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Fluid Kinematics:
» Streamline, Path line and streak lines and stream tubes,
» Classification of flows ideal fluid and real fluid
» Steady and unsteady flows, Uniform and non-uniform flows, Laminar

and turbulent flows, Rotational and irrotational flows,

» Equation of continuity for one-dimensional flows.
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T 8 ADITYA ENGINEERING COLLEGE (A)
.+ 4 = Kinematics of fluid describes the fluid motion and its consequences without consideration of the

nature of forces causing the motion or Eluid kinematics is a field of physics and mechanics

concerned with the movement of fluids. Fluids tend to flow easily, which causes a net motion of
molecules from one point in space to another point as a function of time.

Fluid kinematics deals with describing the motion of fluids without necessarily considering the forces
and moments that cause the motion. Fluid kinematics is a term from fluid mechanics, usually referring
to a mere mathematical description or specification of a flow field, divorced from any account of the
forces and conditions that might actually create such a flow. The term fluids includes liquids or gases,
but also may refer to materials that behave with fluid-like properties, including crowds of people or
large numbers of grains if those are describable approximately under the continuum hypothesis as
used in continuum mechanics.

Fluid Flow Concepts

» Analysis Approaches

 Lagrangian vs. Eulerian
 Descriptions of:

« fluid motion

* fluid flows

 temporal and spatial classifications
* Moving from a system to a control volume

* Reynolds Transport Theorem o eSO
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59 v In fluid dynamics, fluid kinematics is the study of how fluids flow and how to describe fluid

motion. From a fundamental point of view, there are two distinct ways to describe motion.
v The first and most familiar method is the one you learned in high school phy3|cs class-to follow
the path of individual objects.

v We have seen experiments, in which a ball on a pool table or a puck on an air ' :
hockey table collides with another ball or puck or with the wall. Newton’s laws «
are used to describe the motion of such objects, and can accurately predict
where they go and how momentum and Kinetic energy are exchanged from one »
object to another. The kinematics involves keeping track of the position vector | =
of each object, and the velocity vector of each object, as functions of time.
When this method is applied to a flowing fluid, we call it the Lagrangian
description of fluid motion.

v This method of describing motion is much more difficult for fluids than for
billiard balls! We cannot easily define and identify particles of fluid as they
move around. A fluid is a continuum (from a macroscopic point of view),
Interactions between parcels of fluid are not as easy to describe as are
interactions between distinct objects like billiard balls or air hockey pucks. L
Furthermore, the fluid parcels continually deform as they move in the flow.
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v" Travel with the flow and observe what happens around you.

ADITYA ENGINEERING COLLEGE (A)

v" This describes fluid flow tracks the position and velocity of individual particles.

» Method of description that follows the particle is referred to as the Lagrangian method of description. In
Lagrangian approach we analyze a fluid flow by assuming the fluid to be composed of a very large number of

particles whose motion must be described.

» ldentify (or label) a material of the fluid; track (or follow) it as it moves, and monitor change in its properties.
The properties may be velocity, temperature, density, mass, or concentration, etc in the flow field.

Eulerian Method

v In the Eulerian description of fluid flow, a finite volume called a flow
domain or control volume is defined, through which fluid flows in and
out. We do not need to keep track of the position and velocity of a
mass of fluid particles of fixed identity.
v’ Instead, we define field variables, functions of space and time, within the
control volume. For example, the pressure field is a scalar field variable ;
for general unsteady three-dimensional fluid flow in Cartesian coordinates
Pressure field P=Pkxvyzl («
We define the velocity field as a vector field variable in similar fashion
Velocity field: V=Vy.z (
Likewise, the acceleration field is also a vector field variable,
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> Eulerian: Sit and observe a fixed area from a fixed point

ADITYA ENGINEERING COLLEGE (A)

» The flow quantities, like B, p, T, @ are described as a function of space THE VELOCITY FIELD

and time without referring to any individual identity of the fluid \

> In control volume analyses, it is convenient to use the field, or| =Y-=FIAN MO
Eulerian, method of description, which focuses attention on the - _. . Moving with Fluid
properties of a flow at a given point in space as a function of time. In B V] s o
the Eulerian method of description, the properties of a flow field are o w o o)

described as functions of space coordinates and time.

> ldentify (or label) a certain fixed location in the flow field and follow
change in its property, as different materials pass through that
location. In such case, the following property, say temperature is
recorded by the sensor.

Descriptions of Fluid Motion
» Streamline

“:—;: v' Has the direction of the velocity vector at each point
“_";_f"f':: v No flow across the streamline
_ ? v' Steady flow streamlines are fixed in space
‘J v" Unsteady flow streamlines move
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> Path I i ne Generation point

. Velocity vector
v’ path of a particle \
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v same as streamline for steady flow

> Streakline

v’ tracer injected continuously into a flow
v same as pathline and streamline for steady flow

.
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Fluid particle

© ©

Trajectory of a fluid

| Streakline

r m I i n Line connecting velocity Line connecting a particie
vectors smoothly generated from a position

¢ Streamline: A line in the fluid whose tangent is parallel to at a given
Instant t. these are imaginary lines.

» A streamline is a line that is everywhere tangent to the velocity field —
dy/dx=v/u (governing equation).

» Streamlines are defined as the path taken by particles of a fluid under
steady flow conditions. If we represent the flow lines as curves, then the
tangent at any point on the curve gives the direction of fluid velocity at that

point.
» Streamlines are a family of curves that are instantaneously tangent to the
velocity vector of the flow. These show the direction in which a massless

fluid element will travel at any point in time
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¢85 v Streamline flow in fluids is defined as the flow in which the fluids flow in para elf ayers suc ﬁw%t)

there is no disruption or intermixing of the layers and at a given point, the velocity of each fluid

particle passing by remains constant with time.

v Here, at low fluid velocities, there are no turbulent velocity fluctuations and the fluid tends to flow
without lateral mixing. Here, the motion of particles of the fluid follows a particular order with
respect to the particles moving in a straight line parallel to the wall of the pipe such that the adjacent
layers slide past each other like playing cards.

> A stream tube consists of a bundle of streamlines, much like a communications Srw:lm;_//;@l
cable consists of a bundle of fiber-optic cables. Since streamlines are everywhere P
parallel to the local velocity, fluid cannot cross a streamline by definition. By = :__—/;:///f&’/
extension, fluid within a stream tube must remain there and cannot cross the [~ _/
boundary of the stream tube. < Sucamtobe

» You must keep in mind that both streamlines and stream tubes are instantaneous
quantities, defined at a particular instant in time according to the velocity field at
that instant. In an unsteady flow, the streamline pattern may change significantly
with time.

» There is no flow normal to it. Sometimes, as shown in Fig. we pull out a bundle of
streamlines from inside of a general flow for analysis. Such a bundle is called
stream tube and is very useful in analysing flows.

» The fluid mass bounded by group of streamlines, ex. pipe
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Pathlines

v Apathline is the actual path travelled by an individual fluid particle over some time period.
v Apathline is the line traced out by a given particle as it flows
v Apathline follows the movement of a single fluid particle.
v The path followed by a fluid particle in motion.
» Pathlines are the easiest of the flow patterns to understand. A pathline is a Lagrangian concept in that we
simply follow the path of an individual fluid particle as it moves around in the flow field.
» A modern experimental technique called particle image velocimetry (PIV) utilizes particle pathlines to

measure the velocity field over an entire plane in a flow.
» Pathlines can also be calculated numerically for a known velocity field.

. e -~
Fluid particle at some ¢
intermediate time

I —_ 7/ Fluid particle at
Streaklines e P

7/ AN
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v A streakline is the locus of fluid particles that have passed sequentially | riuiaparticie at

through a prescribed point in the flow. Lo
v' Streaklines are the most common flow pattern generated in a physical

experiment. If you insert a small tube into a flow and introduce a

continuous stream of tracer fluid (dye in a water flow or smoke in an

airflow), the observed pattern is a streakline.

23-10-2022 Dr. Pritam Kumar Das



v" A streakline consists of all particles in a flow that have previously
passed through a common point

v' Streaklines are the loci of points of all the fluid particles that have
passed continuously through a particular spatial point in the past.
Dye steadily injected into the fluid at a fixed point extends along a
streakline.

v If colored dye was continuously injected at a fixed location, it
would leave a streakline.

v A line created by a particles in a flow that have previously passed
through a point.

I f flui

Steady and Unsteady Flow.

Uniform and Non-Uniform Flow.
Laminar and Turbulent Flow.
Compressible and Incompressible Flow.
Rotational and Irrotational Flow.

One, Two and Three -dimensional Flow.

flow:

CO0O000
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l Dyve or smoke
Injected NMuid particle 1
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Steady and Unsteady Flow

» A flow that is not a function of time is called steady
flow. Steady-state flow refers to the condition where
the fluid properties at a point in the system do not
change over time.

» Time dependent flow is known as unsteady (also
called transient).

10
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(5.7
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where (x,, vg, Zp) 18 a fixed point in fluid field.
Unsteady flow is that type of flow, in which the velocity, pressure or density at a point changes with
respect to time. Thus, mathematically, for unsteady flow

(5o (3.,
v ¥+ O, | 5 # U etc.
a, Loe yo' <y at X )'0.:.0

5.3.2 Uniform and Non-uniform Flows. Uniform flow is defined as that type of flow in » Uniform flow: It is the flow in x
which the velocity at any given time does not change with respect to space (i.e., length of direction of ~ which conditions of flow ) v
the flow). Mathematically, for uniform flow remaj"f constant from section
to section.
(a—VJ =() » e.g., Constant discharge though Lengitidinal aection
LA A — a constant diameter pipe v _ 0=V Gl
where 9@V = Change of velocity dx
ds = Length of flow in the direction S.
Non-uniform flow is that type of flow in which the velocity at any given time changes with respect , Non-uniform flow: It is the
to space. Thus, mathematically, for non-uniform flow flow in which conditions of flow
v does not remain constant from —) v
(—) #0. section to section.
95 /1 = consam » e.g, Constant discharge through Longitudinal Section =
variable diameter pipe 3_V SO mvariibl
“a X
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Laminar flow
fluid moves along smooth paths

5.3.3 Laminar and Turbulent Flows.

viscosity damps any tendency to swirl or mix

Turbulent flow

fluid moves in very irregular paths

efficient mixing
velocity at a point fluctuates

called the Reynold number,
where D = Diameter of pipe

V = Mean velocity of flow in pipe
v = Kinematic viscosity of fluid.

23-10-20

be laminar or turbulent.
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Laminar
Flow

Ffurbulent
Flow_
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Laminar flow is defined as that type of flow in which
the fluid particles move along well-defined paths or stream line and all the stream-lines are straight and
parallel. Thus the particles move in laminas or layers gliding smoothly over the adjacent layer. This
type of flow is also called stream-line flow or viscous flow.

Turbulent flow is that type of flow in which the fluid particles move in a zig-zag way. Due to the
movement of fluid particles in a zig-zag way, the eddies formation takes place which are responsible

for high energy loss. For a pipe flow, the type of flow is determined by a non-dimensional numberQ

Vv

If the Reynold number is less than 2000, the flow is called laminar. If the Reynold number is more
than 4000, it is called turbulent flow. If the Reynold number lies between 2000 and 4000, the flow may

Dr. Pritam Kumar Das
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5.3.4 Compressible and Incompressible Flows. Compressible flow is that type of flow in EGE (A)
E A A 3| which the density of the fluid changes from point to point or in other words the density (p) is not
semmmmms| onstant for the fluid. Thus, mathematically, for compressible flow
p # Constant
Incompressible flow is that type of flow in which the density is constant for the fluid flow. Liquids
are generally incompressible while gases are compressible. Mathematically, for incompressible flow

p = Constant.

» Incompressible fluid flows assumes the fluid have constant density
while in compressible fluid flows density is variable and becomes

Rotational & Irrotational Flows:- function of temperature and pressure.

«*Rotational Flow :-

»In which the fluid particles while P, P, P,
flowing along stream lines, Also rotate 5

about their own axis.

** Irrotational Flow:- '

Flow is irrotational here
Incompressible fluid Compressible fluid

»In which the fluid particles while
flowing along stream lines, do not
rotate about their own axis.

5.3.5 Rotational and Irrotational Flows. Rotational flow is that type of flow in which the
fluid particles while flowing along stream-lines, also rotate about their own axis. And if the fluid
particles while flowing along stream-lines, do not rotate about their own axis then that type of flow is

called irrotational flow.

23-10-2022 Dr. Pritam Kumar Das 13



v’ Rotational Flows :-

( - _J-/\—%‘l ’-:.’::\:\:
+* The flow in which fuid particle while flowing :,::-:-i\\t\
along stream lines rotate about theirown axisis ~ :/\\\"}, J }
called as rotational flow. :_:,:‘:::;;.4 f '
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+* Irrotational Flows:-

+* The flow in which the fluid particle while
flowing along stream lines do not rotate about
their axis is called as irrotational flow.

5.3.6 One-, Two- and Three-Dimensional Flows. One-dimensional flow is that type of
flow in which the flow parameter such as velocity is a function of time and one space co-ordinate only,
say x. For a steady one-dimensional flow, the velocity is a function of one-space-co-ordinate only. The
variation of velocities in other two mutually perpendicular directions is assumed negligible. Hence
mathematically, for one-dimensional flow

u=fix),v=0and w=0
where u, v and w are velocity components in x, y and z directions respectively.

Two-dimensional flow is that type of flow in which the velocity is a function of time and two
rectangular space co-ordinates say x and y. For a steady two-dimensional flow the velocity is a function
of two space co-ordinates only. The variation of velocity in the third direction is negligible. Thus,
mathematically for two-dimensional flow

u=fi(x,y),v=Lylx,y) and w=0.

Three-dimensional flow is that type of flow in which the velocity is a function of time and three
mutually perpendicular directions. But for a steady three-dimensional flow the fluid parameters are
functions of three space co-ordinates (x, y and z) only. Thus, mathematically, for three-dimensional
flow

23-10-2022 u =fl(x’ ¥s 2 V=[x, ¥, 2) and w = fi(x, y, 2). Dr. Pritam Kumar Das

v Flow is three-dimensional if the flow

» Flow is two-dimensional if it can be
assumed that the flow parameters
vary in the direction of flow and in
one direction at right angles to this
direction
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Two-dimensional flow over a weir

parameters vary in all three directions

of flow

14 Three-dimensional flow in 2dilling basin



Rate of Flow or Discharge (Q) ADITYA ENGINEERING COLLEGE (A)

It is defined as the quantity of a fluid flowing per second through a section of a pipe or a channel.

FFor an incompressible fluid (or liquid) the rate of flow or discharge is expressed as the volume of fluid
flowing across the section per second. For compressible fluids, the rate of flow is usually expressed as
the weight of fluid flowing across the section. Thus
(#) For liquids the units of Q are m’/s or litres/s
(i1) For gases the units of  is kgf/s or Newton/s
Consider a liquid flowing through a pipe in which
A = Cross-sectional area of pipe
V = Average velocity of fluid across the section
Then discharge Q=AXV. oiroL)

Continuity Equation

» The continuity equation describes the transport of some quantity. It is particularly simple and powerful when

applied to a conserved quantity, but it can be generalized to apply to any extensive guantity.

» Since mass, energy, momentum, electric charge and other natural quantities are conserved under their respective

appropriate conditions, a variety of physical phenomena may be described using continuity equations.

» Continuity equations are a stronger local form of conservation laws.

23-10-2022 Dr. Pritam Kumar Das 15
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The equation based on the principle of conservation of mass is called continuity equation. Thus for

a fluid flowing through the pipe at all the cross-section, the quantity of fluid per second is constant.
Consider two cross-sections of a pipe as shown in Fig. 5.1,

Let V| = Average velocity at cross-section 1-1
p, = Density at section 1-1
A, = Area of pipe at section 1-1

and V,, p,, A, are corresponding values at section, 2-2. ® 3
Then rate of flow at section 1-1= pA,V, | ’
Rate of flow at section 2-2 = p,A,V, DIRECTION™ | s |

According to law of conservation of mass OF FLOW
Rate of flow at section 1-1 = Rate of flow at section 2-2 7’”’&”””’»”»’”%
or PA,V, = prA,V, (5:2) é)

Equation (5.2) is applicable to the compressible as well as incom- Fig. 5.1 Fluid flowing through
pressible fluids and is called Continuity Equation. If the fluid is in- a pipe.
compressible, then p, = p, and continuity equation (5.2) reduces to

A|V| =A2V2 --.(5.3)

23-10-2022 Dr. Pritam Kumar Das 16



", ADITYA ENGINEERING COLLEGE (A)
3 Problem 5.1 The diameters of a pipe at the sections | and 2 are 10 cm and 15 cm respectively. Find

the discharge through the pipe if the velocity of water flowing through the pipe at section 1| is
5 m/s. Determine also the velocity at section 2.
Solution. Given :

@
At section 1, Di=10cm=0.1 m D
e &
T ) [ ]

A= (D)= (.1)* = 0.007854 m* ___ |p=10cm 'D,~15cm

At section 2 g' f mel& = (.15 %w‘xk\
section Z, 5 = cm =010 m V,= 5m/sec
A, =§- (.15)> = 0.01767 m> Fig. 5.2

(7) Discharge through pipe is given by equation (5.1)
or Q=A, xV,
= 0.007854 x 5 = 0.03927 m’/s. Ans.
Using equation (5.3), we have AV, = A,V,
_AY, 0007854

D) - V, =
(9 2T A, 001767

% 5.0 = 2.22 m/s. Ans.

23-10-2022 Dr. Pritam Kumar Das 17
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Problem 5.2 A 30 ¢m diameter pipe, conveying water, branches into two pipes of diameters
20 cm and 15 cm respectively. If the average velocity in the 30 cm diameter pipe is 2.5 m/s, find the

discharge in this pipe. Also determine the velocity in 15 cm pipe if the average velocity in 20 cm
diameter pipe is 2 m/s.

D, =30cm =030 m

A==D}2= % x 32 = 0.07068 m

4 Vy=25m/sec
V,=2.5m/s D, =30cm
D, =20cm=0.20 m Find (i) Discharge in pipe 1 or Q, @®

(ii) Velocity in pipe of dia. 15 cm or V,

A, =—- (. 2) —Z x 4 = 0.0314 m’, Let Q,, O, and Q, are discharges in pipe 1, 2 and 3 respectively.

V,= 2 m/s Then according to continuity equation
D3=15cm=015m Q=02+ 0
5 (i) The discharge Q, in pipe 1 is given by
A3=— ( 15)° -; x 0.225 = 0.01767 m" 0, = AV, = 0.07068 x 2.5 m*s = 0.1767 m's. Ans.

(7ii) Value of V,
0, = A,V, = 0.0314 x 2.0 = 0.0628 m’/s
Substituting the values of O, and Q, in equation (1)
0.1767 = 0.0628 + Q,

o 0, = 0.1767 - 0.0628 = 0.1139 m?/s
But Qy=A, x V,= 001767 x V; or 0.1139 = 0.01767 x V,

0.1139

0.01767

23-10-2022 Dr. Pritam Kum&/pas = 6.44 m/s. Ans. 18




Diameter of pipe
Then flow rate through

CE — DCE
cD= 03

CE=Q-0Q3= %
() Now volume flow rate through AB = Q = V,, X Area of AB
-30x—-(DAB) =30x 2

and flow rate through

(ii) Applying continuity equation to pipe AB and pipe BC,
Vg X Area of pipe AB = V. X Area of pipe BC

or 3.0 X2 (Dyp) = Vge X= (Dpc)
4 4
or 3.0 x (1.2)* = Vg % (1.5)?
or Vic A5 17 = 1.92 m/s. Ans.
(iii) The flow rate through pipe
CD=Q,= % = i'?’;—”’ = 1.131 m’/s

or 1.131 = Vg x% x 0.8 = 0.5026 V,
1131
Vep =——o— = 2.25 m/s. Ans.
005026 SEe

(1 2)% = 3.393 m’/s. Ans.

0, = Ve % Area of pipe CD x% (Dep):

[Divide by 5]
4

or

or

23-10-2022
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Problem 5.3 Water flows through a pipe AB 1.2 m diameter at 3 m/s and then passes through a ENGINEERING COLLEGE (A)
pipe BC 1.5 m diameter. At C, the pipe branches. Branch CD is 0.8 m in diameter and carries one-
third of the flow in AB. The flow velocity in branch CE is 2.5 m/s. Find the volume rate of flow in
AB, the velocity in BC, the velocity in CD and the diameter of CE.

Diameter of pipe AB,

Dia. of pipe BC,

Dia. of branched pipe CD,
Velocity of flow in pipe CE,
Let the flow rate in pipe
Velocity of flow in pipe
Velocity of flow in pipe

Velocity of flow through AB,

Dsp=12m
Vig = 3.0 m/s
Dge=15m
D p=08m
Vep = 2.5 mfs
AB= Q0 m’/s
BC = Vg m/s
CD = Vg, m/s

©
/ D
Q4

g

A B,
¥ t
1.2m 15m
e 4
VAB= 3misec

(iv) Flow rate through CE,

Q: =0 - Q| -
Q2 = VCE X Area of pipc CE = VCE% (DC£)2

3.393 — 1.131 = 2.262 m°/s

2263=25 x—} X (Deg)’

2.263 x4

CE=

=yL152 = 1.0735 m

Diameter of pipe CE = 1.0735 m. Ans. 19
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Problem 5.4 A 25 cm diameter pipe carries oil of sp. gr. 0.9 at a velocity of 3 m/s. At another .

section the diameter is 20 cm. Find the velocity at this section and also mass rate of flow of oil.

Solution. Given :
at section 1, D, =25cm=025m

A| =£ D.z =£ X 0.252 = 0.049 m3
4 E
at section 2, D,=20cm=02m
A, =% (0.2)* = 0.0314 m*

Vz = ?
Mass rate of flow of oil = ?
Applying continuity equation at sections 1 and 2,

or 0.049 x 3.0 = 0.0314 x V,
o= SO XD - e,
= 0.0314
Mass rate of flow of oil = Mass density x Q=p x A, X V,
Sp. gr. of oil O il
Density of water
Density of oil = Sp. gr. of oil X Density of water
= 0.9 X 1000 kg/m® = 220 K8
m

23-10-2022 s Mass rate of flow = 900 . 0:049 x-dlke/s = 132.23 kg/s. Ans. 20



above the nozzle, if the velocity with

Dia. of nozzle, D, =25 mm = 0.025 m
Vi=12 m/s

Height of point A, =45 m

Let the velocity of the jet at a height 4.5 m =V,

Consider the vertical motion of the jet from the outlet of the
nozzle to the point A (neglecting any loss of energy).

Velocity of jet at nozzle,

Initial velocity, u=V, =12 m/s
Final velocity, V=1V,
Value of g=-9.81m/s’and h=4.5m
Using, Vi-ul= 2gh, we get
- 122=2x%(-9.81) X 4.5
23-10-2022
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% Problem 5.5 A jet of water from a 25 mm diameter nozzle is directed vertically upwards. Assuming
that the jet remains circular and neglecting any loss of energy, that will be the diameter at a point 4.5 m

which the jet leaves the nozzle is 12 m/s. Ar
JET OF‘\ '
WATER /' l

T

45m

DIA =25 mm,

NOZZLE

Vy =412% = 2% 9.81x 4.5 = /144 - 8829 = 7.46 m/s
Now applying continuity equation to the outlet of nozzle and at point A,
we get
AV, =AYV,
T 2
. 25)> x12
or i A _ Zx(0023) X12 _ ;6007896
v, v, 4 x746
Let D, = Diameter of jet at point A.

0.0007896 x 4

Das

=0.0317 m = 31.7 mm. Ans.

. Dr. Prltam% J
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Reynolds Transport Theorem

» Reynolds transport theorem (RTT) expresses the relationship between the rate of change of extensive
property of a system and for control volume. The main purpose of the RTT is to provide the link between the
system and control volume.

» An analytical tool to shift from describing the laws governing fluid motion using the system concept to using the
control volume concept. A moving system flows through the fixed control volume, The moving system
transports extensive properties across the control volume surfaces.

v System: A collection of matter of fixed identity. | r——
Always the same atoms or fluid particles
A specific, identifiable quantity of matter

v' Control Wlume (CV): A volume in space

through which fluid may flow.

Energy Out

No Maszs
transfer

A geometric entity Y Sl oot | Energy In
Independent of mass Open system Closed system

Boundary System Control Volume

Energy in —— e Some fluid property of fluid e Volume occupying a space and have a
el described in space. shape.
Control Volume e Separated from its surroundings e Volume consists of surfaces called
System. by boundaries. control surfaces.
suroundings | ¢ The particles inside the system e The fluid particles inside will
23-10-20Mass in Energy out will be same threnghout. pas continuously change. 22
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 topk the duster in solid mechanics, we called this duster as a system. You were able to directly apply the

—prmnciples of conservation of mass, linear momentum, etc. directly on the system to interpret the mechanics.

For the duster, as its mass is constant and the particles inside are same, the above conservation principle were

easy to apply.

However, in fluid mechanics, it is difficult to analyze a system (or volume) from fluid by considering or
tracking the same particle. So, in fluids we assumed a definite volume in space that forms the required
environment and we can apply mechanics principles on the volume. Such volumes are called control volumes.
To analyze control volume, we need to convert the mechanics principles that were applicable to a system to the

form of control volume.

If you take a control volume of a liquid, where it is flowing, you can visualize that a fluid system that was
Initially occupying the control volume will be replaced by another fluid system at the next instant (i.e., the fluid
particles are changing). To convert the systems analysis conservation concept to a control volume conservation
concept, we need to appropriately relate, conceptually as well as mathematically, both of them.

v' An extensive property is a property that depends on
the amount of matter in a sample. Mass, length, and
volume are examples of extensive properties.

v' An intensive property is a property of matter that
depends only on the type of matter in a sample and not
on the amount. Ex: color, taste, and melting point.

° 4 |

P l =

Intensive Properties

Color Temperature Luster

Extensive Properties

| -

Mass Size Weight
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-)— v ‘ R
Ky

f ,,@"T%% 1. Conservation of mass: S =0
) t
2. Conservation of linear momentum: F =ma = m— —(mV)
dH v" Conservation of mass (for all species)
3. Conservation of angular momentum: M=— .
— dt v'Newton’s 2nd law of motion (momentum)
JE v First law of thermodynamics (energy)
4. Conservation of Energy: e =Q-W
t

& - A
» According to the law of conservation of mass, the mass of the products in !« == & - e P

a chemical reaction must equal the mass of the reactants. The law of | o

. . . CH, 20, co; 2H,0
conservation of mass is useful for a number of calculations and can be | sesas ey Carbon dicnide "
used to solve for unknown masses, such the amount of gas consumed or | —— ——

goyg Sog

produced during a reaction.

» The law of conservation of mass indicates that mass cannot be created
nor destroyed. This means the total mass of reactants in a chemical
reaction will equal the total mass of the products.

Reaciants Mass Products Mass

23-10-2022 Dr. Pritam Kumar Das 24



of the object. The conservation of momentum states that, within some problem
domain, the amount of momentum remains constant; momentum is neither
created nor destroyed, but only changed through the action of forces as
described by Newton's laws of motion.

Dealing with momentum is more difficult than dealing with mass and energy
because momentum is a vector quantity having both a magnitude and a
direction. Momentum is conserved in all three physical directions at the same
time. It is even more difficult when dealing with a gas because forces in one
direction can affect the momentum in another direction because of the
collisions of many molecules. On this slide, we will present a very, very
simplified flow problem where properties only change in one direction.

The problem is further simplified by considering a steady flow which does not
change with time and by limiting the forces to only those associated with the
pressure. Be aware that real flow problems are much more complex than this
simple example.

Newton's second law of motion states that the rate of change of a body's
momentum is equal to the net force acting on it.

23-10-2022 Dr. Pritam Kumar Das
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Before Collision

m,

After Collision

25
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Law of conservation of eneragy states that the total energy of an isolated system
remains constant; it is said to be conserved over time. This law, means that energy

can neither be created nor destroyed; rather, it can only be transformed or

transferred from one form to another.
» Conservation of energy applies only to isolated systems. A ball

rolling across a rough floor will not obey the law of o
conservation of energy because it is not isolated from the e o, 5
floor. The floor is, in fact, doing work on the ball through \\(mﬁ)‘ = l
friction. However, if we consider the ball and floor together, L W ¢ /|

then conservation of energy will apply. We would normally /(degg‘:;;;/ \\r\

call this combination the ball-floor system. Mousains Hesuc

UT:Ui+W+Q

e Ur is the total internal energy of a system.

« U, is the initial internal energy of a system.

« W is the work done by or on the system.

» @ is the heat added to, or removed from, the system.

It is also possible to determine the change in internal energy of the system using the equation: AU = W + ¢

23-10-2022 Dr. Pritam Kumar Das 26
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Fluid Dynamics

» Various forces acting on a fluid element- Euler’s and Bernoulli’s
equation for flow along a stream line

» Momentum equation and its applications for pipe bend problem

23-10-2022 Dr. Pritam Kumar Das 27



i
e
F 7 o '.\' ‘

Dynamics of Fluid Flow ADITYA ENGINEERING COLLEGE (A)

fADITY /it In the previous chapter, we studied the velocity and acceleration at a point in a fluid flow, without

taking into consideration the forces causing the flow. This chapter includes the study of forces causing

fluid flow. Thus dynamics of fluid flow is the study of fluid motion with the forces causing flow. The
dynamic behaviour of the fluid flow is analysed by the Newton’s second law of motion, which relates
the acceleration with the forces. The fluid is assumed to be incompressible and non-viscous.

EQUATIONS OF MOTION

23-10-2022

According to Newton’s second law of motion, the net force F, acting on a fluid element in the
direction of x is equal to mass m of the fluid element multiplied by the acceleration a, in the x-direction.
Thus mathematically,

F.=m.a, ..(6.1)

In the fluid flow, the following forces are present :

(i) F,, gravity force.
(if) F,, the pressure force.
(iii) F,, force due to viscosity.
(iv) F, force due to turbulence.
(v) F_, force due to compressibility.
Thus in equation (6.1), the net force
F.( = (Fg).r : % (Fp).t + (Fv).t + (FI).r + (Fc).t'
(i) If the force due to compressibility, F. is negligible, the resulting net force
F.t = (Fg).r : (Fp).t + (Fv).t + (Fr).t
and equation of motions are called Reynold’s equations of motion.
(i) For flow, where (F)) is negligible, the resulting equations of motion are known as
Navier-Stokes Equation.
(7ii) If the flow is assumed to be ideal, viscous force (F,) is zero and equation of motions are

known as Euler’s equation of mofion. ™" " )8
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EULER’'S EQUATION OF MOTION
This is equation of motion in which the forces due to gravity and pressure are taken into considera-
tion. This is derived by considering the motion of a fluid element along a stream-line as :

Consider a stream-line in which flow is taking place in s-direction as shown in Fig. 6.1. Consider a
cylindrical element of cross-section dA and length ds. The forces acting on the cylindrical element are:

1. Pressure force pdA in the direction of flow.
J
2. Pressure force ( p+ sp- ds) dA opposite to the direction of flow.
s

3. Weight of element pgdAds.
Let O is the angle between the direction of flow and the line of action of the weight of element.

The resultant force on the fluid element in the direction of 5 must be equal to the mass of fluid

element x acceleration in the direction s.

ap S
pdA- | p+ £ ds | dA — pgdAds cos 6
s
= pdAds X a, (62) . dp o VOV
where a, is the acceleration in the direction of s. Dividing by pdsdA, - —p 3 ~gcosB= —as
Now a, = ii—v-. where v is a function of s and . J dv
T odt P LA
or —— +gcosB+v =0
ovds dv vdv odv { ds } Pas as
=——t—=—4 — A et
ds dt dt ds ot dt ¥ - dz
3 / But from Fig. 6.1 (b), we have cos 6 = —
If the flow is steady, 3 = ¢ ds
| d dz vdv d,
vav = AP g—+—=0 or —p+gdz+vdv=0
Gy p ds ds ds
s
Substituting the value of a, in equation (6.2) and simplify- dp
ing the equation, we get s or — 4+ gdz +vdv=0
92 dsdA — pg dAds cos 8 = pdAds x L ) ® Equation (6.3) is known as Euler’s ation of motio
ds 5 g as Fig. 6.1 Forces on a fluid element. qu n (6.3) is known Mier & equanon o
Dr. Pritam Kumar Das 29
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» 6.4 BERNOULLI'S EQUATION FROM EULER’S EQUATION

Bernoulli’s equation is obtained by integrating the Euler’s equation of motion (6.3) as
J.d—p + J gdz + Ivdv = constant
p

If flow is incompressible, p is constant and
2

p y
—+ g7+ 3 = constant
or s z+ 2 = constant
pg 2g
or o AP Z = constant .(6.4)
pg  2¢
Equation (6.4) is a Bernoulli’s equation in which
L - pressure energy per unit weight of fluid or pressure head.
Pg

2 R . . . . .
v/2g = kinetic energy per unit weight or Kinetic head.
z = potential energy per unit weight or potential head.

» 6.5 ASSUMPTIONS

The following are the assumptions made in the derivation of Bernoulli’s equation :
(1) The fluid is ideal, i.e., viscosity is zero (i) The flow is steady

(ifi) The flow is incompressible o gv ) The flow is irrotational.

23-10-2022 ritam Kumar Das -
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Problem 6.1 Water is flowing through a pipe of 5 cm diameter under a pressure of 29.43 N/cm®
(gauge) and with mean velocity of 2.0 m/s. Find the total head or total energy per unit weight of the
water at a cross-section, which is 5 m above the datum line.

Solution. Given :

Diameter of pipe =5cm=05m
Pressure, p=2943 N/em?® = 29.43 x 10* N/m”
Velocity, v=2.0m/s
Datum head, Z=35m
Total head = pressure head + Kinetic head + datum head
4
Pressure head S suliclol =30m p for water = 1000 kg
Kinetic head o) XS o
2g 2x98lI
2
Total head =P Y 4 72304+0.204 +5 = 35.204 m. Ans.

pg  2g

23-10-2022 Dr. Pritam Kumar Das 31
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| Problem 6.2 A pipe, through which water is flowing, is having diameters, 20 cm and 10 cm at the

cross-sections I and 2 respectively. The velocity of water at section 1 is given 4.0 m/s. Find the velocity
head at sections | and 2 and also rate of discharge.
Solution. Given :

D,=20cm=02m @ @
i
Kires. Ay % Dz2= % (2'=00314m* |
D, =20cm C,=10cm
V,=4.0 m/s _'Jiv: = 40 m/sec -
Dz=0.| m /

Ay =T (1)? = .00785 m?
- 4 Fig. 6.2
(i) Velocity head at section |
2
— V‘ — ) = 0.815 m. Ans.
28 2x938l
(if) Velocity head at section 2 = V22/2g
To find V,, apply continuity equation at | and 2
AV, 0314
AVi=AVs o Va=—t1= x 4.0 = 16.0 m/s
e T A, 00785
2
Velocity head at section 2 = 2 IOy 83.047 m. Ans.
28 2x9381
(i1f) Rate of discharge =A,V, or AV,

=0.0314 x 4.0 = 0.1256 m%/s
23-10-2022 = 125.6 litres/s.PAms.Kumar Das {1 m®= 1000 litres} 32



Problem 6.4 The water is flowing through a p . ITYAENGINEERING COLLEGE (A)
: 5 ; "3
pipe having diameters 20 cm and 10 cm at sections | 29 N >
and 2 respectively. The rate of flow through pipe \}"‘f'
is 35 litres/s. The section | is 6 m above datum and -
section 2 is 4 m above datum. If the pressure at sec- r
tion | is 39.24 N/cm’, find the intensity of pressure G o5,
at section 2. Doy,
) 4am
At section 1, D;=20cm=0.2m - - B
4, 5 n (2)? = 0314 m? Applying Bernoulli’s equation at sections | and 2, we get
4 2 2
2 P | P Vs
Py =39.24 N/em —+2 +3 -—+'2—+Zz
= 39.24 x 10* N/m® Pg =8 Pg =8
z;=6.0m 4 2 2
At section 2, D,=0.10m it + (1114) +60 = L + (4430) +4.0
- 1000 x 981 2x981 1000 x9.81 2x938l]
A, == (0.1)> = .00785 m* 5
& 40 + 0.063 + 6.0 = ——— + 1.012 + 4.0
L =4m 9810
Py = ? p
15 46.063 = —2— + 5.012
Rate of flow, Q=35litls= —— =.035m’s 9810
1000
Now 0=AV,=4,V, P2 _ 46.063 - 5.012 = 41.051
0 035 9810
Vi===- =1.114m/s = 41.0% 2
it S
0 035 = 22270 Niem? = 40.27 N/em?. Ans.

d 23-10-2022 Vg = N = 00785 = 4.456 m/s Dr. Pritam Kumar Das 104 33
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| Problem 6.5 Water is flowing through a pipe having diameter 300 mm and 200 mm at the bottom

and upper end respectively. The intensity of pressure at the bottom end is 24.525 N/em® and the
pressure at the upper end is 9.81 Nfcm®. Determine the difference in datum head if the rate of flow
through pipe is 40 lit/s. A

Solution. Given : E: D, =200 mm
Section 1, D, =300mm=0.3m t Pz =9.81 N/icm

py = 24.525 N/em® = 24.525 x 10* N/m?
Section 2, D, =200mm=02m
pr=9.81 Nicm>=9.81 X 10* Nim? %2 @
) D, =300 mm 2
Rate of flow =40 livs T p, = 24 525 N/cm
40 I . ' -
% = Tooo — m’ DATUM LINE
Now A,V, = A,V, = rate of flow = 0.04 Fig. 6.4
Dl o0 DO s s
A gof %(03)2 Applying Bernoulli’s equation at sections (1) and (2), we get
=~ 0.566 m/ V2 Vs
e p’+—+z -&+—+z
V2 = 04 = 04 = 0.04 = 1.274 m/s P8 28 Pg 28
4 Zoy Zpoy 3
47 4 24.525x 10" 566 X .566 g = 28 x10° | (1.274) o
1000 x9.81 2 x9.81 "7 1000x9.81  2x9.81
or 254+ 3242, =10+ 1.623 + 2,

or 2532 +2,=11.623 + 2,
’ -2, =2532-11.623 = 13.697 = 13.70 m
23-10-2022 Dr. Pritam Kursar DdPifference in datum head =3z,-2z,=13.70 m. Ans. 31



N\, BERNOULLI'S EQUATION FOR REAL FLUID ADITYA ENGINEERING COLLEGE (A)
) The Bernoulli’s equation was derived on the assumption that fluid is inviscid (non-viscous) and
'zpmmnmmmﬁ

therefore frictionless. But all the real fluids are viscous and hence offer resistance to flow. Thus there
are always some losses in fluid flows and hence in the application of Bernoulli’s equation, these losses

have to be taken into consideration. Thus the Bernoulli’s equation for real fluids between points 1 and
2 is given as

Py, ¥ B B
el ="24+ +2,+ hy ..(6.5)
pg 2¢ pg 2g

where /i, is loss of energy between points 1 and 2.

Problem 6.7 A pipe of diameter 400 mm carries water at a velocity of 25 m/s. The pressures at the
points A and B are given as 29.43 N/cm® and 22.563 N/cm® respectively while the datum head at A and
B are 28 m and 30 m. Find the loss of head between A and B.

A d A RS A A A L] NEE VIR

Dia. of pipe, D = 400 mm = 0.4 m 4O «\:;Nc'«\
Velocity, V=25 m/s oo 2
2 : 5 ~ a0
At point A, s = 29.43 Nfem? = 29.43 x 10* N/m’ | o
3 =28m
vy,=v=25m/s
Zg
Pa vi z
= FA L A A
Total energy at A, E, 5 + 22 + 2, _L DATUM{LINE
2943x10* 25 Fl. 6%
= + + 28
1000 x9.81 2x9.8I
23-10-2022 Dr. Pritam Kumar Das 35
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At point B, pg = 22.563 N/em?® = 22.563 x 10* N/m?
ig = 30 m

vg=v=v,=25m/s

23-10-2022

Total energy at B,

By

22.563x10* 25°

ADITYA ENGINEERING COLLEGE (A)

= + +30=23+3185+30=8485m

1000 x9.81 2x981

Loss of energy =E, - Ez=89.85 - 84.85 = 5.0 m. Ans.

Solution. Discharge, Q =200 lit/s = 0.2 m”/s
Sp. gr. of oil = (.87
: kg
p for oil = .87 x 1000 = 870 —-

m

Given : At section A, D, =200 mm=0.2m

T 2 pLs -
Area, A, =— (D) =— (.2)
A= 4) y )

=0.0314 m*
P4 = 9.81 N/em?
=08l % In4 Nlmmr. Pritam Kumar Das

Problem 6.9 A pipeline carrying oil of specific gravity 0.87, changes in diameter from 200 mm
diameter at a position A to 500 mm diameter at a position B which is 4 metres at a higher level. If the
pressures at A and B are 9.81 N/em® and 5.886 N/em® respectively and the discharge is 200 litres/s
determine the loss of head and direction of flow.

1
&
»¢ o
%", o0
///Q,%

Qe 0
T

4m
A '
A I INE
o DATUM L.
= \;\0
or N
g.

36
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If datum line is passing through A, then

Z,=0
V=2 =22 __ 6369 mss
A, 00314
At section B, Dg =500 mm = 0.50 m

Area, A= % D= % (.5 =0.1963 m’

Py = 5.886 N/cm® = 5.886 x 10* N/m*

Zy=40m
Vg = ¢ o2 = 1.018 m/s
Area 1963

V2

Total energy at A
pg 28

4 2
— el + (6567) +0=11.49+2.067 = 13.557Tm
870 x9.81 2x981

2

=Ep= £§-+Z"—+ZB
pg 28

5886 x 10*  (1.018)°
= + +4.0=6.896 + 0.052 + 4.0 = 10.948
870 x9.81  2x981 m
(/) Direction of flow. As £, is more than Eg and hence flow is taking place from A to B. Ans.
(i7) Lossof head = hy = E, - Eg= 13.557 - 10.948 = 2.609 m. Ans.
37
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Total energy at B
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PRACTICAL APPLICATIONS OF BERNOULLI’'S EQUATION ADITYAENGINEERING COLLEGE (A)

Bernoulli’s equation is applied in all problems of incompressible fluid flow where energy consid-
erations are involved. But we shall consider its application to the following measuring devices :

1. Venturimeter.

2. Orifice meter.

3. Pitot-tube.

6.7.1 Venturimeter. A venturimeter is a device used for measuring the rate of a flow of a fluid
flowing through a pipe. It consists of three parts :
(i) A short converging part, (if) Throat, and (iii) Diverging part. It is based on the Principle of
Bernoulli’s equation.
Expression for rate of flow through venturimeter
Consider a venturimeter fitted in a horizontal pipe through which a fluid is flowing (say water), as
shown in Fig. 6.9.
Let d; = diameter at inlet or at section (1),
P, = pressure at section (1)
v, = velocity of fluid at section (1),

, Tt
a = area at section (1) = 2 dxz

%
and d,, Py, Vo, a, are corresponding values at section (2). RLET HERAT

Applying Bernoulli’s equation at sections (1) and (2), we get Rig. 59 Venturimeter

2 2
s BP RTRBNE L SR
pg  2g pg  2g

vs v
- " W [z . .|

P 2g pg 2g P8 2g 2g
23-10-2022 Dr. Pritam Kumar Das 38




But 222 i the difference of pressure heads at sections 1 and 2 and it is equal to h or Z2—£2 —
Pg Pg
Substituting this value of .l X in the above equation, we get
Pg
vi v
| g i O ..(6.6)
28 2g
Now applying continuity equation at sections | and 2
a'vl - 02‘)2 or Vl - —
@
Substituting this value of v, in equation (6.6)
2
a,v
26 28 28| 4| 28 4
2 02
or v, =2gh ——
ST
vy= [28h——y = e f3gh
T a; —a;
Discharge, Q= a,v,
we(6.7)

Equation (6.7) gives the discharge under ideal conditions and is called, theoretical discharge. Actual
discharge will be less than theoretical discharge.

0p = C, % _\[f_'f'____z x \[2gh ..(6.8)
G —a

ADITYA ENGINEERING COLLEGE (A)

where C, = Co-efficient of venturimeter and its value is less than 1.

23-10-2022 Dr. Pritam Kumar Das

39



ADITYA ENGINEERING COLLEGE (A)

Value of ‘h’ given by differential U-tube manometer

Case 1. Let the differential manometer contains a liquid which is heavier than the liquid flowing

through the pipe. Let
S, = Sp. gravity of the heavier liquid
S, = Sp. gravity of the liquid flowing through pipe
x = Difference of the heavier liquid column in U-tube

Then h=x |:-§-’L - l] (6.9)

o

Case II. If the differential manometer contains a liquid which is lighter than the liquid flowing
through the pipe, the value of /i is given by

h=x|: —-:S‘—’—:| ..(6.10)

o

where  §,= Sp. gr. of lighter liquid in U-tube
S, = Sp. gr. of fluid flowing through pipe
x = Difference of the lighter liquid columns in U-tube.
Case III. Inclined Venturimeter with Differential U-tube manometer. The above two cases are
given for a horizontal venturimeter. This case is related to inclined venturimeter having differential
U-tube manometer. Let the differential manometer contains heavier liquid then A is given as

h= [ﬂ+z,)—(&+z2) =3 I:E'L—l] -(6.11)
Pg Pg S

Case IV. Similarly, for inclined venturimeter in which differential manometer contains a liquid
which is lighter than the liquid flowing through the pipe, the value of £ is given as

= (21 | P> o 5
23-10-2022 h= (p_g- g ] B (Db—g',ig;,%z,()ﬁaﬁ{als S,J (6.12) 20



Problem 6.10 A horizontal venturimeter with inlet and throat diameters 30 cm and 15 cm respec- ADITYA ENGINEERING COLLEGE (A)
tively is used to measure the flow of water. The reading of differential manometer connected to the
inlet and the throat is 20 cm of mercury. Determine the rate of flow. Take C, = 0.98.

Solution. Given :

Dia, at inlet, d, =30 cm
Area at inlet, a,= % 4= % (30)? = 706.85 cm’
Dia. at throat, d,=15cm
a, =; x 157 = 176.7 cm?
C;=0.98

Reading of differential manometer = x = 20 cm of mercury.
Difference of pressure head is given by (6.9)

or =% {S—"— l]
SO

where §, = Sp. gravity of mercury = 13.6, §, = Sp. gravity of water = |

=20 [%9—- l] =20x 12.6 cm = 252.0 cm of water.

The discharge through venturimeter is given by egn. (6.8)

a‘az

Q=Cy——==2X2gh
vai -a}
= 0.98 x ——10085X176.7 _  [IXOBIX 5 ___ 8606759336 _ 8606759336
J(706.85)° —(176.7)° /499636.9 — 312229 684.4

= 125756 cm’/s = % lit/s = 125.756 lit/s. Ans.

23-10-2022 Dr. Pritam Kumar Das 41
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Problem 6.11 An oil of sp. gr. 0.8 is flowing through a venturimeter having inlet diamerer 20 cm
and throat diameter 10 cm. The oil-mercury differential manometer shows a reading of 25 em. Calcu-

late the discharge of oil through the horizontal venturimeter, Take C, = (.98,
Solution. Given :
Sp. gr, of oil, 5,=08
Sp. gr. of mercury, Sy=13.6
Reading of differential manometer, x = 25 ¢cm
S S
. Difference of pressure head, hi = x T I
=25 [%-l] cm of oil = 25 [17 = 1] = 400 ¢m of oil.
Dia. at inlet, d, =20 cm
ay= = d = = %207 = 314.16 em?
4 4
d: - 'O cm
ay= % % 107 = 78.54 cm’
C;=0.98
The discharge (2 is given by equation (6.8)
a,a,
or Q= C, =——X28h
= \’af - ay
=098 x ——tlOX T8N 13 ORT X400
J(314.I6)‘ - (7854)°
2142137568 2142137568 -
= : = cm /s
J98696 — 6168 304
23-10-2022

= 70465 cm’/s = T0.46% TIFeDR" Dois.

ADITYA ENGINEERING COLLEGE (A)
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d; =20 cm a, = g x 10% = 78.54 cm?
T 2 2 C,= 098
a4 = 1 207 = 314.16 cm 0 = 60 litres/s = 60 x 1000 cm¥s
,.:1'2 = 10 cm Using the equation (6.8), Q=C, S1% 2gh
or 60 x 1000 = 9.81 x ——1OX T84
J(314.16)> - (78.54)*
304 x 60000
h="— =17.029
o vk = 07106878
2 h= (17.029)° = 289.98 cm of oil
But h= .\‘[E'L— l:l
S
where S, = Sp. gr. of mercury = 13.6
S,=Sp. gr. of 0il = 0.8
x = Reading of manometer
289.98 = x [1—6- l] = |6x
xX= 281998 = 18.12 cm.
23-10-2022 rltam mar Das

Reading of oil-mercury anF ronu manomoter = 18.12 cm. Ans.

XJ2%X981xh =

ADITVA ENCGINFFRINCG CO)LLEGE (A)

Problem 6.12 A horizontal venturimeter with inlet diameter 20 cm and throat diameter 10 cm is
used to measure the flow of oil of sp. gr. 0.8. The discharge of oil through venturimeter is 60 litres/s.
Find the reading of the oil-mercury differential manometer. Take C, = 0.98.

1071068.78k
304
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Problem 6.15 A 30 ¢cm x 15 cm venturimeter is inserted in a vertical pipe carrying water, flowing
in the upward direction. A differential mercury manometer connected to the inlet and throat gives a

reading of 20 cm. Find the discharge. Take C; = 0.98.
Solution. Given :
Dia. at inlet, d, =30 cm

a, = ; (30)° = 706.85 cm’
Dia. at throat, d,=15¢cm

=— (15)“- 176.7 cm?

h=; i-— 20[13—6-—10
§, 1.0

% X 2gh

a, -(12'

Discharge, Q=C,

— 0.98 X 706.85 x 176.7

X /2 X 981 X 252

] 20 x 12.6 = 252.0 cm of water

23-10-2022

J(706.85)* - (176.7)°

8606759336 _ 8606759336
\/499636 3312229 6844
= 125756 cm’/s = 125.756 lit/s. Ans.

Pritam Kumar as
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Problem 6.16 A 20 c¢m x 10 cm venturimeter is inserted in a vertical pipe carrying oil of sp. gr. 0.8,
the flow of oil is in upward direction. The difference of levels between the throat and inlet section is
50 cm. The oil mercury differential manometer gives a reading of 30 cm of mercury. Find the

discharge of oil. Neglect losses.

23-10-2022

Solution. Dia. at inlet, d,=20cm

a,= = (20)% = 314.16 cm®
4

Dia. at throat, d, =10 cm
Tt 2 2
sy (10)" = 78.54 cm
Sp. gr. of oil, ,= 0.8
Sp. gr. of mercury, S,=13.6

Cd - I.O
The discharge Q=C % 2gh
’ ‘ Jat - a2
L.Ox314.16 x 78.54

= - = X /2% 981 x 480 cm’/s
J(314.16)> — (78.54)*

23932630.7 -
= = 18145
304 o

5 EHB 2998,725 litres/s. Ans.

SINEERING COLLEGE (A)
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6.7.2 Orifice Meter or Orifice Plate.

the diameter of the orifice on the downstream side from the orifice plate.

23-10-2022

Let p, = pressure at section (1),
v, = velocity at section (1),
a, = area of pipe at section (1), and

PIPE ORIFICE METER
@Dy ®
f I t\ o o T
DIRECTION OF FLOW ( ! N 0
—_— . . =
— ! \
- y

Fig. 6.12. Orifice meter.

Pas Vs @, are corresponding values at section (2). Applying Bernoulli’s equation at sections (1) and
(2), we get

pg 28 pg 2g Dr. Pritam Kumar Das

It is a device used for measuring the rate of flow of a
fluid through a pipe. It is a cheaper device as compared to venturimeter. It also works on the same
principle as that of venturimeter. It consists of a flat circular plate which has a circular sharp edged
hole called orifice, which is concentric with the pipe. The orifice diameter is kept generally 0.5 times
the diameter of the pipe, though it may vary from 0.4 to 0.8 times the pipe diameter.

A differential manometer is connected at section (1), which is at a distance of about 1.5 to 2.0 times
the pipe diameter upstream from the orifice plate, and at section (2), which is at a distance of about half

"RING COLLEGE (A)
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2

‘ / A\ 4 \ 2
b SR or ﬂ+z‘ - &--i-zz L S [

pg ) \pg ) 28 2

r \ [ \
But  |[PL4z |-[£2 42, | = h = Differential head

V% Vl?' 2
=== —— or 2gh=v, —v
2¢  2¢ 8 2 I

or v, = 1/2gh +v) (i)

Now section (2) is at the vena-contracta and a, represents the area at the vena-contracta. If a is
the area of orifice then, we have

2

a
C.=—*%
dy
where C_. = Co-efficient of contraction
a,=ayXC, (i)
By continuity equation, we have
a ag C(’,‘
a9 4

Substituting the value of v, in equation (i), we get

Vy (1)

23-10-2022 Dr. Pritam Kumar Das 47



2

2 a, \ 2
vy” =2gh + (—"] Clv," orv
aQ,

.

7

2gh
2
1-(”—") (5%
a,

Vy, =

5 a
> l:l‘(
a

The discharge @ = v, X a, = v, X q, C.

aO Cc

2¢h

0

p.
1—|% | ¢2
al ‘

23-10-2022

2
) cf] = 2gh

The above expression is simplified by using

ADITYA ENGINEERING COLLEGE (A)

- C,a,+2gh _ Cyaga;\2gh

P n _ ) I ¥
| [ a, ) a4 =dy

a

there,, €, 7. Gozsffigient of discharge Tor oritice meter.

(6.13)

48

The co-efficient of discharge for orifice meter is much smaller than that for a venturimeter.



Problem 6.22 An orifice meter with orifice diameter 10 cm is inserted in a pipe of 20 cm diameter. |GINEERING COLLEGE (A)
The pressure gauges fmed upstream and dowestream of the orifice meter gives readings of
19.62 Niem' and 9.81 N/em® respectively. Co-efficient of discharge for the orifice meter is given as
(.6. Find the discharge of waler through pipe.
Solution. Given :

Dia. of orifice, dy = 10 cm

Area, ag= — uo)z = 76.54 em®
Dia. of pipe. d, = 20 cm

Ared, ay = :"5 (20)° = 314.16 cm®

py = 19.62 Niem® = 19.62 x 10° Nim®

P 1962 x 10°

= 20 f
o¢ = 1000 X981 m of water

Py _ 981x10°

Stnilarl
y pg 1000 %981

= 10 m of witer

=P _ P2 _200-10.0= 10 m of water = 1000 cm of watér
pg PR

C,=06
The discharge, Q is given by cquation (6.13)

Q= C e |figh

=06 x —oAXIM6 . 5oRTX1000

(314.16)° - (78.54)°

2073683809

23-10-2022 o) 6821329 Vs 68:21 JHres/s. Ans. 49




Problem 6.23 An orifice meter with orifice diameter 15 cm is inserted in a pipe of 30 em diameter. NG COLLEGE (A)
The pressure difference measured by a mercury oil differential manometer on the two sides of the

h‘hrBA!
orifice meter gives a reading of 50 em of mercury. Find the rate of flow of oil of sp. gr. 0.9 when the co-
efficient of discharge of the orifice meter = 0.64,

Dia. of orifice, dy =15 em
5 Area, ay = % (15)* = 176.7 cm”
Dia. of pipe, d, = 30 ¢m
o Arca, uy = % (30)’ = 706.85 cm’
Sp. gr. of oil, 5. =09
Reading of diff, manometer, x = 50 ¢m of meriury
S L
~ Differential head, h=x|—=1[=30 [-1—3—6- - l] ¢m of ol
h )4 09
=50 x 1411 =705.5 cm of oll
C,=0.64
S The rate of the flow,  Is given by equation (6.13)
God, eh
0=C;. - - X J22h
“ ol =ai
= (.64 x L >f706.85 =% 2 X 981 x 705.5
J(70685)° —(176.7)°
04063177
23-10-2022 Dr. Pritam Kumar Das = ﬁﬁ = 137414.25 em'fs = 137.414 litres/s. Ans.



6.7.3 Pitot-tube. It is a device used for measuring the )ITYA ENGINEERING COLLEGE (A)
velocity of flow at any point in a pipe or a channel. It is based on :
the principle that if the velocity of flow at a point becomes zero,

the pressure there is increased due to the conversion of the kinetic
energy into pressure energy. In its simplest form, the pitot-tube
consists of a glass tube, bent at right angles as shown in Fig. 6.13.
The lower end, which is bent through 907 is directed in the up-
stream direction as shown in Fig. 6.13. The liquid rises up in the
tube due to the conversion of kinetic energy into pressure energy.
The velocity is determined by measuring the rise of liquid in the tube.
Consider two points (1) and (2) at the same level in such a way that point (2) is just as the inlet of
the pitot-tube and point (1) is far away from the tube.
Let P, = intensity of pressure at point (1)
v, = velocity of flow at (1)
P> = pressure at point (2)
v, = velocity at point (2), which is zero
H = depth of tube in the liquid
it = rise of liquid in the tube above the free surface.
Applying Bernoulli's equation at points (1) and (2), we get
2 2

Fig. 6.13 Pitot-tube.

4 A Y L A L) p
— St —t ==+ =+ 2, L - =
oz 2g 1 pg 28 2 5 = pressure head at (1) = H
But z, = z, as points (1) and (2) are on the same line and v, = 0.
P pressure head at (2) = (h + H)
Pg
Substituting these values, we get
Vi Vi
H+ —~=(h+H . h=-- or v =,}2 h
2g ( 2g ' g

23-10-2022 Dr. Pritam Kumar 0:his is theoretical velocity. Actual velocity is given by 51



where C, = Co-efficient of pitot-tube INEERING COLLEGE (A)
Velocity at any point v=_C, ,IZgh .(6.14)

Velocity of flow in a pipe by pitot-tube. For finding the velocity at any point in a pipe by pitot-
tube, the following arrangements are adopted :

1. Pitot-tube along with a vertical piczometer tube as shown in Fig. 6.14.

2. Pitot-tube connected with piezometer tube as shown in Fig. 6.15.

3. Pitot-tube and vertical piezometer tube connected with a differential U-tube manometer as
shown in Fig. 6.16. '

TUBE

Fig. 6.16 Fig. 6.17

4. Pitot-static tube, which consists of two circular concentric tubes one inside the other with some
annular space in between as shown in Fig. 6.17. The outlet of these two tubes are connected to the
differential manometer where the difference of pressure head *i’ is measured by knowing the

S
23-10-2022 difference of the levels of the manometer bguid say x. Then /= x [S—g - l<‘. 52
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Problem 6.24 A pitot-static tube placed in the centre of a 300 mm pipe line has one orifice pointing

| upstream and other perpendicular to it. The mean velocity in the pipe is 0.80 of the central velocity.
Find the discharge through the pipe if the pressure difference between the two orifices is
60 mm of water. Take the co-efficient of pitot tube as C, = 0.98.

Dia. of pipe, d =300 mm=0.30 m
Diff. of pressure head, = 60 mm of water = .06 m of water V = 0.80 x 1.063 = 0.8504 m/s
C,=0.98 ; . e
Mean velocity, V =0.80 x Central velocity Rischiargs; G TmEon pipeR V.
Central velocity is given by equation (6.14) = lt_dz T n (.30)2 % 0.8504 = 0.06 m/s.
=C, 2gh =098 x \[2x 9.81x .06 = 1.063 m/s 4 4

Problem 6.25 Find the velocity of the flow of an oil through a pipe, when the difference of mercury
level in a differential U-tube manometer connected to the two tappings of the pitot-tube is 100 mm.
Take co-efficient of pitot-tube 0.98 and sp. gr. of oil = 0.8.

Solution. Given :

Diff. of mercury level, x=100 mm=0.1 m
Sp. gr. of oil, S,=0.8
Sp. gr. of mercury, S,=13.6
C,=0098

: S, 136 ,

Diff. of pressure head, h=x|—=1|=1|—=1| = 1.6 mofoil
S, 0.8
Velocity of flow =C, 2gh =098 /2x 981X 1.6 =5.49 m/s. Ans.

23-10-2022 Dr. Pritam Kumar Das 53
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| Problem 6.27 A sub-marine moves horizontally in sea and has its axis 15 m below the surface of

water. A pitot-tube properly placed just in front of the sub-marine and along its axis is connected to the
two limbs of a U-tube containing mercury. The difference of mercury level is found to be 170 mm. Find
the speed of the sub-marine knowing that the sp. gr. of mercury is 13.6 and that of sea-water is 1.026
with respect of fresh water.

Solution. Given :

Diff. of mercury level, x=170mm=0.17 m
Sp. gr. of mercury, S, =13.6
Sp. gr. of sea-water, S, = 1.026

o

s
h=x|2-1]=017 [—13'-6-—1] - 20834 m
1026

V=,2gh = J2x9.81x2.0834 =6.393 m/s

_ 6393 x 60 x 60

- 1000
Problem 6.28 A pitot-tube is inserted in a pipe of 300 mm diameter. The static pressure in pipe is
100 mm of mercury (vacuum). The stagnation pressure at the centre of the pipe, recorded by the

pitot-tube is 0.981 N/em®. Calculate the rate of flow of water through pipe, if the mean velocity of
flow is 0.85 times the central velocity. Take C, = 0.98.

km/hr = 23.01 km/hr. Ans.

23-10-2022 Dr. Pritam Kumar Das 54



Solution. Given :

Dia. of pipe, d =300 mm = 0.30 m
Area, a= % d?= ; (.3)* = 0.07068 m”
Static pressure head = 100 mm of mercury (vacuum)
=— % x 13.6 = — 1.36 m of water
Stagnation pressure = .981 N/cm?® = .981 x 10" N/m*
4 4
Stagnation pressure head = sk vl =
pg 1000 x 9.81

h = Stagnation pressure head — Static pressure head
=1.0-(-1.36)= 1.0 + 1.36 = 2.36 m of water

Velocity at centre =C, ,/Zgh
=0.98 X /2 X 9.81x 2.36 = 6.668 m/s
Mean velocity, V =0.85 x 6.668 = 5.6678 m/s
Rate of flow of water = V X area of pipe

= 5.6678 % 0.07068 m>/s = 0.4006 m*/s. Ans.
THE MOMENTUM EQUATION

F=mXxXa

where g is the acceleration acting in the same direction as force F.

ADITYA ENGINEERING COLLEGE (A)

It is based on the law of conservation of momentum or on the momentum principle, which states
that the net force acting on a fluid mass is equal to the change in momentum of flow per unit time in
that direction. The force acting on a fluid mass *m’ is given by the Newton’s second law of motion,
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T dt
F=m ﬂ
dt
d(mv) , {3 ) :
= p7 {m is constant and can be taken inside the differential }
F = dimv) (6.15)
dt
Equation (6.15) is known as the momentum principle.
Equation (6.15) can be written as F.dt = d(mv) (6.16)

which is known as the impulse-momentum equation and states that the impulse of a force F acting on a
fluid of mass m in a short interval of time df is equal to the change of momentum d(mv) in the direction
of force.
Force exerted by a flowing fluid on a pipe bend
The impulse-momentum equation (6.16) is used to determine the resultant force exerted by a
flowing fluid on a pipe bend.
Consider two sections (1) and (2), as shown in Fig. 6.18.
Let v, = velocity of flow at section (1),
P = pressure intensity at section (1),
A, = area of cross-section of pipe at section (1) and
Vs, P3s A, = corresponding values of velocity, pressure and arca at section (2).
Let F, and F, be the components of the forces exerted by the flowing fluid on the bend in x-and
y-directions respectively. Then the force exerted by the bend on the fluid in the directions of x and y
will be equal to F, and F, but in the opposite directions. Hence component of the force exerted by
bend on the fluid in the x-direction = — F, and in the direction of y = — F,. The other external forces
acting on the fluid are p,A, and p,A, on the sections (1) and (2) respectively. Then momentum
23-10-2€@Guation in x-direction is given by Dr. Pritam Kumar Das 56
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p,A,-

(a) (b)
Fig.6.18 Forces on bend.

Net force acting on fluid in the direction of x = Rate of change of momentum in x-direction
P1A| = psA, cos B - F = (Mass per sec) (change of velocity)
= pQ (Final velocity in the direction of x
— Initial velocity in the direction of x)

=pQ(V,cos6-V)) ..(6.17)

: F.=pQ(V,~-V,c080)+p,A, - pA,cos B ..(6.18)
Slmnlarly the momentum equation in y-direction gives

0—-psA,sin 8- F, =pQ (V,5sin 6-0) (6.19)

F PO (- V,sin 8) - p,A, sin 8 -(6.20)

Now the resultant force (F) acting on the bend

= 1}lf-; + F} .(6.21)

And the angle made by the resultant force with horizontal direction is given by

] F’ 6.22

tan g = — 0.

23-10-2022 F Dr. Pritam Kumar Das ( ) 57
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Problem 6.29 A 45° reducing bend is connected in a pipe line, the diameters at the inlet and outler NG COLLEGE (A)

A of the bend being 600 mm and 300 mm respectively. Find the force exerted by water on the bend if the

Solution. Given :
Angle of bend,
Dia. at inlet,

Area,

Dia, at outlet,
~. Area,

Pressure at inlet,

0= 45°

D, =600 mm = 0.6 m
R > T 1

A =— D " "=— (.6)
1= 2 4()
=0.2827 m*

D, =300 mm = 0.30 1

n

Fig. 6.19
Ay = % (.3)> = 0.07068 m>
p, = 8.829 N/em? = 8.829 x 10* N/m’ But
0 = 600 lit/s = 0.6 m°/s
Q 0.6

V=== —— =2.122 m/

T A, 2827 s

"_Q"‘ L=8488m/s

A, 07068

Forces on the bend in x- and y-directions are given by equations (6.18) and (6.20) as
F.=pQ[V,~-V,cos 8] + p/A, - p,A, cos O

23-10-2022

= 1000 x 0.6 [2.1
+ 8.829
= —2327.9 + 249
= 19911.4 N
F,=pQ [~ V, sin 6]

22 — 8.488 cos 45°]
x 10* x .2827 — 5.45 x 10* x .07068 X cos 45°
59.6 — 2720.3 = 24959.6 — 5048.2

— p>A, sin 6

= 1000 x 0.6 [~ 8.488 sin 45°] — 5.45 x 10" p¢. TQ68 104 5 A58

=-3601.1 - 272

1.1 =-6322.2 N

intensity of pressure at inlet to bend is 8.829 N/em? and rate of flow of water is 600 litres/s.

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

2 2
ﬂ+V—'+z,= P, Vi + 2,
pg 28 pg 28
474
n V_p. Y 8829x10* = 2122 _ p, 8488’
pg 28 pg 2g 1000 x9.81 2x981 pg 2x9.8I

9 + .2295 = p,/pg + 3.672

P2 _ 92295 — 3.672 = 5.5575 m of water
pg

P> = 5.5575 x 1000 x 9.81 N/m* = 5.45 x 10* N/m?

—ve sign means F is acting in the downward direction

Fy= 1/Ff +F}

Resultant force,
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F.=199114N

= J(19911.4)> +( -63222)°
= 20890.9 N. Ans.

F,=63222 N

The angle made by resultant force with x-axis is given by
equation (6.22) or

8= tan ' 3175 = 17° 36". Ans.
Problem 6. 30 250 litres/s of water is flowing in a pipe having a diameter of 300 mm. If the pipe is
bent by 135° (that is change from initial to final direction is 135°), find the magnitude and direction of
the resultant force on the bend. The pressure of water flowing is 39.24 N/em®.

Pressure, Py = P2 = 39.24 Nfem? = 39.24 x 10* N/m?
Discharge, Q = 250 litres/s = 0.25 m*/s
Dia. of bend at inlet and outlet, D, = D, =300 mm = (0.3 m
Area, Aj=A,= % D= g x .37 = 0.07068 m’
Q 0.25
Velocity of water at sections (1) and (2), V=V, =V, = = = 3.537 m/s.
Arca 07068
V, sin 45°
V2
V, cos 457
Y

23-10-2022 , Dr. Pritam Kumar Das 59



Force along x-axis

=F.=pQlV, - Vol + Ay + P2 A,
where,  V,, = initial velocity in the direction of x = 3.537 m/s

V,, = final velocity in the direction of x = — V, cos 45° = — 3.537 x .7071
P = pressure at section (1) in x-direction

= 39.24 N/em? = 39.24 x 10* N/m’
P>, = pressure at section (2) in x-direction

= p, cos 45° = 39.24 x 10* x .7071

F,= 1000 x .25[3.537 - (- 3.537 x .7071)] + 39.24 x 10* x .07068 + 39.24
x 10* x .07068 x .7071
= 1000 x .25[3.537 + 3.537 x .7071] + 39.24 x 10" x .07068 [1 + .7071]

= 1509.4 + 47346 = 488554 N
Force along y-axis
= F_v = pQ[Vl_\v = VZ_\'] * (plAl)y + (pZA?.)y
where V}, = initial velocity in y-direction = 0
Vz;, = final velocity in y-direction = ~ V, sin 45° = 3.537 x .7071
(p,A,), = pressure force in y-direction = (
(pzAz)-\. = pressure force at (2) in y-direction
= - p,A, sin 45° = - 39.24 x 10" x .07068 x .7071
F,= 1000 x .25[0 — 3.537 x .7071] + 0 + (- 39.24 x 10" x .07068 x .7071)

=-6252 - 19611.1 =-20236.3 N
-ve sign means F, is acting in the downward direction

Resultant force, Fp= 1/Ff +F;

= /4885547 +20236.3

= 52880.6 N. Ans.
The direction of the resultant force Fg, with the x-axis is given as
F
tan 0= > = 292303 _ ¢ 4147 .
23-10-2022 F. 488554 Dy pritam kumar Das ~ Fig: 6.22
Y 6 = 22° 30". Ans.

F, =2062.83

ADITYA ENGINEERING COLLEGE (A)
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X _J/\_% Problem 6.31 A 300 mm dtameter pipe carries water under a head of 20 metres with a velocity of

3.5 m/s. If the axis of the pipe turns through 45°, find the magnitude and direction of the resultant force
at the bend.

Dia. of bend, D=D; =D,=300mm=0.30m
Area, A=A =A,= % D?= % x .32 = 0.07068 m>
Velocity, V=V, =V,=35m/s
6 = 45°
Discharge, 0=AxV=0.07068 x 3.5 = 0.2475 m’/s
Pressure head =20 mof water or - =20 m of water
P8
p =20 x pg = 20 x 1000 x 9.81 N/m* = 196200 N/m*
Pressure intensity, p=p;=p,= 196200 N/m?
Now Vi,=35m/s, V, = V,c0845” = 3.5 x.7071

V., =0, Vo=V, sin 45° = 3.5 x.7071
(p,A,) =pA, = 196200 x .07068, (p,A, h =
(P2A), = — PaA; €08 457, (prA)), = — prA, sin 45°
Force along x-axis, F_=pOlV,, - Vo] + (pA)), + (P5A5),
= 1000 x .2475[3.5 - 3.5 x.7071] + 196200 x .07068 — p,A, X cos 45°

23-10-2022 Dr. Pritam Kumar Das 61



= 253.68 + 196200 x .07068 - 196200 x .07068 x 0.7071
= 253.68 + 13871.34 — 9808.04 = 4316.98 N
Force along y-axis, Fy=pQ [Viy - Voyl + (pA))y + (P2A2),
= 1000 x .2475[0 - 3.5 x .7071] + 0 + [~ p,A, sin 45°]
= - 612.44 - 196200 x .07068 x .7071
=-612.44 - 9808 = - 10420.44 N

Resultant force Fgp= \/1'".3 +F? = /(4316.98) +(10420.44)° = 11279 N. Ans.

P, ALsin 457
V; sin 45°
Va

@
N @ §F
Vi Pl : G :
=5
FX
@
Fig. 6.23
The angle made by Fj with x-axis
F, ;
tan@= L = 1042044 =2411

F, 4316.98

X

. o= -1 e =} 4
23-10-2022 0=tan" 2411 = 6'7Dr. gﬁtém%?n’ar Das

ADITYA ENGINEERING COLLEGE (A)
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» 6.9 MOMENT OF MOMENTUM EQUATION

ADITYA ENGINEERING COLLEGE (A)

Moment of momentum equation is derived from moment of momentum principle which states that
the resulting torque acting on a rotating fluid is equal to the rate of change of moment of momentum.

Let V, = velocity of fluid at section 1,
r, = radius of curvature at section I,
Q = rate of flow of fluid,
p = density of fluid,
and V, and r, = velocity and radius of curvature at section 2
Momentum of fluid at section 1 = mass X velocity = pQ X V,/s
Moment of momentum per second at section 1,
=pO XV, Xr,
Similarly moment of momentum per second of fluid at section 2
=pR X VyXr,
Rate of change of moment of momentum
= pRVyry = pQViry = pR[Vyr, = Vyry]
According to moment of momentum principle
Resultant torque = rate of change of moment of momentum
or T=pPlVyr,— Virl

Equation (6.23) is known as moment of momentum equation. This equation is applied :

1. For analysis of flow problems in turbines and centrifugal pumps.
23-10-2022 2. For ﬁnding torque exerted by water Omﬁpﬁﬂkl@ﬁ)ar Das
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