressures’
R ' . ;]

pg _ 350 796 5 399 43 B Applying §

W T 981 T 2 x 9.81 T 2 x 981
=35.68 + 223 +3—1.32-43.91 =- 332 mof watet
o p =981 % (-332) =~ 32.57 kN/m? (Ans.)
Example 6.24. Fig. 6.25 shows a pump P pumping 72 litresisec of water from a tank.

(i} What will be the pressures at points L and M when the pump delivers 12 KW af power 1ot P
flow? Assume the losses in the system 10 be negligible | i 5; W
(i) What will be the pressure at M when the loss in the inlet up 10 the pump is .rzeghg;b e (m By applyim
befween the pump and the point M, a loss equal 10 1.8 times the velocity head at B takes place.
Solution. Given: O = 72 litres/sec.
= ().072 m’/s;
] : .
| M [ : .
2 or PR,
. (17} Pressure af:
3m - By applying
| losses, we i’
_ 3 Y
A | N
T —! = {0 o dia. :
3.0m l— 16 cm dia | or.
Y o imml L A_(/—\_____J .' or,

Example 6.25.
e tank through a 8 43
j6 cm steel pipe fo oy}
e fced rank If the f
Fig. 6.25 Cent, deterntine:

Power delivered by the pump = 12 kKW, (1) Power rating

0=0072=AV =AY,

{ify Pressure devw

T — -




' 07 0.072
Vo= D_'E]'_E = = 3,581 m's
oA I 0.6
4
0072 0.07
Vi == == 2 9167 s

Af 2w D 1¢

p (0.1)

wwer delivered by the pump P
=w{H,

9.81 x 0L.OT2 x H,=12

e H.=16.99 m=Head delivered by the pump.

Pressures at point L and M:

Applying Bemmﬂfi’s equation to points § and L, we have,

12 kW

2 12

Zs U5 +:S=i+—ﬂ+:L
W 2g W 2g

2

P, {3.581)
~ = —= + ——— + {)
] .. 0+0-33 w2 x 981
;rf ; P 3 : o .
3 - . or — =2846morp =581 x 2846 =27. 92 kIN/m* or 27.92 kPa (Ans.)
| ._ N .
agidi:: ¥ By applying Bernoulli’s equation between S and L with level at L as datum, we get
rkes pld % %
B 1 5 L rs 2o+ Hp = Py LM zy B
w2z W 2g
2
Py (9.167)
_ = + +{3.5+13
0+0+35-1699= """+~ 577 { )
E or ’i” = 11.407 mor p,, = 9.81 x 11.407 = 1119 kN/m* or kPa (Ans.)
_ N

I Pressure at M when losses are considered:

i By applying Bemoulli’s equation between S and M with level at L as datum, considering
b Josses, we have

LJ:. V'E ca

w  2g W 2g 2z
; ) Py (9167 (9167)
or, +0-35+169%= """+ +(3.5+1.3)+1:8 x
o 0+0=-35+16.95= ="+ ———+( ) X981
b or, 35+16.99=22 4 16.79
j L%
E or, 2 37 m orp,, =981 x 3.7 =363 kN/m? or kPa (Ans.)
1 H.l

mple 6.25. fig. 0.26 shows a pump drawing a solution (specific gravity =1.8) from a stor-
through a & cm steel pipe in which the flow velocity is 0. 9 m/s. The pump discharges through
e/ pipe to an overhead tank, the end of discharge is 12 m above the level of the solution in
Jaani [f the friction losses in the entire piping svstem ave 3.3 m and pump efficiency is 65
} determine:

L Power rating of the pump.

b Prossure developed by the pump.




Fluid Mechanics and Hydraulic Machines

282
= = ":;'D
Solution. Given: d, =8 cmor 0.08 m; d,=6cm or 0.06m;, V,=05ms, 1. 6559
(i) Power rating of the pump:
From continuity equation, we have
.
B
|
il PO Overhead
tank
Gem e |
dia 12m
I |
g 3 *:T_T'I
+ dm.. "y Ny
4 T zl. E 3 N
Storage -
tank Suction Dei!;erjv
pipe P
Fig. 6.26

AV, = A,V
T (0.08)F x 0.9

A VE a _. ;
o yo(=V) = = — = 1.6 m’s
45 =% (0.06)
Applying Bernoulli’s equation between points | and 4, we get
2 2
no +:1+HF.:P“ L + z4 + Losses
" ads e iquid in Nm/ f the liquid
(where A, = Energy added by the pump per unit weight ofliquid in NmN ormo Uy
pumped} .,
: -0+ H. =0+ ————{1.6)- +12 + 355
0-0+0+H,=0% 5981
or H,=17.62m of liquid ‘x 1 \
(9.81 x 1.8) x| — x 0.08" x 0'9J x 17.63
wQH p L 4
. Power rating of the pump = = T
npn_unp :

= 2,167 kW (Ans.)

(i) Pressure developed by ihe pump. (p; - P, »*
Applying Bernoulli’s equation berween points 2 and 2, we have

Vs py Vi
F2+2+32+HP: iy + I3
. _Vz“-.
[FE-‘EE): 2 : !i-l!'H],'.:l -1*(.*1 EE=
w o )\ 2g )
— (0.9)” - (.67 +1763=1754m
2 x95%]

or pi—p, = 17.54 % (9.81x 1.8) = 309.72 kN/m? or kPa (Ans.)

L Fluid Dynarmi

L of mercury at

Example

Solution,
Applying

Or

Discha:

L (i) The eld]]
. Also,

ar

or

Hence. 13




LHiC

= 65%

verhead
tank

or mofthe B

]}: 17.63

kPa (Ams) ¢
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. Example 6.26. 4 pump is 2.2 m above the water level in the sump and has aq pressure of —20 cm
oy ar the suction side. The suction pipe is of 20 cm diameter and the delivery pipe is short
ben diameter pipe ending in a nozzle of 8 cm diameter. If the nozzle is directed vertically up-
pls at an elevation of 4.2 m above the water sump level, Determine:

| (i) The discharge.
The power input into the flow by the pump.
': @) The elevation, above the water sump level, to which the jet would reach.
 Neglect all losses.
MSolution. (/) The discharge, ():
Applying Bernoulli’s equation, to points 1 and 2 (Fig 6.27), we get

b AT TR

— — 25 cm dig,

%—(\ 4.2 m
Pumpl =% ___/

-— e == == = A= -
- o W Er

|
-
|
1-
|
—F
FFrFxFrrrry
I
|
|

Wiater .~
stump
Fig. 6.27
ye V2
P1+ I +E]=P1+ 2 +‘EE
wo 2g w  2g
12
0+0+0=(~02x136)+ = +22
2g
Or 7, =3.194 m/s
L
Discharge, 0 = s 0.217 x 3,194 = 0.1 m%/s (Ans.)

) The elevation, to which the jet will reach, h:
b Also, Q=A,V,=A4,V,

2 (0.2)° x 3194 = 2 x (0.08)" x5

or V, = 19.962 m/s

Vi (19.962)
| 2¢ 2 x 9.8
¢y Hence, the height to which the jet will reach, # = 20,31 m (Ans.)

L or =2031m
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(iii) The power input to the flow by the pump, P:

. The elevation of point 4, the summit of the jet, 18
=42 +2031=2451m

Applying Bernoulli’s equation to points 1 and 3, we get:

2 '’
p b +z]+HP=p3 e +
w  2€ w28
0+0+0+H,=0+2031+42
ot Hp=24.51m

Power delivered by the pump, 7 = wOH,
— 98] x 0.1 x 24,51 =24.04 KW (Ans.)
Example §.27. Fig 6.28 shows a pump employed for lifting water from a sump. I it 15 req ;

to pump 60 litres/sec of water through a 0.1 m diameter pipe from the sump 10 4 point 10 m aba
determine the power required. Also determine pressure intensities al L and M. g
(Delhi Univers |

Assume an overall efficiency of 70 percent.
Qolution. Quantity of water (0 be pumped , ¢ = 60 litres/sec.

Py

—p| l— 0.1 m dia.
ol b

= 1

T £

Dia of the pipe, d=01m

-. Area of the pipe,
A =qi4 % 0.12=0.00785 -

Overall efficiency,
Ny = 70%
Power required, P
As per continuity equation,
g=AV
[where, V' = velocity of water in the pipe]
0.06 =0.00785 V¥
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(iii) The power input to the flow by the pump, P:
- The elevation of point 4, the summit of the jet, 1s
=42+2031=2451m

Applying Bernoulli’s equation to points 1 and 3, we get:

pl 2

w o 2g w o 2g
0_+0+D+HP=U+ZD.31+4.2

or HP=24.51m |

Power delivered by the pump, p = wQH,
=981 x 0.1 x 24,51 =24,04 kW (Ans.)

Example 6.27. Fig 6.28 shows a pump employed for lifting water from a sump. If it is require
to pump 60 litres/sec of water through a 0.1 m diameter pipe from the sump to a point 10 m abowy
determine the power required Also determine pressure intensities at L and M. '

Assume an overall efficiency aof 70 percent. (Delhi Universi
Solution. Quantity of water to be pumped , Q = 60 litres/sec.

=»

— {1 m dia.
M

Dia of the pipe,
. Area of the pipe,

4 =m/4 x 0.12 = 0.00785 m?

Overall efficiency,
n, = 70%
Power required, P:
As per continuity equation,
0=AV
[where, ¥ = velocity of water in the pipe]
0.06=0.00783 V
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o1 - 2% 7.64my's
0.00783
Applying Bemoulli's equation at 1 points and 2, we get
2
By 2+ H,
w o 2g
L2
wo 2g )

{where /= energy added by the pump per unit weight of liquid in Nm/N or m of the liquid
:_ E_& :I
(7.64)"

_——— .10 L _ _ .
5% 0 81 {roV Vz 7.64 m/'s)

0+0+0+H =0+
Hp = 12.97 m of water
Power required to run the pump,

QHp  981x0.06x12.97

W ' .
P= kW (. w=9.81kN/m’)
Mo
L i, P=10.9 KW (Ans.)
 Pressure intensities at L and M:
f Applying Bernoulli’s equation at | and £, we get
: 2 2
P 7 +__{1:PL +V2 + 2
W 2g W 2g
\
P 7.64°
N +
0+0+90 w2 x 981
2
Po T 4 _697m (¥, =V, =764 ms)
W 2 x 9.81 i

P, =981 %(~697)=-0684 kN/m? (Ans.)
Bppiving Bernoulli’s equation at/ and M, we get

3 2 2

+31+HF=‘D“+V‘”+2M

t w 2g W 2g

Dy 7.64°
= + + 8
“ 0+G+0+ 1297 v 3 x 098]
;._- .. pH ?.642

. = w=129?— "8= . - L, -5 =
: | ) 5% 0 81 1297-267-8=2m

Py, =9.81 x 2 =19.62 kN/m? (Ans.)

ctical Applications of Bernoulli’s Eguation

hough Bermoulii's equation is applicable in all problems of incompressible flow where there

ement of energy considerations but here we shall discuss its applications in the following

Weeing devices:

:.;_-f:r* I Venturimeter 2, Onficemeter

© 3 Rotameter and elbow meter 4. Pitot tube.

%6.1. Venturimeter

L venturimeter is one of the most important practical applications of Bermoulli’s theorem. [t is an

~mzni used to measure the rate of discharge in g pipeline and is often fixed permanently at
-r sectlons of the pipeline 1o know the discharges there.

ety
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A venturimeter has been named after the 18th century ltalian engineer Venturi
Types of venturimeters:
Venturnimeters may be classified as follows.
1. Horizontal venturimeters
2. Vertical venturimeters
3, Inclined venturimeters.
0.6.1.1. Horizontal venturimeters
A venturimeter consists of the following three parts:
({) A short converging part,
(ii) Throat, and
(i7f) Diverging part.
Expression for rate of flow:
Fig 6.29 shows a venturimeter fitted in horizontal pipe through which a fluid is flowing.
Let, D =Diameter at inlet or at section 1,

7
A, = Area at inlet ,(= 2 dﬁ]

.,
p, = Pressure at section 1,

V', = Velocity of fluid at section 1,
and D,, A,, p,. and F, are the corresponding values at section 2.
Applying Bernoulli's equation at sections 1 and 2, we get

L;E L:E
) + ; _:_:1:&_4__14_::
W 2g w  2g
Here, =, =z, ... since the pipe is horizontal.
. .2
p.W_p B

wo 2g w 2g

-py VSOV
ar, AR S RS .

W g 2g

But, Z1~ P2 _ difference of pressure heads at sections | and 2 and is equal to A.

¢f:.

O,
-ﬁhhhihhmhh_
—> d, — > —

[

Conver- Div
gent vergent part

E[TEfft ————— i {:: 11“5 ffI}I.'

part Z
THmat
l

-' A 3
[ Th K. 1 =
k roat ratio 7 1.fairnes;L o 4]

Fig. 6.29. Venturimeter.

Ty P,

NLILFIN LA

'

e
o L

=luid
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> Lt R

W

g Substituting this value of LN (RN eqn. (1), we get
. 3%

i'.l_.-:': I._,-]-.:' N
= —— — D
| lg 2g
:Appl}-'ing continurty equation at sections 1 and 2, we have
. : : AV,
. AV =AF or o= 47
. A
Pabstituting the value of ¥, inequ. (i77) we get
N
| — Ed 2
I';.-"a I'._ .-4 *"',:' -
fa=1—~]f=-|1—'-i,l
2g 2z 2g | 4
F—.E : A]l _ 4_;.3 H‘! P ;’f Aﬁ "-.|
i = =% —= or Plh:zghiﬁ;
zg.‘x ri] ,-"; ".‘H Al — My )
| i B *
| | AT A —
1, = 1 2gh | — = [ 2g/
V I,\,-]' _‘4: 4 Y :‘I]E — ;
.. | ; 4 s
e Discharge. Q=d,V, =4, — e % 2gh
' AT A
A ;4;1 -
Q= =28k -(6:5)
".,||II A]_ - Al
0=CJh
pere. C = constant of venturimeter
.'4] ."12 L
T 2 V28
"Il'ill .(4] - AE

(6.5) gives the discharge under ideal conditions and is called theoretical discharge. Actual
et (0 ) which 1s less than the theoretical discharge (Q, ) 1s given by:

4 4. —
= = j
Qm'.'. Cﬂ' A m——— X v.'_gﬁ (66)

J Af — A§

her:, O, = Co-efficient of venturimeler (or co-efficient of discharge) and its value 1s less than
i varies between 0.96 and 0.98)

P Tige 70 variation of C , venturimeters are not suitable for very low velocities.

: ~ +sime of *i° by differential U-tube manometer: |

“wse. L Differential manometer containing o liguid heavier than the lguid flowing through

i 5,, = Sp. gravity of heavier liquud,
S, = Sp. gravity of liquid flowing through pipe, and
v = Difference of the heavier liquid ¢olumn in {/-tube
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Then h= {i = } (6.7)
r .f
Case. I1, Differential manometer containing a liquid lighter than the liguid flowing through the §

pipe,
Let, S, = sp. gravity of lighter hquid,
\) > = SD. gravity of liquid flowing through pipe, and
y = difference of lighter liquid column in {/-tube.
Then, h= _}"l: - ﬁ_‘ (6.8}
3, _

Example 6.28. 4 horizontal veniurimeter with inlet diameter 200 mm and throat diameter 1083
mm Is used to measure the flow of water. The pressure at inlet (s 0.18 Nfmm-~ and the vacuum pressurey
at the throat is 280 mm of mercury. Find the rate of flow. The value of C, may be taken as 0.98.

Solution. Inlet diameter of venturimeter, 2, =200 mm=10.2 m
m

. Area of inlet, A = 7 x0.2% = 0.0314 m°

Threat diameter, D,=100mm=0.1m

s . n
- Area of throat, 4, = 2 x 0.7 =0.00783 m-

Pressure atinlet,  p, = 0.18 N/'mm’® = 180 kN/my-

P 180 =183 m
w 98]
Vacuum pressure at the throat,
P

—= = - 280 mm of mercury
W

=~ 0.28 mof mercury = — 0.28 x 13.6 = - 3.8 m of water
Co-efficient of discharge, C, = 0.58

.. Differential head, # = AL _ P2 183 -(-38)=22.1m

H! W
Rate of flow,

Using the relation,

R Ay A4, —
Q= Cq x> Y280 , we have

wﬁ A - A
_ .98 x o218 X DOVIE — x /2 x 9.81x22.]
J (0.0314) — (0.00785)°
_ 0.000241 o,
0.0304
or O = 6.165 m*/s (Ans.}

Example 6.29. 4 horizontal venturimeter with inlet diameter 200 mm and throat diameter 100 mm 3 ;
is employed 10 measure the flow of warer. The reading of the differential manometer connected to ™ 3
et is 180 mm of mercury: If the co-efficient of discharge is .98 determine the rate of flow

Solution. Inlet diameter of venturimeter, D] =200 mm =02 m

i X i .
", Areaat inlet A = 2 x 0.2 =0.0314 m
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Throat diameter, £, = 100 mm = 0.1 m

. Area of throat 4 =-';_::>c: 0.17 = 0.00785 m

rough & Reading of differential manometer, y = 180 mm (= 0.18 m) of mercury

Co-efficient of discharge, C, = 0.93
Rate of flow, Q:
To find difference of pressure head (/1) usmyg the relation,

[ S,
= -Siﬂ‘— ~ 1|, we have
8,
E where, §,; = Sp.gr. of mercury (heavy hquid} = 13.6, and
Imeter I8 3 S, =5p. gr. of liquid through the pipe i.e., water =1
m presiyg i_: _
s 0.98. h=018 131"5 —1}=2.268m
To find Q. using the relation, i
.»4 ."‘I-'J ' ———
0=C,— L = x \2gh , we get
ﬂllllll| ..*‘:I;_l:; . 45
O =098 x — D.DBHﬂx 00078 = X M."rQ x 9.81 x 2,268
W (0.0314) — (0.00783)
._ 0.000241 _ 3
: or = * 6.67 = 0.0528 m /s {Ans.

. Example 6.30, 4 horizontal venturimeter with inlet and throat diameters 300 mm and 100 mni
Emspectively is used to measure the flow of water The pressure intensily al infet is 130 kN/m? while
Lo vacuum pressure head af the throat is 330 mm of mercun: Assuming that 3 percent of head is lost
am benween the inlet and throar, find:

(i} The value of C  (co-efficient of discharge) for the veniurimeter, and

(17} Rate of flow

Solution. inlet diameter of the venturimeter, 2, = 300 mm = 0.3 m

&
Throat diameter, 0,= 100 =10.1

.F

« 0. =0.07 m?

. Area at inlet. A

| =

- Area of throat, 4y, = = x 0.1" = 0.00785 m°

4
Pressure atinlet,  p. = 130 kN/m*
7 130 \ Az
5 e h = =132 m
Pressure head, = 081
Stmilarly, pressure head at throat,
gmeter | Nw—"g p.
nmecion X e — = - 350 mm of mercury = — 0.35 x 13.6 mof water = - 4.76 m
o
f flow. 1
11y Co-efficient of discharge., €
| P pA g
Differential head, 7=+ — = =1325-(-476)=1801m

H Y
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3
= 10 = — = -
Head lost, hf 3% of A IDDE 18.01 =0.54 m

o /h—frf _\/18_91-1}.54 0085
@ h 1%5.01 ‘

(if1 Rate of flow, Q:
Using the relation,

Q=Cy % — Ad J2gh , we have

N
0 = 0.985 x 0.07 DiUUTSﬁ: x /2 % 9.81 % 18.01
J0.072 - 0.00785
000
_ 0000541 42 79 = 0.146 m¥/s (Ans.)
00956
Example 6.31. 4 venturimeter (throar diameter = From
10.5 cm) is fitted to a water pipeline {internal diameter venturi ,;,

= 21.0 cm) in order to monitor flow rate. To improve ac- ¥
curacy of measurement, pressure difference across the e
venturimeter is measured with the help of an inclined tube 75 o Wat
manometer, the angle of inclination being 30° (Fig. 6.30), }I ~\M st
For a manometer reading of 9.5 cm of mercury, find the 300

. : : . 3 Hg
flow rate. Discharge co-efficient of venturimeter is 0.984,

(GATE) Fig. 6.30
Solution. Internal dia., D, = 21.0 cm=0.21 my

T T
Area of inlet, A = 2 DIE = Z # (!‘.121)l = 0.0346 m?
Throat dia, D,=10.5em=0.103m

i 1
-, Area at throat, Ay = 2 x D; = 7 x {0.105)" = 0.00866 ny?

Discharge co-efficient of venturimeter, C, = 0,984

A)
e 11-5 = (9.5 sin30°) [l—?’;—ﬁ - 11

waler o

Pressure head, h=y {

= 59.85 cm = 0.5985 m
Discharge (Q) through a venturi-meter is given by:

/‘I A‘; P —
Q = Cﬂr :3 = = o ‘\ngh
A]_ - AE-
_ 0084 x 0346 X D.00B60 J2 x 9.81x 0.5985
(0.0346)° — (0.00866)°

= 0.984 x 0,008945 x 3.427 = 0.0302 m'/s (Ans.)

Example 6.32, Water at the rate of 30 litres/sec is flowing through a 0.2 m. [ D). pipe. ?
verrturimeter of throat diameter 0.1 m is fitted in the pipeline. A differential manometer in the pipe-
line has an indicator liguid M and the manometer reading is 1.16 m. What is the relative density -

the manometer Houid M? Venturi co-efficient = 0.96; density of water = 998 ke/m’.
(AMIE Summer, 200°
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| Solution. Giver; O = 30 litres/sec = 30 x 107 n*/s =0.03 nris=0 =02m D, =0.1m {, =050
p. =998 kg/m’ y=1.16m

Assume venturimeter io be horizontal. The flow rate is given by,

Ay A-

0 =Cy x === 28 (i
p) p, 1)
T i T 2 .
Here, A = 7 x ) = 7 x 0.2°=0.03141 m*, and
T 7 n -
AE = E oy DE = E % 0,17 = DﬂD?SEd’ mz

Substituting the various values in (), we get
0.03141 x 0.007854

0.03 = 0.96 x 1 = x J2x 981 x /h
J0.03141% — 0.0078543
or 0.03 =0.96 x 0.008112 x 4.43 x ~A
2
or h= 0.03 W =0.756 m
0.96 x 0,008112 x 4.45
_ S.Iri!f . -
Also, h= L(— — W 'Egn. (6.7)]
| Sy
ater o
. - il
0.756=116 | — - — IJ
I o=l [0.993
) 3
\ 116 J
Hence specific gravity/relative density of the manometer fluid M = 1,648 (Ans.)
3 Example 6.33. A venturimeter is installed in a pipeline carrying water and is 30 ¢m in diameter.
. The throat diameter is 12.3 cm. The pressure in pipeline is 140 kN/m?, and the vacuum in the throat
L is 37.5 cin of mercury. Four percent of the differential head is lost berween the gauges. Working from
§ first principles find the flow rate in the pipeline in /s assuming the venturimeter to be horizental.
(AMIE Summer, 2000)
._ Solution. Refer to Fig. 6.29. Given; D, =30em=03m; D, =12 5cm; = 0.125 m; p, = 140 KN/
E m’ p, = - 37.5 cm of mercury
= — 3131;013'6 =~ 5.1m of water; #1,= 4% of differential head.
Flow rate in pipeline, Q:
py 140 x 10° 497 o wat
-_ = , fa
- 9310 m of water
- a0 ~
084 Pl 5.1 m of water (Calculated above)
hf= 4% of differential head
D. pi = ! Epl—pzﬁzi[(142"-(—‘7~1}]=£}"?751‘n0fwater
LD. pipe. - 00\ w w/ 100 0T 8 |

s+ in the pipe-

ive densin ¢ Applying Bernoulli’s equation to the entrance (1) and throat (2) of the venturimeter. we get

py M _&JFVE"

. F oz o+
immer, 200 v 2g o 2a + 2y + 1y
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re Z
ot Ijl 'VE Z(IJzﬁplw—.h ("E=’)
’ 2g LW W f SR B
]((':} _ LIE
ot, 1 2 —_51_1427+0.775=-18.59
2g
rd i PN
e 0
Ly =2 L—Is.sg
Also, AV, = A,V
Ffﬁﬂlﬁ‘ 2 2
.Dr Vr?' = Al _— 4 1 o :ri:}-]—\l :(—i—litr-—m'lllE - 5?6
’ 4, tmaa| D) o ledzs)
4%
-2
or, é [1—(5.76)%] = 18.59
o, V#x (-32.18) = 2 x 9.81 x (~ 18.59)
. g 500
o ]=(2x9 1x18:9i 3367 mis

N 32,18 /
Ny .
Hence discharge, @ = 4% = —x (0.3 x 3.367 x 10° is

= 238 /s {(Ans.}

6.6.1.2, Vertical and inclined venturimeters

Vertical or inclined venturimeters are employed for measuring discharge on pipelines which are
wot horizontal. The same formula for discharge as used for horizontal venturimeter holds good in

thasa cases as well,

Here, h":(p] _PE\}+{31 - Z3)
NRIE W
[In horizontal venturimeters z, —z, =0 as 7, = 2,

Vertical Venlurimeters

Example 6.34. A 200 mm x [00 mm venturimeter 1s provided in a vertical pipe carrying water,
flowing in the upward direction. 4 differential mercury manometer connected 1o the inlet and tnavoat
gives a reading of 220 mm. Find the rate of flow: Assume C, _0.98.

Solution. Diameter at the inlet, D, = 200 mm = 0.2 m

TE b
-, Area of inlet, A= 2 x(0,2=00314m"

Diameter at the throat, D, =100 mm~=0.1m

T 5
. Area . tthe throat, A4; = I:u: 0.1 = 0.00785 m"

Sp. gravity of heavy liquid {in the manoreter), S,, = 13.0
Sp. gravity of liquid flowing through pipe, 5, = 1.0
Co-efficient of discharge, C, = 0.98

Reading of the differential manometer, y = 220 mm = .22 m
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; Rate of flow, Q:

=z,) Differential head,
'
h:(ﬂ+zl]_lrp_2+zz }:J" i_.
W W A P
s N
= a.zz(l%—'ﬁ = 1.0J =277 m
1.0
. . A A
Using the relation, 0 = Cﬁp\f—zu—ﬁ 2gh | we have

Af - A

0.0314 x 0.00785

0 =0.98 x 1 x J2x9.81x2.77
J0.0314> — 0.00785%
_ 0000231, 7.34 = 0.0584 m"/s (Ans.)
0.0304

Example 6.35. 4 300 mm x 150 mm venturimeter is provided in a vertical pipeline carrying oil
of specific gravip: 0.9, flow being wupward. The difference in elevation of the throat section and
entrance section of the venturimeter is 300 mm. The differential U-tube mercury manometer shows

1 a guuge deflection of 230 mm. Calculate:

(iy The discharge of 0il, and
(i} The pressure difference between the entrance section and the throai section.

Take the co-efficient of meter us (.98 and specific gravity of mercury as 13.6. [AMIE]

Solution, Diameter at inlet, D, = AN mm=0.3m

-
_ ~. Area of inlet, A = JE x 0.3 = 0.07m"
vhich :' Diameter at throat, D,=130mm=0.1>m
F B | ;. Area at throat, ,_.....,_',:::,
4 = 2% 0,15 = 001767 m’ f

2=y 1
. Specific gravity of heavy liquid {mercury)
i m U-tube manometer, S, =13.0

- Specific gravity of liquid (oil) flowing

' E through pipe. S, = 0.9 150 rom &=
e : =RpPR S, . Throat
e Ml Reading of differential manometer, '
- v = 250mm=0.25m ! ?
The differential *4" is given by: Injer \ SO0 MM
) . 3 Y
!I J.i':-"] I |' pz I
h:_—+:1‘—,—+:E 250 300
W S ) 250 mm « 30,
- Y

}.;_5; |-o2s] F ﬁ

(i) Discharge of oil, Q: Fig. 6.31

A AA. I|'_"-
Using the relation, 0 =0, x ,.._jl—‘ﬁja- x J2gh  we have
f 47— Ay
A A 3
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0 = 0.98 x G.U_? x 0.01767

J0.077 — 0.01767°

~0.001212

= x 8.32 = 0.1489 mr'/s. {Ans.)

.0677

(i} Pressure difference between entrance and throat sections, p, — p,:

, N p
We know that, h:L—‘+::1 !—{—1+32]=353
W JooN W
*
or (p]—pzj-—.{z]—zz‘:r:&i}
LW W
But z,~z, =300mmorGim .. (Given)

"

% ,,JZ x 981 x 3.53

(PL 21| g3-355 or 2= P2-383

LW W

or p,-p,=(0.81 x0.9) =% 3.83 =338 kN/m? {Ans.)

Example 6.36. 4 vertical venturimeter carries o liquid of relative density 0.8 and has inlet and
throat diameters of 150 mm and 75 mm respectively. The pressure commection al the throat is 150
wm above that at the inler. It the actual rate of flow is 40 litres/sec and the C, = 0.96, calculate the

pressure difference berween inlet and throat in Nim®.

(AMIE Summer, 1999}

Solution. Given; Sp. gravity =0.8, D, = 150 mm = 0.15m; D, = 75 mm=0.073m; z, -z,

= 150 mm=20.15m, Q_, =40 litres/sec = 0.04 m°ss, C, = 0.96.
Pressure difference (p, — p,1;

4 =2pr =2 %015 =0.01767m’
4 e
i

4, = ED:E == (0.075) = 0.00442 m°

A A —
Crer = Cg ¥ 11 E e V2gh | we get
JA -4
7 : —
0.04 = (.96 = 0017c. & x 42 x 381 x JE

J0.01767* — 0.00442°

ot 0.04 = 0.96 x 0.004565 x 4.429 ./}

L 0.04 bk
_0.96 x 0.004565 x 4.429;|
/ Y
Also h=Lﬂ+z,J—,‘—D—2~+zJ

W

=4247 m

f o )
or, 4247 =& - F‘EJJ,(:] - 25)
W W

(','E

2

Fig. 6.32. Vertical ventrerimeter

— Z, =15 m:

e Le

|'-
- Tl e il




Fluid Dynamics 295

hines
or, (p, —p,) = pg (4.247 + 0.15)
={0.8 x 1000 x 9.81) (4.247 +~ 0.15) N/m’?
= 34.51 kN/m? (Ans.)
Inclined Venturimeters
Example 6.37. Determine the raie of flow of water through a pipe 300 mm diameter placed in
an tnclined position where a venturimeter is inserted, having a throat diameter of 150 mm. The
difference of pressure between the main and throat is measured by a liquid of sp. graviry 0.7 in an
inverted U- tube which gives a reading of 260 mm. The loss of head between the main and throat is
0.3 times the kinetic head of the pipe. Liquid <
Solution, Diameter at inlet, (Sp. gr.=0.7) s
D =300mm=03m '
Area of inlet, |
. , . A
A =E- ¥ 0.3*=007 m? y = 260 mm
Throat diameter, [, = 150mm=0.1>m T
Area at throat,
— A, = E % 0.15% = 0.01767 m®
at is 15Q | ._ Specific gravity of lighter liquid
ulate the 1 f (U-tube), §, = 0.7
er, 1999) Specific gravity of liquid (water)
N, 2, — Zy 4 t flowing through pipe, 5§, = 1.0

Reading of differential manometer,
y=260mm=0.26 m
Difference of pressure head, 4 1s

given by; Fig. 6.33
(ﬂ+ z]]—(&a- z;j=h
W W
f 8 7
Also, h=ypil-2L|= 0.26[1 — 0—]
S, ) l.
i = (0.078 m of water
Loss of head, #, = 0.3 > kinetic head of pipe A Given)
Now, applying Bermnoulli’s equation at sections ‘1’ and *2°, we get
5[32 = 2,) " g W 28
VE I;E
¥ W W 20 2g
) )
- But, (ﬂ + E]W - (& + 2, {={0.078 m of water ... {as above}
meter W oW /
Vlz
and Ay =03 x — LA Given)
2g
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I(.J'j }32 .2
0.078 4+ 2 — 22 . g3 J
lg  2g 2g
V: 12
or D078 + 0.7 = 1 — s =0
2g  2g
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Applying continuity equation at sections ‘1° and ‘2°, we get
AV =AY

M

AV, midx015°
A ni4 % 0.30°

Substituting this value of V., 1n equl. (i}, we get

3

(V4 Wy

Q078 + 0.7 % = {]
2g 2g
V-,-z . K

or G078 + '(G?—II:U

L.-:IE
or = x (- 0.956) = -0.078

2g
or V:g _ 0.078 = 2 = 9.81

", Rate of flow

0.956

x ¥, =

Z

£
4

=1lé6mfor V,=126ms

O =A,V,=0.01767 x 1.26 = 0.0222 m*/s. (Ans.)

Example 6.38. The following data reluate io an inclined venturimeter:

Diameter of the pipeline = 400 nim

inclination of the pipeline with the horizonial = 30°

Taroat diameter = 200 mm
fhe distance berween the mouth and throagr of the meter = 600 mm

Sp. gravity of oil flowing through the pipeline = 0.7

S.p. graviry of heavy

figuid {Li-tube) = 3.6

Reading of the differential manometer = 50 mm
The co-efficient of the meter = .98
Derermine the rate of flow in the pipeline,

Solution. Diameter at inlet, D, =400 mm=04m

- Area of inlet,

Throat diameter,

;. Area at throat,

Reading of the differential manometer (U-tube).

¥»=50mm=0.03m

4 = % <047 = 0.1257 m’

DE=20Gm=D.2m

A, = g x 0,027 = 0.0314 mr

Difference of pressure head £ is given by:

where, §,, = sp. gravity of h-n:ax-j,s hiquid (e, mer-

cury} it U-tube = 13.6

ho= ‘L[Tg;—“ = j

s

)

(Punjab University)

isp.gr.=0.7)
Fig. 6.34

Merctry
(ap. gr. = 13.0)

the dischas

with the pal |
its valuc is o
distance g
s at a dista

It
head

Or

Of

0.6.2.4:
Orifiog :

It O ._

Let,
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5, = sp. gravity of liquid (i.e., oil) flowing through the pipe = 0.7

4 Y
h = U,[}5| ﬂ ~1'=092 mofoil
v L7 J

Now, applying Bernoulli's equation at sections 1’ and ‘27, we get,

..(£) ) :
.V:; 5 I’rfﬁ"
EL + El — = 2 + 24 + —= ,{I)
W 2g W - 2g
f ™, & . i I;E .E(-:.l
ot £L2E|_:E__—EE + L — =
W S W J  2g 2¢
y
But ;(—P—]—J.;:]Wﬂﬂl-w%:j':h
W AW -
or R e B Sy
LW W
It may be noted that differential gauge reading will include in itself the difference of pressure
kead and the difference of datum head
Thus, eqn. {7} reduces to:
R E
- _r: .
2¢ 2 e
Applying continuity equation at sections ‘1° and *2* we get
AV = 4,7,
. AV, midax020 ¥,
QT I’l = = — X LE = -
f‘I] !4 x 0,4'_ 4
Substituting the value of ¥, and A in eqn. (i) we get,
;/.-"'2 L.-"E
092+ —=_ 2 -
10x2g 2g
vy 1Y . 15
or — (1 - —"'=092 or Vioox ]—3 = (.92
2g 16/ 0
P 92 .
o1 o o= 0:92x2x981x16 =1925 or V, =438 m's
iversity) _ﬁ 15

Rate of flowofoil, Q= a, V, = 0.0314 x 4,38 = 0,1375 m¥s (Ans.)
6.6.2. Orificemeter

Orificemeter or orifice plate is a device (cheaper than a venwrimeter) employed for measuring
the discharge of fluid through a pipe. It also works on the same principle of a venturimeter.

It consists of a flat circular plate having a circular sharp edged hole (called orifice) concentric
with the pipe. The diameter of the orifice may vary from 0.4 to 0.8 times the diameter of the pipe but
its value is generally chosen as 0.5. A differential manometer is connected at section {1) whichisata
distance of 1.3 to 2 timnes the pipe diameter upstream from the orifice plate, and at section (2) which
is at a distance of about half the diameter of the orifice from the orifice plate on the downstream side.

Let, A, = area of pipe at section (1),
¥, = velocity at section { 1),

P, = pressure at section (1), and

y 3 A, ¥, and p, are corresponding values at section {2},
3.6) L o -
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Flat circular plate

® @ |
| : :‘Fape
I [
Upstream . ! ~ Downstream
i

b . -
- ‘:' - V-E[]a
“
I
|

. —

I )
)
I
Flow in —3» :
| AE‘
J r

-
r

Differential
manometer

Fig, 6.35. Criicemeter
Applying Bernoulli’s equation at sections (1) and (2), we get

"’ 2
LR U - e R
w  2g W o
3 Vi
or [E'I-“‘l‘I]J— E"‘E; = 2 _ 1
w W 2g g
2 2
or = Vs - 4
2g 2g |
N
I- h= [fl + z,] — [& +2z, | = differentialhead]
I W W )
VE 2
ot _2 = h + .Ii_ {I)
2g 2g
Nz
or Vo = (201 B+ wde | = 2oh + V*
Py gt 23'} V2

Now, section (2) is at vena contract and A, represents the area at vena contracta, If 4 o isthe area
of orifice then, we have

4
e = E
(where C_ = co-efficient of contraction)
A4y =4, G ()
Using continuity equation, we get
A, o e
A
V.
or V, = 4 €1y LLHD

| A
Substituting the value of V| in eqn, (i), we get

3 A2 g2
Vy = [2gh + A 'C‘;'VE
A

rares, It
ol the pi
position
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2
or VEE =2g;? _(i] . E.VEE
4
I -,
i
or v} !1—[ﬁJ C§}=2gﬁ?
g ;
V, - J2gh
V1= (4o / 4Y C
.. The discharge, Q=AV,= 4,-C,-V,
[+ A4, = 4,-C. ... as above (eqn. (i{)]
[2ah
= 4,C. |' VEE (B

W= {4, i A
The above expression is simplified by using,
Y- (4 4)

*u'fl — (Ag i A4) CC
{where, L, = co-efficient of discharge)

C,=C

T

JI= (g7 4 C
V1= (4 7/ A4

Substituting this value of C, in eqn. (iv), we get

C‘? - Car

1;’1 — (40 4) C y v2gh
w."'] — (A f A w"lrI — (A, 4) Cf
Ca-Ao\28h_ _ Ca-do-4\[26h

V=i 4y & - 4

4y 4 J2gh

"\.'fl f‘ilz - A_ln
It may be noted that C, (co-efficient of discharge) of an orifice is much smaller than that of a
RILUFIRTETer -

¢ =4,-C,

E-E-, Q = Cﬂ

..(6.9)

Difference between a venturimeter and an orificemeter:

3 A venturimeter 18 g device which is inserted into pipeline to measure incompressible fluid flow
b mazes. It consists of a convergent section which reduces the diameter to between one half to one-fourth
[ of the pipe diameters. This is followed by a divergent section. The pressure difference between the
Eposition just before the venturi and at the throat of the venturi 1s measured by a differential manom-
B cwer. The working of the venturi is based on the Bernowlli s principle, that is when the velocity head
© imcreases in an accelerated flow, there is a corresponding reduction in the piezometric head,

The orificemeter is opening, usually round, located in the side wall of the tank or reservoir, for

measuring the flow of a liguid. The main feature of the orificemeter 15 that most of the potential
aergy of the liguid is converted into kinetic energy of the free jet issuing through the orifice.

The main points of difference berween a ventunmeter and orificemeter are:

1. The venturimeter can be used for measuring ihe flow rafes of all incompressible fiows.
{gases with low pressure variations, as well as liquids), whereas orifice meters are generally
used for measuring the flow rates of ligurds.
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2. Venturimeter 1s installed in prpeline only, and the accelerated flow through the apparatus, is
subsequently decelerated to the original velocity at the outlet of the venturimeter. The flow
continues through the pipeline. In the orificemeter the entire potential energy of the fluid is
converted to Kinetic energy, and the jet discharges freely into the open atmosphere.

3. Inventunmeter, the flow velocity is measured by noting the pressure difference between the ' Usi
inlet and the throat of the venturimeter, whereas in the orificemeter the discharge velocity is
measured by using Pitot tube or by trajectory method.

Example 6.39. The following data relate to an orificemeter: or

Diameter of the pipe = 240 mm

Diameter of the orifice = 120 mm

Sp. gravity of oil = 0.88

Reading of differential manometer = 400 mm of mercury

Co-efficient of discharge of the meter = (.63,

Determine the rate of flow of o1l . Exa

ar

Solution. Diameter of the pipe D, =240 mm = 0.24 m an orific
. pie 7 7 ] {b} e
.. Arga of the pipe, A = 2 x (.24 = 0.0452 m* . t0 measure

Diameter of the orifice, D,=120mm=0.12m

- Area of the orifice, 4 =E «(.12% = 0.0113 m”?

Co-efficient of discharge, C,=10.65 Crifice
Sp. gravity of oil. S =0.88 Sol.(a

Reading of differential manometer, v = 400 mm of mercury = 0,4 m of mercury ; A,[:;a 3
i WIde veg

LS, |

- Differential head, h = 7| - 1] The disd:
| LYo Jow separaf

[where §,, = sp. gravity of heavier liquid = 13.6 (for mercury)] layer separagh

(b) Giveg!

3 ]
= (}.4 { 13.6 —1{=578mofoil
088 ]
Discharge ():

Water i}

Ay A~ 2gh

VA - 4
0.0113 x 0.0452 x /2 x 9.81x 5.78

Using the relation, Q=0C, , we have

O =0.65 %
J(0.0452)7 — (0.0113)?
_ Q000333 _ 4 08m?ss (Ans.)
0.0437

Example 6.40. Huter flows at the rate of 0.015 mis through a 100 mm diameter orifice used in a
200 mm pipe. What is the difference of pressure head berween the upstream section, and the vena
contracta section? Tuke co-efficient of contraction C.=060andC =10 (AMIE Winter, 2001)

Solution. Given: 0 = 0,015 m’/s; D, = 100 mm = 0.1 m; D, =200mm=02m; C =0.60;C =
1.0 |

Ditference in pressure head %: Refer to Fig. 6.35,

Using the

4 = %Df - % % 0.22 = 0.03142 m?
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i 4, =§D§ =%x0.12 = 0.007854 m?
C,=C. xC =060x1.0=06
4 \2gh

Using the relation: Q0 = C, A j b

VAT - 4

) 0.007854 x 0.03142 2 x 981 x A
or 0.015 =0.6x —— A - ...[Eqn. (6.9]
(0.03142)° — (0,007854)

or 0.015 =0.6 x 0.001093 Vi

0.03042

(0.015 x 0.03042 0,484 0 of water (A
=1 = ’ r (. .
. 0.6 x 0,001093 J m ol water (Ans.)

I Example 6.41. (a) Derive an expression for the volumetric flow rate of a fldd flowing through
e o7 ificemeter. Write down the advaniage and disadvaniages of using orificemeter over a venturimeter
(7) Mater is flowing through a pipeline of 30 cm ID at 30°C. An orifice is placed in the pipeline
o measure the flow rate. Orifice diameter is 20 em. If the manometer reads 30 cm of Hg, calculate
phe vaiter flow rate and velocity of the fluid through the pipe.
Pyarer @1 30°C = 987 kg/m’
Py = 13600 kg/m’
Orifice co-efficient. = 0.6

Sol. (@) Refer Article 6.6.2.
Advantage of onificemeter over venturimeter is that its fength is short and hence it can be used
B wide variety of application. Venturimeter has excessive length

The disadvantage of orificemeter is that a sizeable pressure loss is increased because of the
‘separation downstream of the plate. In a venturimeter the expanding section keeps boundary
°r Separailion 1o a minimumn, resulting n good pressurve recovery across the meter

(6} Given: D, =50ecm=035m; D, =20cm=0.2;y = 30 cm of Hg = 0.3 m of Hg

Of

-l

Pyarer 8 30°C = 981 kg/n?, p,, = 13600 kg/m?;
C,=0.6.
Water flow rate, (Q:
4 =20 =5 %05 201963 m?
4 4
4, = Eﬂg - % % 0.2* = 0.0314 m°

H"! - ™,
kz}i( Pite_ _ 1J= O.S(IJ@O- 1| =3.834m
P v 987 /

| A \2gh
Using the relation; Q= A A 28

—— , W get

V-4
0.0314 x 0.1963 % 2 x 9.81 x 3,834
J(0.1963)% — (0.0314)°

£ =0.0x

—  —— i —— i —— — " TP "
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0.05346
= 0.6 x ——— =9, 3 .
X 01934 0.1655 m*/s (Ans.)
Velocity of water through pipe,
5
b = % = 0.1652 ={.843 m/s (Ans.)
4 0.1963

let
6.6.3 Rotameter and Elbow meter Qutle

6.6.3.1. Rotameter. Refer Fig, 6.36,

Construction: It consists of a tapered metering glass
tube, inside of which is located a rotor or active ele-
ment (float) of the meter. The tube is provided with in-
iet and outlet connections. The specific gravity of the
float or bob material is higher than that of the fluid to
oe metered. On a part of the floas spherical slots are cut
which cause it (loat) to rotate slowiv about the axis of
the tube and keep it centred, Owing to this spinning
accumulation of any sediment on the top or sides of
float is checked. However, the stability of the bob may
2130 be ensured by using a guide along which the float
would slide.

Working, When the rate of flow increases the float
rises in the tube and consequently there is an increase
it the annular area berween the float and the tbe. Thus,
the float rides higher or lower depending on the rate of
flow.

The discharge through a rotameter is given
by Fig. 6.36. Rotameter.

O =CyApn [EEVﬂ (f:’ﬂ - Df},ff‘i'fpf]m - (6.10)
where, ¢ = Volume flow rate,
C; = Co-efficient of discharge,
= Anmmuar area between float and tube,

Uuidewtre for
the float

Transparent

/ rapered glass

metering tube
Float or bob

Inlet

“hanm.
Ve = Volume of float,
pi,? = Density of float material,
;Z;f = Density of fluid, and
Af = Maximum cross-sectional area of the fluid.

As the How area A, 18 a function of height of float in the tube, the flow rate scale can be
engraved on the tube corresponding 1o a particular float

Advaniqges :

1. Simpler in operation.

2. Handling and installation casy.

3. Wide variety of corrosive fluids can be handled,

4. Low cost, relatively,

Limitations ;

. Mounted verticaily, limited to small pipe sizes and capacities.
2. Less accurate, compared to venturimeter and orificemeter,

'.".'
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6.6.3.2, Elbow meter

When liquid flows around a pipe bend. There is an increase in pressure with radius, i.e. the
pressure ar the outer wall of the bend is more than that at the inner walii. This difference of pressure
which exists between the outside and inside of the bend is used for the measurement of discharge in
a pipeline.

As shown in Fig. 6.37. the pipe bend is provided with two pressure tappings; one each at

the inner and outer walls of the bend. These tappings are connected to the limbs of U-tube
manometer.

— Pipe bend
Q
Flexible
tubing
z. o

L-tube
manometer

v Y

Horzonial datum

Fig. 6.37. Elbow meter.
As per literature, the following relation between velocity and pressure difference is available:
- b 1 Pi
K :[ > + 2, ‘('—"'3;] {6,11)
2z W J W /

ere, K = Constant {depends upon the shape and size of the bend), ranges from
1.3 10 3.2,and

V' = Velocity of flow,
Suffices  and i represent the conditions at the outer and inner walls of the pipe bend,

f I
or V=72 ‘JII[% + zﬂj - LEL 4 E*'J . [6.11 ()]

VK W
Irll/pﬂ H p:’
- Discharge, Q=4V=C, 42 \/[_ to -y (6.12)
WY H
|
- C, = == = Co-efficent of discharee. and
“'hEI'E, o \/E ge,

A = Cross-sectional area of the pipe.

(C, varies between 0.56 and 0.88)
The foilowing empirical relation has been suggested:

R,

£ =,—=,
d \'Il' D
where, R, = Radius of pipe bend, and

£) = Diameter of the pipe.
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*  Anelbowmeter can be conveniently used for the measurement of discharge in pipes which
are fitted with elbows and bends.

&  Its accuracy, with proper calibration, approaches that of 2 venturimeter or nozzle.

Pitot tube is one of the most accurare devices for velociiv measurement. [t works on the prin-
ciple that if the velocity of flow at point becomes zero. the pressure there is increased due to conver-
ston of kinetic energy into pressure.

It consists of a glass tube in the form of a 90° bend of short length open at both 1ts ends. It is
placed in the flow with its bent leg directed upstream so that a sraganation point is created immedi-
ately m front of the opening (Fig. 6.38). The kinetic energy at this point gets converted into pressure
energy causing the fiquid to rise in the vertical iimb, to a height equal 1o the stagnation pressure,

X 5
= Pitot
. a ;E"/’# tube
Piezometer —3m v 5
2g =
l | — p‘-’:. ;:
¥Y_ N =
A = — |
B o —E Pipe
ha Y — "__*: ;_: /
Liquid in Vo oy = Liqutd out
3 _ _ = N - ] ] _ _ _ —_
P >

Fig. 6.38. Pitot tube.

Applying Berneulli’s equation between stagnation point (5) and point (£} in the undisturbed
How at the same horizontal plane, we get:

p ye
B 2P gt — =,
wo 2g W 2g
or, V=28 (- hy) o 2 Al (D)
where, p,, = Pressure at point ‘P’, i.e. static pressure,

b= Velocity at point *P’, i.e. free flow velocity,
P, = Stagnation pressure al peint *S’, and
An = Dynamic pressure

= Difference between stagnation pressure head (#_) and static pressure
head (#,).
The heighr of liquid rise in the Pitot tube indicates the stagnation head. The static pressure head
may be measured separately with a piezometer (Fig. 6.38),.

Both the static pressure as well as stagnation pressure can be measured in a device known as
Pitot-static tube. (Fig. 6.29).

s Find the speed of the subn

Fluid Dynamics

Direction
ot flow

the liquid level in it pivdt
differential manometer i
pressure head.

If v is the manomet

When a Pitot-tube is ¥
§ and causes the static pressd:
b ¥ends 16 produce an excesgy
¢ fied 10 give the acial veldl §

where, C= g conne

. The most commonly -‘
 signed that the effect of stf

Example 6.42. 4 sub __
b below the surface of wate
| nected o the two finibs o

Take the specific-gravil
Solution, Reading of ik

Sp. gravity of mercury,
Sp. gravity of sea wate
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{
To find the head, (/), using the relation: 4 = yL% —~ } , we have
;

\
h=D.2(~1—3;ﬁ-—1‘=2.45
1,025

. Velocity of the submarine

v = J2gh = J2%x 981 x 2.45 =6.93 m/s or 24.9 knv/h (Ans.)

Example 6.43. Petroleum oil {sp. gr =0.9 and viscosity = 13 cP) flows isothermally througha
horizontal 5 cm pipe. A Pitot tube is inserted at the centre of a pipe and its leads are Jfitlled with the ;
same oil and attached to a U-wbe containing water. The reading on the manometer is 10 cm. Caleulate |

the volumetric flow of ail in m*!s. The co-efficient of Pitor tube is 0.98. (AMIE Summer, 2002) .

13
Solution. Given: Spgr. of 0il = 0.9, p =13 ¢P = 100 * (0,1 Ns/m* = 0.012 Ns/m?:

v=10cmofHg=0.I mofHg, D =5cm=0.05m;
Co-efiicient of Pitot tube, C = 0.98
Volumetric flow of ofl:

S . N
Differential head, h= 3‘:/ e _ ] = 0.1 (13—6 - 1J = 1.411
o 0.9

- Actual velocity of flaw, V =C,\/2gh =0.98,/2 x 9.81 x1.411=5.156 s

T
Volumetric flow of oil = A x V = — x 0.05% x 5.156 = 0.01 m"s (Ans.)

Example 6.44, For the flow situation
T T R L Y

shown tn Fig. 6.40 determine the ratio ;:—] if \\1
2 A

A |
the area ratio ~;~ = 1.3. A Density = p, A
_! > h -

o

|

Neglect loses due to friction.

. FT7 P77 777 TV
Solution. Refer Fig. 6.40, 777777/ . .;
For Pitot tube : e et

P T P8R =Py T Pygh - (7)
For priezometric rubes:
P~ P8R =Pyt puehy A1)

Subtracting (i} from (i), we get
(P — D) +p.8(M—Hh) = prglfy — 1)
(g, — =0 - h)(p, - P E

2B (hy - ;’:)(p—b - J (i)
P.g Pa

....Dividing by p_g. Fig. 6.40
From piezometric tappings,
(P1 “P;) = hgg {pb — pﬂ}

pi_p2=h1[p_b_ )
Pag A Pg J

..Dividing by -
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(It may be noted that horizontal component of velocity U is U cos 8 which remains constan:

whereas the vertical component L/ sin 8 is affected by gravity.}

A

{/ cosf
Substituting the value of # 1n eqn. (77}, we get

From eqn. {{} we have, ¢ =

2

, X i X
v o= {/sIng x - TEX
' fcos@ 2 /°¢cos” &
2
= ytanid — ng 5
20/ cos° B
3 >
: 5 1
y = xtanf — AN = sec” © (6.13)
28 cos® O

This is the equation of @ parabola,
{i} Maximum height attained by the jet, h:
Using the relation:
Ve Vlz = — 2gh (- ve sign is used as the particle is moving upward)

-

where, V', = Initial vertical component = Usin 0, and

V", = 0 at the hghest point.
0 — (Usin®)* =— 2gh
_ U”sin® 6

2g

.{6.14)

or A

(7i}y Time of fight, T:
Time of flight is the time taken by the {luid particle in reaching from 4 to B (F1g. 6.41). From
eqn. (i), we have

. 1
y:UsmEixr—Egr‘

When the particle reaches the point 8, y = 0,¢(=T
Putting these values in the above equation, we get

O=UsianT—%ng1

o
or p_ 20 smY {615
g
Time taken 1o reach the highest point, T' = T = 2Usin& = Usin®
2 2g g
.,  Usind
Y I = . .{6.16)

(7/ii} Horizontal range of the jet,
The range (r} of the jet is the total horizontal distance travelied by the fluid particle.

Then r, (i.e., distance AB) = velocity component in direction x time taken by the particle to
reach from A to B
20/ sin B

g

=[eosOx T =0 cosO x

| (origin} are:

cluid Dyn

Exa ;
ar 60° fo they
sirikes the

Soluti

Thec
on the cen
situated on

The eq

where,
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constax 4 . _U? x2sin®xcos® U7 sin20
g g
.lrz '
ie. p oL S0 (6.17)
g
The range will be maximum, when sin 20 = 1
re., 28 =90° or g = 45°
L7 sin(2 x 459 {°
Then maximum range, fmax = Z = p

2

?-" e —

f. €., max

. Exa mple 6.45. A nozzle is situated at a distance of 1.2 m above the ground level and is inclined
[W0° 1o the horizontal. The diameter of the nozzle is 40 mm and the jet of water from the nozzle
s /1 cround ar @ horizontal distance of 5 m. Find the flow rate.

 Selution. Distance of nozzle above the ground = 1.2 m

_i;; Angle of inclination, 8 = 60° - 5m »

Biameter of the nozzle,
j ol = 40 mm = 0.04 m

f . Area of nozzle,

; T 2 7 Nozzle
L A= 1 x 0.04° = 0.001256 m

fihe horizontal distance, ¥ =35 m

F¥he co-ordinates of the point M, which

e cenitre line of the jet of water and 15

6.41).3 jod on the ground, with respect to L

' ) are; v =3m, y=~ 1.2 m{ ' Point M is vertically down by 1.2 m)

I cquation of the jet1s given by :

Fig. 6.42

2
_ gx .
_ ¥ =xtan®@ - ITERNED D)
mhere, [ = Velocity of the jet.
Pew rate, Q:
e eqn. (7) can be written as:
M 2
= xtanf — f;z sec’ O
. R1 Z
- 1.2 =5tan60° - ? 82[;5 {1 + tan” 60°)
(. sec’ B =1+ tan” 0)
C12=5x1732 —,12;1,62 (1+3)
aricke 122866~ 2828
the ey T | [7<
¥ U= 3888 4974 or U=7.05ms
{(8.66 +1.2)

~=¢e flowrate, O =A x LI/=0.001256 x 7.05 = 0.00885 m’/s (Ans.)
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Example 6.46. it is required to place an ovifice in the side of a tank at such an elevation that the

Jetwill attain @ maximum horizontal distance from the tank at the level of its base. What is the proper

distance from the orifice fo the free surface when the depth of liguid in the tank is maintained ar 1.2 m?
Solution, Depth of ligquid in the tank = 1.2 m

X = fﬁ X f LA
Vg ) A | A |l Tank
| | IR
e yEo e SC. R
Elinunating z, we get ik _*' Ligquid je
3= g IF i W'E ¥
— == I
2 ||.'\\ -._.'zgail /,l T -.r
1 xz . I —).I
= — =X g X
2 2gh Fig. 6.43
> Y
Also, lL2=h+y  or y=12-#
2
1.2 - Ay = - —
{ ; 4k
ot, x=—dh(12-M=—48h+ 44
. : | dx
For horizontal distance x to be maxinmum P = {
(X B
2xy——=—~4 8+ 8 =0 or A=0.6m
i

Thus. the orifice should be located at a distance of 0.6 m below the free surface. (Ans.)

Example 6.47. Jen nozzies each 25 mm in diameter, all inclined at an angle of 457 with the |

horizontal ave used in an ornamental fountain. The jet issuing from the nozzie falls into a basin af a

pownt 1.5 m vertically beneath the nozzle and 4.5 m horizontally from it. The velocify co-efficient of |

nozzle iy .97, Determine:
{f}  Pressure head af the nozzle, und
(i1} Toral discharge from the nozzles.
solution. Diameter.of each nozzle,
d=25mm=0025m
Angle of inclination, 8 = 43¢

Velocity co-efficient of nozzle,
C =097
(/) Pressure head at the nozzle, H:
Refer Fig. 6.44

Horizontal distance iraversed,

1=4.5m

Vertical distance traversad, v=—1.5m
For horizontal motion:

x={/cosQ x7
of, 45=Ucosd45° = =0.707 L%

L from a nozzle 30 o
above the ground {:
can stand and still ;

]
Fluid Dynamiesd -:

For vei

I

or 5

From (4

or

From eqf:!

Also

or
ie., Pres
g }
(1) Total disi

Total disdH

ie., fotg
Exampie 6,49

Solution Give ;
Refer Fig. 6.45 ;

i

Grourrdd 3

Greatest hori
NDW, m = oAU &




cMachines — gyig Dynamics 311

won that LRE

s the proper
e it 1.2m?

For vertical motion:

y={/sinB.f - % gt

|
or -1.5=0,707 Ur— ng' Y}
From (¢} and (i1}, we get

—1.5=4-5—%H9+8]xr‘1 or £9051 =6

Liguid |
¥ : (6 Y
i or f = J =1.106s
; | 4.905
E From eqn. {{), we have
| 4.5 ,_
U= = 575 m's
0.707 =« 1,106
Also U=C x2gh of 3575=097x2x981xH
; 5.93°
or 592=J2x98IxH or H=——=179m
2 » 9.581

i.e.. Pressure head at the nozzle = 1.79 m (Ans.)
{ii) Total discharge from the nozzles:

Total discharge, 0 = (ni4 x d* x L) x number of nozzles

= /4 x 0.0257 % 5.75 x 10=0.0282 m°/s

i.e. Total discharge through nozzles = 0.0282 m’fs. (Ans.)
Example 6.48. 4 fireman must reach a window 40 m above the ground with a water jet, issued
2 nozzle 30 mm in diameter and discharging 30 kg/s. Assuming the nozzie height to be 2 m
» the ground, determine the greatest horizoniul disiance from the building where the fireman
im stand and still reach the jet into the window {AMIE Summer, 2000)
| Solution Given: D = 30 mm = 0.03m; m =30 ke's
} Refer Fig. 6.43

e. (Ans )4
of 45° |
nic o basil
v co-eff o

- o

’ Water jet - -7 Tt . }indaw
e A
) L HxHJ
- b
/
" 40 m

A

- o :;. I

---------- . 1 :: -'ll!.i- I
- L I

| 2m

Ground ‘;rf;.rrffﬁunﬁff(fHﬁ.fﬁ TTITFTT I TT7 T T 777 i T 77777777777

-« X »

Fig. 6.45

Greatest horizontal distance, x:
Jaw, mo= pAU (where, {J = velocity of water jet)
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=2 . 30 = 42.44 m/s

P4 1000 « % <(0.03)

Let, 0 = Angle of inclination of the nozzle.

X

Then, x=Utos 8%t or t=—
{/cosd

y=1L/sinf x¢ ——é—grz

. X ] X kS
{/sm@ x —g J
S

Ucos§ 2° \Ucos@
:Itane—lg 1:{ — = xtanf — g}:_] sec” 8
27 U cos B 20/
or xtanQ — gx: sec’ B~ 3y =0
2L
The maximum value of x 15 obtained by differentiating {7} w.r.t. 0, and putting d—; =0

I
{rsecz B + tanQ x E} - x* x 2secH x secH tan B+ sec’ O x 2x x{i—Tj| ={

dt | 2071 6

Putting ﬁ. = (), we get

xsecl @ - & (2.1:2 sec” B.tanB) = 0

2057
or xsec® § = g? x 2x* sec” 8.1an
2UL-
2
O X = v
gtanb
Also y=40-2=38m
Substituting for x and 1 m eqn. (i}, we get
Ul 12 N |
x tan @ — g,}x( : ‘SEC'9"3S:{)
gtantd 0- | gtanB
bi"z Llr'z
. — — 35 =0
g 2gsin 6
sSubstituting for {7 =42.44 m's, we get
47 442 44y
(42.44)° (4244}.  -38=0
9.81 2x98lxsin" 0
183.6 - ?lf -~ 38=0
sin” &
sin? 8 = — 1%~ 06305
(133.6 — 38)
or sin@=0794 or @=sin™ (0.794) = 52.56°

Fiuid D

H

warer

Hg. De

Ul ¢
(i) ¥
Solw
Pre |

(7)

L -

'
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Ut (42.44)"
gtan@ 9.81 x tan(32.30°)
Example 6.49, The nozzle shown in Fig 6.46. has a jet diamerer of 25 mm. The pressures on ihe
. wwter surfuce on the two sides of the arrangement are p, = 170 kN/m? (gauge) and p, = 300 mm of

My Determine:

(i) The discharge through the nozzle;

{iiy The maximum height of the free jet above the nozzle. {1IT Delhi]
Solution. Diameter of the jet =25 mm = 0.02> m

= 140.58 m {Ans.)

Hence, X

Pressure p, = 170 kKN/m’
Pressure p, = 300 mmor 0.3 m of Hg
=0.3 % 13.6 = 4.08 m of water,
(i) Discharge through the nozzle, Q:
Applying Bernoulli’s equation to 1 (water surface) and 2 (the jet as it emerges from the
nozzle), we get

% , Y
pl..|.. ! -|-2'1:P;+ : + Za4
wo 2g w o 2g
.
0 0+3=408+22 +0
931 g
2
1733+3=4{}8*—2—
2g
Alr . Alr
p=170kNm (O p, = 300 mm of Hg
‘-'_—:_-_'_—_'_-::t:-_'_-'-' Jet rajectory
Water =
"7 Water
Fig. 6.46
or vi =[(17.33 +3) — 408]x 2g = 1625 x 2 x 9 81
. V,=17.85 m's (V,="
Hence Q=4xV,

Maximum height of the free jet above the nozzle:
Vertical component of the jet velocity = Vsin 45°=17.85sin45°=12.62 m's

=/ % 0.0252 x 17.85 = 0.00876 m°/s or 8,76 litres/sec. (Ans.)

" —— " ————— = — = g B =
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.. Maximum height to which jet will rise,
52
y 12.62
2% 9.8l
Example 6.50. 4 vertical jet of water 73 mm in diameier leaving the nozzle with g 9.2 m/s 1
velociny sirikes a horizontal and movable disc weighing 170 N (Fig.6.47). The jet is then deflected |

horizontally. Determine the vertical distance v above the nozzle tip ar which the disc will be held in _'
eguilibrium. [Roorkee University} |

= 8.12m { Ans.)

Solution. Diameter of the jet, d =75 mm=0.075m

Velocity of the jet at nozzle exit; V' = 8,2 m's
Weight of the disc, W= 170 N B
Vertical Distance, y: 7

Z: Disc (W= 170N} §

SIS AT

nozzle exit and the jet at an elevation y, we get
Jet of water

o2

= + }J
2g g

ot P2 =2 + 2y LD
Also the momentum equation is written as

#— 75 mm dia.

Let v = jet velocity at an elevation v.
Applying Bernoulli's theorem between the jet at
iy
o
A

E’ﬁrv =170 | Nozzle

4
where, O =14 x & x F=x/4 » 0.0752x 9.2
= (.0406 m’/s, and

w= 9810 N/m’

9810 x 0.0406 < v
9.81 B
170 %981
" 9810 % 0.0406
Substituting this value of v in (), we get
9.2°=(4187F +2 x 9.8x y
o1 84.64=1753+19.62 ¢

. 84.64 1753
19,62

6.8. Impulse-Vomentum Equation

The impulse-momenftum equation is one of the basic tools (other being continuity and Bernoulli's
equations) fot the solution of flow problems, Its application leads to the solution of problems in flid T8
mechanics which cannot be solved by energy principles alone. Sometimes it is used in conjunction g
with the energy equation to obtain complete solution of engineering problems. &

T'he momentumn equatton 1s based on the Jaw of conservation of momentum or momentum prir-
ciple which states as follows:

“The net force acting on a mass of fluid is equal to change in momentum of flow per unit time -
that direction”

Fig. 6.47

170

= 4.187 m’s

OT

=3.43 m (Ans.)

(T




Aachimes

y cha

cr Wl e Y

lexns il nturn is gradually reduced. Since the

= _z Dynamics 315

As per Newton's second law of motion,
F=ma

where, nt = Mass of fluid,
F = Force acting on the fluid, and
a = Acceleration (acting in the same direction as )

. dv
But acceleration, a = —
dlt
o &80 (618)
dt el

{‘m’ is taken inside the differential, being constant)
This equation is known as momentum principle. 1t can also be written as:
Fdr=d{mv) ..{6.19)
This equation is known as Impulse-momentum equation. It may be stated as follows:
“The impulse of a force F acting on a fluid mass *m’” in a short interval of tinme dt is equal o the
ge of momentum d(mv) in direction of force”™,
The impulse-momentum equations are often called simply momentum equations.
Applications of impulse-momenturn equation:
- The impulse-momentum equation is used in the following types of problems:
| 1. Toderermine the resultant force acting on the boundary of flow passage by a stream of fluid
as the stream changes its direction, magnitude or both. Problems of this type are:
(i) Pipe bends, (i} Reducers (#f) Moving vanes, {iv) Jet propulsion, eic.
To determine the characteristic of flow when there is an abrupi change of flow section.
Problems of this tvpe are:
() Sudden enlargement in a pipe.  (if) Hydraulic jump mn a channel, ete.
 Steady flow momentum equation:

. The entire flow space may be considered to be made up of innumerable streams tubes. Let us
ader one such stream tube lying in the X-Y plane (Fig 6.48) and having steady flow of fluid. Flow
gbe assumed to the uniform and normal to the inlet and outlet areas.

Let, ¥ ,p, = Average velocity and density (of fluid mass) respectively at the entrance,

'|r!=-..'l

| V.. p, = Average velocity and density respectively at the exit.

: Further let the mass of fluid in the re-

’ 2 | 2 3 4 shifts to new position 1234 do =\ s
o the effect of external forces on the -
e after a short interval. Due to gradual
Prase in the flow area in the direction of
i velocity of fluid mass and hence the

e 12" 3 4 is commoen to both the regions

34 and 1'2'3°4" therefore, 1t will not

peience any change in momentum, Ob-

Fagmezs v, then the changes in momentum of

W = “uid masses in the sections 1 2 2'1
_ 2334 will have to be considered.

- zcording to the principle of mass conservation,
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Fluid mass with the region 12 2’1" = fluid mass within the region 4 3 3’4’
p, A, ds, = p,4.ds, L {6.20}
.. Momentum of fluid mass contained in the region 1 2 2°1’ '
=(p,A,ds ) V,=(p,d, ¥V, dt) V,
Momentum of fluid mass contained in the region4 3 34’
= {(p.A4, ds,) V,={p,A, V,. dt) V,
~. Change in momentum = (p,4, V,.dn} V, —(p, 4, V. dt) ¥,
Buat, P, =p,= ...for steady inicompressible flow 1
and, AV, =4,V,=0 ...from continuity considerations §
. Change in momentum = p{}{¥, — V) d¢
Using impulse-momentum principle, we have

Fdt=pQ (V, - V)1 .{6.21) ;
or F=2Cy _y) {6.22) ]
g |
The guantity we = p( is the mass flow per second and 1s called mass flux.
g

Resolving ¥, and ¥V, aleng X-axis and Y-axis, we get
Components along X-axis: V| cos &, and /; cos 6,
Compenents along ¥-sin 8, and ¥, sin 8, _
(where 8, and 0, are the inclinations with the horizontal of the centre line of the pipe at 1-2 and 3-4). §
Components of force £ along A-axis and Y-axis are:

F, = H'Q{VE cos8, — ¥ cosh,)
g

Wi . . ?-

F, =—Q{V2 sinB, — V) sinf, ) (6.2
_ o
Eqn. (6.23) represents the components of the force excrted by the pipe bend on the fluid mass.
Usually, we are interested in the forces by the fluid on the pipe bend. Since action and reaction areg
equal and opposite (Newton’s third law of motion), the fluid mass would exert the same force on they
pipe bend but in opposite direction and as such the force components exerted by the flutd on the ppe

bend are given as follows:

F. = E-Q-—(V, cosBy —F; cos0,) i
& > . (6.25)}

¥

F.= E(V, sin©, — ¥, 51005}
g

Since the dynamic forces {eqn. 6.23) must be supplemented by the static pressure forces acting
over the inlet and outlet sections, therefore, we have: "
; | ]

F. = »e (¥ cosH, — V5 c088,) + py4 cos@ — p, 4, cosh,
g

F, = e {V,sin@, — V5sin8,) + p, A sind; — p; 4, sinb;
| g
The magnitude of the resultant force acting on the pipe bend

S (6.25% 1

Fp = ij + F? L4627
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or 22 - 2586 + 5.1- 204 = 2570,7
W
or Py =2570.7 x 0,0116 = 29,82 kN/m-

Magnitude and direction of force (resultant) F:
Force along X-axis:

W
F = EQ- My =V )+ (p4), + (PaA)y

X

where, V,p = 10m/s; ¥, = ¥, cos45° = 20 x 0,707 = 14.14 s ._
(7,4, =pA, =30 X 1=30kN; (p,4,), =Py, 00845°=-2082 x 0,5 x0.707 =— 10.54 kN i
Fo= 2208 10110 14.14) + 30 - 10.54 = 1941 kN (=)

Force along Y-axis.

W
F, = < {Vl} - V.’-’y} - {PEAIJ_'U + (pEAZ)_}'

, = —
. g
where, v, =0 sz = V,sin45° =20 % 0707 = 14.14 m/s
(p, A]]}, =0;(p, 4,), = —p,A,sIN45°=-2982 x 08 x (707 == 10.54 kN
0116.x 1
F:r = 0 m;:lx C (0—-14.14) + 0 - 1054 = - 10.71 kN (4}

/. Resultant force, 7, = \fFf ¥ F = \/{19.41)2 + (10.71)* = 22.17 kN (Ans.)

The direction of F, with X-axis is given as

F
tanh = -— = M = (J.5518
F. 1941
or 6 = tan~' 0.5518 = 28.88° or 28°53’ (Ans.)

Example 6.52. 250 /itresssec. of warer is flowing in a pipe having a diameter of 300 mm. If the ]
pipe is bent by 135°, find the magnitude and direction of the vesultant force on the bend. The pres—i
sure of the water flowing is 400 kN/m?, Take specific weight of water as 9.81 kN/mP. [AMIER]

Solution. Diameter of the bend at inlet, D =300mm=03m

Driameter of the bend at outlet, L, =300 mm=0.3m

" Aread; = A, =n/4 x 0.3 =0.07068 n7?

Discharge Q = 250 litres/sec = 0.25 m/s,

Pressure, p, = p, = 400 kKN/m?

Velocity at section 1-1, ¥] = ¢ 0% = 3.54 m's
4 0.07068
Velocity at section 2-2, V, = V=354 ms (4 =4) 1

Force along X-axis;
X

F. = e M~ {=V2c0s45°)] + p, 4, + prAs cosds®
g

_9.81x0.25
9.81

[3.54 — (- 3.54 x 0.707)]

+( 400 % 0.07068) + (400 x 0.07068 x 0.” "~
= 0.25%(3.54 - 3.54 x 0.707) + 28.27 + 19.93
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hines
.
pEAE I o=
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L
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X
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300 mm dia.
Fig. 6.50

Force afong Y-axis:

% [0-F,sind43°] - p, 4, s 45°
g

. 9.81x 0.25

9.81
= - 0,625 - 19.98 = - 20.6 kKN({)

The magnitude of the resultani force,
| Fp = \/Pf + Fl = J49.?53 +20.6° = 53,85 kKN (Ans.)
¥ The direction of F,, with X- axis is given as

Fy _ 206
F. 4976

0=tan"! 0.414 = 22.5° (Ans.)

' Erample 6.53, 360 litres per second of water is flowing in a pipe. Thepzpe is bent by 120°. The
e bend ieasures 360 mm x 240 mm and volume of the bend is 0.14 m>. The pressure ai. the
bnce is 73 KN/ and the exit is 2.4 m above the enfrance section.

F, =

-}I

{0 = 3.54 x 0.707) — 400 = 0.07068 = 0.707

= 0414

tanQ =

Find the force exerted on the bend.
. Selution. Discharge through the pipe, @ = 360 litres/sec = 0.36 /s

b Volume of bend =0.14 m’
Dhameter of the bend at 1-1, D, =360 mm=0.36 m

- Area A, = -z- x .362=0,1018 m*
Dhameter of the bend at 2-2, D, =240 mm = 0.24 m

T
Area, A, = 7 X 0.24=0.04524
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Velocity at section 1-1, V] = & = 0.56 = 3.534 m's
4, 01018 1
p: A .TE: |
£
: A
1'\-"1 1-,5"
i"'ll
=, .2
1
b

ra

= X
Z g
= I
|
= L0 '
V. cos 6 L7
2 v
| = )
S I e R -
—»
360 mm dia. , )
Fig. 6.51
, , , .36 ,
Velocity at section 2-2, Vs 5 = 7.96 m's

>4, 0.04524

Considering a horizontal line through the section [-1 as datum for elevation head and applving }§

Bernoullt's equation to the sections 1-1 and 2-2, we get

32 g2
D el =f
w o 2g W 2g )
72 3.54° oy 7.96° '
T A PO +2.4 o p =72 kKN/mE .. Given) |
981 2 x 98] w2 x 98] Loy TR Gren)
734+ 0.64=22 2323124
135
22 =235 or p, =235 %981 = 23,05 kN‘m®
155 -
Force along the X-axis.
— H-IQ x : N =k =
.= E— [V = (- V,cos 60°] —p, 4, +p,A, cos 60°
9.81 x 0, o i
_ 3‘9;? 20 (3,54 2(-7.96 % 0.5)]— 72 % 0.1018 ~ 23.05 x 0.04524 0.5 1

=036(3.534 -298) - T332 +0.52=10.55kN (=)
Foirce alomg Y-axis:

B
Fy = ?Q [0~ ¥, sin 60°] - p., A, sinb0° - weight of water in the bend
981 x .36 N i |
=g (0-7.96x0.866)-23.05%0.04524 x 0.866 - 0.14 x 9.5

=036(-089-09-137=-475kN (v)

the inl
ir 0f 1

IE:
Ford:

j_.-"'

Force d

Magni
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Magnitude of the resultant force acting on the bend,

Fo= JF2+ F? = 1055 + 4757 = 11.5TKN (Ans)
Direction of the resultant force with the X-axis,

Fo 478
F. 10.55

Example 6.54. Fig. 6.52 shows a 90° reducer-bend through which warer flows. The pressure at
the inlet is 210 kNim* (gauge ) where the cross-sectional area is 0.0F m?. At the exit section, the area
&5 0.0025 m? and the velocity is 16 m/s. The pressure ar the exit is atmospheric. Determine the
E  magnitude and divection of ihe resultant force on the bend.

tanf = = (14502 or 6 = 24,24° (Ans.)

Solution. Area at section 1-1, 4, =0.01 m’
Area at section 2-2, 4, =0.0025 m’
Velocity at the exit, V., = 16 my/s.

Discharge, =4, ¥, =0.0025 x 16 = 0.04 m'/s.
(.04 .
I/] = Q = = 4 'S
A 0.01

Assume the bend is horizontal and in XV plane.
Force along X-uxis:

wl .
Fy = ?Q(F] - 0)+ p 4

- %;”;?*D‘* (4-0)+210 x 0.01 = 0.16 + 2.1 = 2.26 kN (=)

Y
A

p.= 210 kNAm
{gauge;

-— - = = .

= X

F.=0.64 kN

F, =226 kN

g

Fig. 6.52

Force along Y-axis:

1|

W
F. = -f [0 — (= V)] + p,d,

_ 9.81x 0.04

9,81
Magnitude of the resultant force acting on the bend,

(0=16)+0=0.64 kKN(T
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Fiuid
Fr=yF2+F} =226 5 064° =235KN (Ans) -
Direction of the resultant force with the X-axis, Di
F.  0.64 . T
tan 6 = 7T 32g = 02832 5 8-n02832=158° Disc

0 = 15.8° (Ans.)

Example 6.55, Water enters a reducing pipe horizontally and comes out vertically in the down-
ward divection. If the inlet velocity is 5 m/s and pressure is 80 kPa (gauge) and the diameters at the

cntrance and exit sections are 30 em and 20 cm respectively, calculate the components
acting on the pipe.

Pre

of the reaction Vel

(AMIE)
Solution. Given: D, =30 cm=0.3 m; D,=20em=10.2m; V,=3mvs; p, =80 kPa=80KkN

me.
Components of the reaction acting on the pipe: Refer to Fig. 6.53.

From continuity equation, we have D y
= v - J.-" . :'-If ! = \ 3,."|I i
O=AV =x/4x03%x35=03534 ms i Bend {
s T 2 _ T 2 pl_.+ :
AV, =4V, or ZKU.B xﬁ—ExU.Z x V; e y
V,=11.25 nvs :
Assume the bend is horizomal and in XY plane.
Applying Bernoulli’s equation between sections { ]}and 1
(2), we have :
p]+1+zt=p3+V3+z;—, @ ‘
W 2g w  2g O ° * +
(172 27 P: 3
P2 P IY = . R
QOF, = J Fig. 6.53 ;
W W L 2g F.p... H
(v 2y =2 Lyl 4
t
80 (5% —11.25° =t
= — =297 m I ¥
981 | 2x941
or, P, =9.81% 2978 =29.22 kN/m? $
Force along X-axis:
W) ..
Fr = ""g—(Vt - U) + ﬁ]A1 VE!DCH}* att}}e' .
5.81 x 0.3534 i 2 ] .
= 98] (3 - 0) + 80 x 1> 0.3% = 7.42 kN (Ans.) Friction loss in 4
= OV, . :
| g g B |
- I
— 4
- 281 0;53314 <23 L 2922 % 0.2° =489 kN (Ans.) w ]}
‘ (2, =2 g "
Example 6.56. The angle of a reducing bend is 60° (that is deviation Jrom initial direction 1o I =g slnce ﬁr
final divection). Its initial diameter is 300 mm and final diameter 150 mm and is fitted in a pipeline, 294.3 . '
carrying a discharge of 360 litres/sec. The pressure at the commencement of the bend is 2.943 bar 98]
The friction loss in the pipe bend mav be assumed as 10 percent of kinetic energy at exit of the bend
Determine the force exerted by the reducing bend. [UPSC Exams.]

Solution. Diameter at the inlet, ‘Dn =300mm=03m
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o Area, 4 = 1/4 x 0.32=0.07068 ng?

Diameter at the outlet, D, =150 mm=0.15m

SATed, A, =mid % 0,152 =0.01767 me

Discharge through the bend ¢ = 3600 litres/sec = 0.36 m’s
Pressure at the inlet, Py = 2.943 bar = 2943 kN/m?

{1 bar=10° N/m? = 102 kNym2
Velocity at the iniet, ¥ = _Q_ __036

= 5.09 m/s

4 0.07068

3
.=
) o
= o]
"-.“H e, .
S ’25[}
- -
~ V-u c0s 6U$
e A
= 2
£ Py A
o
™
|
. -
Ny
‘\.‘h GDD

' . 0.36
I Velocity at the outlet, V, = 4 =

= 20.37 mv's
A, 001767
VE
§ Friction loss in the pipe = 0] « 5:'— - (Given)
] b4
__;5 Applying Bermoulli’s equation at section 1-1 and 2-2, we get
: 2 2 2
Vs
i +Vi +E|=F:+VE +7 + 0] x —=
W 2g W 2p 2g
t.. z; =z, since the bend lies in the horizonta] plane)
= 2943 509  p, 2037 20.37¢
h'..- -+ — -+ = 041 by
_ 9.8 2x981 w  2x038] 2% 9.81
T

~, 30+1.32=22 4 51154 213

HJ
I Mt
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P2 _306 or p,=9.81x8.06=79.07 kNim’
W
Force along X-axis:

&

F, = l'-il'i;—;‘}—[lf'] — V,cos60°) + p A, — pyA; cosbl’
g

_9.81x0.36

g (5:09-2037x05)+ 294.3 = 0.07068

_79.07 x 0.01767 x 0.5
=.-1.8342 208 -0.698 =1827kN(—)

Force along the Y-uxis:

F

'L.'
L

= we (0 - V,5in60° — pyA; sin60°
g

_ 9.81x0.36
5.81
—_625-121=-T7.56kNor 756 kN ({)

(0 — 20.37 sin 60°) — 79.07 = 0.01767 * sin 60"

Magnitude of the resultant force acting on the bend,
Fp = F7 + F7 =\1827° + 7.56° = 19.77 KN
Direction of the resultant force with the X-axis,

£
» o 106 =0.4138

X

0 =tan! 04138 =22.48°
An egual and opposite force will be exerted by the reducing bend. (Ans.)
Example 6.57. A4 0.4 m x 0.3 m, 90° vertical bend carries 0.5 m*is oil of specific gravity 0.85
with a pressure of 118 kN/m® at inlet to the bend. The volume of the bend is 0.1 m°. Find the

magnitude and direction of the force on the bend. Neglect friction and assume both inlet and outlet

sections to be at same horizontal level Also assume that water enfers the bend at 45° to the
harizontal. (AMIE Summer, 2000)

tant =

TE b
Solution. Given: D, = 0dm, - A4, = Z x0.4° =0.12566 me O, =03 my;
ﬂ = - - | !
LA = 1 x 0.3 = 0.07068 m*; O = 0.5 m’/s; S ,=0.85;p, =118 kKN/mr, volume of bend =0.1 m’

Refer to Fig. 6.55.
0 0.5

"4 0.12566
_ 9 05

4, 0.07068

Applying Bernoulli’s equation between sections (1) and (2), we get

= 398 m's

= 7.074 m's

AL, +fl=p2_~r 2+ z, + Josses
wo 2g W 2g
Since =, = z, and losses are negligible (Given)

wo 2g 9w 2g
Substituting the values, we get

OT

OT

¥, sin 45°
oy

=

Force alof i
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118 x 10° N (3.98)° P N (7.074)°
(1000 x 0.85x9.81) * 2x9.81 (1000 x 0.85x 9.81) = 2 % 9.81
| 118x10°  (3.98° p, L (7.074)°
I T =
850 2 850 2
[' 3 ? 2
N p, =gso) L8 X10°  (3.98)° - (7.074) ]z 103464 Niec?
| 850 2
1*‘ F,= 18143 N

- ‘ >+ Reducing bend  p. 4, Py A4, 5t 457

o A
- - I! Jllul"'
712 4,08 45‘_:_;}&3

2
. i ‘X
Q*f -4;; A .:, VE 'y ¥, cos 45°
E . E| I} >
Ba 'r_-:i_i_ EE/( ‘ ‘11 *
A A,cos 457
V COg 43 y X V sin 45°
Fig. 6.55

Magnitude and direction of the force {resultant), F
Force along X-axis:

(3N
‘F:t = "_Q[V]x - VEI] + (PI Al},r + {PEAE},r

wlhere, V,. = v ¢0545° =398 cos 45° =2 814 Ty's, V,, c0s45°=7.074 % c0s 45° = 5.0 my/s

(p]A]] =pd, €08 45° =118 x 10° x {),12566 cos 45° = 10484.89 N,
(9,4,). =—p,A, cos 45° = 103464 x 0.07068 cos 45°=-5170.96 N

F, < {1000~ G;;f 28003 1) 814 5.0] + 10484.89 + (- 5170.96) = 4385 N (=»)

Force along Y-axis:

F= 2 = V0% (5, 4, (), - W

=V, sin45° =398 sin45° =2, 814 mvs, ¥, y=— V,5in 45°
—-—?0?4#:511145*—-5 0 m/s
(p, A ) =P, A;sin45° =118 x 10% x 0.12566 sin 45° = 10484, 89N
(pZA} =Py, 58I 45° = 103464 % 0.07068 x sin 45° = 5170.96 N
W =0.1{0.85 x 1000) x 9.81 = 833.85 N

(990 ”i: 22003 12,814 (-5.0)]+ 10484.89 + 5170.96 - 833 85 = (8143 N ()

" Resultant force on the bend

'[,-"
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Fp=oFl = F = J (43853 + (18143)° = 18665 (Ans.)
Inclination of £ to the X-direction 1s
0= tan” ‘-" F HI‘ tan ™! ;1814331 76.4° (A
= [AL —_— = —_— | = .
vy \ 4385 ) 4% (Ans.)

Example 6.58. The following data refer 1o the Y-fitting shown in Fig. 6.56.
Reading of the pressure gauge at section 1-1 = 30 kN/m”.
Discharge in at the section 1-1 = 15 [itres/sec.
Discharge out from the section 3-3 = 5 [itressec.,
Assuming one~dimensional flow. neglecting elevarion head and energy loss while making the
eneray balance, determine:
(£} The pressures af the sections 2-2 and 3-3;
(ify The force needed to hold the fitiing in position, (Roorkee University)
Solution. Refer to Fig. 6.56.
Given: D, =100mm=01m. D, =80m, =008 m; ;= 60 mm=0.06 m
o Area A, = (n/4)x 0.17 = 0.007854 m?, area A, = (m/4) x 0.087 = 0.005026 m’, and
area A, = (n/4) x 0.06* = 0.002827 m’

Pressure at this section 1-1, p, = 30 kKN/m’

NOW, 0, =0,-0, or 13=0,+5
{2, = 10 litres/sec.
15 %107
Velocity at the section 1-1, ¥} = i] = 5007852 =1.91 m/s
Velocity at the section 2-2, ¥, = =2 10 x 10 1.99 mf
5 -dy F2 S = = 1.99 m‘s
elocity at the section 2-2, ¥ 4 0.005026
. } Q1 5 x 10_3 .
Vel s at the section 3-3, ¥y =—== =1.77 m's
Floet P T4 0.002827
(/) Pressures at section 2-2 and 3-3; p,, p,:
Applving Bermmoulli’s equation between sections -1 and 2-2, we get or
VE . I;‘E
p[+1+:]=pL+i'—=E: o
w  2g W 2g {if} F
Z . FDF’C‘
o W5 (Neglecting elevation datum) ¢
wo ow  2g 2g
. 1
pr - -y
O ——— =
1 2g (The Vd
2 2
_ 191" —1.99 0.0159
2 x 9,81
or py=p, =—wx00159=-981x%0.0159 =-0.156 kKN/m’
(- w =981 kN/m’ for water) or
or p,=-0.156 = p, =- 0.156 ~ 30 = 29.84 kKN/m’ (Ans.) Force

Similarly, for sections 1-1 and 3-3; we get
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A= A b,
-\..;. i
1
.
| i\ <
o
ta L |
-_-1_}_}_-__’! e (°
2 Y S1¥
o 50 mm dia, TaL Ficos 60°
3
P_'a:‘zq

Lt

A4, sin 60"

I
|
|
|
I
]
)
|
I
i
I

| ~ ¥ oo
|00 mim dry, - T g AL cos 60°

Y-Fitting
Fig.6.56
- Vi r2 191 L1 _
Py =P _ 7 3 LO -1 = (.02626
W 2g 2 x95X]
or Py—p, = 9.81x0.2626 = 0,26

P, =0.20+p =0.26+30=30.26 kN/n? (Ans.)
(i{) Force needed to hold the fitting in position :
Force along X-axis:

H
.= —Qi (0—F, cos 607 -y A, cos 607
g k 34
(The velocities V) and V, and pressure P, and p, have no components in A-direction)
.81 % 5% 10" N .
= 58] (U—1.77 X 0.5) - 30:26 x 0.002827 x 0.5
=—0.004425 - 0.0427 =~ 0.00471 KN or — 470N
or ' F; =47.1 N (&)
Force along Y -axis:
o=ty 2y, O ViSin60° + py 4 — py A — py A, sinb0°

g g 4
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x 0.866)

328
W . 1
= E{QyVl ~ OV, - Q535 60°) + oA —paAy — pads sin 60°
9.81
= — (15%x 107 x 1.91 =10 1072 % 1.99 -5 % 107 * 1.77

9.81

+ 30 x (,007854 — 29.84 % 0.005026 — 30.26 < 4.002827 * 0.866
=(0.02865-0.0199 ~ 0.007664) + 0.2356 — 0.1495 - 0.0741

- 00127 kNor 127N (T
The magnitude of resultant force acting on the fitting 1s

Fp=F +F = Ja7.12 +12.7° = 48.78N (Ans)
is (Fig, 6.56) is

and the direction of the resultant force with X-ax
£, 2.
tanf = —= =1 (. 0.2656
F, 47.1
o 0 =15.09° (Ans.)
An equal and opposite force will he needed 1o hold the fitting 11 position. (Ans.)
Example 6.59. At infet 10 a horizontal pipe of radius 4, fitted at side of a vertica
velocity distribution is uniform with magnit
developed, the velocity distribution is given by,

F‘E

where u is the velocity at any radius r from the axis of the pipe. Deter
required to hold the pipe it position.

Solution. For uniform velocity af inlet,

Momentum = pAVy =pn a* V5 (where,a = radius of the pipe)

Af outlet, momentum  — J pul d A

a 4 5\ 2
ZPJ{ZVGIU-:;—:}} 2nr . dr

L ¢
]
= 87 p—%* J.(czd'r ~2a2F w7 )dr
d
i

" LA 8 9

4 2

zgﬁp'—? £l }‘1-2——2{1 }i—q'“"l-—ﬁ-
i

s  Assuming that the pressures at inlet and outlet are same, the force require

change in momentum, ot
Force, F = Momentum at outlet — Momentum at inltet

4 :
Eanﬂ* @ - pra’ Vi = ipa’ VDE (iﬁ — 11

-_—
—

mine the horiz
(AMIE Summer, 2000)

I tank, the

ude V. But at the outlet section, where the flow s fully

ontal force

d 1s equal 10

Fiuid Dyn

Examp
diameter
rocket. Theo
airis {11.76 NA-
and assuming|:;
cafculate: |

(i Th

(fiy En
(it)) En
(iv) Po

R OTLm
AT A H AP EE T A e

Velocity
Outside a1
Jet pressuf:
Density off
Rate of aif|
(1) Thrud;
Apply;
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FrpA ~-pd, =p¥.-F)
0 F:DQ{VE_V'[]J'_(}D:_;FJAE
(. A, =A,and pressure p, is everywhere the same except in the jet)
11.76 | .. R .
ar F = T < 100 {1000 — 200} + (93,1 - 98.1) 10° 7 % 2N
or F=80.2 % 10°N =802 kN

Thrust on the rocket is equal and opposite to F = 80.2 KN, (Ans.,)
({1) Energy supplied by the rocket:

Absolute velocity of the jet = 1000 — 200 = 800 m/s

Energy per unit weight of air at section (2)

p_V:_931x10"  s00°

w 2g 1176  2x9.8l
=7.92 x 10° + 32.62 x 10 = 40.54 x 10° Nm¥N of air

Enerey per unit weight of air at section (1)

3
2 — 98.1x 10 = 8.34 x 10° Nm/N of air

W 11.76
( Absolute velocity being zero}

.. Energy supplied by the rocket per unit weight of air
= (40.54 — 8.34) x 10° Nm = 32.2 kKNm/N (Ans.)
i7ii) Energy supplied per second by the rocket:
Energy supplied per second by the rocket
= w2 %« 32,2 x 10°= 11,76 x 100 % 32.2 x 10° = 37.86 x 10° Nm (Ans.)
{1} Power developed by the rocket:
Power deveioped by the rocket = Energy supplied per second
= 17.86 % 10° Nm/s = 37.86 = 107 KW {Ans.)

6.9, Kinctic Energy and Momentum Correction Factors (Coriolis Co-efficients)

While deriving Bemoulli's ¢quation, it is assumed that the veloeity distribution across a single
stream tube is uniformi. But if there 1s an appreciable variation in the velocity distribution {on account
of viscous and boundary resistance) correction factors ¢ and  have to be applied 10 obtain the exact
amount of kinetic energy or momentum available at a given cross-section.

Kinertic energy correction factor ():

“Kineric energy correction factor ' is defined as the ratio of the kinetic energy of flow per second
based on aotuad velocity acrosy a section to the Kinetic energy of flow per second based on average
velocity across the same section. It s denoted by o, Mathematically,

Kineticenergy per second based on actual velocity

o = . (6.27)
Kinetic energy persecond based on average velocity |
Refer to Fig. 6.59. Veloeity
= - - i ofie
Let, 7 = Average velocity at the section LL, il —ﬁ. / prone

v = Local or pont or actual velocity, y

@4 = Elementary area. and

A = Area of ¢ross-section,

For the velocity variation across the section LL of the |
stream tube the total KUE. for the entire section is given as: Stream ling

Fig. 6.59

LM !-
an actisd,
Section.

Ref

The w
[11 rmo
Note: §
rale to o alld

Examn ]
FPrindil s o}
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1 _ 1 — o3
K.E+=5muz =5(]:1Au]u2 :%pfiu"' Ll
True K .E. for the entire cross-section
_ gl : ¢l 3 _ P 3
= jzdm.u = -[E (p.dd.u)u =3 :!-u dd ()
P I 1 (A 5
o = A _ L ”iﬁl (dA
p i P aﬁ;' ‘ L40.28)

o =1 foruniform velocity distribution and tends to become greater than | as the distribution of
velocity becomes less and less uniform.

a =1.02to 1.15 for turbulent flows.

o =2 for laminar flow:

It may be noted that in most of the fluid mechanics computations, « is taken as 1 without intro-
ducing much error, since the velocity is a small percentage of the toral head

Momentum correction factor (3):

‘Momentum correction factor' is defined us the ratio of momentum of the flow per second based

on actual velocity to the momentum of the flow per second based on average velocily across a
section, It is denoted by . Mathematically,

_momentum per second based on actual velocity (6.29)

momentum per second based on average velocity
Refer to Fig. 6.39,

The momentum of fluid mass » 1s

= mi = (pAu)i = pAR- i)
The true momentum at the section LL 18
Jdm.u = I(pdf{.u) o= Ipefsz (1)
LL LL A
quldﬁ ,
3 T
B = — = — i:J 4 ...(6.30)
pAH A PR

p=1 for uniform flow,
B =1.01 to 1.07 for turbulent flow in pipes, and

(3 = 4 = 1.33 for laminar flow in pipes.

3
The value of  may be greater for open channel flow,

[n most cases, P 1s takenas 1.

4 Note: Since majority of the flow situations are turbulent in character, the usual practice 1$ to assign uni
§ saine oo and

-_ Example 6.61. The velocity distribution for turbulent flow in pipe is given approximately by
E Prandil s one-seventh power law.
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where u is the local velocity of flow ar a distance y from the pipe wall, U is the maximum
veloctty at the centre line of the pipe and r, Is the pipe radius. Find the following:

() Average velocity,
(ify Kinetic energy correction factor, and
{iif}) Momentum correction factor.
Solution. (i) Average velogity:

Refer to Fig. 6.60. Consider an elementary area ¢/4 in the form of a ring at a radius (r, — ) and of
thickness dy then,

[Panjab University]

Pipe
£ 4 F
Velocity
profile
ol Um ‘
- - - T .
dy u |
K 2
¥ —
Yy ¥
Velocity distribution Crogsesection

Fig. 6.60. Velocity distribution and cross-section of a circular pipe.
dd =2n{r,-y) dyv
Rate of fluid flowing through the ring
= d¢{) = area of ring eiement ¥ local velocity
=2n(r, -y dyu

. Total flow, Q= [2nu(r, — y)dy

" 177
= [0, (i] (1 — )y
"o

_ 2=l

o J{y}”"(m - y)dy

2nls, .. ,
- ),,,..”; [ 3" = ¥*73ay
0 0

22U, | 7 g7 7 iS.fT:|
e -

- 2nU, [ 7 g:7 7 ]5:?]
= —ry.(r - — ("
{rﬁ}]g? __.8 0 (El) 15 {{])

_ EﬂUm _1 15:7 l ]5;"?}
(r)"” _B{r“) 75 o)

fa

0

—

“id O

Le. 1

(if)

Subst

{17l M
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]
]

1)
b

LN zﬂLr 307 i
= L () I-g' - -T—J

- 17

{5) L

{ Lo
= 2nl, ﬁrb‘ (1)
b 120 A

If it is the average velocity, then O = Az = nz;

13
=

o H)
From (i) and (if}, we get

P .
TR = 2nli, |! Eﬂf )
V12007
)
120 J 49 [
g 60 "

Znl/,

—

=]

e, i = el £/, (Ans.)
o0 "~

(i} Kinetic energy correction factor, o

= —— Iu3 dA [Eqn. {6.28)]

_ 2L

—
——rwr

'
o
2nt "
=
AH {rﬂ} 0

T i yi {
ET[LJH 7 ¥ foTiT D

=3 3
A {n)y ' L 18

li
il
~

! |

e
J—
—
'—l
=1

nis] R
AT Y10 17

I
1
-]
—
-
=
et
1
¥
I
B
o
=
j —
—
-
-3
| N |

2xl7 T 49
3 mz..-?L ()" I—‘
AT () L170

Substituting the values 4 = frrrf and # = g% L, we get

2l [ 49

. {49 ]3 30 L 170

(r )””J = 1.06 {Ans.)
r L% U |

B

(/) Momentum correction factor, f3:

|
p=— Ju? dd [ Eqn. (6. 29}]
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l i J,/ y E.I"}
=— Ib’if = | 2r(ry — yiay
AH 0 kf",j
zﬂbri fa Y
=———2— [y - 0
=T £ R
2nl, ~
= —EJ T j(rﬂyz - }’9 ?)dy
A (r,) ;
_ 2“Ui Eﬁrﬂ g EJQ T l}lﬁ:‘?ir
A2 (¥ L9 16 ;
UL 17, e 7
— — mzm _( ﬂ}iﬁ 7 __{ {}}I'Er '."i|
47 (ny" L9 16
_ 2"1’1{;:] 1|- 49 [J" }]ﬁ.."",."-l
4 ()T L14d ]
o ; .. 49
Substituting the values 4 =y and & = —éﬁ[ﬁ ., we get
Inl; 49 ..
B = i { (r.:,}iﬁlTi| = 1.02 (Ans.)
a9 V2 ,.-l144
tnd | Uy | (1)
Voo T
Example 6.62. /n a circular pipe the velocity profile is given as

i
uzUml—L—ﬁ
R/
where u is the velocify at any radius r, U_ is the velocity at the pipe axis, and R is the radius of
the pipe. Find.
{1) Average velocity,
(ifY Energy correction factor, and
(iii} Momentum carreciion factor [Panjab University]
Solution. Refer to Fig. 6.61. Consider an elementary area d4 in the form of a ring at a radius 7
and of thickness dr, then d4 = 21 r.dr

Flow rate through the ring = 40 = Elemental area x local velocity = 2nr.dru

P
o Total flow O = Jznr.u.dr
y
R 2 3
=I2an[l—FEwr¢*
0 R
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Velocity
profile

i o g
VE]D‘:III}' distnbution {ross-section

Fig. 6.61. Velocity distribution and cross-section of a pipe.
(if} Average velocity, x ¢
If &7 is the average flow velocity, then
O = A = =R ...(#)
From {1} and {7i), we get

(R
RR’T = 21U, [—1

4 J
2
nli, [E— . :
4 = - 4 ) = iR (Aﬂﬂ.)
"R~ P
(ti{) Kinetic energy correction factor, o
| R
- 3
o =— {u’dd [Eqn. 6.28]

2rl/3
] - _|_ _—
A’ L2 4R?  6RY 8RS
203 [ R? 32, R Rj
Azt L 2 4 2 &
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_2zU; (REW .
a7 L g ) Mal
_ 2 - U, .
Substituting the values 4 = 7R” and 7 = e get Sin
ra ' 3 \I, I - .
o = 27[{-)}?.! - x‘i =2(AHS} AE v
o w8y ]
TIIRE 1‘{( ”"W Reocal’
\ 2 )
(7v) Meomentum correction factor, p: .
quyj.
p= : IHE a4 ..[Eqn. 6.29] (/) o1
Axr* \ ) &
1 R 2= |
= —— J.U,i 1—( | 2mrdr Exany
Au” | - / meirical o
¢ and equal]’
2. ;3 R 2 4 % | . L :
LGN, P
el R:ORY)  speed of .
5 Soiutid:
2nl7 R( oo 2 l r
- — Jir=2x—2+——:¢-/iefr 1 i
A 0 R R " . Velocl +
- R
Eﬁbi - 9 - N 1 P —‘
A7t [ 2 4R 6 R, Let, of
- - . A Absohs -
rlis | B R- R .
an '}m _ + J Absolu g
Aw™ L 2 2 0 Speed g
_2xU; f,REH\} The mals
An? |k 65 ) L external tur

Substituting the values 4 = tR* and ¥ = f , WE get

2%
2l R ot
B=—m |5 I_133 (Ans)
= L"r e E /I O
TR % " j
/ or
6.10. Moment of Momentum Equation or
Moment of momenturn equation is derived from moment of momentum principle which states as OF
follows: B
: . : g _ Lt
“The resulting torque acting on o rotating fliid is equal to the rate of change of moment of
momentum’’,
When the moment of momentum of flow leaving a control volume is different from that entering ;
i1, the result is a torque acting over the control volume. Example
Let. {7 = Steady rate of flow of fluid, f rorating arm an;
p = Density of fluid. (7)) Torque
(1) Conse

V, = Velocity of fluid at section 1,

r, = Radius of curvature at section 1, and Solution, I{;
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Y,and r, = Velocity and radius of curvature at section 2.
Momentum of fluid at section 1= mass x velocity = pQ x ¥,

. Moment of momentum per second of fluid at section I = pQ x Vi oxr
Smnilarly, moment of momentum per second of fluid at section 2 = pQ * Vo % r,

-~ Rate of change of moment of momentum = pQ ¥, r, - pQV 1 = pQ(V, = Vir)
According to the moment of momentum principle,

I Resultant torque = Rate of change of moment of monentum

F=1Q ¥V, r, V1)) L6231
Equ. (6.31) is known as moment of momentum equation. This equation is used

{s) to find torque exerted by water on sprinkler, and

i) to analyse flow problems in turbines and centrifugal pumps.

Elample 6.63. Fig. 6.62 show an unsym- .
— U4 m —>f—— 0.6 m —»
> | |

al sprinkler {t has a frictionless shafi

bequal flow through each nozzle with g ve- N i
: , . A 4 117 — B
Wy of & mis relative 1o the nozzle. Find the R g
W of rotation in rp.om.
Solution, Refer to Fig 6.62. | l
r,=04m,7,=006m ¢
8 m's E mis

f¥elocity relative to the nozzle
V(= Vg =8ms Fig. 6.62

w = Angular velocity of the sprinkler.

.f psolute velocity, ¥, =V, ~wr =8-wx04=8+04 0

fAbsolute velocity, V, = Vp—try=8-0x06=8-06w

:'_--:‘- eed of rotaiton, N (r.p.m):

flhe moment of momenturn of the fluid entering sprinkler is given zero and also there is no
o | torque applied on the sprinkler. Hence resultant torque is zero, i.e.

I'=10
pO (M, =¥, r)=0
Vo, = ¥ =10 (v pQ x0)

{(B-006w)=x06=(8+040)x04
d8~036wp=32-016@w

.52 w="1.6
o = 3.077 rad/s
. 2ad
N t = —
()
w_ﬁﬂ}{[:}_frﬂﬂg}ﬂ?? .y A
- . 7 =294 rp.m. (Ans.)

fExample 6.64. A lawn sprinkler shown in Fig 6.63 has 12 mm diamete nozzle at the end of a
g arm and discharge water with a velocity of 15 mis. Determine:

b§1) Torque required to hold the rolating arm Stationary, and
ﬁ'} Constant speed of rotation of the arm, if free to rotare.
~ Selution, Diameter of each nozzle = 12 mm=0.012 m
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‘. Area of each nozzle
i

J
e W

y 0.0122 - 0.000113m?>

. | k—— 0.3 m ‘F!-(—\ 0.375 m
Velﬂmty of flow, Va (= Vo) =15 mis |

!
"+ Discharge through each nozzle, AP @
= area x velocity W
=0.000113 x {5 = 0.001695 m3/s Hl'
() Torque required to hold the rotat- i; |
. . . s
ing arm Stationary; Fig. 6.63
Torque exerted by water coming
thorugh nozzle 4 On the sprinkier
=F3QV,4="”’,4=“§—S;—F O.GD]ﬁQSEISKDJ-?:SE? Nmi
Torque exerteq by water Comung thr;::ugh n6zzie & on the sprinkler

5 =3 3 0.001695 13 x0.375 = 9.534 Nm
Total terque exerted by water op sprinkler
=7.627 +9.534

=17.161 Nm
- Torque required 1o hold the rotay;

rim, if free tg rotate, N (r.p,m )
Let, g = angular speeq of rotation of the sprinkier,
Then, absopte velocities of flow of water at the nozzles 4 and B are
Vi=15-03¢
and l@=15—0.3?5m

=5 < 0001695« (15 _
9.81

030} x 0.3
=0.5085 (15 - 0.3 o)

= e < 0001695 « (15 _
981

=(-6356 (15 - 0375 w)
xerted by water

0-3750) x 0373

. Tota] lorque e

or 17.161

W=——_" _ 43.93 rad/sec
0.290¢6
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- (X Also o = 2N _ 4393

N = o0 243'93 = 419.5 r.p.m. (Ans.)
i

1. Vortex Motion
}  The vortex motion is defined as a molion in which the whole fluid mass rorates about an axis. A
s of fluid in rotation about a fixed axis is called vertex.

' A vortex motion is chracterised by a flow pattern w herein the streamlines are curved. When fluid
s between ctirved sireamlines, centrifugal forces are set up and these are conuter-balanced by

_' pressure force acting in the radial direction.
The vortex flow is of the following types:
ke 1. TForced vortex flow, and

g 2. Free vortex flow,

+6.11.1 Forced Vortex Flow

. Forced voriex flow s one i which the fluid mass is made 1o rotare by means of some external
mcy. The external agency is generally the me-
oical power which imparts a constant torgue on
s fluid mass. Then, in such a flow there is always

nditure of enerey, The forced vortex motion 13
@ called flywheel vorfex or rorationdal vorrex,

. In this type of flow, the flund mass rotates ata

msiant angular velocity o, The iangentmlxelﬂcm
my fluid particle is given by

C V= (9F L 6.32) j ny

(where » = radius of the fluid particle from the (a] Stationary cylincer (b) Rotating cylinder

s of roration)

Cwlinder

Liquid

Fig. 6.64. Forced vortex flow.

.
Angular velocity. € = — = constamnt L [6.32 {a)]
¥

Example:

1. Rotation of water through the runner of a turbine.

2. Rotation of liquid inside the impeller of a centrifugal pump.

3. Rotation of liguid in a vertical cylinder, (Fig. 6.64)

6.11.2 Free Yortex Flow

Free vortex flow 1s one in which the fluid mass rotates without any external impressed contact
re. The whole fluid mass rotates either due to fluid pressure itself or the gravity or due to rotation
iously imparted. The free vortex motion is also called potential vortex or irrofutional vortex.

o

Example:

i.  Flow around a circular bend.

2. A whirlpool in a river.

3. Flow of liquid in a centrifugal pump casing after 1t has lett the impelier.

Flow of water in a turbine causing before it enters the guide varnes,
- Flow of liquid through a hole/outlet provided at the bottom of a shallow vessel {e. g, wash
jmsin, bath tub, etc.}

In free vortex the relation between velocity and radius is obtained by putting the v alue of external
que equal 1o zero, or, the time rate change of angular momentum (7.e.. moment of nomentiim) must

R

22T
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Let us consider a particle of mass m at a radius distance r from the axis of rotation, haivng a

tangeniial velocity, v. Then

Moment of momentum = (m * v} x y = pmvr

. Time rate of change of momentum

But for the vortex,

%
= —{HIVY)
ct

= —?—{nnlr} = {)
) :

Integrating, we get myr = constant

Since m is constant, vr = constant = C
Where C 1s a constant and 1s known as strength of vortex.

0T

C
Vo= —
’
1
vV —
-

i.e. tangentital velocity is inversely proportional to distance r.
6.11.3. Equation of Motion for Vortex Flow,

Refer to Fig. 6.65. ABCD is fluid element rotating at a uniform velocity in a horizontal plane |

about an axis perpendicular to the plane of paper and passing

through 0.
Let,

r = Radius of the element from O,

Ar = Radial thickness of the element,
A4 = Area of cross-section of element, and
AB = Angle subtended by the element at .

The various forces acting on the element are:

e

. Centrifugal force,

.,
mye
acting away from the centre, O

11

2. Pressure force pAA onthe face 48

)

3. Pressure force (p + f—‘pﬁr]ﬂ/{ on the face OO,

b

r

Equating the forces 1n the radial direction, we get

4

~

But, m = mass density = volume = p % A4 x Ar

(

kN

ar

or

T

or

A
Gr

cr

The expression

L SInce

N,

i,

£

o

;p+{§p,i\r

].{}:A —pAd =

2
A

I?_'|

"

- 1

o

p Vv
p+—=—Ar iAd - pAd = pAd Ar—
/ v
- 2
p&A+f£&rﬂA~pM:pM5rL
or . ¥
P oArAd = DM&J'L
;
op ov°
or ¥
o

s called pressure gradient in the radial direction.

\\

-2 )

O

—;E 15 ~ve, therefore, pressure increases with the increase of radius r.]

(6.33)

(634 ]

(6,34 a) §

Fig. 6.65. Flow in a circular paih ¥

L.
1_:

(6397

~=5id Dyna

: 1 1‘566} L T

— Whendl;

In the ve

As the po-

Substitutll’

Egn. (63:_.-
6.11.4, Ed
In case of

(where
Putting tiy: |

o1

Considerid;

OT

QT

equatia,

or

OF
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In the vertical plane, the variation of pressure is given by the hydrostatic law, i.e.,

5
L = _pg .(6.36)

ciz

As the pressure is a function of » and z, therefore total derivative of r,

fion, haivng a §

=L+ Py

-

o &z
. cp ap .
Substituting the values of > and £ from eqns. (6.35) and (6.36) respectively, we get
4 2
.(6.33} dp =5y — pg dz {6.37)
. : ¥

Eqn. (6.37) gives the variation of pressure of a rotating fluid in any plane.

..(6.34) 6.11.4. Equation of Forced Vortex Fiow
' In case of forced vortex flow,
(6344 V= or ..[Eqn. 6.32]

(where & = constant angular velocity)

Putting the value of v in eqn. (6.37), we get

pmzrz

rizontal plas
dp = dr — pg dz
¥

or dp = pmzrdr — pgdz Fluid

Considering points 1 and 2 in the fluid having forced vortex flow
g. 0.66) and integrating the above eqn for these points, we get

2 2 2
!dp = Ipmzr'dr — ng ez
! ] 1

.i'l :
Qr [F‘]]2 = F"I’z [?J - P}g[f]iz
]
F'fﬂz 3 2
5 Or [p;—FI)=T(?’3 — K )—-pglz; — )

Fig. 6.66. Forced vortex flow.
Q.22 2
=E{m 7 -0 - pglz, - )

P
= E(";.? - %) - pglz; - 7,) [ v,=or andv, =a,r]
 a circular g - _ _ .
3 — When the points 1 and 2 lie on the free surface of the liquid, then p, = p, and the above

equation becomes

; 2 20
Vo — ¥y
y or 3{32_31):[' ]J

r
;

4
|

or z

— When the point 1 lies on the axis of rotation, then
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v, =wr = x 0=0; the above egn. reduces to
z 1:32
€1 — 9 2g
If Z,=2,=2 (say), then we have

2 2.2
Vo ) 1 L.
r=—2 =02 (6.38) 1
g 2g |
Thus, z vanes with square of ». Hence eqn. {6.38) is an equation of parabola which means that |
the free surface of the liquid is a paraboloid, 5
Axis of rotation )

Example 6.65. Prove that in case of force vortex, the
rise of liguid level at the ends is equal to the fall of liguid |
level at the axis of rofation.

Solution. Refer to Fig. 6.67.
Let, & = Radtus of the ¢ylinder, and OO = Initial lig-

uid level when the cylinder is stationary.
Let the cvlinder 1s rotated at constant angular velocity

cr. The hquid will rise at the ends and will fall at the centre.
¥, = Rise of liquid at the ends (from OO}, and

Vo= Fall of liquid at the centre (from OO)

Now, initial height of fiquid = (2 +32 |  [FEEZT5E5 =

.. Volume of Liquid 1n cylinder | l “- -7 Liqud =
=R (h + ¥i)

volume of iquid = {volume of cylinder up to level MM)

— [ volume of paraboioid]

Let,

- R B MR e e = == e TT TR Wr W wr wr

-------------

Y
) Fig. 6.67

! 1 7 . ) !
= (nR- * liquid height up to level MA{} - L-Z* x K"~ x hetghtof parabc:-lmdj

R’
= TR x (ht e+ 3) = = vy + 3

Y
= AR+ AR (v, + v,) - “2 (p +3)
R’
= 7R+ = (3 + 1)
Equating {7} and (i}, we get
R’ %
mR(h + ¥p) = AR+ = (¥ + 3)
: ; », TR R
TRTh =Ry = RR A+ TT}:f + “12_.]“}
5 TR* nR*
or Ry, — =y = —,
S P :}; 7
nRk* 7R’
ar ¥e = ¥,
2 " 2
Or ;L:I,:_},'r

/... Fall of liquid at centre = Rise of hquid at the ends .....Proved.
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rand 2 m high open ar top is filled with water
N.rp.m. Determine the value of N whickh will

(AMIE Winter, 2001)

: Example 6.66. 4 cviindrical rank 0.9 m in diamete
Wa depiii of 1.5 m. It is rotated abour its vertical axis a1
2 warer fevel even with the brim.

Solution, Refer to Fig. 6.68. Given: Radius, R = %E =045m;

Length, = 2m; [nitial height of
er < 1.5 m.

!-lr" Axis of rotation
Speed which will raise water level even with

which n, N: —— R —
. When the vessel is rotated, praboloid is formed. ! *
b Volume of air before rotation = Volume of air T HH - ; T
fx rotation A o = == °
- R —» | ] 1 - - e s SIseoT
M TR x 2 - aR* x15=—7aR"; S ITTEEINS _L
2 L T Lo TLTT
F : 5 il i el
/ﬂ‘ * Or z=1.0m = l A ey |
=i ¢ Using the relation: 1 smi=srz -2z ylindrica
B et .4 e bl - tank
- - - @77 EER Tty ;-_'_:?/
oo =, wegct sl e
FEer 28 \ l ER T et i
mplppmyyny 1. —— T s oo
Bl liagiot W R” e 715 ) ]
S 1.0 = (Here, r = R)
—-—---= 2 x 9.Ki] Fig, 6.68
Liguid = NPEPTY
aes o= [HOX2X0B1 4,
67 Vo (045)y
. 2N
.- Al
id! 3 - 9843 <60
Habﬂlmd] N = 5 22 - 93.99 rpn.{Ans,)
T

ample, 6.67. Find the maxinum speed of an open circular cvlinder, having 180 mm digmerer
m length and containing water up 1o g height of 964 mm, at which it should be roared about
praical its vertical axis so that no waies spills, (MLLL)

180
dution. Given: Radius of the cylinder, R ==~ =90 mm = 0.09 m
s ngth of the cylinder, 7=1200mm=1.2 m
SR height of water, A =960 mm=096m

aximum speed of rotation, A:

]

1. 3 = Agular velocity of the cylinder when the water is about to S
P know, rise of liquid at the ends = Fall of liquid at centre

Rise of liquid art the ends = Length of cylinder - inittal height

__ =1.2-096=024nm

k- Fall of liquid at centre = 0.24 m

k- Heightofparabola =024 +0.24 = 0.48 m

- z=0.48m

Iising the relation:

w2 R?

2g

A —
P

L We get
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'agﬂhmqq

2 2
048 = @ K(D.US‘)

2 x 9,81

or 0 = 0.48 x 2 29,3] =1162.67 or ©» = 34.09 rad/s.
(0.09)
But w = M S34.00 = _Z.EE
- 60 60
or N = 34'05 <60 _ 325.5 rpm (Ans.)
- T

Example 6.68. 4 0.225m diameter cylinder is 1.5 m long and contains water up to a height

105 m. Estimate the speed at which the cylinder may be rotated about its vertical axis so that _
axial depth becomes zero.

* : : . Axis of rotatiom §
Solution. Radius of the ¢ylinder, / -
_0.225 | '

r =0.1125m
Length of the cylinder, /=1.5m
Initial height of water =1.05m
When axial depth is zero, Cyli
depth of paraboleid =1.5m
Speed of rotation N;
Using the relation:
w*R"
z = y WE get
2g
{ 5= o % 0.1125° . ().225 1y ——
' 2 % 9.81 Fig. 6.69
or 0’ = 1.ox2x ?31 = 2325.33
0.1125
or o = 48.22 rad’s
But W = M
60
r
48.22 = m
60
or N =¢8'222 x 80 = 460.46 r.p.m. (Ans.)
s

Example 6.69, For the example 6.68 find the difference in toral pressure force due to rotationd
(i) Atthe bottom of cylinder, and

(i} On the sides of the cylinder
Solution. Given: Same as in example 6.68.

(¢) Difference in total pressure force at the bottom of the cylinder:

Total pressure force at the bottom before rotation
Fbﬁﬁ::nre oL wA 7
where, w=9810 N/m?,

A = area of bottom=nR> =7 x 0:11252 = 0.03976 12




346 Fluid Mechanics and Hydraulic Macwee -

= nl) x height of water = 1 x 0.225 » 1 5 = 1.06 m?
b= % x height of water = 1 x1.5=073m
Fober o = 9810 X 1,06 x 0,75 = J79R.05 N
- Difference in pressure force on the sides

afterrot, ~ ¥ bedfere ra

=7779895-3822.5=397¢-45 N (Ans.)
Example 6.70. 45 open cylindrical vessel 180 mm
up 1o the top. Estimate the volume of weater left in the v

(1) With a speed of 200 rpem., and
(1) With a speed of 400 1,

In diameter and 450 mm deep is filled with vy
essel when it is rotated abour its vertical a .

1&0
5 = Y0 mm = 0.09 m

Initial height of water = 430 mm =045 m

Solution. Radius of the vessel, A =

~ Initial volume of water = 1 x (.097 x 0.45=0.01145 m-
(7} Volume of water left at a speed of 200 r.p.nm.;

2N 20 o= 200
Angular, speed, (3 = = _
60 GO

Height of parabola is given by

= 20,94 rad.ig

_ 0 RT(20.94)° « 0.09°
2g 2x 981
Since the vessel is initially full of water, water will be spiiled when it is rotated.

Volume of water spilled = Volume of paraboleid,

-
il

={.18 m

But. volume of paraboloid,= = {Area of cross-section x height of parabola)

-

= é X TR X 7 = é x % 0.097 x 0.181 = 0.002303 m®
= Initia] volume - volume of water spilled
= 0.01145 - 0.00203 = 0.009147 m3 {Ans.)

(4} Volume of water left at a speed of 400 r.p.m.:
2aN 2w x 400
60 60

":l M
5 -

w°R _ (41.88) x 0.00- - 0.724 m
2g 2 %98l

Stnce the height of parabola is more than the height of the cylinder, therefore, the shag
the imaginary parabola will be as shown in Fig. 6.71

Let, = Radius of the parabola at the bottom of the vessel
=0.724 - 045=0.274m
Volume of water left in the vesse]

" Volume of water [efi

Angular speed, © =

= 4] 88 rad‘s

Height of the pamabola, -~ =

= Volume of water in the portions LAMA and POS

= Initial volume of water—volume of parcboloid LOS + volume of paraboloid N
Now, volume of paraboloid LOS

= é (MR* x height of parabola)
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% x 1 x 0.09% x 0.724 = 0.00921 m’ U18 m

For the imaginary parabola ( NOP,
©=41.88 rp.m.
z=0.274m
= Radius at the bottom of the vesse]

N ;'
Using the relation: O i
- - = '
T ~ ME=-AN
I = , We get e ’
I 1 |
2wyt ! LR
0.274 = 41.88° x r I. i
7 X981 Yo AL
. L
or 2o 0274x2 . 081 _ 0.003065 m? V _
4]1.88° Imdgmar} Emggmar}-'
. r=0.0554 m parabola  cvlinder
. Volume of paraboloid NOP Fig. 6.71

= - (area at the top of the imaginary parabola * heicht of arabola)
5 Yp g P

x 717 x 0.274

Fl

x 1 % 0.0554% x 0.274 = 0.00132 nt’

b= po| =

- Volume of water left

=(0.01145 - 0.00921 + 0.00132
| = 0.00356 m’ (Ans.)
1.5 Rotation of Liquid in a Closed Cylindrical Vessel

Phen 2 cylindrical vessel sealed at the top and filled with some liquid is rotated about its vertical

pracal axis, the shape of paraboloid formed due to rotation of the vesse] will be as shown in Fig
different speeds of rotation.

cylindrical - I ,
vesse i

o e e W

T — T —— . —

Closed =10 OU-H Qm;
| \ |
|

— | —r s =

Liquid \ [z o === 23 lpatben el Suniion beevaln
\;—j = [ T T T Nt inlogitin

(a) () {c}
_ Fig. 6.72. Rotation of liquid in a closed cylindrical vessel.
b, Fig. 6.72 (@) shows the cylindrical vessel when it i stationary (i.e., it is not rotated, @ = oy
Fig. 6.72 (b) shows the shape of the paraboloid formed when the speed of rotation is .

Fig. 6.72 (c) shows the shape of the paraboloid formed when the speed of rotation is
@, {3, > ;). In this case the following are unknown:
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l. Radius of the parabola at the top of the vessel,

2, Height of the parabola formed corresponding to the angular speed, ®,,

To solve these, two unknown €quations are required:

X 2
W ¥

2
(if) Second equation is from ﬁze fact that for closed Vessel:
Volume of air before rotation = Volume of ajr after rotation
Volume of air before rotation = Volume of closed vessel - volume of liquid in the vessel
Volume of air after rotation = Volume of paraboloid formed

{f) One equationis: z =

2
nr Xz

]
2
Example 6.71. 4 cylindrical vessel closed at
long and contains water up to height of 0.96 m.
(7} Find the height of paraboloid formed, if it is rotated ar 480 rp.m, about its vertical axis. | |
(77} Find the speed of rotation of the vessel, when axial depth of water is zero.
Solution. Radius of the vessel,

-Rzglzz—4=0.12m

Length of the vessel, L=144m

[mitial height of water =096m

(¢} Height of the paraboloid, z:
Speed, VN = 430'r.p.m.

0 = 2m’~.=’= 21 x 480
60 60
When the vessel is rotated, parabeloid is formed (Fig. 6.73)
Let, ¥ = Radius of paraboloid at the top of the vessel, and
z = Height of the paraboleid.
As the vessel is closed one, therefore,
Volume of air before rotation = Volume of air after rotation

the top and bottom is 0.24 m in diameter | 44

= 50.26 rad/s

x |, .- AXis of rotah :
or nR*L - 7R? x 0.96 =-21- mrez f‘/
'C;I' ’J'IZ.II;:::3 (1 44 — {]96) = —;-T[rgg

or r’z=2x0.122(1.44 - 0.96) = 0.0138
Using the relation:

128.75
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- x z = 0.013%8

gy 1 o e B+ BN = e [ [ e o mgelog el = e e m o x ol e wm

T 128.75
. 2 =0.0138 x 128.75=1.777
or Z=1.333 m (Ans.} :

(if} Speed of rotation, N:
' Let o is the angular velocity, when axial depth is zero.
When axial depth 13 zero:
The height of paraboloid at the top = r
Using the relation:

lr —— == - -

i i

"
Q0 1_2

2g
) i
T 2% 98]
oot =144 x 2 » 98] =28.23
Violume of air before rotation = volume of air after rotation
1R (1.44 — 0.96) = Volume of paraboloid

L

i
L,

, WE Z2et

1.44

1 e

= iz = ——x].44
ot ax0.122x048 =072
2
r; _ 0.12° % (0.4% — 0.0096
(3,72

Substituting the value #* in (i}, we get
wé x 0.0096 = 28.25

I( 1:2
m = 28.25 ] = 54.25 rad/s

10.0096
2V 2rN

But : o = — Jo08 Y J—

u €0 34.2 R
or N = 54'225 * 80 518 r.p.m. {Ans.)
T

Example 6.72, 4 vessel, cylindrical in shape and closed at the top and botfom is 0.24 m in
ecicr, 1.44 m long and contains water up to a height of 0.96 m. If is rotated at 700 rp.m. what is
e area uncovered at the bottom of the tank’?

' (.24
. Solution. Radius of vessel, R = =N =012 m

Length of the vessel, L=144m

Ininal height of water =090 m
Speed, N =700 r.p.m.
2N 2w 700 .
o = = = 733 radis
Angular speed, 0 A0

. Area uncevered at the bottomn of the tank:

¥ [ the tank is not closed at the top and also is very long, then the height of parabola corresponding
= 73.3 rad/s will be
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W R 7337 4012
2g 2% 981
T 1.44 'I'_],f': - 3943

YTy, =2.503 m
For the parabola Gog we have

—_—
—_—

=3.943 m
From Fig. 6.?5.}1]
or

O 1 7337
(144 - py=—_0 _ 73 ~ = 27385 #
2g 2 %981
For the parabola 70/ we have

2.2 —— 0 2
(377, 7337 % n 2
Vi = = = — = 27385 ry
2y 2% 98]
Now, volume of air before rotation

= Volume of air after rotation

vid Mechanics ang Hydraulic Machines

—

| i1ty
'llhl:‘ri:hq

byl

—r-—-----—--—-h-u

o T

|
Yolume of air before rotation

STR(1.44-0.96) =71 x 0,122 x 0 48 e}
={0.0217 m? (i) Fig. 6.75
Volume of air after rotation = Volume of paraboloid GO — volume of paraboloid 70/

]

S
—TI:.?'-; = _].'1
2

XA X (144 ¢ 3 ) -

!
2
Equating (7v) and (), we get

0.0217 :’23[;:33 (144 = 1) = 2 0]
(1444 y ‘*l
- lx 2?3‘85 S

10 {v/}, we get

~. PR .
But from (/7). we have "

Substituting this value of r

! Ad o |
or 0.0217 = 21 44 ) 'I{I,44+y!]—=;fjf'] II

21\ 27385 )

Now, substituting the valge of y, from (jis)

In the above ¢qn., we geq

| ¢ _ 1 N
T 1. 273, * N 2 .
00217 =211 M+ 27385, (144 0 273.8517) - 7 « 273 85,2 |
215 273 85 Y, i "
217 = 2 F38% 3 A
p 2217225273 8 = (1444 27385273 (273.85)2

;

|
| Multiplying both sides by 27385 x E
L

g ¢

or 5T83 = (2074 + 788697 + 74994 1) _ 74904 i | or

or 788.69 7 =1.700 o Y

or 75 = 0.002167 Substituting

- Area uncovered at the bage

=5 =7 x 0.002167 = 0.0068 1 (Ans.) _  Pressure hes:

Example 6.73. 4 vessel tﬁl‘!’f?;r:ff‘z'c:af in shape and closed gt the ‘op and bortom, is 0.45 m i () Al the ceg

dianerer and 1.5 m long. it contains warer “p o a depth of 1.2 m. The air ahove the waler surface is | The presg
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= pressure head due to air ~ 0 ;
=917 +{(H/ - HO) (" OF = HJ~ M
=917+ (1.5 - 1.224)

= 9.446 m of water {Ans.)
(i) At the edge:

The pressure head at the edge M

~ pressure head due to ajr + height of water above A
=917+ AM

=91?+Mﬁ#dmﬂ=9j?*ow+ﬁﬂ}
=017+ (y, +On

=9.17+2.545 + 0,276 (- y, =2.545

[0 = HI ~ HO
= 11.99 m of water {Ans.) | =1.5-1.224 =0 276m

the top and bottom is of radius R a
if it is rotated about its vertical axis with a spes

ted by water on the top and hoston of the vessel]

Example 6.74. 4 vesse cyiindrical in shape and closed af
height H. The vessel is completely.filled with watey
O radians/sec, what is the total pressure force exey

Solution. Radius of the vessel = R — &
Height of the vesse] = i

Angular speed = o T == ___H:r!__ === Crlindri
As the vessel is closed and completely filled with ~_i'-::.;:_=._§~:::'§:_::§_:_':-f_=: vessel
water, and when it is rotated, the water will exeri force on == ;;;;_t_j_;-_::;;:;:j_;:f;;
the complete top and bottom of the vessel. =2 __:.E:::E.E_E::::—:._?
Total pressure force exerted on the top of the ves- " == -:_-—':‘:'],ﬂa};; =k
sel, F, op’ -

As the top of the vessel is in coniact with water and is

in horizontai plane, the pressure vanation at any radius in
horizontal plane is given as

gp  pv*
= Egn. (6.35
P, [Eqn, (6.35)]
{ﬂj.?‘z
- P =pm3r [ V= W)

r
Integrating both sides, we get

J.rfp = j PO° rdr

P 2 >
or p==—0r
2

Refer 10 Fig, 6.77. Consider an elementary ring of
radius » and width ¢r on the top of the vessel.

Area of the elementary ring = 2nrdy

Force on the ¢clementary ring = Intensity of pressure = area of ring

=p X 2ardr

[ —
—

) (
W F° % 2nr g

2 T

T

. #fer and 0.,
E Qs with g .
o vessel 7}

Example {1
Ped wirh ol
mlciine the

o
T

e,

B

Examf:

Soluti
HEi 1§ -

=

Ie.,
Total g
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b -, Total force on the top of the vessel, i
Q)= HI- 9 Ao 4 s =
" Fron = [E W rT X 2mrdr )
=1.5m Toos 2 .
=y, =1.224 M 1 R oo
: - B xon J'r".rfr
2 :
L 3
:Em:KZE'L! =EUJEK2?‘[;={-R—
= EL‘J' x TR
4
. P2 _pd -
D Le., Fmp = (1" TR ..{6.39)
( }:h =2 4
Tetal pressure force exerted on the bottom of the vessel, Fy
- HO ; Fioouom = Total force on the top of the vessel ~ Weight of water in cylinder
~1.224 =0.27% o o .
m is of radius & =-4-m‘ﬂR +wx AR x H
cal axis with a 5§ )
ottom of the vem . LE., Fhstons =i{-mﬁ‘4 + @TRH ..(0.40)

Example 6.75. 4 vessel cylindrical in shape and closed at the top and bottom is 0.3 m in diam-
o and 0.225 m in height. The vessel is complerely fified with water, If it is votated about its vertical
b with a speed of 300 £ p.m. what is the rotal pressure force exerted by water on the top and bottom
wssel 7

! . ‘ 0.3 .
$ Solution. Radius of the vessel. R = - T 0.13m
P Height of the vessel, H=0225m.
k. Speed., A= 300 rpm.
2nN 2w % 300 .

E - ; Q= = = 31.41 rad’sec
= Angular speed, 60 60

¥ Total pressure force exerted by water on the top of the vessel, £ -

i Using the relation Frop = % @’ x =R’ [Eqn. (6.39)]
e o . W | 3-|
= - TR cp=—,w=981 KN/m
g x4 L g |
9.81 \ ; o d .
= 28l 31419 i x(0.15)F = 0.392 kN
981 =4
,!-f F,, = 0392 KN(Ans.)
':I?Btal pressure force by water on the bottom of the vessel, £\
Fbmln:-m - Ftc."- L H: * H

6.77 =(12302 981 = =015 x0225=0548 kN

F. om = 0:348 KN (Ans.)

. Example 6.76. 4 closed vertical cylinder 0.4 m in dicmeter and 0.4 m in height is completely
¥ with oil of specific gravity 0.80. If the cylinder is rotated about its vertical axis at 200 rpm,
plare the thrust of oil on top and bottom covers of the cylinder ( AMIE Surnmer, 2001)

iy s
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0.4
Solution. Given: R = = =02m; = 04mS5=08 N=200rpm
Fmp:
Using the relation: Fmp = %mz x R (Eqn. (6.39)]

« 1t % (0.2)° = 440,98 N (Ans.)

_ 0.8x1000 [zn x 20(:‘113
4 60
Again, using the relation: ¥\, =F, +w X aRix H
= 440,98 + (0.8 x 1000 x 9.81) x 7w % 0.22 x 0.4 = 835.46 N (Ans.)

Example 6.77. 4 hollow sphere of radius R, completely filled with the liquid is rotated aboul it
vertical axis at an angular speed ®. Locate the circulat line maximum pressure with respect to the
centre of the sphere. { AMIE Winter, 2001)

Solution. The circular line of maximum pressure will be a horizontal circle on the mternal sur-
face of the circle za. Let its location be at a distance /# below the centre of the sphere. All points on the

circle aza will subjected to a centrifugal pressure -;—-p o2r? . and a hydrostatic pressure pg (R + #}.

The total pressure on any point,

p = %pm%z +pg{R + H)

=%pm2?'2+pg{ﬁ+1~f(ﬁz —rl}

For p to be maximum,

dp ! { 2.1
L =0=—py x2r+pg i=(R-¥
dr ; " PE | )

o’ ! ) g
or =-—p=—= or (RF—r)= |73

£ R - r? o~

\‘.2 I ¥
or Iz'=R1—r3={/-£TJ or h=-=X !
G ® Fig, 6.78

Thus the circular line of maximum pressure is a horizontal circle, at a distance 4 = % below the
ik
centre of the sphere. {Ans.)

6.11.6. Equation of Free Vortex Flow y Central axis
In the case of free vortex flow, from eqn, {6.34}, we have ; Vessel
v = | g
s !
Substituting the value of v in eqn. {6.37), we get :
2 = i —
dp =2 dr — pgdz = j Vi
¥ et L, - ]
C? A - =
=px dr — ped: ! = -
b2y PEE R EA :—*‘| :2-/ Fluid
2 oo - :
pcCt , . [EII-- ! ~—
= r:“ dr — [ dz __:_:+:_:_L:.‘ : :T
Refer to Fig. 6.79. Consider two points land 2 in the = === -
fluid having radii r, and r, respectively from the central axis; Fig. 6.79

their heights being z, and z, from bottom of the vessel,

.1 .3 Y -
1 L k ) :
LR L J- P P AP Sl Ty L P L S, e . :
. . - DTN PR L PR LA PP

ik e




Integrating the above equation for the points 1 and 2, we get

2 EPC;
J.a’p I j'ldr—'[pgdz
I P 7 1
2 2
or P;—pl=pC1[f—i—PgIdz
] i

2re
1
=_|D' [1_ 3 _pg{zl_"t)
2 1w
/ C CW
—_E 2_ 2 — - _ - ' Ve = —,V, = —
=-sbvy vl -pglz - 5 L o K
=0 —vi) - pg(z - 2)
- Dividing both sides by pg, we get
g 1
s — PV — G
22 P — 1 2 (E‘j _ 21:}
Pg zg
3 v 2 N
P2 B Y Va ol
or - = = - J+{3]—zj)
Pg pPg; \2g8 ig
: - 2 P
L or AL L2 B 7, ..(6.41)
pg 28 pg g -

Eqn. (6.41) is the Bernoulli’s equation. Hence Sernoulli 5 equation is applicable in the cuse of
Fvoriex flow:,

Example 6.78. [n a free cylindrical vortex flow, at a point in the fluid af a radius of 300 mm and a
pht of 150 mm, the velociry and pressure are 15 m/s and 120 kN/m= respectively. If the fluid is air
g werght density of 0.012 kN/im®, find the pressure at a radius of 600 mm and at « height of 300 mm,
b Solution, At point 1:

- Radius, r= ANMdmm=703m
| Height, z,=150mm=0.15m
 Velocity, v, =15 ms
| Pressure, p, = 120 kN/m-
At point 2
¥ Radius, ry =600 mm= 0.6 m
= F Height, z,=300mm=03m
;_ ' Density of air, w = 0.012 IN/m*
= - Pressure, py:
' b We know, for free vortex flow
= | v X r = constant (Eqn. (6.33)]
= P—
} OT Ve = LR 15%03 = 7.5 1m's

Fa .6
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Or

OT
ar

OT

T

the flow:

Using the equation:

W 2g

=7
120 15 Lo

_|,_
0012 2x 98l

zl—PE+]5 + 2,
W 2g i}
>
5= 1> o3
w  2x92381

16000 + 1147 0.15 = 224 2,86+ 0.3

W
P2
10011.62 = 22 + 3.16
W
2 -10008.46

LS

p, = 0.012 x 10008.46 = 120.1 kN/m* (Ans.)

Solution, Diamete of annular space,
External diameter of the plate,
Distance between the plates,
Atmospheric pressure,

Discharge,

Stationary
circular plates 7\

d.= 50 mm=0.05m

d, =40 mm=04m
(=10mm=0.01m

P, = 98 KN/m?

O =0.005 nris

—

TS

l

~— S0 mm dia pipe

R

—_— 10 1T

TS

)

4N mm ?% .T

Fig. 6.80

Example 6.79. Two statfonary, horizontal flai plates with an external diamerer of 400 mm are
placed 10 mm apart. A vertical pipe 50 mm in diameter delivers (.005 n'ls of water to the centre of |
the plates. The water Is discharged to the periphery of the plaies ar atmospheric pressure of 98 kN/

m= Assuming radial flow and neglecting losses, determine the absolute pressurve at the entrance of
[UPSC Exams, ]

6.12.1k

particl
tﬂnflri
ﬂﬂdlr-i
10 rok: ;

sAeart :

ﬂﬁEEf'..

: L




ey puppue

HC Maf:hines-

of 400 mm ol

o the cenire &
sure of 28 kN
he entrance &
PSC Exar

Fluid Dynamics

Absolute pressure at the entrance of the flow, P

Using tize continuity equation, the velocity at the entance to the annular space,
¢ - 0,005

Vi = = = 3,18 m/s
nd;r mx0.05x0.01
Velocity at the periphery of plates,
0,005 |
=2 0 5308 ms
rdyt o x 0.4 x 0.01
Applying the Bemoulli’s equation between the inlet to and exit from plates, we get
2 2
iy : sz =20 /s + 2, i
W 2g - ow 2g =
pi 318 98x10°  0.398? L
+ - + ( Z; = 3{})
W 2x98] 9810 2 x 98] ’
or 2L 4 0.515 = 9.989 + 0.00807
HJ
or 27— 9,482 or p,= 9810 x 9.482 = 93018 N/m? or 93 kN/m?
135
Hence p;=93 kN/m’ (Ans.)

0.12. Liquids in Relative Equilibrium

When a tank filled with a liquid is made to move with a constant acceleration, initially the fluid
particles will move relative to each other and to the boundries of the tank but, after a certain duration of
tumie there will not be any relative movement between the fluid particles and boundaries of the container
and the whole fluid mass moves as a single unit (A similar situation arises when the fluid mass is made
to rotaie with a wniform velocity). When such motion occurs, the fluids are said to be in “relative
equilibrium”. Under such circumstances, since there is relative motion, the fluid is not subjected to
shearing forces. Furthermore, the fluid pressure acts normal to the surface in contact with it,

Analysis of the fluid masses subjected to acceleration or deceleration can be made by using the
principles of hydrostatics and giving due considerations to the effects of ac celerating or decelerating forces.

6.12.1 Liquid in a Container Subjected to Uniform Acceleration in the Horizontal Direction

Consider a tank filled with liquid and being accelerated horizontally to the right with uniform
ucceleration a.. |

After sloshing of the liquid particles for some time the motion of the liquid stabilizes and the

Original
liquid surface

------ — X L

dl e o . S S oy e W

_________________ a, -

Lings of o REE R ol 45 - mg
CONstant pressure ]

Fig. 6.81. Liquid under consiant linear acceleration in herizontal direction.

- —r—r
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liguid moves as a solid mass under the action of accelerating force. The final position of the hquid in
the tank is as shown in Fig. 6.81, slope being upwards in the direction opposite to that of horizontal

. Note,
acceleration. wniform accel
Now, let us consider the equilibrium of a fluid particle L lying on the free surface. The pressure Examad.
force P exerted by the surrounding fluid on particie L is normal to the free surface. The particle 13 0.85 1o a degiy
subjected to the following forces: accelerationd
(i) Nommal pressure force P D) 3
(i) Weight mg acting vertically downwards, and (if) Pre :;:',
(7)) The accelerating force ma, acting in horiznotal direction. (it i
Resolving horizontally and vertically respectively, we have, Soluti
Psin 6 =ma, - (7) Sp. g5 €
Pcos =mg ) Refer to :
Dividing (¢} by (i1}, we get ¥
and = 2x (6.42)
g
Since the term 3 is constant at all points on the free liquid surface, hence tan 8 is constant and
consequently the free surface is a straight plane inclined at 6 {downward) along the direction of
acceleration (See fig. 6.81).
Considering the equilibrium of a fluid element at depth /& from the free surface we have:
— Constant
pressure lines Free surface
Pressure
proftle e
- . N -
i . ) - - :“ - Pre?hsllire
hlir'ﬁ H-H_ *.H.y"ﬁhz profile
B T BRI ) {/) New
v - ey Incling:
H———— wift, —— i"'— Wl "—"|
Fig, 6.82. Pressure distribution for horizontally accelerated fluid.
pdd =p, d4 = whid o
where, P, = Ammospheric pressure, and (/) Presswd
d4 = Cross-sectional area of an elementary prism. ; The dey
or p=p, .~ wh p=whigauge) .. {649
This means that pressure at any point in a liquid subjected to consiant horizontal acces’ T
equals the head above that point. Thus, lines of constant pressure will be parallel to the free li 1
surface, Fig, 6,82 shows the constant pressure lines and the variation 1n liguid pressure on neas Ihe depdl {
front of the tank. With the decrease in depth in the direcuon of acceleration, the pressure aiong e ]
bottomn of the fank also decreases. _
® [fthe tank is completely filled with liquid and is closed at the top, the pressure builds up at i
the rear-and is greater than that at the point (there being no preliminary adjustment in the 3 _ '
surface elevation). The slope of the constant pressure iines is, however, still governed by the é;]d .

relation: tanf =

t
g




¢ It may be noted that so long as the container provides a continuous connection in the liguid
mass, iis shape does not matter,

Note. The fugl tank of an aeroplane duing take off 1s an example of liguid in a container subjected 1o
mnaiform acceleration in the horizontal direction.

_ Example 6.80. An open tank 6 m long, 2.4 m deep and 3.0 m wide coniains o1l of specific gravigy
0.85 10 adepth of 1.2 m. If the tank is accelerated along its length on a horizontal track at a constant
imcceleration 3.2 mis®. Determine:

(7Y The new posttion of the oif surface.
(1) Pressures at the boitom of the tank ar the front and vear edges.
(iif)  The amount of spill if the rank is given an horizonial acceleration of 4.8 m/s? instead of 3.2 m/s*.
Solution. Giver: Tank dimensions: 6m (length) % 3.6 m (width) = 2.4 m (depth),
Sp. gr. of ail = 0.85; a_ = 3.2 m/5*,
Refer to Fig. 6.83.

Original
free o1l surface

U

T wew ol
surface

—
(3.2 m/s’)

AYl
Ol —» X

. 3 6 m - —- -

Fig. 6.83
(/ New position of the oil surface, 8:
Inclination of the new oil surface {8) is given by

and = % 2 32 _ a0
581

g
| 8 =tan"! (0.3262) = 18.07° (Ans.)
¢ (i) Pressures at the bottorn of the tank at the front and rear edges,
" The depth of oil at the front edge N,

6
h,=12- 5 X tan B

=1.2-3x03202=0221m
The depth of oil at the rear edges,

fig =1.2 +§tan9

=1.2-3x03262=2.179m
Pressure at ¥, p, = wh,. = (9.8] x 0.85} x 0.221 = 1.843 KN/m’ (Ans.)
and, Pressure at§, p, =wh = (9.81 x 0.85) = 2.179 = 18.169 kN/m? (Ans.)

b Fuid Dynamics %8
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(iiiy The amount of spill with an acceleration of 4.8 m/s*:
Refer to Fig. [ 6.84 (i}]

Inclination of the oil surface,

tan®' = <X = 48
o 9.8

(8" =tan™ (0.48923) = 26.07°}

(.4893

[f there were no spill, the oil surface would swing about an axis at O. Piezometric head at N,

he =12+ gtanﬂ' =1.2 +3x 04893 = 2.668m

~ New ol U

H“ ] surface
f - —> 45 mis
= ‘# N =
T, N
o O ~ g
- x
T S h \x I M S 1"\- h
! H..-
i & m - b {}”m >
| - (]
(i)
Fig. 6.84

Since this is larger than the depth of the tank there will be a spill of the cil. The new oil
surface will have a depth of 4, = depth of tank = 2.4 mat S and a slope of &'.

¥-intercept of the surface at the bottom (SV) can be found from ATSV as follows.

£ - -
C g el pry, SR

E:t:f'e,nll:J"
I
Or S5 = L) = 24 =4.9m
tan8"  ().4893

TV is the new oil surface [Fig. 6.84 (71}].
Volume of o1l = ATSV » width of tank
1 N .
= —x24 x40 ]x3.6=21.1? m°
L2 /
Original volume of oil =6 x 3.6 x 1.2=2592m’
- Spill of 0il = 25,92 - 21.17 = 4.75 m® (Ans.) .
Example 6.81. 4 spherical tank of raidus 1.5 m radius is half-filled with oil of specific gravity ;
0.9. if the tank is given a horizontal acceleration of 11 m/s®, calculate.
(i) The inclination of the oil surface to the horizonal
(i)  Muximum pressure on the tank.
Solution. Given: Radius of th tank, » = 1.5 m; Sp. gr. of 0il = 0.9; @, = 11 m's?.
(/Y The inclination of the oil surface to the horizontal O:

Refer to Fig. 6.85: tan® =Ei=£-=l.1213
g 9.3l

.. —_—

e

iy
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8 =tan~' (1.1213) = 48.3° (Ans.) New ojl
(1M is the original oil surface and RS is the surface
new oil surface. The surface tilts around 0}, R Spherical
(/1) Maximum pressure on the tank: . tank
The maximum pressure acts on the boundary _T_
point where the depth (measured normal to
_ : . F=1.9m
the free surface} is maximum.
chead at N In this case maximum depth is OT =r=1.5m L
C ; ;N T (Sp. gr.=0.9)
s
Hence — | =1.5 Fig. 5.85
N, W max
Qr p =wx15=(9.81x09)x15=13.24 kN/m* (Ans.)
Example 6.82. A closed tank 5m long, 1.8 m wide and 1.6 m deep initially contains water to a
depth of 1.1 m. The top has an opening in the front part to have air space ai atmospheric pressure. If

the tank is civen at a acceleration ar a constant value of 2.5 m's? alone its leneth, calculare the fotal
g g

- pressure force on the fop of the tunk
' Solution. Given: Dimensions of the closed tank = 5 m x 1.8 m* 1.6 m;a, = 2.5 m/s®

- 4.5 m-"sz
~ Inthe Fig. 6.86. EF is the original water surface.
's New water
:‘- .~ aurface
SN _ Original
A & (’ - [ & —™ p  water surface
/Y 4 A
: i
- -}1
. The new 4
rH{JWS.
Yatcr HL__g a,
Closed
&/ tank
Fig. 6.86
After the acceleration of @, = 2.5 m/s?, the water surface slope 1s
a. 2.5 |
tanh = = = —— = 00,2548
fic g 951
specific g _ N
P or 8 = tan~' (0.2548) = 14,29°

Since there is no spill of water, the air space will remain same as at start.

Air space volume, V¥, =05x3x1.8=45 m°

Let TH be the new waier surface at an inclination of © to the horizontal.
1f IJB = x and BH = v, & = breadih of the tank, then

y=xtan o

nnnnnn
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]
and, f,,-_rZ%EIK}’xbzlx.xxtanﬁxb=~£fﬁtan9

or, 4.5 = —;-xl % 1.8 x 02548

-

or _
(¢} pgd.

o ¥r=443m,andy =443 x 0.2548 =1.13 m
Hence CH = Depth of water in the front=1.6-1.13=047m
Al=5-x=5-443=057m
AG=AJtan8=0.57 x0.2548 =0.145m
The pressure profile on the top is represented by the AAGJ extending over the widih. Pressure
force on the top,

() pf
P 2!/}-:3.: AG »x AF xbreadth] X W

fop L 9

_ le. X 0.145 % 0.57x 1.8 x 9.81 = 0.73 KN (Ans.)

A/ 057

3 .
Note: In this case free surface does not tilt at the mid-length. As there is no spill the volume of water and

air vafume are conserved,

Example 6.83. 4 closed tank 12 m long, 3.6 m high and 2.4 m wide contains oil of specific
gravity 0.85 and is given a horizontal acceleration of 0.28 g to the right in the direction of 12 m side.

(1) Celculate: The pressure difference between (a) a point on the top rear edge and a point on
the front edge. (b) a point on the botiom front edge and a point on the top front edge.
(il Sketch the lines of equal pressure.
Solution. Givern: Dimensions of the closed tank =12 m x 2.4 m x 3.0 m;
Specific gravity of oil = 0.85; Horizontal acceleration, a, = 0.28 g
Refer to Fig. 6.87. Atan acceleration of a_let UV be the hydraulic gradient line. Its inclination 1s
given by,

The force acts vertically upwards at = 0.19 m from A at the mid-width section.

(i1} S

Exa
60.88. s fi
keens the p

(i) Ca

CHUNE OHSEE

Il :

1

1
i
5
&
)

1

(11)
eration at p.

ah

Lines of egual

Hydraulic grade line
pressure

Assu
m of water a
of water, |
Solutid
At the
line will be .

Closed tank “eeoL ) = Ay
T - Oil (Sp.gr= 0.85). |

sSince
sure, the b
T as sho
Then

H
|||||
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Machines 3 B -k 0.28
van@ = LM B _ZP8 g8
g g
or B =tan”' (0.2) =15.64°
() PL—Pr¢
hr—h, =1x tan B=12=x028=336m
N "
But hr'h;iz'p_r"kfri_|££—ifil.
LW SN W /
Here, Zr =2,
Py — P, =W x 3.36=(9.81 x 0.85) x 3.36 = 28.02 KN/m* (Ans.)

(B) Py~ By
Along ML the hydraulic gradient line Is constant.

Hence, hy=Hh,
I,f ™, ) ™,
1 A |
| pﬂ! + :JJL.JI' | - ‘ _L - :L — D
W 7 VoW y;
or Poyy—Pp =W (= L :M}

 section. = (9.81x 0.85) x 3.6 = 30.02 kN/m* {Ans.)

of water (i1} Since the pressure distribution 1s hydro-
._ _ static inany vertical direction and the hy- = 1] 111?__—_ Opening
! of spece draulic gradient line is inclined at & to TS Y Sl S I
of 12 m sids - horiznotal (line UV) the lines of equal s
1d a point & ' pressure will be parallel to UV, as shown | |
in Fig. 6.87. £ «——— 4.8 m
Example 6.84. 4 rank LMNSTU shown in Fig. o L ¥

 6.88. is filled with water. A small opening at [
p keeps the pressure at T atmospheric

- clinatic 3 (i) Cr:afc?ufare_rheracﬂ::efemrmn a, required 1o = N T = |
| cause onset of cavitation at L. ]( 59 m 4'1
_: (i) What will be the pressure at that iecel- Fig. 6.88
- erarion at points M, N, S and U7
: y

Assume local atmospheric pressure head = 10
o water and vapour pressure head = 0.48 m (abs.)
t of water S
Solution. (i) Acceleration 4 ;
At the acceleration ¢ the hydraulic gradient
 Bne will be inclined at 8, given by

— Atmospheric oressure at T

Hydraulic grade ling

tan = de T A
£ - 0
T Since p, = pressure at 1 = atmspheric pres- N
 qure, the hydraulic gradient line will pass through M
8T as shown in Fig. 6.89 by the line VI'W !TT h,
Then above an arbitrary datum: |

o= H o and l W

S H‘\&

| 3

— P,
Ry = Ry 7NN Datum

Also fho—h, =LUtan6=4.8tan 8 Fig. 6.89

T T .

.......

A=TuTE I




At the enset of cavitation at L,
pr=p.= Vapour pressure,

Considering the absolute pressures,

b =(Zs ) (2va)

(2L B (o - 2)

135 1%
=(10-048)+(1.4)=10.92m
But he—h =438 tan O
Hence, tan@ = “ - by — By = 1092 = 2.275
g 4.8 4.8
OT a =981x2.2715= 22.32 nv/s? (Ans.)

(i{y Pressures at point M N, S and U:

Pressure at M, pa,:

g — Ay ={£’y_+ EM] _[% N 3L] =0

Py _ P (EL _ ;m)={]_48 +07=1.18m
w W

Py =981 x 118 = 11576 KN/m? (abs.) (Ans.)

Pressure at U, py;:

Po o PT . (z —z,)=10+14=114m
W L

p,=981x11.4 =111.834 kN/m? {abs.) (Ans.)

Pressure at S, pg:
ho—hp=11tnd= 1.1 x2275=25m

| Ps . ) Pr .,
AISD, hSth ["“_"'ﬂsj I\w + Z ]

Ps o P1 (2, - 25)+ 2.5
W

W

=]0+0+25=125m
pg=9.81x12.5=122.625 kN/m? (Ans.)

Pressure at N, p ;.

Py _Ps | (35 _ EN)
W

W

=125=+21=14,6m

py=931x14.6= 143.226 kIN/m* (abs.) (ADs.)
Exampie 6.85. 4 closed oil tanker 3.5 m long, 1.8 m wide and 2 deep contains 1. 6 m depth of oil

of specific gravity 0.8. Calculate:

Fluid Mechanics and Hydraulic Machines
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Also,
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. bottom front end of the ftank is just expased.

L sar) o accelerate the liguid mass in the fanker
Take specific weight of water = 9.81 kN/m?

Depth of 0il = 1.6 iy, sp. gr. of 01l = 0.8
(i) Acceleration e :
The following point are worth noting:
e Since the tank is closed, therefore, the
liquid cannot spill from it under any accel-

eration imparted to it. The guantity of oil
inside the fank remains the same.

¢ The o1l surface which was initially horizen-
tal (indicated by TU) assumes the profile

MVS when the front bottom end M 15 just
exposed.

Equating volumes of 0il before and after the
Dion,

Volurne of rectangel LMUT = Volume of
trapezium LMVS

35x16=x18= 20 ¥ i': — x 2= 1.8
r=14dm
AN g
tan g = M = =1428%

NI 1.4
ﬂl’

Also, tang = —= =1428
g

a,=9.81x1.428=14.01 mvs* (Ans.)
When the free surface MV is extended, 1t maets
produced at W,
SW
SV
| SW={35-14)yx1428=3m
b= This represents an imaginary column of oil above 5.

= tan = 1.428

. Pressure force on the trailing/rear face LS,
Pe= P,., * area

(23.544 + 39,241
\ 2 J

S -

365

({) The acceleration which may be imparied fo the tank in the direction of its length so that

{(ifY The net horizontal force acting on the tanker side and show that this equals the force neces-

{ Roorkee University)

Solution. Given: Dimensions of the tank: 3.5 m (length) % 1.8 m (width) > 2 m (depth); .

5 Closed o1l tanker N

|—— Original oil surface

_____________________
-------------------
—————————————————
———————————————
—————————————
___________
__________

._]
]
1
1
1
1
1
1
1
1
1
1
1
|
i
1
|
|
|
1
L
1
1
-
1.oOm —w»
2m

L ; M
[ 35m >
Fig. 6.90
W
AN
L
| “\
I L)
I S
N
b .
: »
1 e L
| N 5': -
S & ‘»"H N

_" {I.".'

—=== W
o1l syrface

Now, po=w x SW=(9.81 % 0.8) x 3 =23.544 kN/m’
and, p,=wx LW = (9.81 x 0.8) x (3 + 2) = 39.24 kN/m?

% (2x18)=113 kN

(2
[Altemativel}r: Pr¢ =wdAx = (981 x0.8) x (2x 1.8} x 'LB + 5} = 113kNj|

LT

T — rui; mie




366

necessary to accelerate the liquid mass in the tanker.

The force needed to accelerate the hquid mass in the tank,
£ = Mass of oil x uniform linear acceleration

=(0.8x1000) x35x1.6x1.8x1401 x 103 kN = 173 kN (Ans.)
Obviously the difference between the force on the twa ends of the tanker

6.12.2 Liquid in a Container Subjected to Uniform Acceleration

Free liquid surface

Fluid Mechanics and Mydraulic Machines

18 equaf to the force

in the Vertical Direction.

Consider a tank containing liquid and moy-
ing veriically upwards with uniform accelerer ===
tion a_{Fig 6.92), The liquid in the tank will TTT
have a free horizontal surface but pressure in-

tensity at any point in the liguid will be differ- T
ent from what it would be when in a state of

absolute rest:

Applying Newton's second law of miotion,
we have:

Eﬂ. =mxa,

The force LF, = Pressure force acting
upwards — weight of
prism acting downwards

—
—_—

= px dA—w % i % d4

Also, m =2 x volume of elementary prism
&
= 2 s (B x dd)
g
W
pXdd—wxhxdd= E(Fr X dA) x a,
|'f ﬂ'..p. H':
OT F' = Hf'J'E?: 1 +
g

This equation {6.44) reveals the tollowing:
®  The free liquid surface remains horizontal

® The pressure variation in the vertical
directton is /inegr

® The pressure intensity at any point

p
Fig. 6.92

(a |
by an amount wh) — | as shown in ;
& "

Fig. 6.93 (a).
If the liquid mass is uniformly accelerated
verlically downward direction, a_ shall be-nega-

1s more than the static pressure wh T AT

. — mm mm o W

[p (intensity of pressure) x d4 (area)] — (w * volume of prismi)

Liguid
(Sp. Wt = w)
h *—- Prism
l (W = wh.dd)
W
h J

Area dA
Prri e

...{6.44)

Increase in pressure
due to uniform upward

accelerabon

tive and then egn. (6.43} reduces to

-

a, " |
p = wh { 4 (6.44)
. g ""II
X i.e., Intensity of pressure at any potnt is

lesy than static pressure wh by an amount

Fig. 6.93. (a)

v I —

W ( :ug-l)

a,
o~ 4/ (i + ‘E.') —)-

- a—en

e

1 |
Fluidt Dynarml:

|'.-I. "“.'I
| &y .
1-1".‘?} —_ as .

g )

If the fao |
reduces to p |
pressure, and s

Example ¢
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(i) The
in vertically upd

( f.!')' The p
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Solution: 4:

dovwnward) =

(i} The feod

(@) When &

On a ;

from 26

Force of’

(by When a)
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(i) The pressure at the bottom when a,=g:
When the tank is lowered vertically at an acceleration, then

4 - x

f @, i o
p:ﬂ’f.'|l—~-'—Ll=11’f£‘l—Ei:D
, g ) \, £

.., the liquid remains at the atmospheric pressure throughout and there is no force on the
base or on the tank walls. (Ans.)

6.12.3. Liquid in Container Subjected to Uniform Acceleation Along Inclined Plane.

Fig. 6.94. shows a tank filled with a liquid being aceelerated wp an inclined plane with uniform
acceleration a,

Horizontal component of acceleration, g, = a cos «

Vertical component of acceleration, a. =asinu

A particle Z of mass m lying on the liquid surface is i# equiftbrivm under the action of following
forces:

Liquid surface

Fig. 6.94. Acceleration of fluid mass along an upward slope.
(7} Weight mg acting vertically downward,
Pressure force P acting normal to the surface of the fluid element, and
(#1r)

! Accelerating force, (n.a) having component #ni.a_in the horizonial direction and a COmpo-
i nent m.a, 1n the vertical direction.

Liguid surface

Fig. 6.95. Acceleration of fluid mass along a downward slope.
Resolving forizentally and verfically respectively, we get
Psing= m.a,

A1)

FcosB = M.+ mg

of 1.8 m. Findl}

3. Different | f

4. Bernoplli d

Fluid Dyna
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2
}
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Dividing (7) by (if), we get

tang =

Qe

il -'.-g
3
When the flind mass 1s subjected to acceleration down the siope, we have

Psin@=m.a,
PcosB=mg-mua,

Dividing (#ii) by (iv), we get

tang =

a -
i

{IL_ =

When the tank moves with acceleration up the inclined plane:

tan =

ﬂ.?i'

g~ a,

Horizontal and vertcal components of acceleration are:
acosa=2.5x%cos 30°=2.165 m/s’
asin o = 2.5 x gin 30°=1.25 m's*

Let, & be the slope of the fref:'liquid surface.

a, 2.165 = 0.196

a, +g 1.25+9.8]

0 =tan~! (0.196) = 11.1° (Ans.)

When the fank moves with an acceleration down the inclined plane

0.253

tanf =

a, 2.165

g—a, 981-125

0 =tan"' (0.253) = 14.2° (Ans.)

HIGHLIGHTS

..(6.45)

(3T
Y

..(6.46)

_ Example 6.87. An open rectangular tank 6 m long and 2.4 m wide is filled with water 10 q depth
bof /.8 m. Find the slope of water surface when the tank moves with an acceleration of 2.5 m/s*

() up a 307 inclined plane (if) down a 30° inclined plane.
Solution. Grven: Dimensions of the tank: 6 » (length) * 2.4 m (width);
acceleration, a = 2.5 m's”; Inclination, o = 30°.

The science which deals with the geometry of motion of fluids withou! reference to the
forces causing the motion is known as Avdrokinematics.

The science which deals with the action of forces in producing or changing motion- of fluids
15 known as nedirokinetics (or simply kinetics).

Different types of heads are:

(7} Potential head (or potential energy)

(#7) Velocity head (or kinetic energv)
(7i{) Pressure head (or pressure energy),
4. Bernoufli s equation states as follows:

“In an ideal, incompressible fluid when the flow is steady and continuous, then sum of
pressure energy, potential {or datum) energy and kinetic energy is constant along a stream

line.” Mathematically,

g

VE

== =+ —— + 7 = constant

H

2g
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Lo pressure energy or head
H

S
— = kinetic ¢energy or head, and
2g
z = datum (cor elevation) energy or head.
S. Euler’s equation for motion is given as:
d
Loy 2.dz=0

P
6. Bernoulli's equation for real fluid is given as:

. differential form

r2 -2
L]

—P—I+ +:,=‘D3+I#:—:—:T+f3,-
weo 2g 0 w2y 5
where, %, = loss of energy between sections 1 and 2.
7. Practical applications of Bernoulii's equation are;
(7} Venturtmeter;
(7v)  Pitot tube.
In case of a venturimerer.the actual discharge (@} s glven as:
A A
*«."!'4 oA :
€, = Co-efficient of discharge (varics betwsen (.96 1o 0989,
A, = Area at inlet,

{if) Orificemeter: tiir) Rorwometer and elbow meter

A 1",". Eglérl?

Qﬂ'l‘."r. = Cfa'l X

where,

-’4: = Area at outlet, and

# = Difference of pressure head at sections 1 and 2.

8. Free liquid jet:

A Jet of liquid from the nozzle in atmosphere is called a free ifguid jei. The parabolic
fraversed by the liquid jet under the action of gravity is known as trajectan:
(i) Equation of the jet:

_:

a a
gx’sec” o

1
207"
Y, ¥ = Co-ordinates of anv peint on jet with respect to the nozzle,

v =xtand —

where,

U= Velocity of the jet of water 1ssutng form the nozele, and

8 = Inclination of the jet issuine from ngzzie with horizonral,
J 2

- . . | O Panta
(i7)  Maximum height attained by the jet = ;m
g
: | 2t/ 5ind
(iti) Time of flight, 7 = U sin
g r '
(iv) Time taken to reach the highest point; 7' = Usinb
, g
{7 s1in 28

{v) Hortzontal range of'the jet, ¥ =

&

U2
2

2g
(The range will be maximum when 8 = 45%)

(vi} Maximum range, *,,. =

where,

Fall of lig

— For a forcd

~— In case of §

1 ,

7

———
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Volume of air before rotation = volume of air after rotation.

— It a closed cylindrical vessel completely filled with water is rotated about its vertical
axis, the total pressure force acting on the top and bottom are:

=2

F w’nR*

tap

and bottom = £ op T WEIEHU Of water in cylinder
= o 2 x
Flop T WXTR % H
where, w = angular velocity

K = radius of the vessel,
H = height of the vessel, and

|

A

bal

p = density of fluid (
g

\
Free vortex flow:
When no external torque is required to rotate the fluid mass, type of flow is called free
vortex tlow. In case of free vortex flow:

v X p=constant (£}
2 2
1 - ¥
Py 28 pg 2g

Choose the Correct Answer:

1. Velocity head 1s given by 4. Euler’s equation {in differential form) is written
% 12 as:
(cr) (&)
g 2g (a) d—P+v"’.du+g.a’z=D
I ” 2 P
(c) 5 ) :
2g 2g _ (b) d—‘ﬂ-+va’v+gdz=ﬂ
1. Bemoulli’s equation, mathematically is written as # |
s ﬂrp
fa) £+L+z=cﬂnstant () —+F-f?'1*'+§2-dz=ﬂ
W 2g P
s2 )
(b} =+ + z = constant ) ~F+vdvigdz=0
weo 2g P
2 ' 5. In which of the following measuring devices
{c) £y -— + z = constant Bernoull’s equation is used:
1: “gﬂ_ (2) Venturimeter (b3 Orificemeter
{d} -E._ + — 4+ z = constant {E‘} Pitot tube {:if} All the above.
owoeg _ | 1 6. The co-¢fficient of discharge of an orificemeter
3. Which of the following assumptions is made in is ... that of a venturimeter.
the derivation of Bernoulli’s equation? (@) equal to (6) much smaller than
{a} The liquid is ideal and incompressible © n:lua:h ore than (d}l 2y of these
&) The flow is steady and continuous ;
(©) o F . e 7. Which of the following equations is known as
(cy The flow 1s one-dimensional : momentum principle:
{d} The velocity is uniform over the section and ; |
15 equal to mean velocity (@) F- di{m v} by F= v
(e} All of the above. dt dt

).

{5)
(c)
@) &
The .'
-.

I'Ep -
head

10.

Efﬁﬂai f _

total e
this quam:
(a)
(&)
ic)
(d)
A venhas :-
{ﬂ] e 3 ]
(b toral §
The coHl T
lies withag
(@) 0.95 ]
() 0.7 0¥
A Pitot-iutll/
fa) wve il
() flow ra

] -

D,

“Fhﬂ‘n a3 F r !
stred that e _-

g




