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BASICS OF FLUID MECHANICS

1.1 DEFINITION OF FLUID

Fluid mechanics deals with the behaviour
of fluids at rest and in motion. A fluid is a
substance that deforms continuously under
the application of a shear (tangential)
stress no matter how small the shear stress
may be.

Fluids comprise the liquid and gas (or
vapour) phases of the physical forms in
which matter exists. The distinction
between a fluid and the solid state of
matter is clear if you compare fluid and
solid behaviour. A solid deforms when a
shear stress is applied, but its deformation
does not continue to increase with time.

1.2 BASIC EQUATIONS

Analysis of any problem in fluid mechanics
necessarily begins, either directly or
indirectly, with statements of the basic
laws governing the fluid motion. The basic
laws, which are applicable to any fluid, are:

The conservation of mass

Newton’s second law of motion

The principle of angular momentum
The first law of thermodynamics
The second law of thermodynamics

SRR M

Clearly, not all basic laws always are
required to solve any one problem. On the
other hand, in many problems it is
necessary to bring into the analysis
additional relations, in the form of
equations of state or conservation
equations, that describe the behaviour of
physical properties of fluid under given
conditions.

1.3 SYSTEM AND CONTROL VOLUME

A system is defined as a fixed, identifiable
quantity of mass. The system boundaries
separate the system from the surroundings.

The boundaries of the system may be fixed
or movable; however, there is no mass
transfer across the system boundaries. In
the familiar piston-cylinder assembly the
gas in the cylinder is the system. Heat and
work may cross the boundaries of the
system, but the quantity of the matter
within the system boundaries remains
fixed. There is no mass transfer across the
system boundaries.

A control volume is an arbitrary volume in
the space through which fluid flows. The
geometric boundary of the control volume
is called the control surface. The control
surface may be real or imaginary; it may be
at rest or in motion.
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PROPERTIES OF FLUIDS

2.1 DENSITY

Density is defined as mass per unit volume
and denoted by p. SI unit of density is
Kg/m?3
mass of fluid
volume of fluid

The reciprocal of density is the specific
volume (Vv), which is defined as volume per

Density(p) =

unit mass.
SI unit of density is m3/Kg
1
V==
p

The density of a substance, in general,
depends on temperature and pressure. The
density of most gases is proportional to
pressure and inversely proportional to
temperature. Liquids and solids, on the
other hand, are essentially incompressible
substances, and the variation of their
density with pressure is usually negligible.

2.2 SPECIFIC GRAVITY/RELATIVE DENSITY

Specific gravity or relative density of a
substance is defined as the ratio of the
density of a substance to the density of
standard substance at a specified
temperature (usually water at 4°C, for
which water is 1000 kg/m3).

Density of liquid

Specific Gravity = -
Density of water

2.3 VISCOSITY

When two solid bodies in contact move
relative to each other, a friction force
develops at the contact surface in the
direction opposite to motion. Fluid is a
substance that deforms continuously under
the action of shear stress. The situation is
similar when a fluid moves relative to a
solid or when two fluids move relative to
each other. A property that represents the

internal resistance of a fluid to
motion is called viscosity. The force,
a flowing fluid exerts on a body in
the flow direction is called the drag
force, and the magnitude of this
force depends, in part, on viscosity.

2.3.1 VISCOUS FORCE IN LIQUIDS AND
GASES

1) Molecular momentum transfer:

In the flow of liquids and gases,
molecules are free to move from one
layer to another. When the velocity in
the layers are different as in viscous
flow, the molecules moving from the
layer at lower speed to the layer at
higher speed have to be accelerated.
Similarly, the molecules moving from
the layer at higher velocity to a layer at
lower velocity, carry with them a higher
value of momentum and these are to be
slowed down. Thus, the molecules
diffusing across layers transport a net
momentum, introducing a shear stress
between the layers. The force will be
zero if both layers move at the same
speed or if the fluid is at rest.

2) Cohesive force:
When cohesive forces exist between
atoms or molecules these forces have to
be overcome, for relative motion
between layers. A shear force is to be
exerted to cause fluids to flow.

2.3.2 TYPES OF FLUID

Ideal fluid: Consider a fluid layer between
two very large parallel plates (or
equivalently, two parallel plates immersed
in a large body of a fluid) separated by a
small distance (dy). Now a constant
tangential force F is applied to the upper
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plate while the lower plate is held fixed.
After some time upper plate moves
continuously under the influence of this
force at a constant velocity V. The fluid in
contact with the upper plate sticks to the
plate surface and moves with same velocity
as that of the surface. This condition is
known as no slip condition.

di

B

Area A
N N'u=V / Force F
-—

dat Velocity V
Y1 dy

i,

LY u=0

Velocity profile

The shear stress t, acting on this fluid
layer is

T, =F/A

Deformation or shear stain is denoted by da
Rate of shear stain or deformation is given

do

b _

Y
dl

tan(da) = do =—
dy

dl
do \dt) du

dt  dy dy
Where,
u is the velocity is x direction.

j_u is known as velocity gradient.
y

1) Newtonian fluid: Fluids for which the
rate of deformation is proportional to
the shear stress are called Newtonian
fluids.

T, o rate of deformation or rate of

shear strain.

_d
T= ud—u
dy
Where,

i is constant of proportionality and is
known as Dynamic viscosity. SI unit is
kg/m-s,N.s/mZorPa /s

Note:
1) Pais the pressure unit Pascal.
2) A common viscosity unit is poise

10Poise =1Ns/m?
1centipoise =107 Poise=10"Ns/m’
3) The viscosity of water at 20°C is 1

centipoise, and thus the unit centipoise
serves as a useful reference.

2) Non Newtonian Fluids: Fluids in which
shear stress is not directly proportional
to deformation rate are known as non-
Newtonian fluids. Non Newtonian fluids
commonly are classified as having time
independent or time dependent
behavior. Numerous equations have
been proposed to model the observed
relations between t and du/dy for time-

independent fluids. 1=K [d_uj
dy

Where,

n is called the flow behavior index

k the consistency index.

du)" du du
T= k B —— —:’]’]—
dy) dy ‘dy

n-1
The term n= k(g—;] is referred to as
the apparent viscosity.

Fluids in which the apparent viscosity
decreases with increasing deformation
rate (n<1) are called pseudo plastic (or
shear thinning) fluids. Most non-
Newtonian fluids fall into this group;
Examples include polymer solutions,
colloidal suspensions, and paper pulp in
water. If the apparent viscosity
increases with increasing deformation
rate (n>1) the fluid is termed dilatants
(or shear thickening).Suspension of
starch and of sand are examples of
dilatants fluids.
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A “fluid” that behaves as a solid until a
minimum yield stress,t, is exceeded and
subsequently exhibits a linear relation
between stress and rte of deformation
is referred to as an ideal or Bingham
plastic.

Thixotropic fluids show a decrease in n
with time under a constant applied
shear stress. Rheopectic fluids show an
increase in 1 with time. After
deformation some fluids partially
return to their original shape when the
applied stress is released; such fluids
are called viscoelastic.

Bingham
plastic

Pseudoplastic

Newtonian

Shear stress,

Dilatant

Rate of deformation, du/dy

2.3.3 KINEMATIC VISCOSITY

Kinematic viscosity is defined as the ratio
between dynamic viscosity and density
denoted by ‘v’

v=u/p

The unit in SI system is m2/s. Stoke is CGS
unit of kinematic viscosity given by

1 (cm?/s) = 10-* m2/s.

1 centistoke = 10-6 m2/s.

Kinematic viscosity gives the rate of
momentum flux or momentum diffusivity.
For liquids and gases absolute (dynamic)
viscosity is not influenced significantly by
pressure. But kinematic viscosity of gases is
influenced by pressure due to change in
density.

2.3.4 EFFECT OF TEMPERATURE ON
VISCOSITY

1) Liquids: In case of liquids the viscosity
force is mainly due to cohesive force.
The cohesive force decreases. So,
viscosity of liquids decreases when
temperature increases. The relation of
viscosity with temperature is given by

1
ol o)

2) Gases: In the case of gases, the
contribution to viscosity is more due to
momentum transfer. As temperature
increases, more molecules cross over
with higher momentum differences.
Hence, in the case of gases, viscosity
increases with temperature.
p=p,+aT+ BT?
where,

1 = Viscosity atT’in poise
1, = Viscosity at0’in poise
o, 3 = are constants for liquid and gas

SOLVED EXAMPLES

Example:

‘An infinite plate is moved with a velocity of
0.3m/s over a second plate on a layer of
liquid for small gap width d=0.3mm,
assume a linear velocity distribution the
liquid viscosity is0.65x10°kg/msand S.G

is 0.88.
a) Calculate kinematic viscosity
b) The shear stress on the lower plate

Solution:
a)
v=t

p

3

—0.65x10° X9, m
m.s (0.88x1000)kg

=7.39x10"m?/s
b)

u
Tlower = H (Hj
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1

_065x10° K9y 03M 1
0.3x103%m

m.s S
=0.65Pa
Direction of shear stress on lower plate

ist lower

Example:

Calculate the dynamic viscosity of oil,
which is used for lubrication b/w a square
of size 0.8 X 0.8 m? and an inclined plane

with angle of inclinationSOo, wt = 300 N,

slides down the inclined plane with a

uniform velocity of 0.3 m/s. the thickness

of oil film is 1.5 mm.

Solution:

Wsin6=F,
Fa _ Au
K Ay

F

contact

Fa_ U
A My
u

oM

il
Ay
_ Wsinoy
ST
~300.5in30x1.5x10°°

0.64x0.3
=1.17Poise

M:

=0.117 x10Poise

2.4  SURFACE TENSION

Consider two liquid molecules, one at the
surface and one deep within the liquid
body. The attractive forces applied on the
interior molecule by the surrounding
molecules balance each other because of
symmetry. But the attractive forces acting
on the surface molecule are not symmetric,
and the attractive forces applied by the gas
molecules above are usually very small.
Therefore, there is net attractive force
acting on the molecule at the surface of the
liquid, which tends to pull the molecules on
the surface toward the interior of the
liquid. This force is balanced by the
repulsive forces from the molecules below
the surface that are being compressed. The

resulting compression effect causes the
liquid to minimize its surface area. This is
the reason for the tendency of the liquid
droplets to attain a spherical shape, which
has the minimum surface area for a given
volume.

The surface of the liquid acts like a
stretched elastic membrane under tension.
The pulling force that causes this tension
acts parallel to the surface and is due to the
attractive forces between the molecules of
the liquid. The magnitude of this force per
unit length is called surface tension and is
usually expressed in the unit N/m.

Surface tension is also defined as the
surface energy per unit surface area or
work that needs to be done to increase the
surface area of the liquid by a unit amount.
Surface tension is a binary property of the
liquid & gas or two liquids. The surface
tension of air and water at 20°c is about

0.73 N/m.
|- A molecule
‘: on the surface

—A molecule
inside the
liquid

If F is the tensile force on the surface, L is
the length of the surface. Surface tension is

given by
F
o=— or
L
_ Esurface
surface Area

2.4.1 SURFACE TENSION ON LIQUID
DROPLET

(2mR) g

[IL‘RZ)APdem

Let o is surface tension
R is radius of droplet
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Ap is area of projection

1) Force due to difference in pressure
inside & outside the liquid drop

=APA,
= AP1R® - (1)
2) Tensile force due to surface tension
= o x circumference
=ox2nR . (ii)

Under equilibrium condition, these 2
forces will be equal

Ap=20
R

2.4.2 SURFACE TENSION ON A SOAP
BUBBLE

2(27R) o

(7R?) APpybple

1) Force due to pressure inside the liquid
drop

= APAp

= APniR? .. (1)
2) Tensile force due to surface tension

Fsurface = 27'ER.G

Fumacez = 2T(R+1)o . (ii)

Equating the forces, we have
APrr? =627 (R +t)+c2nR

Assuming thickness is very small
T<<R

ap=2o
R

2.4.3SURFACE TENSION ON A LIGHT JET

G g

2RIAP= |2Lc

1) Force due to pressure inside & outside
the liquid jet

= ApL(2R) .. (i)
2) Tensile force due to surface tension
=2L.c .. (i)

Equating the forces, we get

Ap=2
R

2.5 CAPILLARITY

Another consequence of surface tension is

the capillary effect, which is the rise or fall
of aliquid in a small-diameter tube inserted
into the liquid. Such narrow tubes or
confined flow channels are called
capillaries. The curved free surface of a
liquid in a capillary tube is called the
meniscus. It is commonly observed that
water in a glass container curves up slightly
at the edges where it touches the glass
surface; but the opposite occurs for
mercury: it curves down at the edges.. The
strength of the capillary effect is quantified
by the contact (or wetting) anglep3, defined
as the angle that the tangent to the liquid
surface makes with the solid surface at the
point of contact. The surface tension force
acts along this tangent line toward the solid
surface.
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—) Liquid
o i B o level
N D

I —_—

sty ot p<90

==d==-

==3==1 h \ c B>9
p, |53 .o

v__|ZE5EEy

1) Force due to surface tension

=0C.21r
E = onr.cosf
F =0

2) Vertical force is responsible for lifting
the liquid in capillary
F, =mg=pnr’hg
Equating the vertical forces, we get
2nrocospP =pnr’h.g

2ccosf

per

=h=

Note:
Same expression is used for capillary fall.
Angle, =0 for glass tube & water.

B =128°for glass tube & mercury.

2.6 THERMO DYNAMIC PROPERTIES

2.6.1 IDEAL GAS EQUATION

PV =nRT

Where,

P is pressure in Pa

Vis volume in m3

n is moles of gas

R is universal gas constant (8.314 K]/mole
K)

PV - (MJRT
)
PV =m(R)
{2

= P=pR"T

Where,
R' is characteristic gas constant & for air

R = 287L
kg -K
M  is molecular wt of gas

p is density of gas
2.6.2 THERMODYNAMIC PROCESS

a) Isothermal: Constant Temperature
PV=mRT
T = const
PV = const

b) Adiabatic Process: No heat transfer
takes place

P
= const
p
vy is ratio of specific heat
C

N
LA

\
v = 1.4 for air
c) Isobaric process: Constant pressure
process
P = const

—=const

d) Isochoric process: Constant volume
process
V = const

P
— =const

2.7 COMPRESSIBILITY AND BULK
MODULUS

It is the measure of volume change under
the action of external force.

Vv ———
P+dP
Pl [ =P | — I
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Let the volume of gas decrease from V to
(v-dv), the pressure is increased from P to
P+dP

Increase in pressure

=dp kgf / m?

Decrease in volume = dv

Volumetric strain = —av
\Y;
dp
Bulk Modulus (k) =
—dv/v

Compressibility = 1/k

Relationship b/w bulk modulus and
pressure (p) for a gas wundergoing
compression process

a) For Isothermal process:

P
— =const

p

for closed system.
Pv = const

by taking log

In P+ In V =In(const)
By differentiating

d_p+d_V:O

k=p

b) Adiabatic Process:
PVY = const
by taking log both side
InP+vylnv=1Inconst
by differentiating
d_p + yd_v =0
p \Y
dp_
—dv/v
k=vP

yP

2.8 VAPOR PRESSURE

At a given pressure, the temperature at
which a pure substance changes phase is
called the saturation temperatureT_ .

Likewise, at a given temperature, the
pressure at which a pure substance
changes phase is called the saturation
pressure P_ . The vapour pressure P of a

pure substance is defined as the pressure
exerted by its vapour in phase equilibrium
with its liquid at a given temperature.

P is a property of the pure substance, and

turns out to be identical to the saturation
pressure P_ of the liquid (P,"P_ ).

sat

2.9 CAVITATIONS

The liquid pressure in liquid-flow systems
drops below the vapour pressure at some
locations, results in vaporization of liquid.
For example, water at10°C will convert into
vapour and form bubbles at locations (such
as the tip regions of impellers or suction
sides of pumps) where the pressure drops
below 1.23 kPa. The vapour bubbles (called
cavitation bubbles since they form
“cavities” in the liquid) collapse as they are
swept away from the low pressure regions,
generating highly destructive, extremely
high-pressure waves. This phenomenon,
which is a common cause for drop in
performance and even the erosion of
impeller blades, is called cavitation, and it
is an important consideration in the design
of hydraulic turbines and pumps.
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GATE QUESTIONS

Q.1

Q.2

Q.3

Q.4

A Bingham fluid of viscosity p = 10
Pas, and yield stress t,= 10k Pa, is

sheared between flat parallel plates
separated by a distance 10-3 m. The
top plate is moving with a velocity
of 1 m/s. The shear stress on the

plate is

[GATE-2001]
(A) 10kPa  (B) 20 kpa
(C)30Kpa (D) 40 kPa

A lubricant 1000 times more
viscous than water would have a
viscosity (in Pa-s)

[GATE-2003]
(A) 0.01 (B)0.1

©1 (D) 10

The velocity profile for a Bingham
plastic fluid flowing (under laminar
conditions) in a pipe

[GATE-2003]
(A) Parabolic
(B) Flat
(C) Flat near the wall and parabolic
in the middle
(D) Parabolic near the wall and flat

in the middle

Viscosity if water at 409 C lies in
range
[GATE -2004]

(A) 1x10° —2x107 (k—gj
ms

(B) 0.5x10° ~1x10°° (ﬁ)

ms
© 1—2(ﬁj
ms

(D) o.5-1[ﬁj
ms

Q.5 Match the following types of fluid
(in group 1) with their respective
constitutive relations (in group II),
where, 1 is the stressand v is the
strain rate,

GROUP-I GROUP-II
(P) Pseudo Dt=pny
plastic Head proportional to n2
(Q) Bingham (2)1=1,+K y

Plastic

proportional to n3

(3) t=K|y n<1

(4) t=Kly|" n>1

Q.6

[GATE -2005]
(A)P-1,Q-4 (B)P-4,Q-1

(C)P-2,Q-3 (D) P-3,Q-2

The apparent viscosity of a fluid is

av|” [dvj
where | —
y dy

is the velocity gradient. The fluid is
[GATE-2013]

given by 0.007 5
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Q.7

Q.8

(A) Bingham plastic
(B) Dilatant

(C) Pseudo plastic
(D) Thixotropic

Which of the following statements
are CORRECT?
(P) For a Rheopectic fluid, the
apparent viscosity increases with
time under a constant applied
shear stress
(Q) For a pseudo plastic fluid, the
apparent viscosity decreases with
time under a constant applied
shear stress
(R) For a Bingham plastic, the
apparent  viscosity  increases
exponentially with the deformation
rate
(S) For a dilatant fluid, the apparent
viscosity increases with increasing
deformation rate

[GATE-2014]
(A) P and Q only

(B) Q and R only
(C) Rand S only
(D) P and S only

The relation between the stress t
and the strain rate (du,/dy) for

the rapid flow of granular material

2
isgiven by 1= B(dd—l;xj ,where B is
a constant. If M, L and T are the
mass, length and time dimension
respectively, what is the dimension
of the constant B?
[GATE -2015]

Q.9

(A) MLT-
(C) MT-

(B) ML1T-2
(D) ML

At a shear rate of 10 s, the
apparent viscosity of a non-
Newtonian liquid was found to be 1
Pa s. At a shear rate of 100 s'1, the
apparent viscosity of the same
liquid was found to be 0.5 Pa s. If
the liquid follows power law
behavior, the apparent viscosity (in
Pa s) at a shear stress of 10 N m
is

[GATE-2018]
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EXPLANATIONS

(va“ dv
T=—U

Q1 (B)
For Bingham fluids
T=T,t d_u
oTH dy
3 1
=(10x10 )+10( _3)
10
= 20,000 Pa
t=20kPa
Q2 (O
Wyaer = 1 €p = 0.01 poise
=0.001 Pas
“Lubricant ZIOOOXOOO:L
=1Pas
Q3 (D)
Q4 (B)
=lcp= i o1se
l’twater p 100 p
-1 9
100 cms
1 ( g j 100(cmj 1
= X _ X —
100 \cms 1 \m 1000

Q.6

(B)
The Ostwal-de-weele Model

|

kg

g

|

dy) dy

where

dy
So By comparing
n-1=0.3
Son=13>1
So given fluid is Dilatant
So Option (b) is correct

n-1
U (d—vj = Apparent Viscosity

Q.7 (D)
Q8 (D)
T:E— ma_kg (m/SZ)
A A m?
- kgz=|\/||_—1 T2
msS

dy m S
ML*T? =BT?

B=ML"
So Option (d) is correct.

Q9 (0.497)
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do
e
By Ea. (2)

Happ =1.99(10)

Hyyy, =0.997 Pa. s

10

0.7-1
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PRESSURE & FLUID STATICS

3.1 PRESSURE

Pressure is defined as the normal force
exerted by fluid per unit area. We speak of
pressure only when we deal with a gas or a
liquid. The counterpart of pressure in
solids is normal stress.

o F

A

Since pressure is defined as force per unit
area, it has the unit of Newtons per square
meter (N/m2), which is called Pascal (Pa)
1bar =10°Pa = 0.1 MPa =100 kPa

3.1.1 ABSOLUTE, GAUGE, ATMOSPHERIC &
VACUUM PRESSURE

1) The pressure values must be stated
with respect to a reference level. If the
reference level is vacuum (i.e. absolute
zero pressure), pressures are termed
absolute pressure.

2) Most pressure gauges indicate a
pressure difference—the difference
between the measured pressure and the
ambient level (usually atmospheric
pressure). Pressure levels measured
with respect to atmospheric pressure
are termed gauge pressures

3) Pressures below atmospheric pressure
are called vacuum pressures.

Absolute, gauge, and vacuum pressures
are all positive quantities and are
related to each other by

P =P +P

absolute atmospheric gauge

Procurs = P +P

vacuum atmospheric absolute

3.1.2 PRESSURE AT A POINT

Pressure is the compressive force per unit
area, and it gives the impression of being a
vector. However, in fluids under static
conditions, pressure is found to be
independent of the orientation of the area.
This concept is explained by Pascal’s law
which states that the pressure at a point
in a fluid at rest is equal in magnitude in
all directions. Pressure has magnitude but
not a specific direction, and thus it is a
scalar quantity.

P.=P, =P,

3.1.3 PRESSURE VARIATION IN A STATIC
FLUID (HYDROSTATIC LAW):

For fluids at rest or moving on a straight
path at constant velocity, all components of
acceleration are zero. In fluids at rest, the
pressure remains constant in any
horizontal direction (P is independent of x
and y) and varies only in the vertical
direction.

As a result of gravity, these relations are
applicable for both compressible and
incompressible fluids.
® b R0 P
dz dx dy

The negative sign is taken because dz is
taken positive in upward direction and
pressure decrease in upward direction.

For incompressible fluid p is constant.

p z
I dp= —pgj dz
p(} ZO

P- I:)0 = _pg(z _Zo)

P—P, =pgh

For compressible fluid, p varies
pressure, i.e. p="f(P)

For gases, variation of density with
pressure can be expressed by ideal gas

with

Absalute Absolute
Vacuum s vacuum

equation
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_P
PERT
Where,

P is pressure
T is temperature

3.1.4 FLUIDS IN RIGID-BODY MOTION

When fluid is in stationary container, the
pressure remains constant along horizontal
direction. The pressure varies only along
vertical direction. When a fluid is placed in
an accelerated container, initially fluid
splashes and there is a relative motion
between fluid & container boundary. After
some time, the liquid comes to rest and
attains fixed shape relative to container.
The pressure varies in the direction of
acceleration.
1) When container
vertical direction
Casel: Downward acceleration of a;

accelerates in

d d d
_pz_p(g—az), P_o, Lo
dz dx dy
Case 2: upward acceleration of az
d—p:—p(g+az), %:0, %20
dz dx dy

2) When container accelerates in
horizontal direction
Casel: Acceleration in positive x
direction
dp _ dp _ dp _
1, Pe) o= Pe
Case 2: Acceleration in negative x
direction
dp dp dp
_ , — =— —a , — = O
dz P(9) dx P(=a,) dy

3.2 THE BAROMETER & ATMOSPHERIC
PRESSURE

Atmospheric pressure is measured by a
device called barometer; thus, the
atmospheric pressure is often referred to
as the barometric pressure. The pressure at
point B is equal to the atmospheric
pressure, and the pressure at C can be
taken to be zero since there is only mercury

vapour above point C and the pressure is
very low relative to P and can be

neglected for an excellent approximation.
Writing a force balance in the vertical
direction gives

P.m = pPgh
Where,
p is the density of mercury,
g is the local gravitational acceleration,
h is the height of the mercury column
above the free surface.
Note that the length and the cross-sectional
area of the tube have no effect on the height
of the fluid column of a barometer. A
frequently used pressure unit is the
standard atmosphere, which is defined as
the pressure produced by a column of
mercury 760 mm in height at 0°C

(pHg i813,595kg/m3). If water instead of

mercury were used to measure the
standard atmospheric pressure, a water
column of about 10.3m would be needed.

h h
W = pghA ]

i l.e /0 L

\ Mercury f P[

atm

3.3 PRINCIPLES OF FLUID STATICS

1) When fluid is at rest, in a continuous
fluid, fluid at the same elevation has the
same pressure.

2) The pressure at the bottom of a column

of fluid is equal to the pressure at the
top, plus density multiplied by gravity
multiplied by the height of the column of
fluid.
A consequence of the second principle
is that when different columns of fluid
stack on top of one another, the
pressures due to each column simply
add up.
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3.3.1 HYDRAULICLIFT

A consequence of the pressure in a fluid
remaining constant in the horizontal
direction is that the pressure applied to a
confined fluid increases the pressure
throughout by the same amount. This is
called Pascal’s law. The application of
Pascal’s law in hydraulic lift is shown in fig
P1=P2
FE/A =F A,

Fa=PaA;

Fig.: Schematic of a hydraulic lift
3.4 PRESSURE MEASUREMENT

Hydrostatic law indicates the pressure
difference b/w two points in a static fluid. A
device based on this principle is called
manometer, and it is commonly used to
measure small and moderate pressure
differences. A manometer mainly consists
of a glass or plastic U tube containing one
or more fluids such as mercury, water,
alcohol, or oil. The pressure of a fluid is
measured by the following.
1) Manometers

a. Simple

e Piezometer

e U-tube manometer
Single column manometer
Differential
U-tube differential manometer

e Inverted U-tube manometer
2) Mechanical gauge

..U‘.

3.4.1 SIMPLE MANOMETER

1) Piezometer: It is the simplest kind of
manometer. It does not have any high
density liquid. The tube is connected to

2)

the point where pressure is to be

measured. The liquid rises in tube to

balance the pressure at ‘A’.

The gauge pressure Pa is given by
P, =pgh

Where

p is the density of liquid

vessel/pipe

inside

Piezometer is used to measure low
pressures. The height of column
increases if pressure is high. E.g. height
of water column is 10.3 m if gauge
pressure at ‘A’ is 1atm (10°N/m2).

U-tube manometer: It has a glass U-
tube with liquid having density higher
than the density of fluid in the
container.

The atmospheric pressure exists and
should be taken into account for
evaluation of absolute pressure, but
while evaluating gauge pressure it is
not accounted in equations.
The gauge pressure at ‘A’ is given by

P, =P, +p.gh,

P, =pngh,
Where,
p. is the density of fluid in container, it

can be water or oil
p, is the density of manometric fluid.

Usually mercury is chosen as
manometric fluid

h, is difference in mercury level
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P, is pressure in vessel/pipe in gauge
From principle of fluid statics, when A
fluid is at rest, fluid at the same h1

elevation has the same pressure.
Py =pndh, —p,gh;

Mercury

3) Single Column Manometers: In this

manometer a large cross-sectional area h,=Lsin®

reservoir is placed in one of the limbs. ah,

When pressure is applied, the fluid Py = T'(ng_plg)Jr(nghz -pgh,)
lowers slightly in the reservoir as P — h. —o.0.h

compared to the fluid rise in the other A= P 2 P,

limb. Py = p,9,Lsin0—p,gh,

3.4.2 DIFFERENTIAL MANOMETERS

hl Differential Manometers are devices used
for measuring the difference of pressure
- between two points in a pipe or two
different pipes. It contains of a U-tube with
manometric liquid. The manometric liquid
can be of higher density or lower density
Gauge Pressure at point A is given as than pipe liquid.
ah
P = =25 (Pnd=P9) +(Pngh; —p.gh;)
Since A>>a 1) U-tube differential manometer:
P, =p,0h, —p.gh, _:/- N
: . . A \
Salient features of Single column  pL/ ]
manometer: — X /

i) modified form of U-tube manometer

ii) large cross-sectional area (100 R
times) a

iii) due to large area of cross section
and small change of pressure, the
change in level of reservoir will be
very small and can be neglected.

Pressure above a-a
o Intheleftlimb=pg(h+x)+P,

4) Inclined Single Column Manometer: e Intherightlimb =P, +p,gy +p,,gh
This manometer is more sensitive than By equating

§tralght column. Thg 11q.u1d rises more Pa +Pi0(h +X) = Py +p,0Y +pyg0-H
in the column due to inclination.
Pa —Ps =p,0Y + Py 9-H-p,g(h+x)
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A & B are at same level :

Pa —Ps =p,0x + pHggh — P9 (h + X)
Ifliquid is same, then p,gx = p,gX

- Py—Py=gh (pHg —pl)

2) Inverted U-tube differential
Manometer:
Ps
a a
i : h
h1 lhz p:

) L

P, B
A :

Py —pigh, =P —p,gh, —pgh

Py —Ps =pigh, —p,gh, —pgh
It is used for measuring difference of
low pressures

SOLVED EXAMPLES

Example:

A rectangular tank is moving horizontally
in the direction of its length with a constant
acceleration of 2.4m/s*. The length, width
and depth of the tank are 6m, 2.5m and 2m
respectively. If the depth of water in the
tank is 1m and tank is open at the top then,

Calculate:
[.  angle of the water surface with the
horizontal
I[I. the maximum and minimum

pressure intensities at the bottom

Free surface

after acceleration Original free

surface

Ta=24ms?

h1= 02662 m

-

Solution:

Given:

Constant acceleration a=2.4m/ s>

Length = 6m; Width = 2.5m and depth =
m,

Depth of water in tank, h = 1m

i) The angle of the water surface to the
horizontal
Let 0 = the angle of water surface to

the horizontal
Using equation, we get
tano=-2— 2% _ 02446

g 9.81

(the -ve sign shows that the free
surface of water is sloping downward
as shown in Fig)

tan 0 = —0.2446 (slope downward)

0 =tan0.2446 =13.7446° or 13°44.6'

ii) The maximum and minimum
pressure intensities at the bottom of
the tank
From the figure, depth of water at the
front end,

h = 1-3tand =1-3x0.2446 = 0.2662m

Depth of water at the rear end :
h,=1+3tand =1+ 3 x 0.2446 = 1.7338m

The pressure intensity will be
maximum at the bottom, where depth
of water is maximum.

Now, the maximum pressure intensity
at the bottom will be at point A and it is
given by,

P =pXxgxh,

max

=1000x9.81x1.7338N/m’ =17008.5N/ m’
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The minimum pressure intensity at the
bottom will be at point B and it is given
by

pmin = p X gX hl
=1000%9.81x0.2662=2611.4N/ m”

Example:

A U-tube as shown in figure, filled with
water to mid level is used to measure the
acceleration when fixed on moving
equipment. Determine the acceleration ax
as a function of the angle 6 and the
distance A between legs.

Solution:
This is similar to the formation of free
surface with angle 6

tan 0 =-a_ /(g+ay)

Asa =0,tan6 =-a /g

The acute angle 0 will be given by,
0 = tan™ (ax /g)

a =gxtan0

Astan © = 2h /A

h=Aa /2g

Example:

A hydraulic press has a ram of 30cm
diameter and a plunger of 4.5cm diameter.
Find the weight lifted by the hydraulic
press when the force applied at the plunger
is 500N.

HPLUNGER

Solution:
Given:
Dia. of ram D=30cm =0.3m

Dia. Of plunger,d =4.5cm =0.045m
Force on plunger, F=500N
Let the weight lifted =W

Areaofram, A="p?= E(0.3)2 =0.07068m’
4 4
Area of plunger,

a="@ =£(0.045)2 =.00159m?
4 4

Pressure intensity due to plunger
_ Forceonplunger _ F _ 500 N/ m?

~ Areaofplunger a .00159

Due to Pascal’s law, the intensity of
pressure will be equally transmitted in all
directions. Hence the pressure intensity at
the ram

500

= =314465.4N/ m’
.00159

But pressure intensity at ram

_ Weight _wW_ W N/m’
Areaofram A .07068
W =314465.4

.07068

.. Weigth

=314465.4x0.7068 =22222N =22.222kN

Example:

The diameters of a small piston and a large

piston of hydraulic jack are 3 cm and 10cm

respectively. A force of 80 N is applied on

the small piston. Find the load lifted by the

large piston when:

a) The pistons are at the same level.

b) Small piston is 40cm above the large
piston.

The density of the liquid in the jack is given

as 1000kg/ m®

Solution:

Given:

Dia. of small piston, d=3cm

-~ Area of small piston,

A="x q? = Ex 32 = 7.068cm?
4 4

Dia. of large piston, D=10cm
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~ Area of larger piston, =pXxgxh=1000x9.81%x0.4N/ m*

T
A:Zx 10? = 78.54cm” _ 1000x9.81X40 \ ) 2 = 0.3924N/ cm?

10*
Force on small piston, F=80N =~ Pressure intensity at section A-A
Let the load lifted =W 80
=——+-+0.3924
7.068

a) When the pistons are at the same 11.32+0.3924=11.71 N /cm?

level . : .
Pressure intensity on small piston ~ Pressure intensity transmitted to the
F 80 large piston =11.71N/ cm?

_ = —N mZ . ’ _

a 7.068 / Force on the large piston = Pressure X

Area of the large piston
=11.71xA=11.71x78.54=919.7N

Example:

A U-tube manometer is used to measure
the pressure of water in a pipe line, which
is in excess of atmospheric pressure. The

This is transmitted equally to the large  right limb of the manometer contains

piston. mercury and is open to water in the main
~ Pressure intensity on the large piston line, if the difference in level of mercury is
30 in the left limb. Determine the pressure of

=— water in the main line, if the difference in
7.068 _ level of mercury in the limbs of U-tube is 10

~ Force on the large piston cm and the free surface of mercury is in
= pressure x area level with the centre of the pipe. If the
80 _ pressure of water in pipe line is reduced to
 7.068 X78.54N =888.96 9810N/m?, calculate the new difference in
the level of mercury. Sketch the

b) When the small piston is 40cm above  arrangements in both cases.

the large piston Solution:

Pressure intensity on the small piston Given:

F 80 Difference in mercury level =10 cm =0.1m
3 = %N/ m’ The arrangement is shown in fig (a)

RIGHT LIMB —___ ‘

-~ Pressure intensity at section A-A

F
=—+ Pressure intensity due to height
a 1st Part

of 40cm of liquid. Let P, = (pressure of water in pipe line (i.e,,
Pressure intensity due to 40cm of liquid .
at point A)
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The points B and C lie on the same
horizontal line. Hence pressure at B should
be equal to pressure at C. But pressure at B
= Pressure at A + Pressure due to 10cm (or
0.1 m) of water

=p,+pXgxh

Where p=1000kg/m’ and h = 0.1m
=p,+1000x9.81x0.1

=p,+98IN/m?  .coooen(i)

Pressure at C = pressure at D+ Pressure
due to 10 cm of mercury

=0+p,xgXxh,
Where p, for mercury =13.6 x1000kg/ m?
And h =10cm=0.1m

- Pressure at C
=0+(13.6x1000)%x9.81x.01
=13341.6N
But pressure at B is equal to pressure at C.
Hence equating the equations (i) and (ii),
we get,

p,+981=13341.6

- p,=13341.6-981

N
=12360.6—
mZ

2nd Part

Given, p, =9810N/m*

Find new difference of mercury level. The
arrangement is shown in following figure.
In this case, pressure at A is 9810N/m?
which is less than the 12360.6N /m?. Hence
mercury in left limb will rise. The rise of
mercury in left limb will be equal to the fall
of mercury in right limb as the total volume
of mercury remains same.

Let x =Rise of mercury in left limb in cm.
Then fall of mercury in right limb = x cm
The points B, C and D shows the initial
conditions whereas points B* C* and D*
show the final conditions.

pressure at B* = Pressure at C*

Or

Pressure at A + Pressure due to (10-x)cm
of water

= Pressure at D* + Pressure due to (10-2x)
cm of mercury

Or p,+p, Xgxh =p *+p, Xgxh,

or 1910+1000x9.81 x| 10X
100

=0+(13.6x1000)x 9.81x 10-2x
100

Dividing by 9.81, we get
1000 + 100 - 10x = 1360 - 272x

Or
272x-10x=1360-1100
Or
262x =260
X=@=0.992CH1
262

= New difference of mercury
=10-2xcm=10-2x%0.992
=8.016cm

Example:

Fig. shows a conical vessel having its outlet
at A to which a U-tube monometer is
connected. The reading of the manometer
given in the figure shows when the vessel is
empty. Find the reading of the manometer
when the vessel is completely filled with
water.

Solution:

Vessel is empty:

Given:

Difference of mercury level

h, =20cm

Let h; = Height of water above X-X
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S.G. of mercury, S, =13.6
S.G. of water, S, =1.0

Density of mercury,
p, =13.6x1000

Density of water,

p, =1000

Equating the pressure above datum line X-
X, we have,

p,xXgxh,=p Xgxh,
Or13.6x1000x9.81x0.2=1000x9.81xh,

h, =2.72m of water.

Vessel is full of water:

When vessel is full of water, the pressure in
the right limb will increase and mercury
level in the right limb will go down. Let the
distance through which mercury goes
down in the right limb be, y cm as shown in
following figure. The mercury will rise in
the left by a distance of y cm. Now the
datum line is Z-Z. Equating the pressure
above the datum line Z-Z,

Pressure in left limb =Pressure in right
limb

13.6x1000%9.81x| 0.2+ 2
100

=1000x9.81x(3+h,+y/100)
13.6x(0.2+2y/100) =(3+2.72+y/100)

Or
2.724+27.2y/100=3+4+2.72+y/ 100

Or
(27.2y-y)/100=3.0

Or
26.2y =3%x100=300
y =ﬂ= 11.45cm
26.2

The difference of mercury level in two
limbs

= (20 + Zy)cm of mercury
=20+42x%11.45=20+22.90
=42.90cm of mecury

~ Reading of monometer = 42.90 cm

Example:

A single column manometer is connected to
a pipe containing a liquid of S.G. 0.9 as
shown in Fig. Find the pressure in the

pipe if the area of the reservoir is 100

times the area of the tube for the
manometer reading shown in Fig. The
specific gravity of mercury is 13.6

Solution:

Given:

Sp. gr. of liquid in pipe, S, =0.9
~ Density p, =900kg/ m’

Sp. gr. of heavy liquid, S, =13.6
- Density, p, =13.6Xx1000

Area of reservoir _ é: 100

Areaof rightlimb a

Height of liquid, h, =20cm=0.2m
Rise of mercury in right limb,
h,=40cm=0.4m

Let p, =Pressureinpipe

Using equation,

a
p,=h.[p.8-p,8|+h,p,g-hp 8

we get,

:%x0.4[13.6><1000x9.81-900><9.81:|

00
+0.4%x13.6x1000%9.81-0.2x900x9.81
_ 04 [133416 - 8829] +53366.4-1765.8
100

=533.664 +53366.4—1765.8N / m?
=52134N/ m?
=5.21N/cm?

Example:

A differential manometer is connected at
the two points A and B of two pipes as
shown in fig. The pipe A contains a liquid of
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S.G. = 1.5 while pipe B contains a liquid of
S.G. = 0.9. The pressures at A and B are
1kgf/cm?and  1.80kgf/cm? respectively.
Find the difference in mercury level in the
differential manometer.

Sp.gr=15
ppf =1 kgf /ont

Solutions:
Given:
S.G. of liquid atA, S, = 1.5 .. p, =1500

S.G. of liquidatB, S, = 1.5 .. p, =1500
Pressure at A,

— 2 _ 4 2
P, =1kgf/cm”=1x10"kgf/ m
=10*x9.81N / m*(Q 1kgf = 9.81N)
Pressure at B,

_ 2
P, =1.8kgf/cm
=1.8x10*kgf/ m”
=1.8x10*x9.81N / m*(Q 1kgf = 9.81N)

Density of mercury=13.6x1000kg/ m®

Taking X-X as datum line
Pressure above X-X in the left limb

=13.6X1000x9.81xh+1500x9.81X(2+3)+p,
=13.6x1000x 9.81x h+7500x9.81+9.81x 10"

Pressure above X-X in the right limb
=900x9.81x(h+2)+p,
=900x9.81x(h+2)+1.8x10*x9.81

Equating the two pressures, we get
13.6x1000x9.81h +7500x9.81 + 9.81 x 10*
=900x9.81x(h+2)+1.8x10*x9.81
Dividing by 1000%9.81 , we get
13.6h+7.5+10=(h+2.0)x.9+18

Or

13.6h+17.5=09h+1.84+18=0.9h+19.8
Or

(13.6-0.9)h =19.8-17.50r12.5h=2.3

~h =£= 0.181m=18.1cm
12.7

3.5 HYDROSTATIC FORCES ON SURFACES

In fluid statics, there is no relative motion
between adjacent fluid layers, and thus
there are no shear (tangential) stresses in
the fluid trying to deform it. The only stress
we deal with in fluid statics is the normal
stress, which is the pressure, and the
variation of pressure is only due to the
weight of the fluid. The force exerted on a
surface by a fluid at rest is normal to the
surface at the point of contact since there is
no relative motion between the fluid and
the solid surface, and thus no shear forces
can act parallel to the surface.

Fluid statics is used to determine the forces
acting on floating or submerged bodies and
the forces developed by devices like
hydraulic presses and car jacks. The design
of many engineering systems such as water
dams and liquid storage tanks requires the
determination of the forces acting on the
surfaces using fluid statics.

3.5.1 TOTAL PRESSURE

Force is exerted by a static fluid on a
surface, either plane or curved when fluid
comes in contact with the surfaces. This
force always acts normal to the surface.

3.5.2 CENTRE OF PRESSURE

It is defined as the point of application of
the total pressure on the surface. The
submerged surfaces may be

1) Vertical plane submerged

2) Horizontal plane surface

3) Inclined plane

4) Curved surface
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3.5.3 VERTICAL PLANE SURFACE
SUBMERGED IN

LIQUID

Consider a plane vertical surface of

arbitrary shape immersed in a liquid as
shown
A = Total area of surface

h = Distance of C. G. of the area from free
surface of liquid

G = Centre of Gravity of plane surface

P = Centre of Pressure

h* = Distance of centre of pressure from
free surface of liquid.

V
- i

a) Total Pressure
Pressure Intensity at strip = pgh
Area of strip dA = b.dh
Force on strip dF = p.g.h.b.dh
Total pressure force on the whole
surface is

| dF = [pghbdh

j dF =pg j h.dA
F= p.g.H.A
Ih.dA is moment of surface area about

free surface of liquid is equal moment of
C.G. about free surface.

j hdA=Ah

b) Centre of Pressure: (h*)
Principle of Moments: Moment of the
resultant force about an axis is equal to
the sum of moments of the components
about the same axis.
F..h" = Ymoments about free surface of
liquid. (1)
Zmoments = I dA.h.pgh

=pg[bh’dh

= pgb j h’dh

Where,

IdA.hz =1 is the moment of Inertia of

surface about free surface of liquid.
Zmoments = pgl, (2)
F.h =pgl

. pg_l0
pgh.A

R
hA

Where,

h is the distance of C.G. from free
surface

A is the area.

From II axis theorem

h

I =I_ +Ah?
b Lo __+Ah2
hA

1) h"lies below the C.G. of the surface

2) It is independent of the density of
liquid & depends only on surface
area.

3.5.4 HORIZONTAL PLANE SURFACE
SUBMERGED IN LIQUID

As every point of the surface is at the same
depth from free surface of the liquid, the
pressure intensity will be equal on the
entire surface and equal to P = pgh where
h is depth of surface

F, =pg hxArea

h=h=h"
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3.5.5

INCLINED PLANE SUBMERGED IN

LIQUID

P=Py+pgysingd 4

T
f
h=ysing_, /
F AT \
- -
o . - >

Centroid
Center of pressure
Plane surface
of area A

Let

A
h

= Total area of surface

= Distance of C. G. of the area from free

surface of liquid

G

= Centre of Gravity of plane surface

P = Centre of Pressure

h*

= Distance of centre of pressure from

free surface of liquid.

a)

b)

Total Pressure
Pressure intensity on the strip P=pgh

Pressure force dF on the strip
dF = Px dA = pghdA

Total pressure force on the whole area,
F=[dF=[pghdA

.

*

<l =

From fig. sinf= h =
y

<

h=ysin0O
F= ng ysin6dA

But le dA=Ay is the moment of

surface at distance ‘y’

F=pgsinBAy

F=pgAh (Q h=ysin0)
Note: the above expression of force is
for fluid with no pressure acting on the

surface. If pressure acts on the surface
F=P A+pgAh

Centre of Pressure
Pressure force on the strip,
dF =pgh dA =pgysin0dA

Moment of the force, dF, about axis 0-0
=dFxy

=pgysin6dA.y
Sum of moments of all such forces
about 0 — 0 :ngsineysz
=pgsin GIyZdA
Where,
Iysz= Moment of Inertia of the

surface about 0 — 0 = I,
Sum of moments of all force

=pgsinBI
Fxy =pgsin6l
. pgsinbl
~ pghAh
. I sin®
Y T AR
b = l,sin” 6
Ah
fa2 N
n = S+ AY)

.2 12
W= sm_e L+ Ah
Ah sin’@

a) Rectangle

b

b) Circle

/|

/:',N
./ |

A=nR? 1 .=
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c) Triangle

Y
Z

p— [}
3
A=mab1, ="
d) Triangle
¥
A—T
|
! 213
ch
P ;
/ ,‘ \ &3
; ok
ar2 al2
3
A_ab1|xxC _ab
2 7 36
e) Semicircle
¥
C
X
—R— 4p
Ir
2
A =i, | . =0.109757R*
2 ’
f) Semi ellipse
H

T
._,_ﬁ

A nab®

1xxC

=0.109757ab*

3.5.6 CURVED SURFACE SUB-MERGED IN
LIQUID

For a submerged curved surface, the
determination of the resultant hydrostatic
force is more involved since it typically
requires the integration of the pressure
forces that change direction along the
curved surface. The way to determine the
resultant hydrostatic force Fr acting on a
two-dimensional curved surface is to
determine the horizontal and vertical
components Fx and Fy separately. This is
done by considering the free-body diagram
of the liquid block enclosed by the curved
surface and the two plane surfaces (one
horizontal and one vertical) passing
through the two ends of the curved surface.
Note that the vertical surface of the liquid
block considered is simply the projection of
the curved surface on a vertical plane, and
the horizontal surface is the projection of
the curved surface on a horizontal plane.

Liquid

Horizoatal projection
/ of the curved surface

k. |
3 |
b\
I I Vertical projection
Curved | of the curved surface
surface : y
] Free-body diagram
N | of the enclosed
c

liquid block

The resultant force acting on the curved
surface is given by

2 2
F,=\F’+F,

Inclination of resultant with horizontal is
given by

F
tan0=—"
FX
1) The horizontal component of the
hydrostatic force acting on a curved
surface is equal (in both magnitude and
the line of action) to the hydrostatic
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force acting on the vertical projection of
the curved surface.

2) The vertical component of the
hydrostatic force acting on a curved
surface is equal to the weight of liquid
supported by the curved surface.

Example:

A rectangular plane surface is 2m wide and
3m deep. It lies in vertical plane in water.
Determine the total pressure and position
of centre of pressure on the plane surface
when it's upper edge is horizontal and (a)
coincides with water surface, (b) 2.5m
below the free water surface.

Solution:

Given:

Width of plane surface, b=2m
Depth of plane surface, d=3m

a) Upper edge coincides with water
surface
Total pressure is given by equation as

F=pgAh

FREE WATER SURFACE
=3 I T !:-:-.—1»:—'
moo |
'

LG- 3m
Pe l

:

{-—-—-—Zm—c—t
Where,
p =1000kg/m?, g=9.81m/s?
A=3x2=6m’ H:%x3:1.5m

..F=1000x9.81x6x1.5
= 88290N

Depth of centre of pressure is given by
equation as

o to
Ah

Where,
I, =M.O.L about C.G. of the area of

surface
_b_d3 B 2x3? B
12 12
R 45
6x1.5

4.5m*

+1.5= 0.5+1.5=2.0m

b) Upper edge is 2.5, below water

surface

WATER SURFACE

Total pressure (F) is given by
F=pgAh
Where,

h =Distance of C.G. from free surface of
water

= 2.5+%=4.0m

. F=1000%x9.81x6x4.0
=235440N
Center of pressure is given by

I —
h*=—S+h

Ah
Where
1,=4.5A=6.0h=40

. 45

" 6.0%x4.0
=0.1875+4.0=4.1875=4.1875m.

+4.0

Example:
A circular opening, 3m diameter, in a
vertical side of a tank is closed by disc of
3m diameter which can rotate a horizontal
diameter.
Calculate:
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i) The force on the disc, and

ii) The torque required to maintain the
disc in equilibrium in the vertical
position when the head of water above
the horizontal diameter is 4m.

Solution:

Given:
Dia. of opening d=3m

Area, A=%><32 —7.0685m>

Depth of C.G. h=4m

i) Force on the disc is given by equation as
F=pgAh=1000x9.81%x7.0685x% 4.0

=277368N =277.368KkN

ii) To find the torque required to maintain
the disc in equilibrium, first calculate
the point application of force acting on
the disc, i.e., center of pressure of the
force F. The depth of centre of pressure
(h*) is given by equation as

T .4
L=
h*=-—%+h= 64 __ +4.0
T d2x 4.0
T
I, =—d*
Q1= 2t
¢ 3
= 40 +4.0=014+40=414m

T16x40 T 16x40

The force F is acting at a distance of

4.14 m from free surface.
Moment of this force about horizontal
diameter X-X

=F(h*-H)=277368(4.14-4.0):38831Nm
Hence a torque of 38831 Nm must be

applied on the disc in the clockwise
direction.

Example:

A pipe line which is 4m in diameter
contains a gate valve. The pressure at the
centre of the pipe is 19.6N/cm?. If the pipe

is filled with oil of S.G. 0.87; find the force
exerted by the oil upon the gate and
position of centre of pressure.

Solution:

d=4m

oL )
S=087

Given:
Dia. of pipe, d=4m
~ Area,

A=£x42=4pm2

~Density of oil p, =0.87x1000=870kg / m’
- Weight density of oil,

w, =p, Xg=870x9.81N/ m’

Pressure at the centre of pipe,
p=19.6N/cm*=19.6x10*N/ m®

~ Pressure head at the centre

_ p _19.6x10*
~w, 870x9.81

0
~ The height of equivalent free oil surface
from the centre of pipe =22.988m
The depth of C.G. of the gate valve from free
oil surface h=22.988m

F=pgAh
Where p= density of oil =870kg/ m*
F=870%9.81Xx41Xx22.988=2465500N =2.465MN

(ii)Position of centre of pressure (h*) is
given as

=22.988m

T 4
I _ - _ 2 _ 2
L T S - - MV P
A ma o 16 16x22.988

=0.043+22.988=23.031m
Or, centre of pressure is below the centre of
the pipe by a distance of 0.043m
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Example:

A vertical sluice gate is used to cover an
opening in a dam. The opening is 2m wide
and 1.2 m high. On the upstream of the
gate, the liquid of S.G. 1.45 lies upto a
height of 1.5m above the top of the gate.
Find the resultant force acting on the gate
and position of centre of pressure. Find
also the force acting horizontally at the top
of the gate which is capable of opening it.
Assume that the gate is hinged at the
bottom.

FREE SURFACE OF LIQUIC Ny
ettt ::f___{::-_'_ :_.:_._-_ _-: - __'l.t_: -——- \
LIQUIDOF ~ ==~ = N
Sp. gr.=1.45 am \\\\ FREE SURFACE
R F yOF WATER
UPSTREAM Bawia £ Tl
T PSS WATERS T
12m _E “CTIIzs
A7
r DOWNSTREAM
“~HINGE
Solution:
Given:
Width of gate, b=2m
Depth of gate, d=1.2m
~ Area,

A=bxd=2x12=24m"

Sp. gr. of liquid=1.45

=~ Density of liquid,

p, =1.45%x1000=1450kg/ m’

Let F, = Force exerted by the fluid of sp. gr

1.45 on gate

E, = Force exerted by water on the gate.
The force

F =isgivenby F =p gx AX H1

Where

p, =1.45%x1000=1450kg/ m*
H1 = Depth of C.G. of gate from free surface
of liquid

=1.5+%=2.1m

- F,=1450%9.81x2.4%2.1=71691N
F,=p,g.Ah,
p, =1000kg/ m’

Similarly,
Where

HZ = Depth of C.G. of gate from free surface
of water

=1><1.2=0.6m
2

. F,=1000%x9.81x2.4x0.6=14126N

(i)Resultant force on the gate

=F —F,=71691-14126=57565N

(ii) Position of centre of pressure of
resultant force.

The force F, will be acting at a depth of

h, * from free surface of liquid, given by the

relation

I —
h*=A—G_+h1
where
[ = bd® 2x1.2°

(= =0.288m"
12 12

h *= 288 +2.1=0.0571+2.1=2.1571m

L 24x21

.. Distance of F, from hinge
=(1.5+1.2)-h, *=27-2.1571=0.5429m

The force F, will be acting at a depth of h, *
from free surface of water and is given by

I —
h,*=-L+h,

2

Where

I, =0.288m* h, =0.6m,A=2.4m’

h2*=ﬂ+0.6=0.2+0.6=0.8m
2.4x0.6

Distance of F, from hinge

=1.2-0.8=0.4m

The resultant force 57565N will be acting
at a distance given by

_ 71691%.5429-14126X0.4
57565
_38921-5650.4

57565
=0.578 mabove the hinge

mabove hinge
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(iii)Force at the top of gate which is
capable of opening the gate.
Let F is the force required on the top of the
gate to open it as shown in fig.
Taking the moments of F, FandF, about

the hinge, we get
FX1.2+F,x0.4=F x.5429

Or
Fe F x.5429-F,x0.4

1.2
_ 71691x.5429-14126%x0.4 _ 38921-5650.4
B 1.2 B 1.2
=27725.5N.
Example:

A tank contains water up to a height of

0.5m above the base. An immiscible liquid

of sp. gr. 0.8 is filled on the top of water up

to 1m height. Calculate:

i) total pressure on one side of the tank,

ii) the position of centre of pressure from
one side of the tank, which is 2Zm wide

Solution:

Given:

Depth of water =0.5m

Depth of liquid=1m

Sp. gr of liquid=0.8

Density of liquid,

p, =0.8x1000=2800kg/ m’

Density of water,

p, =1000kg/ m’

Width of tank=2m

(i) Total pressure on one side is

calculated by drawing pressure diagram,

which is shown in fig .

Intensity of pressure on top,p, =0

Intensity of pressure on D (or DE),
P, =p,8-h,
=800x9.81x1.0=7848N/ m*

A
T =
b Fy
1m == ——i—
1 [
05mfE . .
X Fi

Intensity of pressure on base (or BC),
p, =p,gh,+p,g%x0.5
12753N
m

=7848+1000%9.81x0.5=7848+4905=

Now Force,
F, = Area of AADE x Width of tank

=%X ADX DEX2.0=%X1X7848X2.0=7848N

Force,
F, = Areaof rectangle DBFEX Width of tank

=0.5%x7848%x2=7848N
F, = Area of AEFC xWidth of tank

=%>< EFXFCx2.0 =%>< 0.5%x4905%x2.0=2452.5N

.. Total force F=F; +F, +F;
=7848+7848+2452.5=18148.5N

(ii) Centre of pressure (h*). Taking the
moments of all forces about A, we get

Fxh*= lezAD+ F, (AD+1BDJ +F, [AD+EBD}
3 2 3

18148.5xh*= 7848><%><1+7848[1.0+%5]+2452.5[1.0+§X.5]

=5232+9810+3270=18312

x_ 18312 1.009m from top
18148.5

Example:

A circular plate 3.0m diameter is immersed
in water in such a way that their greatest
and least depths below the free surface are
4m and 1.5m respectively. Determine the
total pressure on one face of the plate and
position of the centre of pressure.

Solution:

Given

Dia. of plate, d=3.0m

.. Area,

A="d*="(3.0)" =7.0685m’
4 4
Distance DC=1.5m,BE=4m
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FREE WATER SURFACE
/ E D
I | A gL ==
T2 = e

h

Distance of C.G. from free surface
=h=CD+GCsin0=1.5+1.5sin0

But
. AB BE-AE 4.0-DC 4.0-15
sinf=—= = =

BC 3.0 3.0
=2;=0.8333
3.0
.. h=154+15x%.8333=1.5+1.249=2.749m

i) Total Pressure (F)
F=pgAh
=1000%9.81x7.0685x2.749=190621N

ii) Centre of pressure (h*)
Using equation, we have

>k_IGsinZG _
~ Ah
Where
Tia) =" (3) =
I (d) _64(3) 3.976m*

¢ 64
3.976x(.8333)x.8333
h*=

7.0685x%2.749
=2.891m.

+2.749=0.1420+2.749

Example:
If in the above problem, the given circular
plate is having a concentric circular hole of
diameter 1.5m, then calculate the total
pressure and position of the centre of
pressure on one face of the plate.
Solution:
Given: [referring to given figure]
Dia. of plate, d=3.0m

Area of solid plate

s
3

=
o
3

] View normal
to plate

Dia. of hole in the plate, d,=1.5m

.. Area of hole =£d2 =E(1.5)2 =1.7671m"*
4% 4

.. Area of the given plate A
= Area of solid plate — Area of hole

=7.0685-1.7671=5.3014m*
Distance of CD=1.5,BE=4m
Distance of C.G. from the free surface,
h=CD+GCsin®
=1.5+1.5sin0
But

. AB BE-AE 4-15 25
sinf=—-= = =—
BC 3 3

H=1.5+1.5><2?5=1.5+1.25=2.75m

i) Total pressure force (F)
F=pgAh
=1000%9.81x5.3014%2.75
=143018N=143.018kN

ii) Position of centre of pressure (h*)
Using equation, we have

_ IGsin2 0 —

Ah
where

I, =6—’1[d4-dg] =&[34 -1.54]m4

Azg[dz-dﬂ =ﬂ32 ; 1.52]m2

E3

sin9=23;5 and h=2.75

© Copyright Reserved by Gateflix.in No part of this material should be copied or reproduced without permission



GAIRIX

614[34 —1.54]x[23'5j2
- +2.75

2[32 —1.52}x2.75

h*

=0.177+2.75=2.927m

Example:

An inclined rectangular sluice gate AB,
1.2m x 5m size as shown in fig is installed
to control the discharge of water. The end A
is hinged. Determine the force normal to
the gate applied at B to open it.

FREE WATER SURFACE © C D

1
h
9%
"F‘@
()
Solution:
Given:

A= Area of gate=1.2%x5.0 =6.0m?
Depth of C.G. of the gate from free surface

of the water =h

=DG=BC-BE
=5.0-BG sin45°
1

5.0-0.6x—=4.576m

72

The total pressure force (F) acting on the
gate,

F=pgAh

=1000%x9.81x6.0x4.576

=269343N

This force is acting at H, where the depth of
h from free surface is given by

[ sin‘6 —
h*=-2 4]
Ah
Where, I,=M.O.L of gate
3 3
_ bd _ 5.0x1.2 —0.72m
12 12

.. Depth of centre of pressure

_0.72xsin*45°
6x4.576

*

+4.576=.013+4.576=4.589m

*

h
But from fig, — =sin45°
OH

ES
M 4589 ce9x2=6489m
sin45°

1
5

OH

Distance, BO = —5x+2=7.071m

sin45°
Distance, BH=B0O-0H=0.071-6.489=0.582m

.. Distance,
AH=AB-BH=1.2-0.582=0.618m
Taking the moments about the hinge A
Px AB=Fx(AH)

Where P is the force normal to the gate
applied at B
.. Px1.2=269343%0.618

p 269343x0.618 —138708N

Example:

Fig shows a quadrant shaped gate of radius
2m. Find the resultant force due to water
per meter length of the gate. Find also the
angle at which the total force will act.

WATER SURFACE A

Solution:

Given:

Radius of gate =2m

Width of gate =1m

Horizontal Force,

F_=Force on the projected area of the
curved surface on vertical plane

= Force on BO=pgAh

Where,
A=AreaofB0=2><1=2m2,H=%x2=1m

F =1000%x9.81x2x1=19620N
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2 4
This will act at depth of §X2=§m from

free surface of liquid,
Vertical Force,
F = Weight of water (imagined) supported

by AB
=pgX Areaof AOBx 1.0

T 4
= 1000><9.81><Z(2) x1.0=30819N

This will act a distance of
4R 4x0.2

3t 3n
.. Resultant force, F is given by

F=Jﬁ+$

=19620” +30819’

=36534.4N.

The angle made by the resultant with
horizontal is given by

F, _30819

y

F 19620
. 0=tan" 1.5708=57°31'

=0.848m from OB.

tan0 = =1.5708

Example:

Find the horizontal and vertical component
of water pressure acting on the face of a
sector gate of 90° with radius 4m as shown
in fig. Take width of gate as unity.

WATER SURFACE A /\v

Solution:

Given:

Radius of gate, R=4m

Horizontal component of force acting on
the gate is

F =Force on area of gate projected on

vertical plane
= Force on area ADB

=pgAh
Where A = ABx Width of gate

=2xADx1 (QAB=2AD)

=2x4xsin45°=8x.707 =5.656m"
{Q AD = 4sin45°}
h=28_ 2656 _; g28m

2 2
. F =1000x9.81x5.656X2.828N=156911N
Vertical component

Fy=Weight of water supported or

enclosed by the curved surface
= Weight of water in portion ACBDA
=pgX Area of ACBDAX Width of gate

=1000%9.81x [Area of sector ACBOA- Area ofAABO} x1
AOXBO
2

:9810><BR2— [Q AAOBisarightangled |

=9810x{%42—ﬂ%;%}=44796N

Example:
A cylindrical gate of 4m diameter & Z2m
long has water on its both sides as shown
in Fig. Determine the magnitude, location
and direction of the resultant force exerted
by the water on the gate. Find also the least
weight of the cylinder so that it may not be
lifted away from the floor.

WATER SURFACE A

WATER
SURFACE

@]

e e

Tt
3

Solution:

Given:

Dia. of gate =4m

Radius =2m

(i) The force acting on the left sides of the
cylinder are

The horizontal component, F,

Where F =
projected on vertical plane

=Force on area AOC

=pgAh

Where A = AC X width = 4X2= 8cm?

Force of water on area
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nelia-om
2

F = 1000%x9.81x8x%x2

=156960N
Fy = Weight of water enclosed by ABCOA

= 1000><9.81XBRZ]XZ.O=9810X§XZZ x2.0=123276N

Right Side of the Cylinder

F = pgAZH2 = Force on vertical area CO

:1000><9.81><(2><2)><§ =39240N
F = Weight of water enclosed by DOCD

Y2

=pgX [%Rz } x Width of gate

=1000x9.81x%><22><2=61638N

.. Resultant force in the direction of x,
F =F -F =156960-39240=117720N

Resultant force in the direction of y,
Fy = Fy + Fy =123276+61638=184914N

i) Resultant force, F is given as
2 2
F= [F+F’ =\/(117720) +(184914) =219206N

ii) Direction of resultant force is given

by
F
tang=-r = 184914 _, o 0,
F. 117720
9=57°31"

iii) Location of the resultant force
Force, F_ acts at a distance of

1

2XT4=2.67m from the top surface of

water on left side, while F_acts at a

distance of §x2:1.33m from free

surface on the right side of the cylinder
.The resultant force F_ in the direction

of x will act at a distance of y from the
bottom as

Fxy=F, [4-2.67]-F [2-133]
Or
117720x y =156960x1.33 - 39240 x .67
=208756.8-26290.8 =182466
_ 182466
YT 117720

=1.55m from the bottom

Force Fy acts at a distance i_R from
B Y

x2.0
3n
from AOC towards left of AOC.

Also Fy acts at a distance L;_Rzo_8488m

T
from AOC towards the right of AOC. The
resultant force Fy will act at a distance

AOC or at a distance 4 =0.8488m

x from AOC which is given by
F xx=F x.8488-F x.8488

Or 184914xx=123276x%.8488-61638x%.8488
=.8488[123276—61638]=52318.4

523184

x= =0.2829m from AOC
184914

iv) Least weight of cylinder. The resultant
force in the upward direction is

F =184914N

Thus the weight of cylinder should not
be less than the upward force F,

Hence, weight of cylinder should be at
least 184914N

Example:

2
A dam has a parabolic shape y=y, [i]
X

0

as shown in fig. below having x, =6m and
¥, =9m. The fluid is water with density

=1000kg/ m®. Compute the horizontal,

vertical and the resultant thrust exerted by
water per meter length of the dam.
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Yi

Yo=9 m

x ¥

ORIGIN

Solution:
Given:
Equation of the curve OA is

) (xY X x
= —_ :9 —_ :9)(—:—
Y=Y X, [6] 36 4

x* =4y

x=\/E=2y1/2

Width of dam, b=1m

i)

Horizontal thrust exerted by water
F_=TForce exerted by water on vertical
surface OB, i.e., the surface obtained by
projecting the curved surface on
vertical plane

=pgAh

= 1000><9.81><(9><1)x%=397305N

Vertical thrust exerted by water
E =Weight of water supported by

curved surface OA upto free surface of
water

= Weight of water in the portion ABO
=pg X Areaof OAB X Widthof dam

=1000x9.81 x| | xX dy:lxl.o

=1000x9.81x

9

J
__0
i2y1/2>< dy}q.o
L0

(Qx=2y1/2)

9
3/2
=19620>{ Y ] =19620x§[93/2]

(3/2) 0

= 19620><§><27=353160N

iii) Resultant thrust exerted by water

F=yE2+Fy* =y397305 +353160° =531574N

iv) Direction of resultant is given by
F 353160

tand=—=
F 397305

6 =tan'0.888=41.63°

=0.888

3.6 BUOYANCY & FLOATATION

When a body is immersed in a fluid, an
upward force is exerted on the body; this
upward force is known as the buoyant
force. This force is because of difference in

pressure.
Po

h1
Liquid, dA
density = p

dv

Force acting on the element because of
difference in pressure on the top and
bottom.

dF = pg(h,—h, )dA

F, = [pg(h,~h, )dA

F, =pgV

Where,

p is the density of fluid

V is the volume of body immersed in fluid
or volume of fluid displaced by that body.
The relation pgV is simply the weight of the
liquid whose volume is equal to the
immersed volume of the body. Thus the

buoyant force acting on the body is equal to
the weight of the liquid displaced by the
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body. Note that the buoyant force is
independent of the distance of the body
from the free surface. It is also independent
of the density of the solid body

3.6.1 CENTRE OF BUOYANCY

The buoyant force acting on a body
immersed in a fluid is equal to the weight of
the fluid displaced by the body, and it acts
upward through the centroid of the
displaced volume. The centroid of
displaced fluid is known as centre of
buoyancy.

3.6.2 META CENTRE

It is defined as the point about which a
body starts oscillating when the body is
tilled by a small angle. The Meta centre may
also be defined as the intersection point of
line of action of buoyant force and normal
to the body when the body is tilted by an

angle.
Y

Wt Metacenter

Fp Fs

Meta centric height = GM

_ I(Momentof Inertiaabout yy of the plan)

- Volume of fluid displaced

B.G is the distance between CG & CB points.

3.6.3 OSCILLATION OF A FLOATING
BODY

When body floats in the fluid and it is given
a disturbance in clockwise direction or anti

clock wise direction. The body oscillates
about its metacenter. The time period of
oscillation is given by
kZ
GM.g

T=2nm

Where,
GM is Meta centric ht
K is radius of gyration

3.6.4 CONDITIONS OF EQUILIBRIUM OF
SUBMERGED & FLOATING BODIES

There are 3 types of equilibrium conditions
i) Stable Equilibrium

ii) Neutral equilibrium

iii) Unstable equilibrium

o/ _0

Stable Equilibrium
Equilibrium

Neutral Equilibrium unstable

i) Stable equilibrium:

Any small disturbance (someone moves the
ball to the right or left) generates a
restoring force (due to gravity) that returns
it to its initial position.

ii) Neutral equilibrium:

If someone moves the ball to the right or
left, it will stay at its new location. It has no
tendency to move back to its original
location, nor does it continue to move.

iii) Unstable Equilibrium:

[t is a situation, in which the ball may be at
rest at the moment, but any disturbance,
even an infinitesimal one, causes the ball to
roll off the hill—it does not return to its
original position; rather it moves away
from it.

3.6.4.1 STABILITY IN SUBMERGED BODIES

1) Stable Equilibrium: When W = Fy and
point B is above G. A small displacement
in clockwise direction, gives couple due
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to Fs & weight in anticlockwise
direction. Thus, the body will return to
its original position. Hence, equilibrium
is stable.

2) Unstable Equilibrium: If W = Fz and
point B is below point ‘G. A small
displacement to the body, in the clock
wise direction, gives couple due to
W & Fy also in the clockwise direction.
Thus, body will move away from its
original position. Hence, equilibrium is
unstable

3) Neutral Equilibrium: If F; = W and B
& G are at the same point, the
displacement of body does not result in
any couple of Wt & Fs. Body remains at
its displaced position

Stable equilibrium  Unstable equilibrium

3.6.42 STABILITY IN FLOATING BODY

The stability of floating body is determined
from position of metacentre(M). In case of
floating body, the weight of body is equal to
the buoyant force.

1) Stable Equilibrium: When M is above
G, because of a small displacement to
the body in the clock wise direction, the
couple between Wt & Fs causes rotation
in anti-clockwise direction.

2) Unstable Equilibrium: When M is
below G, because of small displacement
to the body in the clock wise direction,
the couple between Wt & Fp causes
rotation in clockwise direction.

3) Neutral: If M lies at the C.G. of body, the
displacement of body does not result in
any couple of Wt & Fp. Body remains at
its displaced position.

{ G .,-'I
=/ #7 wt B
Wt _'lB ; |
B Fn
Fe
Stable equilibrium
T i
—iw

/;\

G
7/ Ml Wt /
=

Unstable equilibrium

Example:

Find the volume of the water displaced and
position of centre of buoyancy for a
wooden block of width 2.5 m and of depth
1.5m, when it floats horizontally in water.
The density of wooden block is 650kg/ m®

and its length is 6.0m.
Solution:

Given:

Width = 2.5m

Depth = 1.5m

Length = 6.0m

Volume of the block
=2.5%1.5%x6.0=22.50m’
Density of wood, p=65kg/m’

WATER
SURFACE]
——— lw

B
1FB L‘l_
fe—— 25m —=
Weight of block =p X gXVolume

=650%9.81x22.50N=143471N

For equilibrium, the weight of water
displaced = Weight of wooden block
=143471N

.".Volume of water displaced
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_ Weight of waterdisplaced _ 143471
Weight density of water ~ 1000%9.81

Position of center of Buoyancy:
Volume of wooden block in water
= Volume of water displaced

Or

2.5xhx6.0=14.625m’,
Where,
h is depth of wooden block in water
b= 14.625
2.5%6.0
.. Centre of Buoyancy

= %75 =0.4875m from base

=0.975m

Example:

Find the density of a metallic body which
floats at the interface of mercury of S.G.
13.6 and water such that 40% of its volume
is sub-merged in mercury and 60% in
water.

Solution:

Let the volume of the body = Vm®
Then volume of body sub-merged in

mercury
=0y o4vm?

100
Volume of body sub-merged in water
=0y _06vm’

100

For the equilibrium of the body
Total buoyant force (upward
=Weight of the body

But total buoyant force= Force of buoyancy
due to water + Force of buoyancy due to
mercury

Force of buoyancy due to water = Weight of
water displaced by body

= Density of water X Volume of mercury
displaced

force)

=14.625m’

_1000xgxVolume of body in water

=1000xg X0.6 X VN

And, force of buoyancy due to mercury

= Weight of mercury displaced by body

= g X Density of waterx Volume of mercury
displaced

=gx13.6X1000X volume  of
mercury
=gx13.6x1000x0.4VN
Weight of the body

=Density x g x Volume of body
.. For equilibrium, we have
Total buoyant force =Weight of the body
1000x gx0.6xV+13.6x1000Xx gx.4V=pxgxV

Or
p=600+13600x.4=600+54400=6040.00kg/ m’
.. Density of the body =6040.00kg/ m?

body in

Example:

A float valve regulates the flow of oil of S.G.
0.8 into a cistern. The spherical float is 15
cm in diameter. AOB is a weightless link
carrying the float at one end, and a valve at
the other end which closes the pipe
through which oil flows into the cistern.
The link is mounted on a frictionless hinge
at O and the angle AOB is 135°. The length
of OA is 20cm, and the distance between
the centre of the float and the hinge 50 cm.
When of the flow is stopped AO will be
vertical. The valve is to be pressed on to the
seat with a force of 9.81 N to completely
stop the flow of oil into the cistern. It was
observed that the flow of oil is stopped
when the free surface of oil in the cistern is
35 cm below the hinge. Determine the
weight of the float.

oIL
SUPPLY A [

o i — N

d

2
3 L OIL
SURFACE

Solution:

Given:

Sp. gr.of oil =0.8
.". Density of oil
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=p, =0.8x1000=800kg/ m’

Dia. of float, D=15cm
ZAOB=135°
0A=20cm

Force, P=9.81N
0B=50 cm

Let the weight be W.

When the flow of oil is stopped, the centre
of float is shown in Fig. The level of oil is
also shown. The centre of float is below the
level of oil, by a depth ‘h’

From ABOD,
. OD O0C+CD 35+h
sin45°=—= =
OB OB 50
50xsin45°=35+h Or
1

h=50Xx—=-35=35.355-35=0.355cm=.00355m

2

The weight of float is acting through B, but
the upward buoyant force is acting through
the centre of weight of oil displaced
Volume of oil displaced :

=Enr3+ hxnri{r =R=E= 7.5cm
3 2 2

= Zx2x(0.75)' +.00355x xx(0.75) =0.000945m’
3

=Weight of oil displaced
=p, XgX Volume of oil

=800x9.81x0.00945=7.416N

The buoyant force and weight of the float
passes through the same vertical line,
passing through B.

Let the weight of float is W. Then net
vertical force on float

=Buoyant force -Weight of float = (7.416-
W)

Taking moments about the hinges O, we get
Px20=(7416-W)xBD=(7.416-W)x50x cos45°

Or 9.81x20= (7.416—w)x35.355

20x9.81

W=7416- =7.416-5.55=1.866N
35.355

Example:

A rectangular pontoon is 5m long, 3m wide
and 1.20m high. The depth of immersion of
the pontoon is 0.80m in sea water. If the
centre of gravity is 0.6m above the bottom
of the pontoon, determine the Meta -
centric height. The density for sea water
=1025kg/ m’

Solution:

Given:

Dimension of pontoon =5mx3mx1.20m

Depth of immersion =0.8m
Distance AG=0.6m

FLAN AT WATER SURFACE

Distance AB= %x Depth of immersion

=1><.8=0.4m
2

Density for sea water =1025kg/ m®
Meta-centre height GM, given by equation
as

|
GM=—-BG

v

Where I = Moment of Inertia of the plan of
the pontoon about Y-Y axis

=i><5><33m4=4—5m4

12 4
VvV = Volume of the body sub- merged in
water

=3x0.8x5.0=12.0m°
BG=AG=AB=0.6-04=0.2m
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45 1 45

GM——x——0.2=4—8—0.2=0.9375—0.2=0.7375m Example:

4 120

Example:

A solid cylinder of diameter 4.0 m has a
height of 4.0m. Find the meta-centric height
of the cylinder if the specific gravity of the
material of cylinder = 0.6 and it is floating
in water with its axis vertical. State
whether the equilibrium is stable or
unstable.

Solution:

Given: D=4m

Height, h=4m

S.G.=0.6

Depth of cylinder in water =S.Gxh
=0.6xX4.0=2.4m

.. Distance of centre of buoyancy (B) from
A

AB= 274 =1.2m

Distance of centre of gravity (G) from A
AG=E=4—'O=2.Om

2 2
. BG=AG-AB=2.0-1.2=0.8m
Now the meta-centric height GM is given
by
GM=l—BG

v

Where
[=M. O. L. of the plan of the body about Y-Y
axis

=T D' =" x(4.0)
64 64
Vv = Volume of cylinder in water

= 4LO X D*X Depth of cylinder in water = %x 4*x2.4m’

T 4t
— 2
..%:64—=%x24—4=i=0.4167m
£x42x2.4 wos

GM= % -BG=0.4167-0.8=-0.3833m
-ve sign means that the meta-centre (M) is

below the centre of gravity (G). Thus the
cylinder is in unstable equilibrium.

A wooden cylinder of S.G. 0.6 and circular
cross—section is required to float in oil (S.G.
0.90). Find the L/D ratio for the cylinder to
float with its longitudinal axis vertical in
oil, where L is the height of cylinder and D
is its diameter.

Solution:

Given:

Dia of cylinder =D

Height of cylinder =L

Sp. Gr. Of cylinder S, =0.6

Sp. Grofoil S, =0.9
Let the depth of cylinder immersed in oil=h

-

By

f——
f——

p— :}L-—H
For the principle of buoyancy
Weight of cylinder = wt. of oil displaced
%x DXL 0.6><1000x9.81:g><szhx0.9><1000><9.81

Or Lx0.6=hx0.9

b= 0.6 XL _ EL
0.9 3
The distance of centre of gravity G from A,
AG= L
2

The distance of centre of buoyancy B from
A

2 2|3 3

- BG=AG-AB=_-_L_
2 3

3L-2L _L
6 6
The meta-centric height GM is given by

GM=l—BG
\
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First calculating the meta-centric height,
which is given as

GM=BM—BG=%—BG

Where I=6£4D4 and V. = Volume of

cylinder in oil = Tp’xh
4

5 5 5 Where I= Moment of Inertia
l:[i 4 Zhj= 1p°__D _3D And V= Volume of water displaced
vV (64 4 16 h 2 32L : :
16x 21 _ Weight of ship :29430X1000=2912.6m3
3 Sp.weight of sea water 10104
2
Q h=-L AaM=22000 ;5 3433-15-1933m
3 2912.6
2 2
— 3b° L Using equation, T =27 K
32L 6 GMxg
For stable equilibrium, GM should be +ve We get
or, K? 2nK
3D L 10=2n = T
GM >0 or —— 1.933x9.81  /1.933x9.81
6 Or

or «_ 10x11.933x9.81

3D* L 3x6 12
>— or —>— 27
32L 6 32 D?

=6.93m

Or
r 18 9
D* 32 16
Lo2_3
D 16 4
L
—<3/4
5 /
Example:

The time period of rolling of a ship of
weight 29430kN in sea water is 10seconds.
The centre of buoyancy of the ship is 1.5 m
below the centre of gravity. Find the radius
of gyration of the ship if the moment of
inertia of the ship at the water line about
fore and aft axis is1000m*. The specific
weight of sea water as 10100N/ m?

Solution:

Given:

Time period T=10sec

Distance between centre of buoyancy and
centre of gravity, BG=1.5m

Moment of Inertia, [=10000m*
Weight W=29430kN =29430x1000N
Let the radius of gyration =K
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GATE QUESTIONS

Q.1

Q.2

What is the force required (in
Newton) to hold a spherical balloon
stationary in water at a depth of H
from the air-water interface? The
balloon is of radius 0.1 m and is
filled with air.

[GATE -2004]

dng 0lmgh
A B) ——=—
(A) 3 (B) 2

01lmgh 0.04xegh
(C)Tg (D)Tg

For the manometer setup shown in
the figure, the pressure difference
P, — Py is given by

[GATE -2004]

(A) (pH _pair)gH
(B) (pH _PL)g H
(©(pu—po )g H—(p, —pae )& (L—H)

(D) (pu—p.)e Lt (p, —par )g H

Q.3

Q.4

A conical tank with a bottom
opening of cross-sectional area A is
filled with water and is mounted on
supports, as shown in the figure.
What is the force F with which plate
X must be pushed up to prevent
water from leaking? Assume that
the density of air is negligible as
compared to the density of water

P
[GATE -2004]

support
support

(A)p. Vg
(B) (p. gH)A

2

p.VE
D) *+—=
(D) 3

A dam of width 50 m is used to hold
water in a reservoir. If the water
height is 10 m from the bottom of
the dam, what is the total force F
acting on the dam due to the water?
Assume g = 10 m/s?, and the fluid
density is 1000 kg/m?3

[GATE -2005]
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(A) F=12.5x 10° N
(B) F=25x10° N

(C) F=50 x 10° N
(D) F=5x10° N

Common Data for Q.5 and Q.6

A balloon of mass 0.01 kg is charged with
hydrogen to a pressure of 102kPa and
released from the ground level. During its
rise the hydrogen is permitted to escape
from the balloon in order to maintain a
constant differential pressure of 2 kPa
under which condition the diameter of the
balloon remains at 0.4 m. As this balloon
rises it is assumed that the temperature in
and around the balloon remains constant
at 273 K. Further, the inertia of the balloon
and the air resistance due to the rising
balloon may be neglected. Assume that the
density of air at 273 Kis 1.2733 kg/m3, the
average molecular weight of air is 28.9, the
atmospheric pressure is 100 kPa and the
acceleration due to gravity is 10 m/s?

Q.5 Select the correct value of the
upward thrust (in N) expressed in
terms of the outside pressure P
which is expressed in Pa.
[GATE -2005]
(A)10.06x107"P—0.0122
(B)3.97x10°P -0.01006
(€)15.03x107"P—0.0534
(D)8.08x10°P —0.1362

Q.6 Select the value of the outside
pressure P in Pa for which there
will be no force on the balloon?

[GATE -2005]
(B)35530
(D)16860

(A)25340
(€)12130

Q.7

Q.8

Q.9

The magnitude of the force (in N)

required to hold a body of volume

0.05 m3 and mass 40 kg in water

(density 1000 kg/m3) at a depth of

0.1mis(g:9.81m/s?)

(A) zero (B)98.1

(C) 490.5 (D) 882.9
[GATE -2006]

The figure shows the idealized
view of a return elbow or U bend,
which is connected to two pipes by
flexible hoses that transmit no
force. Water with density 1000
kg/m3 flows at velocity of 10 m/s
through the pipe, which has a
uniform ID of 0.1m. The gauge
pressure at points 1 and 2 are 304
kPa and 253 kPa respectively. The
horizontal force F required to keep
the elbow in position is

[GATE -2007]

Fowont | ..

Flow out
T
Flexible coupling
4

—_—
Flow in

(A) 1574 N
(C) 5942 N

o

1
(B) 1970 N
(D) 7533 N

The figure shows a series-parallel
configuration of three identical
centrifugal pumps. The head
increase AH across a single such
pump varies with flowrate Q
according toAH =a-bQ*. The
expression for the total head
increase AH=H, —H, intermsofa

and b and the total flowrate Q; for
this configuration is given by
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Q.

Q.10

Q,/2

Q./2

¢

[GATE -2007]

(%) 2a-2bQ° () 2a-bQ’

(C) 2a-2bQ? (D) a-bQ?

Three containers are filled with
water up to the same height as
shown. The pressures at the
bottom of the containers are
denoted as Pi, P2, and Ps3. Which
ONE of the following relationships
is true?

[GATE -2008]

(WA

P, P, P,
(A)P3>P1>P;
(B) P2>P1>P3
(C)P1>P2=P3
(D)P1=P2=P3

Q.11 A hydrometer, with stem cross-
sectional area of 2.82x10-5 m?, is

immersed in a very large vessel
containing water as shown in the
figure. The immersed volume is

15x10¢ mg and the length of the
stem about water surface isL,. If

the entire volume of water is
replaced by a liquid with

Q.12

specific gravity 1.5 ifthelength of
the stem above the liquid surface

isL,, then the difference L, -L,, is
[GATE -2010]

Lw L,

O

Water Liquid

(A)-177 mm (B) 177 mm
(C)-266 mm (D) 266 mm

A vertical cylindrical vessel has a
layer of kerosene (of density 800
kg/m3) over a layer of water (of
density 1000 kg/m3). L-shaped
glass tubes are connected to the
column 30 cm apart. The interface
between the two layers lies
between the two points at which
the L-tubes are connected. The
levels (in cm) to which the liquids
rise in the respective tubes are
shown in the figure below.

Kerosene

']
v

The distance (x in cm, rounded off
to the first decimal place) of the
interface from the point at which
the lower L-tube is connected is

Water

[GATE-2016]
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EXPLANATIONS

Q1 (A)
Force Required = Buoyancy Force Q4 (B)
F=p, V, 10
Pr Y & F=[ (hgp)(50xdh)
= (1000) (in raj g 0
3 10
=50 h dh
= (1000) (fn (0.1)3j g P g!
3 hz 10
=—ng =50 x 1000 x10 (—j
3 2 )y
So Option (a) is correct =25 x 10° N
Q2 (A)

Q5 (B)
Let outside pressure =P Pa

Pressure inside balloon = P + 2000 Pa

Upward thrust = En(o.zfpa” g}—

En (0.2)3sz g}—[0.0l g]

-3
:in(o.z)?’ 28.9x107°P 10—
3 8.314x 273
Balancing pressure at 1' and 2' -3
B in(o.z)g 2x107°(P+2000) 10
Pa+py gH+p gL=P;+p_gL+p,gH 3 8.314x 273
Pa—Ps =(py—Pu )g H -(0.01)(10)

— -6 _
So Option (a) is correct =3.97 x 10° P-0.1006 N

So Option (b) is correct

Q3 (B)
Force actl_ng in ) _ Hydrostatic ) Area Q6 (A)
upward direction Force 397 x 10° P-0.1006 = 0

F=(p, gH)A P = 25340 Pa

So Option (b) is correct So Option (a) is correct
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Q7 (B)

Rt

e
FH

Fg

Force Balance on Body

F+F =FK

F+tmg=p; V4 g

F = (1000x0.05x9.8)—-(40x9.81)
F=98.1N

So Option (b) Is correct

Q8 (B)

P,A, —P,A, —F = Change in Momentum

PLA -P,A,-F=p Q((_Vz)_(vl ))

PA -P,A, +pQ2V =F

AP, —P, +pV2V )=F

F:%(O.l)z (304x10° ~ 253x10° + 2x1000x10°
F=1970 N

So Option (b) is correct

Q9 (A)

H]
Q, g

Q./2

]

H-H, =a-bQ,?
H=H, +a-bQ,’

H,-H =a—b(Q—1J
2
Q

H, —(H, +a—bQ12)=a—b[—

H,—H, =2a—bQ12(1+%j
5 2
H, -H, =2a—ZbQ1

So, Option (a) is correct

Q.10 (D)
Q.11 (B)

Given
Case |
Volume = 15x10°°
(L-L,)A=15x10"

-6
(L-L,)= 21;;—31)04’ =0.
W, = Weight of fluid displaced
=(L-L,, ) Ax1000
=15x10"°x1000 = 15x10°°
Similarly in Case Il
W=(L-L, ) Ax1500

15 %1073
1500 x 2.82 x 1072
Now,

Eq®)-Eq(2)
(L-Ly)-(L-L,)=0532-0.345
L _-L, =178 mm

=(L-L,)=0345

So Option (b) is correct

3

...... (1)

)
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Q.12 (10)

Balancing Pressure at point 1 and 2

P, =P, +(30—-X)p, g+xp,g

(0.42x100%9.8)=(0.2x800x9.8) +
((30-x)x800%9.8)=
(xx1000x9.8)

420 = 160 + 240-800 x + 1000 x
Xx=0.1m=10cm
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KINEMATICS

4.1 INTRODUCTION

Fluid kinematics deals with describing the
motion of fluids without necessarily
considering the forces and moments that
cause the motion. The velocity at any point
in a flow field at any time is studied in this
branch of fluid mechanics. Once the
velocity is known, then the pressure
distribution & hence forces acting on the
fluid can be determined.

4.2 METHODS OF DESCRIBING FLUID
MOTION

1) Lagrangian Method: A single fluid
particle is followed during its motion
and its velocity, acceleration, density
etc. are described.

2) Eulerian Method: The velocity, acc,
density etc. are described as a point in
flow field. It is commonly used in fluid
mechanics.

4.3 TYPES OF FLUID FLOW
4.3.1 STEADY & UNSTEADY FLOW

Steady flow is defined as that type of flow in
which the fluid characteristics like velocity
etc. at a point do not change with time.

5 -
Y yam)

P= f(x,y,z)
Where,

P is flow parameter (velocity, acceleration,
density etc)

Example:

Fluid flowing in pipe of uniform cross
section or varying cross section with
constant mass flow rate. The velocity of

fluid may vary with position but remains

constant w.r.t time.
“l/}
I

|V2
|

Unsteady flow is that type of flow in which
the velocity, pressure, density at a point
changes with respect to time.

L?j #0
Y owoms)

P= f(x,y,z,t)

=3

Example:

Fluid flowing in pipe of uniform cross
section or varying cross section with
variable mass flow rate

4.3.2 UNIFORM FLOW & NON UNIFORM
FLOW

Uniform flow is defined as that type of flow
in which the velocity at any given time does
not change w.r.t. space.

(@] o
ds .

Example:
Fluid flowing through uniform cross
section. The velocity remains constant
w.r.t. space. The mass flow rate can vary
w.r.t. time.

|

|
v v

|

|

|
|
|
|
|
|
I
|
v, =V

2

© Copyright Reserved by Gateflix.in No part of this material should be copied or reproduced without permission



GAIRIX

Non Uniform flow is that type of flow in
which velocity changes with respect to
space at given instant.

Example:

Fluid flowing through non uniform cross
section. The velocity varies w.r.t space. The
mass flow rate can vary

1) Steady Uniform flow: Flow at constant
rate through a duct of uniform cross-
section.

2) Steady non-uniform flow: Flow at
constant rate through a duct of non-
uniform cross-section (tapering pipe).

3) Unsteady Uniform flow: Flow at
varying rates through a long straight
pipe of uniform cross-section. (Again
the region close to the walls is ignored.

4) Unsteady non-uniform flow: Flow at
varying rates through a duct of non-
uniform cross-section

4.3.3 ONE-, TWO-
DIMENSIONAL FLOWS

AND THREE-

1) One dimensional: One dimensional
flow is that type of flow in which the
flow parameter such as velocity is a
function of time and one space
coordinate only.

Example:
i) Fluid flowing between two parallel

plates

Velocity is along X’ direction
U=f(y)
ii) Velocity flow field given by
V=axi+ bxj
Here velocity has two components but

depends only on one dimension.
Therefore one dimensional flow

2) Two dimensional: Two dimensional
flows is that type of flow in which the
flow parameter such as velocity is a

function of time and two space
coordinates.
Velocity flow field given by
V=axi— byj
3) Three dimensional: Three

dimensional flows is that type of flow in
which the flow parameter such as
velocity is a function of time and three
spaces coordinate.

Velocity flow field given by

V =axi +byj + czk
V= axyf — byzi

4.3.4 LAMINAR AND TURBULENT FLOWS

Viscous flow regimes are classified as
laminar or turbulent on the basis of flow
structure. In the laminar regime, flow
structure is characterized by smooth
motion in lamina or layers. Flow structure
in the turbulent regime is characterized by
random, three-dimensional motions of fluid
particles in addition to the mean motion.

In laminar flow there is no mixing between
adjacent fluid layers. A thin filament of dye
injected into a laminar flow appears as a
single line; there is no dispersion of dye
throughout the flow. A dye filament
injected into turbulent flow disperses
quickly throughout the flow field; the line
of dye breaks up into entangled threads of
dye. This behaviour of turbulent flow is due
to the velocity fluctuations present; the
mixing of fluid particles from adjacent
layers of fluid results in rapid dispersion of
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the dye. If one measures the x component
of velocity at a fixed locations in a pipe for
both laminar and turbulent steady flow, the
traces of velocity versus time appears. In
the turbulent flow the flow velocity trace
indicates random fluctuations of the
instantaneous velocity,

u=u+u’

In one dimensional laminar flow, the shear
stress is related to the velocity gradient by
the simple relation

T =updu/dy

yx
In turbulent flow there is no universal
relationship between the stress field and
the mean velocity field. Thus in turbulent
flows we must rely heavily on semi
empirical theories and on experimental
data.

The type of flow is
Reynold’s No.

_pVL
il
Where,
p = Density
L = Characterstic length
V = Velocity
p = Dynamic Viscosity

determined by

Re

4.3.5 COMPRESSIBLE & INCOMPRESSIBLE
FLOWS

Flows in which variations in density are
negligible are termed incompressible;
when density variations within a flow are
not negligible, the flow is called
compressible. Gas flowing with negligible
heat transfer may also be considered
incompressible provided that the flow
speed is small relative to the speed of
sound.

The ratio of the flow speed V, to the local
speed of sound C, in the gas is defined as
the Mach number.

M=
C
Thus gas flows with M<0.3 can be treated

as incompressible.

4.3.6 INTERNAL AND EXTERNAL FLOWS

Flows completely bounded by solid
surfaces are called internal or duct flows.
Flows over bodies immersed in an

unbounded fluid are termed external flows.
Both internal and external flows may be
laminar or turbulent, compressible or
incompressible.

4.4 CONTINUITY EQUATION IN THREE-
DIMENSIONS

Continuity equation is based on mass
conservation principle.
(mass flow rate in) - (mass flow rate out) =

(rate of change of mass in control volume)
dm

min _mout - dt

In Cartesian coordinate system

0 0 0 0
a—X(pu) +g(pv)+a(pw) +a—f =0
Where,

uzfl(x,y,z)
V= f2 (X,y,z)

w=f, (x,y,z)
This equation is applicable to

1. Steady & unsteady
2. Compressible, incompressible.
3. Uniform, non-uniform

For steady flow a =0

a%(pu)Jr%(pv)Jr%(pw) =0

For incompressible & steady flow

S0 5 ()5 ()=
ox oy 0z

For two dimensional, incompressible &
steady flow

%(u)Jr%(v):O
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4.5 CONTINUITY EQUATION IN ONE

DIMENSION

For steady state condition
(mass,_)=(mass_ )

p1A1V1 - pzszz

For incompressible fluid

P1 =P,

AV, =AV,

Continuity  equation s
incompressible steady state.

valid for

4.6 MOTION OF FLUID ELEMENT

a) linear motion

b) Rotation motion

c) linear deformation
d) angular deformation

4.6.1 LINEAR MOTION

In pure translation motion the fluid particle
retains its shape. It does not deform.

4.6.2 VELOCITY & ACCELERATION

The ve10c1ty in flow field is given by

V=ui+ V] +wk
Where,

u:fl(x,y,z)
v=f, (X,y,z)
w=f, (X,y,z)

The magnitude of resultant velocity is given
by

‘V‘z\/u2+vz+w2

The acceleration is given by
a=a_ i+a j+ak

X y Z
Where,

du dv dw
a=—,a=—,a=—
*dt Y dt * dt
a _du_duf ox a_u oy au 82+8_u
x dt T oxl ot ay ot 82 ot ot
_Lu ou v.Ou w.0u 8u
a + +
x OX oy 0z 6t
w.ov V.0V W.0v OV
a = + + +—
y0ox oy oz ot
u&w V.OW W.0W Ow

a + +—
G ¢ ay 0z ot
For steady state,
dv_
dt
u_g v o aw
ot ot ot

Hence acceleration
u.du Vv.ou Ww.o0u
a = + +
ox oy 0z

4.6.3 LOCAL ACCELERATION &
CONVECTIVE ACCELERATION

Local acceleration is defined as the rate of
change of velocity with respect to time at a
given point in a flow field.

du v ow
ot’ ot ot

4.6.4 CONVECTIVE ACCELERATION

Convective acceleration is defined as
change of velocity with change in position
of fluid particle in a fluid flow.

uwou u.du u.ov
+ +
ox oy oz

4.6.5 FLUID ROTATION

Rotation of fluid particle is a vector
quantity given by
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o=0i+0 j+ok
X y zZ

Where,
o, Is rotation about x axis,

, s rotation about y axis &

o, IS rotation about z axis
In vector notation

1 —
o=—(VxV)
2
Rotational Components are given by
1( ov ocu
O = ——-
© 2\0x oy
1{ou ow
0w = ——-
vy 2\oz ox
1{ ow ov
0w =————-
* 2\ oy oz

For irrotational fluid flow,

o =0 =w =0
X y Z

4.6.6 LINEAR STRAIN RATE

It is defined as the rate of increase in length
per unit length. Mathematically, the linear
strain rate of a fluid element depends on
the initial orientation or direction of the
line segment upon which we measure the
linear strain

I__I---_l_

a—

I —

-pmmmer--

Linear strain is given by
ou ov ow

)

8xx = 8yy 77
o0x oy 0z

4.6.7 ANGULAR DEFORMATION/SHEAR

STRAIN
g
—
i i
[
l F X f
i e \
[
T —
Rate of shear strain is given by

1{ ou ov
g =—| —+—
w2\ 0y 0oXx

4.7 FLOW PATTERNS

Fluid Mechanics is a subject with
visualizations. Patterns of flow can be
visualized in several ways. Basic types of
line patterns used to visualize flow are
streamline, path line, streak line and time
line.

4.7.1 STREAM LINE

Stream lines are lines drawn in the flow
field so that the tangent at any point gives
the direction of velocity of particle at that
point. Since the streamlines are tangent to
the velocity vector at every point in the
flow field, there can be no flow across a
streamline.

Differential equation of streamline

ds_y

dt

qr=9dx_dy _dz
u v w

dx _dy _dz

u v w

4.7.11 STREAM TUBE

A bundle of neighboring streamlines may
be imagined to form a passage through
which the fluid flows. This passage is
known as a stream-tube.
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Properties of Stream tube:

1) The stream-tube is bounded on all sides
by streamlines.

2) Fluid velocity does not exist across a
streamline; no fluid may enter or leave
a stream-tube except through its ends.

3) The entire flow in a flow field may be
imagined to be composed of flows
through stream-tubes arranged in some
arbitrary positions

4.7.2 PATH LINE

A path line means the path or line actually
described by a single fluid particle as it
moves during a period of time. The path
line indicates direction of the velocity of the
same fluid particle at successive instant of
time.

4.7.3 STREAK LINE

Let at any instant these particles arrive at
points Q, R and S.Q, R and S represent the
end points of the trajectories of these three
particles at the instant. The curve joining
the points S, R, Q and the fixed point P will
define the streak line at that instant. The
fixed point P will also lie on the line, since
at any instant; there will be always a
particle of some identity at that point.

In the steady flow, the velocity at each
point in the flow field remains constant
with time and, consequently, the
streamlines do not vary from one instant to
the next. This implies that a particle located
on a given streamline will remain on the
same streamline. Furthermore, consecutive
particles passing through a fixed point in
space will be in the same streamline and
subsequently, will remain on this
streamline. Thus in a steady flow, path
line, streak lines, and streamlines are
identical lines in the flow field

4.8 STREAM FUNCTION ('¥)

It is defined as scalar function of space &
time, such that its partial derivative w.r.t. to

any direction gives the velocity
perpendicular to that direction. It is defined
for two dimensional flows.
u=V oy v

oy ox

Properties of stream function (¥) :

1) If stream function exists, it is possible
case of continuous, incompressible
steady flow.

2) If stream function (¥) satisfies Laplace

Equation i.e,,
2 2
oy N oy _0
oy®> ox°
Then, it is possible case of irrotational
flow.

4.8.1 CONSTANT STREAM FUNCTION

Y =const

d¥ =0

d¥ =a—wdx+a—lpdy
1)'¢ oy

0=vdx—udy

dy _v

dx u

4.9 VELOCITY POTENTIAL FUNCTION

It is defined as a scalar function of space &
time, such that its negative derivative with
respect to any direction gives the fluid
velocity in that direction.

¢ =f(x,y,z) for steady flow.

u=-49 . do . do

dx’ dy’ dz
Properties of Potential Function:

1. If velocity potential (¢) exists, the flow

should be irrotational.
2. If (¢) satisfy the Laplace equation, the

flow is continuous, incompressible, and
steady.
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2 2 2
o N o N o
ox* oy’
4.10 EQUIPOTENTIAL LINE

oz* B

It is defined as line along which the velocity
potential is constant.
@ = const

de=0
Q= f(x,y) for steady, 2D flow

do do
dp=—-dx+—d
® dx * dy y
0=udx + vdy
dy __u

dx \%

4.10.1 RELATION B/W STREAM
FUNCTION & VELOCITY POTENTIAL
FUNCTION

_ oy _ 09
= a_x__g
ve v _0e
oy OX
Hence,
op__ow
ox oy

% _ov
oy Ox

Stream line and equipotential line are
orthogonal to each other

dy dy _ 4
dx ) ldx .
equipotential stream line

Example:

The following cases represents the two
velocity components, determine the third
component of velocity such that they
satisfy the continuity equation:

i) U=x*+y*+2°,v=xy’ —yz’+xy

ii) v=2y* w=2xyz

Solution:

The continuity equation for incompressible
fluid is given by equation as
du  dv  dw

+—+ =

5x 8y oz
Case 1:
u= X2+ y2+ ZZ

ou _

OX
V= Xy’ —yz°+ Xy

LU Xy — 22+ X

Sy

o ou ov
Substituting the values of — and — in
ox oy

continuity equation

2X + 2xy — 27 +X +5—W=0
0z

Or

5—W=—3x - 2xy + z° or
oz

ow = (—3x — 2Xy + 22)52
Integration of both sides gives,

I&w = I(—Sx — 22Xy + 22)52

3
w = (-3xz - 2xyz+%)+C

Where constant of integration cannot be
function of z, but can be a function of x and

y that is f(xy).
3

W=[—3xz—2xyz+%]+ f(x y)
Case 2:

dv
v=2y’ .. —=

Sy
W =2XyZ .. oW _ 2 Xy

0z
N v ow .
Substituting the values of — and — in
)y 0z

continuity equation, we get
5—u+ 4y + 2xy =0
0x
or
ou =—4y —2Xxy
0x
or
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du= (—4y —2xy)ox

Integrating we get,
2

u =—4xy—2yx?+f(y, z)
=—4xy-x’y+f(y,2)

Example:

A fluid flow field is given by

V =x’y i+y’zj—(2xyz+yz*)k

Prove that it is a case of possible steady
incompressible fluid flow. Calculate the
velocity and acceleration at the point (2,1,3).
Solution:

For the given fluid flow field

u=x’ —=2
y ox Xy
ov
v=y’z Lo —=2yz
oy
W =-2Xyz-yz’ .. gﬂ = —2xy —2yz
z

For a case of ©possible steady
incompressible fluid flow, the continuity
equation should be satisfied

ou ov ow
—+—+—=0
0x 0y 0z
ov
Substituting the value of a_u , — anda—w,
ox 0y 0z
we get,
du dv ow
4
dX dy 9oz
=2Xy+2yz—-2xy—-2yz=0
Hence, the velocity field

V = X%yi + y°zj —(2 Xyz + yzz)k
is a possible case of fluid flow

Velocity at (2, 1, 3)

Substituting the values x =2,y =1and z = 3
in velocity field, we get

V= X2y€+ YZZ}— (2xyz +yz* )1A<

- (2 x1)i+ (12 x3)j- (2x2x1x3 + 1x3))k

—4i + 3j-21k
And resultant velocity
= 413 +(21)

= 16+9+441 = /466 = 21.587 units

Acceleration (2, 1, 3)
The acceleration

a_,a ,and a
X y Z

components

for steady flow are
ou Ou ou
V—+w—
*0x 0oy 0z

u=x’y

ou ou

—=2xy, —=X =

X oy 0z

V=y’z

¥ W W
oy 0z

194
W =—2XyzZ—yz’.

8_w =—2XyZ, 6_W = _2x7—7°,
[0)'¢ oy

w =—2Xy — 2yZ

oz

Substituting these values in acceleration
components, we get acceleration at (2, 1, 3)

a_=x"y(2xy)+y’z(x")-(2xyz +yz*)(0)
_ 2X3y2 + XZyZZ

=2(2>)(1*)+(2)*(1)*°x 3

=2x8+12

=16+12

=28 units

a, =x"y(0)+y’z(2yz) - (2xyz+yz*)(y")

=2y°z* - 2xy’z—y°z’

© Copyright Reserved by Gateflix.in No part of this material should be copied or reproduced without permission



GAIRIX

=18-12-9
= —3units

a, = x’y(-2yz) +y’z(-2xz - 2%)
—(2xyz + yz°)(-2xy — 2yz)
=-2x’y’z - 2xy’z* -y°z°
+H4X?Y?z + 2xy° 7% + Axy*z° + 2y°7°]
=(-2x2"x1*x3)-(2x2x1*x3*)-1*x3’
+{(4x2* x1*x3) +(2x2x1*x3%)
+(4x2x1*x3%) +(2x1°x3%)}
=-24-36-27+(48+36+72+54)
=123
Acceleration=axi+ay} + azf{ = 28;—3}"' 123k

Or
magnitude of

282 +(=3) +123* =[784+9+15129 =[15922
=126.18units

resultant acceleration

Example:
The velocity potential function is given by

o =5(x" —yz)_ Calculate the velocity
component at the point (4,5).

Solution:

¢=5(x"~y")

@ =10x

Ox

)

—¢:—10y

Sy

But the velocity components u and v are
given by equation as

u= _% =-10x
Ox

\ :—ﬁ: —(-10y) =10y
Sy

The velocity components at the point (4, 5),
le,atx=4,y=5are

u=-10x4=—-40units

v =10x5=50units

Example:
The stream function for a two-dimensional
flow is given by y=2xy. Calculate the

velocity at the point P(2, 3). Also, find the

velocity potential function ¢

Solution:

Given:

V =2xy

The velocity components u and v in terms
of v are

uz—s—\v:—i(ny):—Zx
dy  dy
oy O
== =" (2xy)=2
e 8X( Xy)=2y

At the point P(Z, 3)., we get
u=-2x2=—4units

v=2x3=6

.. Resultant velocity @P

=\u’ +v* =4* +6° :\/5:7.21units/sec
Velocity potential function ¢
We know

X
50 _ . _ y
g =—-V= —2y ..... (11)
Integrating equation(i), we get
Id(l) = IZxdx
2
¢=2%+C=X2+C ..... (iii)

Where C is a constant which is independent
of x but can be a function of y
Differentiating equation(iii) w.r.t. y, we
¢ oC
get —=—
oy dy

But from(ii), g—j’) =-2y

L 9C_
3y
Integrating this equation, we get

2

C=I—2y dyZ—Z%:—y2

_2y
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Substituting this value of C in equation (i),

we get p=x" —y°

Example:

In a two dimensional incompressible flow,
the fluid velocity components are given by
u=x—-4y and v=-y—4x. Show that
velocity potential exists and determine its
form. Find also the stream function.
Solution:

Given: u=x—4yandv =-y —4x

@:1 and @:—1
16)'¢ oy

6_u+@:1_120
ox 0y

Hence flow is continuous and velocity
potential exists.
Let ¢ =Velocity potential.

Let velocity components
velocity potential is given by

in terms of

@ =—u=—(x—-4y)=—x+4y...(1)
ox

@:—v:—(y—4x):y+4x ....... (ii)
oy

Integrating equation(i), we get

o= —X?+ 4xy +C ....(iii)

Where C is constant of integration, and is
independent of x. This constant can be a
function of y.

Differentiating the above equation, i.e,
equation (iii) w.r.t. y’, we get

@:0+4X+6_C

oy oy

But from equation(iii), we have
@:y+4x

oy

Equating the two values OfS_ , we get
y

5c_
dy Y

Integrating the above equation, we get

c=L +c
2

Where C, is a constant of integration,

which is independent of x and y.
2

Taking it equal to zero, we get c= y?

Substituting the value of C in equationiii),

we get
2 2

X y
=——+4xy +—
¢ 2 Y 2

Value of Stream functions
Let y =stream function

The velocity components in terms of
stream function are

86_\::\/:— —4X ..... (IV)
and
Z_:Ijz—u:—(x—4y):—x+4y ...... (v)

Integrating equation (iv) wrt X, we get

2

\u:—yx—%H{ ....... (vi)

Where k is a constant of integration which
is independent of x but can be function of y
Differentiating equation (vi) w.r.t.y, we get

S—W:—X—O+%

dy dy

But from equation (v), we have
6—\V:—x+4y

oy

S
Equating the two values of S_W , we get

3k
.
Integrating the above equation, we get
4y°

-
Substituting the values of k in equation (vi)

4y

2

k= 2y

, we get
Y =—yx —2x° +2y°
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Example:
A fluid flow is given by V=8xi—10x%yj
Find the shear strain rate and state

whether the flow is rotational or
irrotational.
Solution:
Given:
V =8x’i - 10x%yj

0 )
u=8x*, M_24x?, H_p

0x dy
v =-10x"y, v _ —20xy, v _ —10x*

Ox oy

(i) Shear strain rate is given by equation as
1 1

=— 8—V+8—u =—(-20xy +0) =-10xy
2\0x oy ) 2

(ii) Rotation in x-y plane is given by

equation or

o =2V _Su) 1 ooy —0)=—10xy
* 2{déx dy) 2

As rotation o, #0. Hence flow is rotational.

Example:
The velocity components in a two-
dimensional flow are

3 3
u= y?-f-ZX—Xzy and v=xy’ —2y—%

Show that these components represent a
possible case of an irrotational flow.

Solution:

3
Given u= y?+ 2x —x’y
du
—=2-2X
ox Y

2
S_UZSL_XZ :yz 2
oy 3
3
Also  v=xy’ -2y e
o =2xy -2
oy

i) For a two-dimensional flow, continuity

. . du ov
equation is —+—=0
ox dy
_ ou ov
Substituting the value of—and —,
X oy
we get
M OV s oy +2xy—2=0
ox dy

.. Itis a possible case of a fluid flow.

ii) Rotation, @, is given by

1fév ou) 1., , SENE
@Z_E[§_§j_ E[(Y -x°)-(y"-x7)]= 0
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GATE QUESTIONS

Q.1

(@)

(b)

Q.2

The inlet velocity of water
(p = 1000kg/m®) in a right-angled
bend- reducer is Vi=1 m/s, as
shown below. The inlet
diameterisD1=0.8 m and the
outlet diameter is D;=0.4 m. The
flow is turbulent and the
velocity profiles at the inlet
and outlet are flat (plug flow).
Gravitational forces are
negligible.

Vi, P Dy 5
p—
=t

v2 ; PZ. DZ M

Find the pressure drop (P:-P2)
across the bend assuming
negligible friction losses.

If the actual pressure drop is (P1-
P;) = 8.25 kPa, find the friction loss
factor (Kr) based on the velocity Vi

[GATE-2001]

The stream function in a xy-plane is

given  below: \|J=%x2y3 The

velocity vector for this stream

function is:
[GATE -2010]

~

2y,2

(A) xy* i - %xy j

~

3

(B) gxzyz T xy ]

Q.3

Q.4

(©) gxzy2 i+xy? ]

~

(D) %y i + %nyz j

Two liquids (P and Q) having same
viscosity are flowing through a
double pipe heat exchanger as
shown in the schematic below.

Densities of P and Q are 1000 and
800 kg/m3 respectively. The
average velocities of the liquids P
and Q are 1 and 2.5 m/s
respectively. The inner diameters
of the pipes are 0.31 and 0.1 m.
Both pipes are 5 mm thick. The
ratio of the Reynolds numbers Rep
to Req is

[GATE-2011]

(A) 2.5 (B) 1.5
A1 (D) 4

An open tank contains two
immiscible liquids of densities (800
kg/m3 and 1000 kg/m3) as shown
in the figure. If g 10 m/s?, under
static conditions, the gauge
pressure at the bottom of the tank
in Pais

[GATE-2013]
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Q.5

Q.6

Two packed towers are designed
for the same mass velocity of the
gas. The first has liquid and gas
flow rates of 30 kg/s and 1.2 kg/s,
respectively, while the
corresponding flow rates in the
second tower are 67.5 kg/s and 1.8
kg/s. The ratio of the design
diameter of the wider tower to that
of the narrower tower
[GATE-2018]
(B) 1.8
(D) 1.225

(A) 2
(C) 1.5

A pipe has a porous section of
length L as shown in the figure.
Velocity at the start of this section
is Vo. If fluid leaks into the pipe
through the porous section at a
volumetric rate per unit area q
(x/L)?, what will be the axial
velocity in the pipe at any x?
incompressible  one-
dimensional flow i.e, no gradients
in the radial direction.
[GATE-2003]

Assume

I X RS K X1 N2

Q.7

X
QV =V +2q—
Q)V, =V, qLD

(D) Vx =Va +-q

An incompressible fluid is flowing
through a contraction section of
length L and has a 1-Dimentional
Steady state velocity distribution,

u= u°(1+2TXj' If uy=2m/sand L

= 3 m, the convective acceleration
(in m/s?) of the fluid at L is

[GATE-2014]
(A)2 (B)S

(C)8 (D) 10




GAIEHIX

N

9] |

26000




GAIEHIX

EXPLANATIONS

Q1 (A)
By Continuity Equation
AV, =AY,

2 2
{2 w~(%)
9 .

V,=4m/s

Applying Bernoulli Equation
Pl _Pz _ sz _V12
p - 2
AP 16-1

1000 2
AP = 7500 Pa=7.5 kPa

(B)
Given: AP =8.25 kPa
Applying Bernoulli Equation
2 2
AP _Vy -V,
p 2
825 16-1 h

1000 2 f
h, =0.75

hy

Now friction loss factor based on V,

2
[

k, = 0'7?‘2 =150

Q2 (B)
V=v,i+v, ]
_v g O
oy OX
1 2,,3
==X
v > y
5_\|I 3X2y2
oy 2
oy 3
— =X
OX 4

So Option (b) is correct

Q3 (O
D,=D,, -D,=0.31-0.1
D,=0.2m
Rep _ Pp Vp Dp
Re, p, VY, D,
~1000x1x0.2 1
800x2.5x0.1

So Option (c) is correct

Q4 (26000 Pa)
[Presure at

oton (P (24 (7
(P ) * (Puan ) = (Pam )+ (P2 )+ (P2 )

Poawge =P28 0y +p, g h,
P = (800><2><10)+(1000><1><10)

gauge

P oo = 26000 Pa or (r:iz J
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Q5 (D)
By continuity Equation

0
m=pAV
0
m._y
pA

So Option (d) is correct

Q6 (D)
For incompressible flow, mass balance
provide

2
"o, +q(1j 7D dx=Z DA
L 4

4 X|x-+dx

“pv, , -ZDV 2
i 4 X|x-+dx 4 x|x X
lim =zqD|—| D
dx—0 dx L

sl
dx \ 4 L

dv, 4qgx°
dx DL
Integrate

3
V, = 4q2 X—+c
DL\ 3

Substituting V, =V, at x =0,
cC=V,

3
V, =V, + 29[ X
DL’ 3

Q7 (0O

Acceleration
_du_auax
S dt ox ot

o(u
:(u)—( )

OX

WG
e

=22(§j(1+2)

=8m /s

So Option (c) is correct
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BERNOULLI'S EQUATION & ITS APPLICATION

5.1 INTRODUCTION

Consider a small element of fluid in flow
field. The energy in the element as it moves
in the flow field is conserved. This principle
of conservation of energy is used in the
determination of flow parameters like
pressure, velocity and potential energy at
various locations in a flow. The concept is
used in the analysis of flow of ideal as well
as real fluids. Energy can neither be created
nor destroyed. It is possible that one form
of energy is converted to another form.

5.2 EULER’S EQUATION

Euler’s equation is obtained from the
conservation of momentum for a fluid
particle moving along a streamline. The
forces due to gravity & pressure are taken
into consideration.

ar +VdV+gdz=0

p
This equation is known as Euler’s equation
of motion. The assumptions involved are:
1) Steady flow
2) Motion along a stream line
3) Ideal fluid (frictionless)
In the case of incompressible flow, this
equation can be integrated to obtain
Bernoulli Equation.

5.3 BERNOULLI'S EQUATION

The Bernoulli’'s equation states that the
sum of the flow, kinetic, and potential
energies of a fluid particle along a
streamline is constant. Therefore, the
kinetic and potential energies of the fluid
can be converted to flow energy (and vice
versa) during flow.

By integrating Euler’s
incompressible flow

jd_pl’+ [vav+[gdz=[o

equation for

2
—+—+2zg=const
P
Multiplying the Bernoulli’s equation by the
density (p). Each term in this equation has

units of pressure.
2

\'%
P+ p2 +pzg =const

e P is the static pressure (it does not
incorporate any dynamic effects); it
represents the actual thermodynamic
pressure of the fluid. This is the same as
the pressure used in thermodynamics
and property tables.

P
— is known as pressure head
Pg

2

pV

is the dynamic pressure; it

represents the pressure rise when the
fluid in motion is brought to stop
isentropically.

pV*

is known as dynamic head

e P8Z is the hydrostatic pressure,

which is not pressure in a real sense
since its value depends on the reference
level selected. It accounts for the
elevation effects, i.e., of fluid weight on
pressure.

Z is gradient or datum head.

The sum of the static, dynamic, and
hydrostatic pressures is called the total
pressure. Therefore, the Bernoulli’s
equation states that the total pressure
along a streamline is constant. The sum
of the static and dynamic pressures is
called the stagnation pressure, and it
is expressed as

Stagnation pressure = static pressure +
dynamic pressure.
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. pv°
Stagnation pressure =P +7

5.4 APLLICATION OF BERNOULLI'S
EQUATION

Venturimeter and Orifice meters are the
obstruction type meters commonly used
for the measurement of flow through pipes.
In each case the meter acts as an obstacle
placed in the path of the flowing fluid
causing local changes in pressure and
velocity

i) Venturimeter

ii) Orifice plate

iii) Pitot tube

5.4.1 VENTURIMETER

A venturimeter consist of a short
converging part, throat & diverging part.
The liquid undergoes gradual contraction &
expansion, therefore it has lesser losses.
By applying Bernoulli’s equations at 1 & 2

2 2
RV, RV
pg 28 pg 28
Points 1 & 2 are at same horizontal level,

+Z2

72,71,

h: i_& +V22—V12
pg Pg 2g

Q= v, =a,v,

In case of ideal fluid, the above equation is
valid. To modify the equation for real fluid,
coefficient of discharge (Cd) is multiplied to
theoretical flow. It accounts for viscous
loss, expansion loss & boundary roughness.
Itis defined as

actual discharge

¢ theoretical discharge

h= P B
Pg
Where,

x = the difference in mercury level

p,, = Density of heavy liquid

p = Density of flowing fluid

Casel:

Manometric fluid is lighter then liquid
flowing in pipe (in case of inverted
manometer)

th(l—p—mj
p

Case2:
Inclined/vertical venturimeter
differential U-tube Manometer

P P
h= —1+z1 — —2+z2 = p—m—l X
Pg Pg p

5.4.2 ORIFICE METER OR ORIFICE PLATE

with

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. The
orifice diameter is kept generally 0.35
times the diameter of pipe. Due to sudden
expansion & contraction, loss is high in

orificemeter.
Orifice plate

N

— Venna contracta

—Q

Manometer
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A differential Manometer is connected to
measure the pressure difference at section
(1), which is at distance of about 1.5-2.0
times the pipe diameter and section (2),
which is at a distance of about half
diameter of the orifice on the downstream
side.

By applying Bernoulli’s equations at 1 & 2
_1+V_12+Z :£+V_22

+7Z
pg 28 ' pg 2g

2

Points 1 & 2 are at same horizontal level,
S2,=12,

h (P_P_ju
Pg P8 2g

Q=a,v,=ayv,

As the liquid comes out of orifice it
contracts further and the area just outside
the orifice is lower compared to the area of
the orifice. This section is called as vena-
contracta. Area of jet at the vena-contracta
is less than the area of the orifice itself due
to convergence of stream lines. The
coefficient of contraction C_ is defined as

follows.
area of jet at vena contracta(a,)
C =

C

area of orifice(a )
o

The value of coefficient of contraction
varies from 0.61 to 0.69 depending on the
shape and size of the orifice

a,=C..a,

Q=a,v,=a,v,=c_ayV,

Due to the viscous effects, the actual flow
velocity through the orifice will always be
less than the theoretical possible velocity.
The velocity coefficient C is defined as
follows.

Actual of jet at venna contacta

v

* Therotcial veocity of jet at orifice

The value of coefficient of contraction
varies from 0.61 to 0.69 depending on the
shape and size of the orifice.

Where,
Cd = Cc Cv

Average value of C, for orifices is 0.62.

5.4.3 PITOT TUBE

It is a device used for measuring flow
velocity at any point in a pipe.

Principle: If velocity of flow at any point
becomes zero, the pressure is increased
due to conversion of kinetic energy to
pressure energy.

Manometer

By applying Bernoulli’s equations at 1 & 2
Stagnation pressure = static pressure +
Dynamic pressure

2
R V_P
pg 28 pg
Vi_R P _,
2g pg pg
Vact:Cv zgh
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h= -5 :(p—m— ]X
Pg p
Where,

Cv is velocity coefficient

5.5 BERNOULIS EQUATION FOR REAL
FLUIDS

P V? P V?
—+—L+z =—2+2+z +h,
pg 28 pg 28
Where,

h, is head loss due to viscous force &

minor losses.
5.6 FREE LIQUID JETS

Free liquid jet is defined as the jet of water
coming out from the nozzle in atmosphere.
The path travelled by the free jet is
parabolic, given by equation of parabola

y:xtane—%gxzsecze
1. Max height
2 2
(Usin@) —(0) =2gy
U?sin®0

2g

max

2. Time of flight
y =Usin0g: —%gt2
For full flight,y =0
Usin0g: —%gt2 =0
. 2Usin0

8
3. Max Distance (Range)

R=Ucos0g
_ 2Ucos0dJsin0
) g
U%sin260

8

4. Value of 8 for max range

R U?sin260
g
sin20=1

20=90° Or 6=45°

Example:
Water is flowing through a pipe of 5cm
diameter = under a  pressure of

29.43N / cm” (gauge)
velocity of 2m/s. Find the total head or

total energy per unit weight of the water at
a cross-section, which is 5m above the
datum line.

and with mean

Solution:
Given:
Diameter of pipe=5 cm = 0.05m
Pressure,
P=29.43N /cm®=29.43x10*N / m®
Velocity, V=2.0m /s
Datum head,Z=5m
Total head
=Pressure head+kinetic head+datum head
P 29.43x10"
= =30m

Pressure head = —=—""""" —
pg 1000x9.81

2
Kinetic head = V_: 2x2 =0.204m
2g 2x9.81
, PV
. Totalhead = —+—+272=30+0.204+5
pg  2g
=35.204m

Example:

An oil of S.G. 0.8 is flowing through a
venturimeter having inlet diameter 20 cm
and throat diameter 10cm. The oil-
mercury differential manometer shows a
reading of 25 cm. Calculate the discharge of
oil through the horizontal venturimeter.
Take C, =0.98

Solution:
Given:
S.G. Of oil, S,=0.8
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S.G. Of mercury, S, =13.6
Reading of
x =25cm

.". Difference of pressure head,

S )
h=x| L2-1|=25 g—l cm of oil
S, 0.8

=25(17-1) =400 cm of oil.
Dia atinlet, d, =20cm

differential manometer,

" a, =%xd12 :%x202:314.16cm2
d,=10cm
" a, ==x10° =78.54cm’

4

C,=0.98
.. The discharge Q is given by equation

da.d
or Q=c,——=—x4/2gh
2 2
a, —a,
0,98 SMH1OT8 D o81x400
J(314.16)* —(78.54)’
=M=70422.4cm3 /s
/986966168
=70.422litres / sec
Example:

A 30cmx15cm venturimeter is inserted in
vertical pipe carrying water, flowing in the
upward direction. A differential mercury
manometer connected to the inlet and
throat gives a reading of 20cm. Find the
discharge. Take C, =0.98

Solution:
Given:
Dia atinlet,

d, =30cm

~.a,=(30) =706.85cm’
4

Dia at throat, d,=15cm

-a, =§(15)2 =176.7cm’

S
h=x| -1 |=20( 230 _1
S, 1

=20x12.6=252cm of water

c,=0.98

Discharge,Q = c, %x A\/2gh
a, —a,

706.85%x176.7

\/(706.85)2 ~(176.7)

_ 86067593.36 _ 86067593.36
\499636.3-31222.9 684.4
=125756cm’ /s =125.756lit/s

X4/2x981%x252

=0.98x

Example:

In a vertical pipe conveying oil of specific
gravity 0.8, two pressure gauges have been
installed at A and B where the diameters
are 16cm and 8cm respectively. A is 2
meters above B. The pressure gauge
readings have shown that the pressure at B
is greater than at A by 0.981N/cm’.

Neglecting all losses, calculate the flow rate.
If the gauges at A and B are replaced by
tubes filled with the same liquid and
connected to a U-tube containing mercury,
calculate the difference of level of mercury
in the two limbs of the U-tube.

Solution:
Given:

S.G. of oil, S,=0.8

k
. Density, p=0.8x1000=800—2-

m
Dia. at A, d, =16cm=0.16m

.. Area at A,
T 2 2
a, =—(0.16) =0.0201m
4

DiaatB, d, =8cm =0.08m
.. Area atB,

a, =g(0.08)2 =0.005026m’
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i) Difference of pressure,
p, —p, =0.981N / cm’
=0.981x10*N/m*=9810N / m”
Difference of pressure head
p,—P, 9810
pg  800x9.81
Applying Bernoulli’s equation at A and

B and taking the reference as line
passing through section B, we get,

1.25

V.2 P V?
_A+L+ZA:—B+—B+ZB
pg 2g pg 2g
OI‘ P—A— PB +7 —7 =V_BZ_V_A2
pg pg " 28 2g
P -P vV? v?
Or[A BJ+2.0—0.0=—B—¢
pg 2g 2g
Or
2 2 [ p —P
—1.25+2.0:V—B—V¢ A8 -1.25
2g  2g pg
V2 y? .
075=—8 _ Yo . (1)
2g 2g

Now applying continuity equation at A
and B, we get

V, xA =V xA,

Or v = VXA,

B

2

Substituting the value of V; in equation
(i), we get
16v,> V> 15V?

2g 2g 2g

Vo= 0.75x2x9.81 —0.99m /s
A 15

0.75=

Rate of flow,Q =V x A
=0.99%0.0201=0.01989m° /s

ii) Difference of level of mercury in the U-
tube.
Let h=Difference of mercury level.
Where

Then h= x(z—h— 1}

Where

P P
h=-2A--L47 -z

pg pg "

P —P
=-1.25+2.0-0 [Q 2 A=1.25)
pg

=0.75
0.75:x(&—1J:xx16
0.8

X= 0.75 =0.04687m
16

=4.687cm

Example:

A pitot- static tube placed in the centre of a
300mm 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 pressure difference between the
two orifices is 60 mm of water .Take the
coefficient of pitot tube as C,=0.98

Solution:

Given:

Dia of pipe, d=300mm=0.30m

Diff of pressure head,

h =60mm of water = 0.06m of water

C,=0.98

Mean velocity, V =0.80 x centre line velocity
Centre line velocity is given by equation

—C,/2gh =0.98x1/2x9.81x0.06 =1.063m /5

- V=0.80x1.063=0.8504m /s
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Discharge, = Q =area of pipex v

Q _—(0 30) x0.8504 =0.06m’ /s

Example:

A pitot-tube is inserted in a pipe of 300mm
diameter. The static pressure in pipe is
100mm of mercury (vacuum). The
stagnation pressure at the centre of the
pipe, recorded by the pitot-tube is
0.981N/cm”. 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.

Solution:

Given:

Dia of pipe  d=300mm = 0.30m

- Area, A=E(o.3)2 ~0.07068m
4

Static pressure head = 100mm of mercury
(vacuum)

=— 100 x13.6 =-1.36m of water

1000
Stagnation pressure

=.981N /cm* =981 x10*N / m?
.. Stagnation pressure head
~.981x10° 0.981x10°

T pg 1000x9.81

h = Stagnation pressure head

pressure head
=1.0-(-1.36)=1.0+1.36 =2.36m of water

. Velocity at centre V=C /2gh

=0.98x+/2x9.81x2.36 =6.668m /s

Mean velocity,

V =0.85x6.668=5.6678m /s

- Flow rate ofwater =V xarea of pipe
=5.6678%x0.07068 =0.4006m" /s

—static

Example:

A pipe of dia 400 mm carries water at
velocity 25 m/s. The pressure at the points
A & B are given as 29.43N/cm? and

22.263 N/cm?, while the datum head at A
and B are 28m and 30m. Find the loss of
head b/w A & B.
Solution:
D=400m=0.4m
V,=V=25m/s
Total energy at A
2
_A_{_L_FZ
Pg 28
Total energy at B
2
BB .
pg 2g
H

P V?
R
pg 2g pg 28

4 VZ
_29.43x10 _30, A 3185
pg ~ 1000x9.81 2g

Py _22563x10" _, v,
pg 1000x9.81 " 2g

E, —E, =(30+28)—(23+30)=5m

A

B

=31.85

Example:

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, what will be
the diameter of the jet at a point 4.5 m
above the nozzle, if the velocity with which
the jet leaves the nozzle is 12 m/s.
Solution:

Given:

Diameter of nozzle,d, =25mm =0.025m
Velocity of jet at nozzle V,=12m/s
Height of point A h=4.5m

Let the velocity of the jet at a height of
45m=V,
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A
I
JET OF 45m
WATER™
DIA =25 mm
-
NOZZLE

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

Initial velocity,

u=V =12m/s

Final velocity,

V=V,

Value of g=9.81m /s* and h=4.5m
Using, V*—U?=2gh, we get
VZ-122=2x(-9.81)x4.5

"V, =122 = (2x9.81x 4.5)

=+/144-88.29=7.46m /s

Now, applying continuity equation to the
outlet of nozzle and at point A, we get
a,v, =a,v,
Or
“D*xV
_ AV, _4 vt
2V \

2 2
_ mx0.025°x12

4x7.46
Let D2 = Diameter of jet at point A
Then,

A

=0.0007896

A, =ZD?=0.0007896
4

D, =\/ 000078964 _ ) 0317m =31.7mm

T
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GATE QUESTIONS

Q.1

Q.2

Consider the flow in a liquid film of
constant thickness (Q) along a
vertical wall as shown in the figure
below.

. X
"1
Liquid Air
G
=
v v v
5
Assuming laminar, one-
dimensional, fully-developed flow,
the y-direction Navier Stokes
equation reduces to

d2Vy .
Y7, e +pg=0 Where V, is the
velocity in y direction, # is the

viscosity and p is the density of the

liquid.

[GATE-2002]
(a) State the boundary conditions
to be used for the solution of
velocity profile?
(b) Solve for the velocity profile

(c) If Q is the volumetric flow rate
per unit width of the wall, how is it
related to the film thickness (6)

A centrifugal pump is used to pump
through a
distance of 150 m and then raised
to an overhead tank 10 m above.

water horizontal

Q.3

DB

The pipe is smooth with an I.D. of
50 mm. What head (m of water)
must the pump generate at its exit
(E) to deliver water at a flow rate of
0.001 m3 is? The Fanning friction
factor, fis 0.0062

[GATE-2003]

|
10m
rt————— 150M ——— l

A1\,
I‘|\\l

(A) 10 m
(C)12m

(B)11m
(D) 20 m

The pressure differential across a
vertical venturimeter (shown in
Figure) is measured with the help
of a mercury manometer to
estimate flow rate of water flowing
through it. The expression for the
velocity of water at the throat is
[GATE-2003]

Iﬂ +
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2
29

Pf

2 (Pa=n)

(B)
29 or
ARV plpa=ru)
29 P
oL v, ? h(pm—pw)

Ps

Q.4 A pipeline system carries crude oil
of density 800 kg/m3. The
volumetric flow rate at point 1 is
0.28 m3/s. The cross sectional
areas of the branches 1, 2 and 3 are
0.012, 0.008 and 0.004 m?
respectively. All the three branches
are in a horizontal plane and the
friction is negligible. If the
pressures at the points 1 and 3 are
270 kPa and 240 kPa respectively,
then the pressure at point 2 is

[GATE -2007]

(A) 202 kPa (B) 240 kPa
(C)284kPa (D) 355 kPa

Q.5 The pressure differential across a
venturimeter, inclined at 459 to the
vertical (as shown in the figure) is
measured with the help of a
manometer to estimate the
flowrate of a fluid flowing through

it. If the density of the flowing fluid
is p and the density of the

manometer fluid isp,, , the velocity

of the fluid at the throat can be
obtained from the expression
[GATE -2007]
/Fl‘ow

2 vy 2 _
(A) V, -V, - h(p,, —p) +Hsinas?

29 p

2 _\y2
B) 2 Yo P pgings?

29 p
(C) sz _V22 — h Pm

29
(D) V22 _V22 — h(pm B

29 p

Common Data for Q.6 and Q.7

A siphon tube having a diameter of 2 cm
draws water from a large open reservoir
and discharges into the open atmosphere
as shown in the figure.

Assume incompressible fluid and neglect
frictional losses. (g = 9.8 m/s?)

[GATE -2008]
| [

5m
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Q.6 The velocity (in m/s) at the
discharge point is
[GATE -2008]

(A)9.9 (B) 11.7
(C)o8 (D) 136.9
Q.7 The Volumetric Flow rate (in L/s)
of water at the discharge is
[GATE -2008]
(B) 3.67

(D) 42.99

(A)3.11
(C) 30.77

Common Data for Q.8 and Q.9

A free jet of water is emerging from a
nozzle (diameter =75 mm) attached to a
pipe (diameter 225 mm) as shown below.

/ Point A
R
Nozzle tip %",}‘
% 2lm
0
Pipe diameter = 225 mm v
R W
/ 1_ 05m
Point B

The velocity of water at point A is 18 m/s.
Neglect friction in the pipe and nozzle. Use
g = 9.81 m/s? and density of water-1000
kg/ma3.

Q.8 The velocity of water at the tip of
nozzle (in m/s) is

[GATE -2009]

(B) 18

(D) 27.1

(A) 13.4
(C)23.2

Q.9 The gauge pressure in (kPa) at
point B is
[GATE -2009]

(A) 80 (B) 100

Q.10

(C)239.3 (D) 367.6

Water (density 1000 kg/m?3) is
flowing through a nozzle, as shown
below and exiting to the
atmosphere. The relationship
between the diameters of the
nozzle at locations 1 and 2 is D1= 4
D;. The average velocity of the
stream at location 2 is 16 m/s and
the frictional loss between location
1 and location 2 is 10000 Pa.
Assuming  steady
turbulent flow, the gauge pressure
in Pa, atlocation 1is__
[GATE-2013]

state and

Exiting to the

atmospere

> o

Q.11

Q.12

1 2 V=16 m/s

In a steady and incompressible
flow of a fluid (density 1.25 kg m3),
the difference between stagnation
and static pressures at the same
location in the flow is 30 mm of
mercury (density 13600 kg m3).
Considering gravitational
acceleration as 10 m s?, the fluid
speed (inms1)is____

[GATE-2014]
(B) 80.8

(D) 100.8

(A) 70.8
(C) 90.8

A centrifugal pump delivers water
at the rate of 0.22 m3/s from a
reservoir at ground level to another
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Q.13

Q.14

reservoir at a height H, through a
vertical pipe of 0.2 m diameter.
Both the reservoirs are open to
atmosphere. The power input to
the pump is 90 kW and it operates
with an efficiency of 75%.
Data:
Fanning friction factor for pipe now
is
f=0.004. Neglect other head losses.
Take gravitational acceleration g =
9.8 m/s? and density of water is
1000 kg/m3.
The height H, in meters, to which
the water can be delivered (up to
one decimal place)is_____
[GATE-2015]

Water (density 1000 kg m-3) is
pumped at a rate of 36 m3/h, from
a tank 2 m below the pump, to an
overhead pressurized vessel 10 m
above the pump. The pressure
values at the point of suction from
the bottom tank and at the
discharge point to the overhead
vessel are 120 kPa and 240 kPa,
respectively. All pipes in the system
have the same diameter. Take
acceleration due to gravity, g = 10
m s2. Neglecting frictional losses,
what is the power (in kW) required
to deliver the fluid?

[GATE-2016]
(A)1.2 (B) 2.4

(C) 3.6 (D) 4.8

The initial water level in a tank is 4
m. When the valve located at the
bottom is opened, the rate of
change of water level (L) with

respect to time (t) is, ((jj—lt' =kt

Where k = 0.6m s3/2. The level
of water (in m) in the tank at time
0.5 s after opening the valveis____
(rounded off to second decimal
place).

[GATE-2018]
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ANSWER KEY:

1 2 3| 4 5 6 7 8 9 10 11 12
- B B C D A A D D | 137500 B 26.07
13 14

B 3.82
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EXPLANATIONS

Q1 (A)
Navier-Stoke Equation

Dv 2
—=-VP + pg+u Vv
P o pY+u

2

oV
For steady state —-=0
OX

o, v, by avy}
Yo, +V, —=+V +v, — |=
X

U

0 azvy
= +
ul =3 |+ P

atx=0 =v, =0(Noslip)

atx = 6 = z,, = 0(Free Lig. Surface)

avy _
dx
(B)
dzvy
H dX2 = _pg
dv
—L = pgjdx+q
dx u
dv. -—
o TP8y ¢
dx U
Y
atx=9, —2L=0
dx
o
O_—’Og +C,
Y7,
pPYo

d
lzp_g((;_x)
dx u
Idvy :'0791(5—x)dx+c2
X2
v, :'079 5—?J+c2
x =0, v, =0
0=L9(5-0)+c
I 2
c,=0
2
Vy =p_g[§_x_j
Y7, 2
(9]

:ijy dx

0

) 2
=wjp—g(5—x—] dx

o M 2
_ng[axz_x_Sj

Y7, 2 3 ),
_Wpg(s® &

Y7, 2 3

Wpg 5°
3u
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Q2 (B)
Q = AV

0.001=V Z(0.05)’
4

V =0509m/s
2
i+V_A+ZA+ Pump =
pg 2g I/P
P V.2 4f LV?

L+ 4+ 7.+
pg  2g 2D g

Pump
0+0+0+ /P =0+0+10

, 4x0.0062x(150 +10)x(0.509)°
2x9.8x0.05

(Pump

=11.05 m Head
I/P

So Option (b) is correct Option

Q3 (B)
Applying
Ii+£+ z, = P_2+V_22+ z,
pg  2g pg 28
VZZ_VlZ _ P1 _Pz
29 pg
_Rh-P
 pg
P, —P, =p,g H+ gh(p,—p,)

V,2-V 2 _pugHt gh(p, —p,)—pugH

Bernoulli Equation

+(zl—zz)

~H

29 pg
V2 -V,%_h(pn—py)
29 Pu

So Option (b) is correct

Q4 (O

Given

P, =270 kPa, P, =240 kPa
A,=0.012 m*,A,=0.008 m?
A,=0.004 m?

Q,=0.28 m®/s

P, =7

~Q _ 028

= = =23.33m/s
A 0.012

Applying Bernoulli Equation between

points 1 and 3

i+£+ 0= P_3+VL2+ 0

p 2 p

(270 -240)10° . (23.33)°  V,?
800 2 2

V, =2488m/s

Now Applying continuity equation

AV, =AV, +AV,

0.28 =(0.008)V, +(0.004)24.88

V, =2255m/s

Applying Bernoulli Equation between

points 1 and 2

li+£+ 0= P_2+V_22+ 0

p 2 p

(270)10° . (23.33)* —(22.55)* P,
800 2 800

P, = 284 kPa

So Option (c) is correct
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R'=R’
P +pgHsind5+pgh=P, +p,9h
P -P, =(p,-p) g h—pgHsinds

Applying Bernoulli Equation at point 1 and
2

i+£+zl :P_2+V_22+ z,
pg  2g
Pl_PZ — VZZ_VIZ
pg 2g
(Pn—p)9h pgHsinds_ V,>-V,*
el ol 29
(Po—Ph _Vp* -V,
p 29

+ Hsin45

+ Hsin45

So Option (d) is correct

Q6 (A)
Applying Bernoulli Equation a point 1 and
point 2
2 2
P_1+V;+ Z1 = P_2+V_2+ 22
pg 2¢g pg 2¢g

29 (Zl—Zz):VZZ

V, =/2x9.81x5

V, =9.9 m/s

So Option (a) is correct

Q7 (A)
Q=AV

= 2(0.02)°x9.9
4

Q =3.1086 L/s
So Option (a) is correct

Q8 (D)
Applying Bernoulli Equation at Point A and

2 2
P_A+VA +ZA:i+V_C+ZC
pg  2g pg  2g

2 2
B +25=Y 405
29 29
2 2
18" 5V
29 29

V. =27.129m/s
So Option (d) is correct

Q9 (D)

By Continuity Equation,
AgVe=AcVe

Vy=3m/s

Applying Bernoulli Equation at Point B and
Point C




GAIRIX

2 2
_EEEL + IEKEL_ + ZZB = JEEE.-F 1Efél_.4. ZZC
pg  2g pg 2g
2 2
Py —P. _ 27.12°-3 +05
pg 2(9.81)
Po—Pc _ 725349 |

1000x9.8  2(9.81)
P, —P. =367.6 kPa

So Option (d) is correct

Q.10 (137500 Pa)

By Continuity Equation

A1 V1 = AZ VZ

(D1)? V1= (D2)? V2

Vi=lm/s

Applying Bernoulli Equation at Point 1 and
Point 2

_1+;+ = _2+V_2+ VA
pg  2¢g pg  2¢g
2 2
P —P _ 16°-1 10
1000 2

AP_. .. =137500 Pa

gauge

Q.11 (B)
Applying Bernoulli Equation
2 2
PMTL, SRV
pg  2g pg  2g
PStag. - Pl — V1 2
1000 2
AP =(h p g) =(0.030)(13600)10 = 4080 kiz

/4080 2
V, = (—)()=80.80 m/s
1.25

So Option (b) is correct

Q.12 (26.07 m)
Applying Bernoulli Equation

P, V,? P, V,?
_1+#+ g Z1+(nP) = ?2+72+ gz, +hg,

Now, Q = AV
0.22= G Dzjv = V=7.002m/s
_4f HV? _ 4(0.004)(H)(7.0028)"

) 2D 2(0.2)
So from Bernoulli Equation

(ﬁj _gh + H(0.004)(H )(7.0028’

h;

pQ 2(0.2)
075x90 ) _g g H+1.96 H
1000x0.22
H=26.07m
Q.13 (B)
Applying Bernoulli Equation
2
BV g+
p 2
(Head Developed] P,  V,?
= ——+t+——+902
by pump (H) p 2
H=Poh L)
p
H - 120x1000 12-94
1000x10
Power=pgQH
=1000x10x 36 x 24
3600
Power=2.4 kW

So Option (b) is correct
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Q.14 (3.82)

. dL

iven, —=—k/t
g o Jt

L 0.5
jdl_:—o.e jtl’z dt
0 0

2 (2
L-4=-06 [tsles)z(gj

3/2
L—4=-06 [1} [Ej
2], 3

L=3.82m
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FLOW THROUGH CONDUITS/PIPES

6.1 INTERNAL FLOW

Fluids are conveyed (transported) through
closed conduits in numerous industrial
processes. It is found necessary to design
the pipe system to carry a specified
quantity of fluid between specified
locations with minimum head loss.

The flow may be laminar with fluid flowing
in an orderly way, with layers not mixing
macroscopically. The momentum transfer
and consequent shear induced is at the
molecular level by pure diffusion. Such flow
is encountered with every viscous fluids.
The flow turns turbulent under certain
conditions with macroscopic mixing of fluid
layers in the flow. At any location, the
velocity varies about a mean value.

The flow is controlled by (i) pressure
gradient (ii) the pipe diameter or hydraulic
mean diameter (iii) the fluid properties like
viscosity and density and (iv) the pipe
roughness.

6.1.1 BOUNDARY LAYER

When fluid flows over surface, the
molecules near the surface are brought to
rest due to the viscosity of the fluid. The
adjacent layers also slow down, but to a
lower and lower extent. This slowing down
is found limited to a thin layer near the
surface. The fluid beyond this layer is not
affected by the presence of the surface. The
fluid layer near the surface in which
velocity of fluid is less than free stream

velocity is known as boundary layer.
e

p— 0

— 2

— ~ 3 .

— ')) . A Laminar

— P Sublayer

— e D29

— { Lol =o' /
Laminar Turbulent

6.1.2 ENTRY LENGTH

In internal flow, the boundary layer
develops all over the circumference. At
some distance from the entrance, the
boundary layers merge. The velocity profile
beyond this point remains unchanged. The
distance upto this point is known as entry

Entry Length

1]

6.2 LAMINAR FLOW/VISCOUS FLOW

6.2.1 ANALYSIS OF FULLY DEVELOPED
LAMINAR FLOW IN CIRCULAR DUCT

i) Shear stress

2R dx 7y,
B "1

|
|
oy —
|
|
I

<=

|

]
P—
| aR2(P + dP)
]

At low velocity the fluid moves in
layers. The shear stress in laminar flow

is given by
ST
w “dy

force balance on fluid element gives
Pgur’ —tx2nrdx — (P +dP)nr’ =0

T 27r= _dp nr’
v dx
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dP r

- x—

T
v dx 2

ii) Velocity distribution

y=R-r (yis measured from the pipe

wall)
dy =—dr

On applying boundary conditions:

1) Forr=R,U=0
0= (dP]RZ +C
4u\ dx
C=__(C“’]Rz
4\ dx
U=—¥L{E§IR2—H]
4\ dx

2) for,r=0,U =Up

U —-L[dP e
max 4‘“, dX

iii) Average velocity
dQ=UglA
dA =2nrdr

dQUma{l(%Hzdi
Jao=] Uma{l—(% ]XZTtrdr
e

iv) Pressure drop for length (1)
Average velocity is given by

TR LA
8u dx

By rearranglng above equation

Pressure drop across length ‘L’ is

32uUL

Pl - PZ :T

PR 32uUL
" pg  pgD?

The above equation is Hagen
Poiseuille equation

6.2.2 FLOW OF VISCOUS FLUID BETWEEN
TWO PARALLEL PLATES

Voo

Where,
t is the distance between parallel plates
Velocity ismaxaty=t/2

U —— 1[4
max 8“ dX

Uoau x|Y_¥
max t tZ

ii) Shear stress distribution

T= _1(33“ 2y]

at centre, shear stress will be zero.

iii) y- Avg. Velocity=%££}2

pl dx
Umax — 3
U 2
iv) Pressure head for a given length
p _p _l2uUL

1 2 2
t
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6.3 TURBULENT FLOW IN PIPES

Most flows encountered in engineering
practice are turbulent, and thus it is
important to understand how turbulence
affects the wall shear stress. Turbulent flow
is characterized by random and rapid
fluctuations of swirling regions of fluid,
called eddy, throughout the flow. These
fluctuations  provide an  additional
mechanism for momentum and energy
transfer. In laminar flow, fluid particles
flow in an orderly manner along pathlines,
and momentum and energy are transferred
across streamlines by molecular diffusion.
In turbulent flow, the swirling eddies
transport mass, momentum, and energy to
other regions of flow much more rapidly
than molecular diffusion, thus greatly
enhancing mass, momentum, and heat
transfer. As a result, turbulent flow is
associated with much higher values of
friction, heat transfer, and mass transfer
coefficients

In turbulent flow, instantaneous values of
the velocity fluctuate about an average
value, which suggests that the velocity can
be expressed as the sum of an average
value U and a fluctuating component u’,
u=u+u'

When a liquid is flowing through a pipe, the
velocity of the liquid layer adjacent to wall
is zero. The friction resistance for turbulent
flow is.

1) o« V" where n varies from 1.5-2.0
2) <p
3) «« A Area of contact

4) «c P Pressure
5) oc Nature of surface

6.3.1 EXPRESSION FOR COEFFICIENT OF
FRICTION IN TERMS OF SHEAR STRESS

Consider a fluid element of length L’ &
diameter‘d’

PA-P,A-F=0
(P, -P)A=F
F = force due to shear stress.
F=1, (TCdL)
(P, —P,)A=1,(ndL)
P -P, _ AfLV? _ T, (TEdL)
Pg 2gd Pg

6.3.2 SHEAR STRESS IN TURBULENT
FLOW

Shear stress in turbulent flow is sum of
shear stress due to viscous flow &
turbulent flow

T=T +7T
\ t

Viscous/laminar shear stress is given by

J. Boussinesq expressed turbulent shear in
terms of average velocity gradient

o
t Tl dy
Where,

n is Eddy viscosity,
du is average velocity.

6.3.3 REYNOLD’S EXPRESSION FOR
TURBULENT SHEAR STRESS

Reynold expressed turbulent shear stress
between two layers of a fluid at a small
distance in terms of velocity fluctuations

T, =pu'v’
Where,
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u and Vv are fluctuating velocity
components in the direction of x & y due to
turbulence.

1. will also be varying, Hence to find the
shear stress time avg on both side is

considered t=pu'v’

6.3.4 PRANDTL MIXING LENGTH THEORY
FOR TURBULENT SHEAR STRESS

The turbulent shear stress can only be
calculated if u’ and v’ is known. According
to Prandtl, the mixing length ‘1, is that
distance between two layers in the
transverse direction such that the lumps of
fluid particles from one layer could reach
the other layer and the lumps are mixed in
the other layer in such a way that
momentum of particle in the direction of
motion is same.

Prandtll expressed velocity fluctuations in
terms of mixing length

uo1d g vro 48
dy dy

Total shear stress is given by

_ du ,[ du ’
T=pu—+pl°| —
dy dy

6.3.5 VELOCITY DISTRIBUTION IN
TURBULENT FLOW IN PIPES

Viscous shear stress is negligible except
near the boundary.

Prandtl assumed that mixing length is
proportional to ‘y’

lcy

l=ky

Where,

K is Karman factor = 0.4

2 2
2( du du
— k — kZ 2
T, P( Y) (—dyj pPKy [_dyj

by rearranging the above equation

du_ Ji

dy \pk’y’

du_1 7

dy ky\p

U= (ln y) ggllz +C

U = \/g (U* is known as Shear velocity)

Since y is distance from the surface of pipe
U=U__ aty=R
U =U—lnR+C

k

max

C=U —U—lnR
ma; k

X

U= Y |+u
k R max

U= 1Y |4u
04 |(R) =

u=u, +25U° ln[lj
max R

This is Prandtl’s universal velocity
distribution equation for turbulent flow in
pipes.

(U_ .. —U) is known as velocity defect.

6.3.6 HYDRO DYNAMICALLY SMOOTH &
ROUGH BOUNDARIES

For turbulent flow analysis along a
boundary, the flow is divided in two
portions. Viscous portion near the surface
is known as laminar sub layer. The
boundaries are considered as smooth or
rough on the basis of ratio of average
irregularities ‘k’ and laminar sub layer
thickness ‘¢’

if k<9 Smooth
if k>0 Rough
if % <0.25 boundary is smooth
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k
if 3 > 6 boundary is rough
6.3.7 VELOCITY DISTRIBUTION FOR
TURBULENT FLOW IN SMOOTH PIPES

U
U=—Iny+C
K y

at y=0, U=-o

It means at some finite distance from wall,
the velocity will be equal to zero. Let y’ be
the distance from wall where velocity is
Zero

y=y', U=0

U
U=0=—Iny'+C
K y

*

C=——In
K y

U=U—ln(LJ
k y'

For smooth boundary

y'ocd'

Where,

o' is thickness of laminar sub layer

From experiments, y’'& &' is given by
,_ 0

T

_11.6v

==

g U [ y:100
k 8

8!

6.3.8 REYNOLDS'
ROUGHNESS

NO IN TERMS OF

*

Re:U—k
%

Where,
k is average height of irregularities
v is kinematic viscosity

U = Shear velocity = \/E
p

*

i) Uk <4, boundary is smooth

v

ii) 4< Uk <100, boundary is in transition
\Y

*

iii) Uk >100, the boundary is rough.
%

6.3.9 VELOCITY IN ROUGH PIPES

(Nikurddse’s Experiment) show that

s
30

u*
u=—In(y/y'
” (y/y’)

u= 2.5u*ln( y )
k/30

u=2.5u’ln (30—)’)
k

Example:
A Pipe carrying water has avg irregularities
of 0.15 mm. What type of boundary it is?

(Shear stress developed is
49N/ m?,v = 0.01strokes )

Solution:

k=0.15x10"m

7, =4.9N/m?

v =0.01strokes =0.01¢cm? /s =A10"°m?/s.
p =1000Kg/ m®

5= 11.6v
u*
5 11.6x10°°
u*
U= L= ‘/—4'9 =0.07m/s
p 1000
Roughness Reynold No.:
u'k 0.07x15x10°
v 10°°

6.4 LOSS OF ENERGY IN FLUID FLOW
6.4.1 MAJOR LOSS

Darcy-Weisbach Formula:
h = 4f LV?
" d2g
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h; = Loss of head due to viscosity.

f :;—6 for Re<2000 (Viscous flow).
€

~ 0.079

for Re varying from 4000 to 106.

1

Re*

(for turbulent flow in smooth pipes).
Where,
L=Length,

V=
d=

mean velocity of flow,
diameter of pipe.

6.4.2 MINOR ENERGY LOSS

1)

2)

Loss of head due to sudden
enlargement: Due to sudden change of
diameter the liquid flowing from the
smallest pipe is not able to follow the
abrupt change of boundary. Thus the
flow separates from the boundary and
turbulent eddies are formed.

Head loss is ‘m’ is given by

he _ (Vl -V, )2
29

Loss due to sudden contraction: As
the liquid comes out of orifice it
contract further and the area just
outside the orifice is lower compared to
the area of the orifice. This section is
called as vena-contracta. The liquid
expands from vena contracta due to
which the loss of energy takes place.

Energy loss is given by

3)

4)

5)

h, = v2 .k
29
Where,

1 2
k=] —-1
C.
C,is coefficient of contraction

if C_=0.62, k=0375
C, =0.62, then k=0.375

2 2
oh =YK _garsVe
29 29
if C_ isnot given
2
h, =052
29
Loss of head at entrance of a pipe:
2
h, =05~
29
Loss of head due to exit:
Y
29

Loss of Head due to an obstruction in
a pipe: Due to sudden enlargement of
the area of flow beyond the obstruction,
head loss takes place.

After  vena contracta,
enlargement takes place.

a =max area of obstruction
A = area of pipe

V = velocity of liquid.

2 2
Head loss = v L—l
29| c.(A-a)

sudden

Loss of head due to bend in pipe:
_kv?

= 2

The value of 'k’ depends on

e Angle of bend

¢ Radius of curvature of bend

e Diameter of pipe

b
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Example: 4LV} 4x16Q| Ly,
At a sudden enlargement of a water H= =

2 d 2 5
main from 240 mm to 480 mm dia the & ™28 deq
hydraulic gradient rises by 10 mm. Leq L, L L
Estimate the rate of flow. i
‘ d d° d, d,
Solution: &
Hydraulic Gradient
P P 6.5.2 POWER TRANSMISSION THROUGH
(—1+ zlj (—2+22J PIPES
Py Pg
P, 2 p, V2 (Vl -V, )2 Total head available at outlet of pipe
£+Zl+2_g:E+zz "‘5"‘7 =H-h, (Minor loss neglected)
4f v?

= H —
dlzvl = dgvz . a2 .

Weight of water flowing
di1=240mm d?
d = 480mm Q="
vi=4v2 mtd?
v2=0.1808=0.181m/s W=pgQ=pg——v
Q=A2 V2= 003275m3/S = 327511t/5 Power transmitted

=W x head available at outlet
6.5 FLOW THROUGH PIPES IN SERIES OR 4F V2 d?
FLOW THROUGH COMPOUND PIPES P= [H ~ood j pg4 \%

g

6.5.1 EQUIVALENT PIPE

6.6 FLOWS THROUGH NOZZLES
This is defined as the pipe of uniform
diameter having loss of head and discharge =~ Total head at inlet of pipe

equal to the loss of head and discharge of a = total head energy + losses
compound pipe consisting of several pipes v
of different lengths and diameters. But, total head at outlet of nozzle = 28
L.0 L By Bernoulli’s equation for real fluids
—Q =V, —V, —Q Assuming minor loss to be negligible
I 2
H-h =—
If no minor loss is assumed 2g
2
H:ZA_ZB:hfmm] h :4flv
b 2gd
4fLV? 4fLV}? 4fLVS’
H= 22d 2od 2od By continuity equation
it 8¢, Che AV =av
2 2 2
and _v:ndzvzﬁd3v v2 4fL(a Y
4 1 4 2 4 3 H=—+— —
. - 2g 2gD| A
For friction coefficient,
2gh
2 —3
podxtefQr b, L, Ly YT afL_a?
n’.2g d15 dz5 d3,5 Az
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6.6.1 POWER TRANSMITTED THROUGH
NOZZLE

1
K.E of the jet at the outlet of Nozzle = 3 mv’

Mass flow rate =pav
1

K.E.==pav’
5 p

_ power of outlet of Nozzle _1/2pav’

n= Power at the inlet of pipe - pg Q.H

Example:
An oil of viscosity 0.1Ns/m”and relative

density 0.9 is flowing through a circular
pipe of diameter 50mm and of length
300m. The rate of flow of fluid through the
pipe is 3.5 lit/s. Find the pressure drop in a
length of 300m and also the shear stress at
the pipe wall.

Solution:

Given:

Viscosity, p=0.1Ns/ m*

Relative density =0.9

density of oil =0.9x1000=900kg/ m’
D=50mm=.05m
L=300m

3.5
=3.5liters/S =—— =.0035m>/s
Q / 1000 /

(i) Pressure drop

p,-D, =@, where u= AQ 0035 _ 0035 =1.782m/s
2
D T Es)
4 4
The Reynolds number (R,) is given by
R =PVD
S
Where
p =900kg / m*,averagevelocity =T =1.782m /s
R, = 9OOXM= 801.9

As Reynolds number is less than 2000, the
flow is viscous/laminar

32x0.1x1.782x 300
SPp =Py =

0.05°
=68.43N/m’

=684288N/mm

ii) Shear Stress at the pipe wall ( t,)
The shear stress at any radius r is given by
the equation
=_%pr

ox 2
.. Shear stress at pipe wall, where r=R is
given by

i.e.,

=9PR
0x 2
Now @:_(pz_pozpl_pz:pl_pz
OX X, =X, X, =X L
:684288N/m2=228096N/m3
300 '

And R:B:%:_ogm

T, = 2280.96x%£2= 28.512N/m’
m

Example:

A laminar flow is taking place in a pipe of
diameter 200mm. The maximum velocity is
1.5m/s. Find the mean velocity and the
radius at which this occurs. Also calculate
the velocity at 4cm from the wall of the
pipe.

Solution:

Given:

Dia of pipe, D=200mm=0.20m

U _=15m/s

(i)Mean velocity , u
Ratio of
1.5 1.5

U
—mx =20 0r —=20 .U=-"—-=0.75m/s
- u 2.0

(ii)Radius at which u occurs
The velocity, u, at any radius ‘1’ is given by

2
= _is_p[RZ_rz] = _LS_DRZ 1_r_
4u 0x 4u dp R?

But from equation U__ is given by

su=U {1 -[éj } ..... i)

Now the radius r at which

__LS_pRZ
max 4“ 6X

, u=u=0.75m/s
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2
~.0.75=15|1- —J

S r=01x+5=0.1x707=.0707m
=70.7mm

(iii) Velocity at 4cm from the wall

o r=R-4.0=10-4.0=6.0cm=0.06m
The velocity at a radius =0.06m Or 4cm
from pipe wall is given by equation(i)

R=10cm

o o2

=1.5[1.0-.36 | =1.5X.64=0.96m/s

Example:

Crude oil of u=15 poise and relative

density 0.9 flows through a 20mm
diameter vertical pipe. The pressure gauges
fixed 20m apart read 58.86N/cm?and
19.62N/cm? as shown in Fig. Find the
direction and rate of flow through the pipe.

19.62 N/em®

Solution:
Given:

n=1.5poise =11;s= 0.15Ns/ m”

Relative density =0.9
Density of oil

=0.9x1000=900kg/ m*
Dia. Of pipe, D=20mm=0.02m L=20m
P, =58.86N/cm’ =58.86x10* N/ m’
P, =19.62N/cm? =19.62x10* N/ m?
Solution:

(i)Direction of flow.
To find the direction of flow,

2
the total energy(£+v—+zj at the lower
Pg 28
end A and at the upper end B is to be
calculated. The direction of flow will be
given from the higher energy to the lower
energy. As here the diameter of the pipe is
same and hence kinetic energy at A and B
will be same. Hence to find the direction of

flow, calculating (£+ Z] at A and B.
Pg

Taking the level at A as datum.

pg

4
_ MJF 0=66.67m
900x9.81

The value of [p—A+ Zj atA

The value of [£+ZJ at B
Pg

4
_2XA0'X9BL o ) 94 20=42.22m
900x9.81

As the value of (£+Zj is higher at A.
P8

Hence, flow takes place from A to B.

(ii) Rate of flow. The loss of pressure head
for viscous flow through circular pipe is
given by
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_ 32uul

pgD’
For a wvertical

h

f

pipe h,= Loss of

peizometric head

:[p_AJrzA]—[ﬁﬂB]=66.67—42.22=24.45m

pg pg
24,45 = 32><0.15><u><20.§)
900x9.81x(.02)
Or
- 2445x900x9.81x.0004 _ 000 . 0.9m/s
32x0.15%20.0

The Reynolds number should be calculated.
If Reynolds number is less than 2000, the
flow will be laminar and the above
expression for loss of pressure head for
laminar flow can be used.

Now Reynolds number = pVD

u

0.9x.02

=900x =108

As Reynolds number is less than 2000, the
flow is laminar.
.. Rate of flow = avg. velocity * area

=a><%D2 =0.9><%><(.02)2 m*/s=2.827x10"m’/s
=0.2827litres/s

Example:

A shaft having a diameter of 50mm rotates
centrally in a journal bearing having a
diameter of 50.15mm and length 100mm.
The annular space between the shaft and
the bearing is filled with o0il having
viscosity of 0.9 poise. Determine the power
absorbed in the bearing when the speed of
rotation is 60 rpm.

Solution:

Given:

Dia. of shaft, D=50mm or .05m

Dia of bearing D; = 50.15mm or 0.05015m
Length, L=100mm or 0.1m

0.9 Ns
of 0il=0.9 poise=——
3 P 10

mZ

N=600r.p.m.
Power =7

.. Thickness of oil film, t= D,-D _50.15-50

2
= 0715 =0.075mm=0.075x10"m
Tangential speed of shaft,
Ve nDN _ ©Xx0.05x600 —05x7 m/s
60 60
.. Shear stress
du V 09 0.5xm
—p—=p—=—x—"" _=188352N/m’
TRy TR T 10 0.075x10° /m
.. Shear force (F)
=1X Area=1883.52x DXL
=1883.52Xx1x.05%x0.1=29.586N
Resistance torque
T= Fxg =29.586 x% =0.7387Nm
Power, P=TXx®»=TX @ = 2nNT watts
60 6
Power = 2nNT _ 21X 600%0.7387 —A641W.
60
Example:

An oil of S.G. 0.7 is flowing through a pipe
of diameter 300 mm at the rate of 500
liters/s. Find the head lost due to friction
and power required to maintain the flow
for a length of 1000m. Take v = .29 stokes.
Solution:

Given:
S.G. of oil S=0.7
Dia. of pipe  d=300mm=0.3m
Discharge Q=500 litres/s= 0.5m’/s
Length of pipe L=1000m
Velocity,
Ve Q _ 0.5 _ 0.5x4 ~7.073m /s
Area T ., nx0.3%
4

Reynolds number,
Re=Yd_ 107803 _7 316.10"

v 0.29x10
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.. Co-efficient of friction,
079 079

-/ 1
R;4 (1316x104y4
.". Head lost due to friction,
b _4xfxLxV? 4x0.0048x1000x7.073’
" dx2g 0.3x2x9.81
Power required
.Q.h
_pg.-Q.h W

1000
Where

p =density of 0il=0.7x1000=700kg / m’
.. Power required

~ 700x9.81x0.5x163.18
- 1000

f =0.0048

=163.18m

=560.28kW

Example:

Water is flowing through a pipe of diameter
200mm with a velocity of 3m/s. Find the
head lost due to friction for a length of 5m
if the co-efficient of friction is given by

09

f=0.02+—- where R is Reynolds
R0.3 e

number. The kinematic viscosity of water =
0.1 Stokes.

Solution:

Given:

Dia. of pipe, d=200mm =0.20m

Velocity, V=3m/s

Length, L=5m
Kinematics viscosity,
v=0.01stoke=.01x10"*m* /s
Reynolds number,
Re—vd__3x02 0'2_4 — 6x10°

v 0.01x10
Value of f,
002+ 0% _gp, 099

Re™ (6x10°)
=0.02 +& =0.02166
54.13
Head lost due to friction:
2 2

h - 4xfxLxV _ 4.0%x0.02166x5.0x3 0993 m of water

" dx2g 0.20x2.0x9.81

Example:

Determine the rate of flow of water
through a pipe of diameter 20 cm and
length 50 m when one end of the pipe is
connected to a tank and other end of the
pipe is open to the atmosphere. The pipe is
horizontal and height of water in the tank is
4 m above the centre of the pipe. Consider

all minor losses and take f=.099 in the
2
formula h =M.
! dx2g

Solution:

Given

Dia. of pipe d=20cm=0.20m
Length of pipe, L=50m

Height of water H=4m

Co-efficient of friction f =.009

Let the velocity of water in pipe=V m/s

Applying Bernoulli’s equation at the top of
the water surface in the tank and at the
outlet of pipe, we have[Taking point 1 on
the top and 2 at the outlet of pipe].

2 2
—4+ L +z =—2+—247 +alllosses
Pg 28 Pg 28
Consider datum line passing through the

centre of pipe
2

\Y/
0+0+4.0=0+ 22 +0+(h,+h,)
g

2

V.
Or 40=—2-+h +h,

2g
But the velocity in pipe=V,
V=V,
VZ
4.0=—+h +h,
2g '
From equation
2 2
h =05Y and h, = XXXV
' 2g dx2g
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Substituting these values, we have

2 2 2
40="" o5V, AxfxLxV®
2g 2g dx2g
2
n4=Y 104054+ 220:009x50
2g
V2
.-.4=—[1.0+o.5+9.o]
2g
2
- 4=105"

2g

V=1’M=2.734 m /sec
10.5

.". Rate of flow,
Q=AxV :%x(o.z)2 x2.734=0.08589 m’® /s
=85.89 litres /s.

Example:

A syphon of diameter 200 mm connects
two reservoirs having a difference in
elevation of 15m. The total length of the
syphon is 600m and the summit is 4 m
above the water level in the upper
reservoir. If the separation takes place at
2.8m of water absolute, find the maximum
length of syphon from upper reservoir to
the summit. Take f=0.004 and atmospheric
pressure=10.3m of water.

Solution:

Given

Dia. of syphon d=200m=0.2m

Difference of level in two reservoirs =15m
Total length of pipe =600m

Height of summit from upper reservoirs
=4m

Pressure head at summit

&=2.8m of water absolute

Pg
Atmospheric pressure head

Pe =10.3m of water absolute

pg
Co-efficient of friction, f =.004

Applying Bernoulli’'s equation to points A
and C and taking the datum line passing
through, A and C

2 2
p—A+V¢+zA :&+Vi+zC + Losses of head
Pg 28 Pg 28
due to friction between A and C
Substituting the values of pressures in

terms of absolute, we have
2

10.3+0+0=2.8+V—+4.0+hf1

28
[Q V. =velocity in pipe=V]
2 2
hf1:10.3—2.8—4.0—v—:3.5—v— ..... (i)
2g 28

Applying Bernoulli’s equation to points A
and B and taking the datum line passing
through B,

Vv’ A
p—A+¢+zA =&+—B+ZB -+ Losses of head
pg 28 Pg 28

due to friction between A and B

But, Pa _Ps _ atmospheric pressure
pg P8

And, V, =0,V =0, z, =15, z,=0
0+0+15=0+0+0+hf

2
h, =15 or 4><f><¢=15
dx2g
4%.,004x600xV?
r =15
0.2x2x%x9.81

Or Ve /15X0'2X2X9'81:2.47m/s
4x.004x600

Substituting this value of V in equation (i)

we get
2

h, =3.5- 247 35 0.31123.189m o (ii)

2x9.81
But

2
_AxfxL xV* (i)

f2 dng
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Where L, =inlet leg of syphon or length of

syphon from upper reservoir to the
summit.
_ 4x.004xL, x(2.47)°
" 0.2x2x9.81
Substituting this value in equation(ii),

0.0248L, =3.189

=0.0248xL,

L= 3189 =128.58m
0.0248
Example:

Three pipes of 400 mm, 200 mm and 300
mm diameters have lengths of 400m, 200m
300m respectively. They are connected in
series to make a compound pipe. The ends
of this compound pipe are connected with
two tanks whose difference of water levels
is 16m. If co-efficient of friction for these
pipes is same and equal to 0.005,
determine the discharge through the
compound pipe neglecting first the minor
losses and then considering them.
Solution:

Given:

Difference of water levels, H=16m

Length & dia. of pipel,

L1=400mand d1 =400 mm = 0.4 m
Length & dia of pipe 2

L2=200m and dz = 200m = 0.2m

Length & dia of pipe 3

L3 =200m and d3 = 300m = 0.3m

Also, f =f =f =0.005

(i) Discharge through the compound
pipe first neglecting minor losses.
Let V,V,, V, are the velocities in the

1°* 2" and 3" pipe respectively.
From continuity, we
AV, =AV,=AV,

have

d2 2 2
AV d
Ly, =t val 2V1 [04]V =4V,
A, mge td7 02
4
And

Now using equation of

CAxf XL xV? o Axf xLxV? 4xf xL x V!
d, x2g d,x2g d, x2g
16 4x0.005x400x V7 4x0.005x200x(4V,)
~ 0.4x2x9.81 0.2x2x9.81
4x0.005% 00 (1.77V,)°
0.3x2x9.81
V 2 2
16=——(20+320+63.14) = x403.14
2x9.81 2x9.81
v, = [L22X98L o eeom /s
403.14
=~ Discharge,
Q=A, xV, :%(0.4)2 x0.882=0.1108 m* /s

(ii) Discharge through the compound
pipe considering minor losses also

Minor losses are:
o\

(a) Atinlet, 29
(b) Between 1st and 2n pipe, due to
contraction,

0.5V.> 0.5(4V,)*
M=o (zgl) Q¥ =41
_0.5><16><V12_8 Vv’

2g 2
(c) Between 2nd and 3rd pipe, due to sudden

enlargement,

0.5V’
29
(V,-V,)*  (4V,-177V,)’
28 2g
v? %
=4973—1
2g 2g
(d)At the outlet of 3 pipe,
A _(77v,)2 , V7° A
—F—=1.77"x =3.13291
28 28 2 28

h, =

h:

e

QV,=177V,)

=(2.23)" x—L-

h_
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The major losses are
_ 4xf xL, ><V12 +4><f2><L2><V22 . 4xf, xL, ><V32

d, x2g d,x2g d, x2g
_ 4x0.005x400xV,* . 4x0.005x200x% (4V,)’
© 0.4x2x9.81 0.2x2x9.81

4x0.005x300x(1.77V, )’
+
0.3x2x9.81
V 2
=403.14x—L
2x9.81

~ Sum of minor losses and major losses

0.5V12 Vl2 Vl2 VlZ V12
= +8x—+-+4.973—+3.1329—+ |+403.14
2g 2g 2g 2g 2g

2

\Y
=419.746—1
2g

But total loss must equal to H (or 16m)
2

\
419.746x——=16
2g

Vo= 16><2><9.81_0864m/S
17\ 419746 '

=~ Discharge

Ay P _
Q=AV, _ZX(O'4)2 x0.864=0.1085m"/s

Example:

Two pipes have a length L each. One of
them has diameter D, and the other has
diameter d. If the pipes are arranged in
parallel, the loss of head, when a total
quantity of water Q flows through them is
h, but, if the pipes are arranged in series
and the same quantity Q flows through

them, the loss of head is H. If dzg, find the

ratio of H to h, neglecting secondary losses
and assuming the pipe co-efficient has a

constant value.

Solution:

Given:

Length & dia. of pipel
L,=Land d =D

Length & dia. of pipe2
L,=Land d,=d

Total Discharge =Q

Head loss when pipes are arranged in
parallel =h
Head loss when pipes are arranged in
series = H

d :% and fis constant

1st case:

When pipes are connected parallel
Q=Q1+Q2 (i)
Loss od head in each pipe =h

f]"1\,12 =h,

d, x2g
Q_Q _4
A = 1D’

For pipe AB,

me%z

4
a1 | 2
7D 3211,
——— 2 =hor —"~L=
Dx2g ' D’xg
326LQ,
’d’xg
321LQ,°_320LQ,° Q°
©Dxg wdixg D &

or [&] = D —@i):z*” =32

Q) & ¢

h . (ii)

For pipe AC, =h

Q’ @

[.D=2d]

%:@:5.657 or Q,=5.657Q,

2

Substituting the value of Q1 in equation (i),

we get
Q=5.657Q,+Q, =6.657Q,
P :
~Q, —@—0.15(2 ..... (iv)
From (i)

Q,=Q-Q,=Q-0.15Q=085Q .. )
2nd case:
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When pipes are connected in series
Total loss = sum of head losses on two
pipes
g ALV? ALV
d, x2g d, x2g

4 4
where V, = Q :—QZ, V,= Q = QZ
EDZ D Edz nd
4 4
L,D L4
—sQ —V, —sz —=Q
|
4Q Y 4Q Y
afL| 2] e[
7D nd?
H= +
Dx2g dx2g

2 2
1o 32fLQ* | 32fLQ
D’n’xg d°mixg

(V1)

L 3211 h
Fromequation(ii), ———=—
T D’Xxg  Q,
and frome quation (iii), ngﬂ =L2
nd’Xg Q,

Substituting these values in equation (vi),
where

H:QZXLZ+QZXLZ:Q—ZZh+Q—22h:h{Q—22+Q—22]
Q Q" Q° Q Q° Q

H_Q Q@

h le sz

But from equations (iv) and (v)
Q, =.85QandQ, =0.15Q

H Q¢ @ 1 1

=1.384+44.444 =45.828
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GATE QUESTIONS

Q.1

Q.2

Q.3

Applying a pressure drop across a
capillary results in a volumetric
flow rate Q under laminar flow
conditions. The flow rate for the
same pressure drop in a capillary of
the same length but half the radius
is

[GATE-2001]

(A)Q/2 (B) Q/4
(©Q/8 (D)Q/16

For turbulent flow of an
incompressible fluid through a
pipe, the flow rate Q is proportional

to(AP)n, where AP is the pressure

drop. The value of exponent n is
[GATE-2002]

(A)1 (B)O
<1 (D) > 1

Three piping networks, as shown in
the figure, are placed horizontally.
They are made using identical pipe
segments and are subjected to the
same pressure drop across them.
Assuming no pressure losses at
junctions, the flow rates across the
three networks are related as Qi:

Q2: Qs.
[GATE -2004]

(A)l:«/§:2
(©1:2:2

(B)1:2:3
(D) 1:4/2:4/2

Common Data for Q.4 and Q.5

Two tanks, A and B, of cross
sectional area 1 m? each, contain a
fluid of density 1000 kg/m3 and
viscosity 1 kg/(m.s). The tanks are
connected by a pipe of diameter
0.02 m and length 1 m, and a check
valve, at the bottom. Assume that
the flow is laminar, and there is no
friction in the check valve. In the
initial state, the height of the fluid
in the tank A and 6m and the height
of the fluid in tank B is 2 m (as
shown in the figure below). The
check valve is opened, and the fluid
flows from tank A to tank B till the
levels in the two tanks are equal in
the final state. Assume g=10 m/s?
in the calculations.

Note: Figure not to scale

Im

2m
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Q.4

Q.5

Q.6

Q.7

What is the average fluid velocity
in the pipe as soon as the valve is
opened?

[GATE -2005]

(A)0.25m/s (B)0.5m/s
(CO)1m/s (D)2m/s

What is the total energy loss
between the initial and final states
due to the fluid flow?

[GATE -2005]

(A) 2x10*J (B) 16 x 10° J
(C) 8x10*J (D) 4x10*

A liquid is pumped at the flow rate
Q through a pipe of length L. The
pressure drop of the fluid across
the pipe isAP, now a leak develops
at the mid-point of the length of the
pipe and the fluid leaks at the rate
of Q/2. Assuming that the friction
factor in the pipe remains
unchanged, the new pressure drop
across the pipe for the same inlet
flow rate (Q) will be

[GATE -2006]

1 5

(A) (Ej AP (B) [gj AP
3

(C) [ZJAP (D) AP

In a laminar flow through a pipe of

radius R, the fraction of the total

fluid flowing through a circular

cross-section of radius R/2

centered at the pipe axis is

(A)3/8 (B)7/16

(A 1/2 (D) 3/4
[GATE -2006]

Q.8

Q.9

Q.10

Losses for flow through valves and

fittings are expressed in terms of
[GATE -2008]

(A) Drag coefficient

(B) Equivalent length of a straight

pipe

(C) Shape Factor

(D) Roughness Factor

Given a pipe of diameter D, the
entrance length necessary to
achieve fully developed laminar
flow is proportional to (Ngre is
Reynolds Number)

[GATE -2008]

D
(A) DN (B) N

) D
(C)DN.> (D) N

Two identical reservoirs, open at
the top, are drained through pipes
attached to the bottom of the tanks
as shown below. The two drain
pipes are of the same length, but of
different diameters (D1 > D3).

L1

Assuming the flow to be steady
and laminar in both drain pipes, if
the volumetric flow rate in the
larger pipe is 16 times of that in
the smaller pipe, the ratio D1 /D2 is
[GATE -2009]
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Q.11

Q.12

Q.13

(A)2
s

(B) 4
(D) 16

In Hagen-Poiseuille flow through a
cylindrical tube, the radial profile
of shear stress is

[GATE -2010]
(A) Constant

(B) Cubic
(C) Parabolic
(D) Linear

A liquid is flowing through the
following piping network. The
length of pipe sections P, Q, Rand S
shown in the schematic are equal.
The diameters of the sections P and
R are equal and the diameter of the
section Q is twice that of S. The flow
is steady and laminar. Neglecting
curvature and entrance effects, the
ratio of the volumetric flow rate in
the pipe section Q to thatin Sis
[GATE-2011]

Q _R
s
(A) 16 (B) 8
@2 (D)1
Water is flowing under laminar

conditions in a pipe of length L. If
the diameter of the pipe is doubled,
for a constant volumetric flow rate,
the pressure drop across the pipe
[GATE-2012]

Q.14

Q.15

Q.16

(A) Decreases 2 times

(B) Decreases 16 times
(C) Increases 2 times

(D) Increases 16 times

For uniform laminar flow (in the x-
direction) past a flat plate at high
Reynolds number, the local
boundary layer thickness (9)
varies with the distance along the
plate (x) as

[GATE-2012]

1

(A)Socx% (B) & « x3

(C)Socx% (D) & o« x

For a Newtonian fluid flowing in a
circular pipe under steady state
conditions in fully developed
laminar flow, the Fanning friction
factor is

[GATE-2013]

(A) 0.046 Re ™2

0.125

(B) 0.0014+-==
16

C) —

(© =5
24

D) —

(D) =2

In case of a pressure driven
laminar flow of a Newtonian fluid

of viscosity (p) through a

horizontal circular pipe, the
velocity of the fluid is proportional
to

[GATE-2014]
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Q.17

Q.18

Q.19

(B) pn°°

(D) p™°

(A) p

(R

Two different liquids are flowing
through different pipes of the same
diameter. In the first pipe, the flow
is laminar with centerline velocity
Vv whereas in the second pipe,

max,1”
the flow is turbulent. For turbulent
flow, the average velocity is 0.82
times the centerline velocity, V., .

For equal volumetric flow rates in
both the pipes, the ratio
/' Vi, (up to two decimal

max, 1
places) is
[GATE-2015]

For uniform laminar flow over aflat
plate, the thickness of the boundary
layero, at a distance x from the
leading edge of the plate follows the
relation

[GATE-2015]

(A) 8(x)ocx*
(B) 8(x) oc x
(C) 8(x) oc x"?

(D) 8(x) oc x 2

For Fanning friction factor f (for
flow in pipes) and drag coefficient
Cp (for flow over immersed bodies)
which of the following statements
are true?

P. f accounts only for the skin
friction.

Q. Cp accounts only for the form
friction.

R. Cp accounts for both skin friction
and form friction.

Q.20

S. Both f and Cp depend on the
Reynolds number.

T. For laminar flow through a pipe f
doubles on doubling the volumetric
flow rate.

[GATE-2015]

(A)R,S,T
(C)P,R,S

(B)P,QS
(D)P,Q,S, T

For a flow through a smooth pipe,
the Fanning friction factor (f) is
given by f=mRe*2 in the turbulent
flow regime, where Re is the
Reynolds number and m is a
constant. Water flowing through a
section of this pipe with a velocity 1
m/s results in a frictional pressure
drop of 10 kPa. What will be the
pressure drop across this section
(in kPa), when the velocity of water
is2m/s?

[GATE-2016]

(A) 11.5
(C) 34.8

(B) 20
(D) 40
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EXPLANATIONS

Q1 (D)
In laminar flow, Hagen Poiseulle Equation
is used

32ulLv 8uLv
AP: D2 = R2
2
Q=AV= (nRz)[APR J
8uL
QxR*
4
&:(&):24
Q, \R,
_Q
RT:

So Option (d) is correct

Qz (O
Pressure drop is given by

2
AP:Zf Lv

f for turbulent flow = 0.0014

._Q’
A7

2
AP :Zf_L Q_
D [(A?

AP o Q?
Q oc AP®®
So,n=05<1

So Option (c) is correct

\

Q3 (O

Pressure Drop in pipe is given by
_4f LV?

- 2D

So, AP=K (L Q%)

For Case-l

AP =K (2L Q,%)

AP

Qz :‘/E ﬁJz

\Y
Similarly Q,

0[]

\Y

A -
Ql.Qz.Qs—ﬁ-ﬁﬁ

=1:2:2

N

So Option (b) is correct

Q4 (B)

In laminar flow, Hagen poiseuille equation
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32ulv AP D°
=>V=
D? 32u L
AP =(6-2) 1000 x 10

AP =

=4 x 10" Pa
4 % 10*)(0.02)°
il J002) ) o5™
32x1x1 S
So Option (b) is correct
Q5 (D)
AP (6-4)gp
hg=—="—"""
p P
2 (Energy loss per
= 210 m—z( SOy P ]
s® | unit mass
Total mass flow = pv=1000x2x1
= 2000 kg
Total Energy loss = 2000 x 20
= 4x10* J

So, Option (d) is correct Option

Q6 (B)
CASE-1

(o m—

L

Pressure drop through pipe

2

AP = 2f Lup
D
but, u:9
A

2
SO,APZZfL—QZp
DA

AP, =K (L Q%)

CASE -2
%
N
J— =D
l ]? e I? g
_ L
pl_p_K(EQj ....................... @
e [L(QY
P-P, =K (E (E] J ................. (2)
O +(2)
_ L A2, L~
Pl_Pz_K(EQ+§Qj

5 5
APZ :K gl_ QZ:EAPI

So Option (b) is correct

Q7 (B)

Fraction of fluid flowing through a circular

. . R
cross section of radlusE

Tu (2 1)dr .Eumax {1{}!{) } (27 r)dr

__0

.([u (27 r)dr Iuma{l—(; } (27 r)dr

R/T (3 } {rz r }R’Z
.[ -—|dr |——-——;
5 R 2 4R7 |,
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R? R?

_ 8 64 _ 1
R R 16
2 4

So, Option (b) is correct
Q8 (B)

Q9 (A)
Transition Length for laminar flow is given
by
X 2005 N,,
D
X, oc D Ng,

So Option (a) is correct

Q.10 (A)
For laminar flow Pressure drop is given by
Hagen Poiseulle Equation

AP = 32 p[t)fV
AP = 128 uI;Q

D
roD4

2

&:16:(&}
Q, D,
b,
D,

So option (a) is correct

Q.11 (D)
AP = 32 p[t)} \Y
AP
=—Tr
2L
ToCTr
So Option (d) is correct

T

Q12 (A)
In laminar flow, Hagen Poiseulle Equation
is used

AP D?
V=

32u L

T
=|=D?|v
| (4 j
_ wAPD?

128 u L

(AP), =(4P)

4

D
Jo_| Zo | _p¢ 16
s (Ds

So Option (a) is correct

Q.13 (B)
In laminar flow, Hagen Poiseulle Equation
is used

_32uLv

AP

AP, (D) 1
AP, \D,) 16
16 AP, = AP,

So Option (b) is correct
Q.14 (Q)
For Boundary layer thickness across flat
plate
§5=5 |+
pV.,
1
o o x?
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So Option (c) is correct
Q.15 (Q)

Q.16 (C)
In laminar flow, Hagen Poiseulle Equation
is used
32uLlv
D2

AP =

Voo —
i
So Option (c) is correct

Q.17 (1.64)
For Laminar Flow

V... =05V

avg,1 max,1
For Turbulent Flow
V. .,=082V

avg,2 max,2

For same Flow rate

Q=Q,

T2 T2
(Z D jvavg,l = [Z D jvavg,z

05V,,,=082V,.,

max,1

V
ﬂzﬁzl_fm
V 5

max,1

Q.18 (C)
Blasius Equation
5= S5X 93X

«/@\/pvx

0

S0, o /X

So option (c) is correct

Q.19 (C)

Q.20 (C)

Given: f=mRe-02

V,=1m/s, AP, =10 kPa
V,=2m/s, AP,=
Pressure drop due to friction is given by

-0.2
4t Ly 4m(dej v2
_ vV _ H

2D 2D
AP oc vt

Asz B ﬁ 18
AP, v,

AP, =(2*)10=34.8 kPa

AP,

So option (c) is correct
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EXTERNAL FLOW

7.1 BOUNDARY LAYER FORMATION

The variation of velocity from zero to free
stream velocity in the direction normal to
the boundary takes place in a narrow
region in the vicinity of solid boundary.
Boundary layer is a very thin layer of the
fluid, in the immediate neighbourhood of
the solid boundaries where the variation of
velocity is from zero to free stream
velocity.

The velocity gradient = 3—“
y

Fluid exerts a shear stress on the wall in
the direction of motion. The value of shear
udu

dy

The velocity gradient is set up in the fluid
near the surface of the plate. This velocity
gradient develops shear resistance which
retards the fluid. Downstream the leading
edge, the boundary layer region increases
because the retarded fluid is further
retarded.

stress is given by 1 =

7.2 REGIONS OF BOUNDARY LAYER

Boundary layer can be divided in three
major regions:

1. Laminar

2. Transition

3. Turbulent

4. Laminar sub-layer

Transitional

g Turbulent

1
Rey w3 x 10

7.2.1 LAMINAR BOUNDARY LAYER

In laminar region the fluid flows in
streamline. The viscous force is higher than
inertia force.
The Reynold’s No. for flat plate is given by
Re — U, xX

X

v
Where,
U, = free stream velocity

X = distance from leading edge
v = kinematic viscosity of fluid

For laminar flow
R, <5x10°

7.2.2 TURBULENT BOUNDARY LAYER

When the length of plate is more than the
critical length ‘X", calculated from

Rex v x5x10°
U

equation [
then, transition from laminar to turbulent

takes place.
7.2.3 LAMINAR SUBLAYER

It is region in the turbulent zone adjacent
to the solid surface of the plate the velocity
variation is influenced only by viscous
effects. Though velocity distribution is
parabolic for small thickness, we can
reasonably assume that velocity variation
is linear here

oy ) A
ode HAy

T, is constant in laminar sub-layer.

7.3 BOUNDARY LAYER THICKNESS

It is defined as the distance from the
boundary of the solid measured in the y-
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direction to the point, where the velocity of
fluid is approximately equal to 0.99 times

free stream velocity (U,)

S

ame Owrr S laminar sub layer
7.3.1 DISPLACEMENT THICKNESS (5)*

It is defined as displacement of surface in
the direction normal to the surface to
compensate for the reduction in the flow
rate, due to boundary layer formation.

Boundary
layer

NN

i ffi!ff!i!f/!f’!r’;’!f IR

The plate is displaced by distance (5)*
given by

e

7.3.2 MOMENTUM THICKNESS

It is defined as the distance, measured
normal to the boundary of the solid body,
by which the boundary should be displaced
to compensate for the reduction in
momentum of the flowing fluid on account
of boundary layer formation.

)
u u
0=[—|1-—
[o-(-oop

7.3.3 ENERGY THICKNESS

It is defined as the distance measured
normal to the boundary of the solid body,
by which the boundary should be displaced
to compensate for the reduction in K.E. of
the flowing fluid.

(5“:];5&

u2

1— U_Z]dy

7.4 DRAG FORCE ON FLAT PLATE DUE
TO BOUNDARY LAYER

741 VON KARMAN MOMENTUM
INTEGRAL EQUATION

T, @

pU?  dx

AZ

T, is shear stress.
0 is momentum thickness

The above equation is valid for
1. Zero pressure gradient.

2. Laminar & turbulent flow

3. Incompressible steady flow.

7.4.2 LOCAL COEFFICIENT OF DRAG

0

A= 74 N
1 .0
—pU

Local shear stress

C

in laminar flow is

obtained by
L,
0 de

Average coefficient of drag

avg

A~ 74 N
1 .
—pU

L
Fug = [ To.bdx

0

C

b is the width of plate
L is the length up to which average force is
to be evaluated

7.5 BOUNDARY CONDITION FOR THE
VELOCITY PROFILE

1) at y:O,U:O,g—u has some finite value.
2) aty=%5,u=U_,
3) at y:8,d—u:O,

dy

Assume velocity profile to be

© Copyright Reserved by Gateflix.in No part of this material should be copied or reproduced without permission
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2
u y y
u—;“b(g)“@ Bux_

Using boundary conditions, value of
coefficients obtained are
a=0,b=2,c=-1, 0= */—,/

The velocity profile for laminar boundary

. Shear stress in terms of Reynolds No
layer flows is given by

2uU
S =2y 18)~(y/9)° Chare
Equation involved T = 2uU _ 0.365ﬂ pUX
L Qo " 54X *YE
pU%  dx . Re
U is free stream velocity Coefficient of drag
udu
T, =—— _ 5
dy I SR
2
du_d|,(y) (v (ZpAU]
dy dy ) ) L
F =J“[ b.dx
du [2 ZY} _ °
—_— = U ———2 at y—O o
dy 5 0 Where b is thickness of plate

du 2U 2u L U |pUx
Q_2Y =1 _ u /p
T b (1) E,= 03655~ [P = gpdx

SU u
e_z‘:U[l_U}dy FD :().365MU1 fﬂg)_rid
oY) (YY) v (YY e
o=(l2] = |-|=| |[1-2] = |+| =] |d
! [8] [SM{ [S}(SMY F, =0.73b U\/pﬁ
26 M
0=""
pU

15 L
do d(26 073buU,/
—_— ] — e (2) _ l"l‘
dx dx{15 C,=

1

2
2U d(ZSj 5 PAU
p— U?
5 dx(15 o _146u [puL
| =14ou pUL
5U
C, =146 ﬁ
, P
8—:%X+C
P 146
=
at x=0,6=0,C=0 at Re,
5o 30px’
pUx
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7.6 ANALYSIS OF TURBULENT
BOUNDARY LAYER

7.6.1 TURBULENT BOUNDARY LAYER ON
FLAT PLATE

Blasius, on basis of his experiments gave
expression for velocity profile in
turbulent flow over flat plate

Since shear stress in turbulent flow is given
by

1/4
T =0.0225pu’ {L}
° pdu

7.6.2 BOUNDARY LAYER THICKNESS IN
TURBULENT FLOW

%
5= 0.37(Lj s

pU_
0.37x
o=
1
(Re,)
7.6.3 COEFFICIENT OF DRAG

If R, >5x10°& less then10’

5 037x
(Rex )1/5
c . 0072
(e
Wher(;,

x =distance from leading edge
R, = Reynold’s No. for length x

R, = Reynold’s No at the length ‘L’ of plate

For R _>10",R_>10’
0.455

2.58

C =— 9
(loglOReL)

D

Example:

Determine the thickness of the boundary
layer at the trailing edge of smooth plate of
length 4m & width 1.5 m, when the plate is
moving with a velocity of 4 m/s. In
stationary air, kinematic viscosity

v=15x10"m?*/s.

Solution:
UL 4x4
Turbulent

5=-237X 95 19mm

(Re,)?

Re =10.66x10°

7.7 LIFT

A component in the direction of force is
called drag F,

A component normal to the direction of
force is called Lift F

It is expressed by dimensionless quantities
like Lift Coefficient C_ and Drag Coefficient

CD
F .
C,= 1 where, F; is the Drag Force
2
— A
T
F. : :
C = 1 where, F,_ is the Lift Force
EpU 2A

U is the free stream Velocity

F, :W:%pUZCLA

7.8 BOUNDARY LAYER SEPARATION

Separation of flow is said to occur when the
direction of the flow velocity near the
surface is opposite to the direction of the
free stream velocity, which means
(du/dy) < 0. If (dp/dx) increases to the
extent that it can overcome the shear
near the surface, then separation will
occur. Such a pressure gradient is called
adverse pressure gradient. In the case of
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incompressible flow in a nozzle a
favourable pressure gradient exists &
Separation will not occur in such flows. In
the case of diverging section of a diffuser,
separation can occur if the rate of area
increase is large.

rm].h o m

E:U

1
Pl @
3 EWEW
1
%”,ﬂ,:’ Diverging

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

7.8.1 LOCATION OF SEPARATION POINT

<0 Separated flow

y=0

=0 Verge of separation
y=0

>0 No separation

2 22 22

y=0

Example:

Find the displacement thickness, the
momentum thickness and energy for the
velocity distribution in the boundary layer

2

. u_(y) [y
by —=2| < |-| <
given oy U [8} [Sj

Solution:
Given:
2
Velocity distribution, L = ¥ |_| ¥
U ) 0

(i) Displacement thickness 6 * is given
by

5*:}[1—%}1;/

0

Substituting the value of, Y_ Z(X]_(Xj we
)

have

e 2o

i 2

2y y° 2y y°
Y 112X g
[6 SZJ{ 5 o)

156 256+156-38 308 285 28
15 15 15

(iii) Energy thickness &** is given by

gt 2o 2]
[E‘Y_J( k= *ﬁ—:‘gﬂdy
EF__j( = ‘ﬁ—:+45y33]dy

0

3( o 8 2 gyt 2 gyt 6 4yS
[
0 5 S & & & & o

|
|

- + - +— dy

:.6[ 2_y y2 8y3 12y4 6y5 y6
S 82 & 80 & o

T125 357 45° 55¢  65° 78
& & 280 128° & & 5

= g - —6———28 —6 S+—
& 38 & 58 & 78 5 7
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& 12_. & -2106-358+2526+158
=-20——+—0+=—=

3 5 7 105
 —2455+2675 228

105 105
Example:

Air is flowing over a smooth plate with a
velocity of 10 m/s. The length of the plate is
1.2m and width is 0.8m. If laminar
boundary layer exists up to a value of

Re=2><105 , find the maximum distance

from the leading edge upto which laminar
boundary layer exists. Find the maximum
thickness of laminar boundary layer if the

velocity profile is given by

i3 )

Take kinematics viscosity for air=0.15
stokes.

Solution:

Given:

Velocity of air, U=10m/s
Length of plate, L=12m
Width of plate, b=0.8m

Reynolds number upto which laminar

boundary exists = 2x 10
v for air =0.15 stokes =0.15x10"* m* /s

pUx _ Ux
u v
IfR, =2><105, then x denotes the distance

Reynolds number, Re, =

from leading edge upto which laminar
boundary layer exists

1
L 2x10f =X
0.15x10"
< —4
e 2x10 x;)615><10 —0.30m =300mm

Maximum thickness of the laminar
boundary for the velocity profile,

2
u y y i
—=2/L|-|L|Isgivenb
o§){3) sty

548 x x_5.48x0.30

o \/g  J2x10°

=0.00367m =3.67mm

Example:

Determine the thickness of the boundary
layer at the trailing edge of smooth plate of
length 4m and of width 1.5m, when the
plate is moving with a velocity of 4m/s in
stationary air. Take kinematics viscosity of

airas 1.5x10°m?/s

Solution:

Given:

Length of plate, L=4m
Width of plate, b=1.5m
Velocity of plate, U=4m/s

Kinematics viscosity, v = 1.5x10°m?/s
Reynolds number,
UxL 4x4
ReL — — =
v 1.5x10
As the Reynolds number is more than

=10.66x10°

5x10° and hence the boundary layer at the
trailing edge is turbulent.

The boundary layer thickness for turbulent
boundary layer is given by

_ 037 Here x=L and R, =R, )

d
(r.)*

__037x40 4 0921m=92.1mm

(10.66><105 )%

Example:

Water is flowing over a thin smooth plate
of length 4m and width 2m at a velocity of
1.0m/s. If the boundary layer flow changes
from laminar to turbulent at a Reynolds

number 5x10°, find (1) the distance from

leading edge upto which boundary layer is
laminar, (ii) the thickness of boundary

layer at the transition point, and (iii) the

drag force on one side of the plate. Take
viscosity of water n=9.81x10"* Ns/ m°.
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TURBULENT BOLUNDARY
» LAYER
p—
:E
e
_)Ii_q‘am[.ﬁ_
I 4.0m L4
Solution:
Given:
Length of plate, L=4m
Width of plate, b=2m

Velocity of flow, U=1.0m/s
Reynolds number for laminar boundary
layer =5x10°

Viscosity of water, n=9.81x10"* Ns/ m”

i) Let the distance from leading edge upto
which laminar boundary layer

exists =x
B0 — pUX _ 1000><1>3(
i 9.81x10
X_5><105><9.81><10’4
- 1000

=0.4900m =490mm

ii) Thickness of boundary layer at the
point where the boundary Ilayer
changes from laminar to turbulent i.e.,

at Reynolds number =5x10°, is given
by Blasius’s solution as

5=—>X _ 5949 3 4emm

JRe, 5x10°

(Here x=49cm=0.49m, R, =5x10°)

iii) Drag force on the plate on one side
= Drag due to laminar boundary layer
+ Drag due to turbulent boundary
a) Drag due to laminar boundary layer
(i.e, fromE to F)

F,. =%pAU2XCD ...... (i)

Where C; is given by Blasius solution
for laminar boundary layer as
¢, =132 _ 1328 (forEFR, =5x10°)

R, 5x10° )

=0.001878

b)

A=Area of plate upto laminar boundary
layer
=0.49xb=0.49%2=0.98 m’

Substituting the value of C and A in
equation (i), we get

F.= L x1000%0.98%x1.0° x.001878 =0.92N

(1)

Drag force due to turbulent boundary
layer from F to G =Drag force due to
turbulent boundary layer from E to G —
Drag force due to turbulent flow from E
to F

- (FEG )turb B (FEF )turb

Now, (Fe )., Lo xC,

FG

2
Where C, is
0.072
="/
(ReL )A
But
R =PUL_1000x 1040 _ 4077108
“© o 9.81x10™*
0.072
C,= 7 =0.00343
(40.77><105) 5

(FEG )turb - %pAUZ X CD

:%xlOOOx(éLxZ)xlz x.00343=13.72N

1
Also (Fe)... =2PA, XUXC,

Where A_ =Area of plate upto

EF=EFxb=0.49%2=0.98 m*
And

C = 0.072 _ 0.0721 — 00522

U (R.) (sx10°)°

EF

(F )t . =%x 1000x0.98x 12 x.00522=2.557N

.. Drag force due to turbulent boundary
layer from F to G
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=(F -\F =13.72-2.557=11.163N :

( EG)mrb ( EF)mrb . 6—u:2U><2 X xl_ng X X —
.. Drag force on the plate on one side dy )
=Drag force due to laminar boundary layer
upto F + Drag force due to turbulent At v=0 ou
boundary layer from F to G y="5 )

=0.92+11.163=12.083N y=0 ,
0) 1 0 1
. =2Ux2| — |[x=—Ux3| = | x==0
Example: ESJ S [5] S

For the following velocity profiles,
determine whether the flow has separated Su
or on the verge of separation or will attach ~ As [6_
with the surface. y

) g_i(l]_l[lf separation.
U 2(d8) 2|6 3rd velocity profile
2 3 2
N AN e
g 2(5} [5] u [Sj (SJ
2 y y)
Loy U y y . :—ZU[—J+U(—]
—==2/L |+ L 'u
iii) T [SJ [8) ) )

j =0, the flow is on verge of
y=0

Solution: Su_ —ZU(lj n ZU(XJ 1
Given oy o 8) &
1st velocity profile

— | X ==

u_3(y) 1y}, . 3U(y) Yfy)  Aty=0,
U 2\8) 2190 210 210 ou 2U 0) 1 2U
=——+2U -—

y=0

Differentiating w.r.t,, y, the above equation 5 ) d) o )
becomes, 5

du 3U 1 U y ? 1 A [—uJ is negative the flow has
—=—X-——X3| | X< Y ), o

dy 2 o 2 ) )

separated.

du) _3U_3u(0} 13U
Sy ) 28 2\8) 8 25
y=0

As [6_u] is positive. Hence flow will not
y=0

oy
separate or flow will remain attached with
the surface.

2nd velocity profile

EORG|
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GATE QUESTIONS

Q.1 For flow past a flat plate, if x is the
distance along the plate in the
direction of flow, the boundary
layer thickness is proportional to

[GATE-2002]
(A) Vx (B)
Jx
1
(@) x (D) -
X

Q.2 The following table provides four
sets of fanning friction factor data,
for different values of Reynolds
number (Re) and roughness factor

k
D
[GATE-2017]
Re 102 103 105 105
k 0 0.001 | O 0.001
D
Setl |f 0.16 |0.016 | 16x10- | 16x10
5 5
Setll |f 0.016 | 0.16 0.0055 | 0.004
5
SetlIll | f 0.16 0.016 | 0.0045 | 0.005
5
SetlV | f 0.004 | 0.005 | 0.016 0.16

Which of the above set of friction factor
data is correct

(A) Set 1
(C) Set 111

(B) Set I
(D) Set IV
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EXPLANATIONS

Q1 (A)
5 X

)

SOC\/;

So Option (a) is correct

Q2 (0

Laminar

f= E,So when
Re

Re=10°= f =0.16
Re=10°= f =0.016

Turbulent

f =0.0014 +%

ReO.SZ

Re=10° = f =0.0045
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8.1 LIFT

A force acting in opposite to the relative
motion of any object is called drag F,

A component normal to the direction of
applied force is called Lift F,

[tis expressed by dimensionless quantities
like Lift Coefficient C_ and Drag Coefficient

U
Lift force
perpendicular to airflow
Drag force
parallel to the airflow
— I:D H
Co= 1 where, F, is the Drag Force
“pU’A
2
_ R . .
C.= 1 where, F_ is the Lift Force
> pU’A

U is the free stream Velocity

F =W=%pU2CLA

8.2 STOKE’S LAW

It is found that for low Reynold’s Number
i.e. less than 1, the total Drag force is given
by

F, =3nuDU
But the Total drag force is also given by

1
. ZE pU*C, A

So, 3nuDU=%pU2CDA

On solving the equation, we get

(Stoke’s Law)

8.3 TERMINAL VELOCITY

When the body is moving freely under the
influence of gravitational force. By the
time the acceleration attained by the body
keeps reducing. The maximum velocity
attained by the particle when the
acceleration is zero is called Terminal
Settling Velocity.

F;, — Drag force

F; — Bouyance force

mg —— Gravitational force

From Fig,
Net Force = F, —F; —F,

m
F=mg-—Lp g—CD%p U°A
P

- m, 1
ma=m, g—p—p g_CDEpU A

p

Acceleration (a)=0, U = u,

ag(p, —p)

=C, ip U’A
Pp 2
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= [2Ma(p—p)
t pp CD pAp
Where, A, = Projected Area

If the particle is considered as Spherical
T2
A= 2 D,
Then the Equation Becomes

J = 49D, (p,—p)
‘ 3C, p

Where, u, = Terminal Settling Velocity
D,=Diameter of Spherical Partical
p,=Density of particle
p= Density of fluid

CASE-I: - For low Re Number (Re<1) or for
Laminar flow, The Terminal Settling
Velocity is given by Stoke’s Law or (Stoke’s
Regime)
Here, C,=3muD U,
24
Re
So. u = | 19D, (P —p)xpu,Dy

, 3px24xp

On solving we get, C, =

t

L 29 D, (p, —p)
: 18

CASE-I: - For high Re Number (Re>1000)
or for Turbulent flow, The Terminal
Settling Velocity is given by Newton’s Law
or (Newton’s Regime)

C,=0.44

gD, (p,—p)
p

u,=1.75

8.4 STAGNATION POINT

The streamlines in the fluid flowing past
the object in the figure shown below show
that the fluid stream in the plane of the
section is split by the object into two parts,
one passing over the top of the object and
other under the bottom. Streamline AS
divide the two parts and terminates at a
definite point S at the nose of the body.
This point is called Stagnation point.

Stagnation pressure is the

static pressure at a stagnation pointin a

fluid flow. At a stagnation point the fluid

velocity is zero and all kinetic energy has
been converted into pressure energy.

Applying Bernoulli Equation at points A
and S

P, V.2 P. V.2

A4 A 4 0= S+ 40
p 2 p
But, V, =0
&"R\_VQZ
P2
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GATE QUESTIONS

Q.1 Thediameter ofadrop ofliquid fuel
changes with time, due to
combustion, according to the

relationship,D =D, [1—%}, while
b

burning, the drop falls at its
terminal velocity under Stokes'
flow regime. The distance it will
travel before complete combustion,
is given by

[GATE -2010]
Do2 Apt,g

(A) = "

Do2 Apt,g

(B) == .

Do2 Apt,g

@ Sap

Do2 Aptyg

®) =08 W

Q.2 The drag coefficient for a
bacterium moving in water at 1
mm/s, will be of the following
order of magnitude (assume size of
the bacterium to be 1 micron and
kinematic viscosity of water to be
10-°m?/s)

[GATE-2012]

(A) 24000  (B) 24
(C) 0.24 (D) 0.44
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EXPLANATIONS

Q1 (O
By Stokes Law

DZA
u = gb,” Ap

18 n
Integrate

2
A
J.Ut dt= J.?_B—E (1—iJ dt

2
Ju, dt=[922 2452t g
18 n t," ot
u :gDo2 t, Ap
b 54

So Option (c) is correct

Q2 (A)
dp=10°m
v=10°%m? /s
x=103m /s

Vv d 3 102 x10°°
v 10°°
ForlowRe <1

C,= ﬁ = 24000
Re

=107 <1

Re

So Option (a) is correct




GAIEHIX

9.1 DECRIPTION OF POROUS MEDIUM

Porous medium means a solid, or a
collection of solid particles, with sufficient
open space in or around the particles to
enable a fluid to pass through or around
them.

One of the important term for porous
medium is porosity (€).
.o Total Volume —Volume of Solid
Total Volume

AVoid

A

e=

9.2 HYDRAULIC DIAMETER

In flow through porous medium the fluid
follows an undefined path. One method of
describing the flow in porous medium in
non-circular conduit is termed as
“Hydraulic Diameter (Du)”.

4A
DH = ?
(a) Cube
_4xa’ a
Ho4a
(b)Cylinder

(c)Cuboid

\
\
\
[
\
\
\
e ——

_ 4(ab) :2(ab)

" 2(ath) (a+h)

9.3 FRICTION IN FLOW THROUGH BEDS
OF SOLIDS

With the help of Hagen-Poiseuille equation
and experimental data, there are many
expression to determine the pressure drop
in bed per unit length.

9.3.1 Kozeny carman equation
The epression is given as

AP 150V, (1-¢)’
L (¢ dp)2 &8
The above equation is applicable for low

Reynold number.
It gives viscous loss




GAIRIX

9.3.2 Burke Plummer Equation
The expression is given as
AP 175p,V,*(1-¢)
T gd &
The above Equation is applicable for High

Reynold number.
It given Kinetic Energy loss.

9.3.3 Ergun Equation
The Ergun equation include both the
losses i.e. viscous loss and Kinetic energy
loss. It gives pressure drop for overall
range of bed.
[tis given as
AP 150V, (1-¢f 175pVy'(1-¢)

- <¢ dp)2 3 #dy &

9.4 FLUIDIZATION

When a bed of solid particle is passed with
fluid the pressure drop increases as the
fluid velocity increases. When the force
exerted by fluid counter balance the
weight of bed the particles start to rise.
Fluidization is a process in which solids
are caused to behave like a fluid by
blowing gas or liquid upwards through the
solid-filled reactor

Fixed bed Minimum | - Drag (F,)) and Buoyancy force (E)
fluidization|

equals the

B
3
H
3

N

g
GasorLiquid  Larticles’ weight

mg

Gas or Liquid
(low velocity)

Fluidized bed are widely used for
conducting gas solid reactions (coal
combustion), gas solid catalytic reactions
(catalytic cracking of petroleum), etc.
Several applications also utilize liquid
fluidized beds (bioreactors).

Some of the important design parameters
for such systems are: the minimum

fluidization velocity (V,, ), bed expansion

of fluidization

(L), and pressure variation in the bed ( AP
).

Once the bed is fluidized, the pressure
drop across the bed remains constant but
the bed height increases as the velocity of
fluid is increased.

For liquid, the state of fluidization past the
minimum fluidization stage is called
homogeneous/ smooth / particulate /
non-bubbling fluidized bed, as the bed
expands smoothly. At higher velocity,
there is a carry-over of particles.

For gases, the particulate or homogeneous
fluidization occurs only for small (fine)
particles. For large particles, bubbles are
formed. At even higher velocity, vigorous
Fluidization occurs, with turbulent motion
of solid clusters and bubbles. Such state is
called “Fast Fluidized Bed”. There may be
carryover/entrainment of particles with
the outgoing gas

Pressure drop in laminar flow is given by
Hagen-Poiseuille Equation
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AP — 32 uzLV
D
. . 6V
Sphericit = P
p y(4,) 5. D,

Equivalent Diameter is given by

Equn =5 ¢D (1 8]

€= P0r051ty of Bed

32uLV

o i%)

On Solving we get

So, AP =

AP 150 pV, (1-¢)°
L 42DJ}¢

The above equation is called ‘Kozeny
Carman Equation’ and it is used to find
pressure drop across fluidized bed in
laminar flow in pipe and tube.

It gives viscous loss and is used for low
Reynold’s Number.

Now, Pressure drop in turbulent flow is

given by
2
AP :2pf LV
D
2
AP = 2pf LV

On solving we get
AP 1.75p V,*(1—¢)
L 4 D¢

The above equation is called ‘Burke
Plummer Equation’ and it is used to find
pressure drop across fluidized bed in
turbulent flow in pipe and tube.

It gives Kinetic Energy loss and is used for
High Reynold’s Number.

In Laminar flow there is some pressure
drop due turbulent behavior and vice
versa.

The Ergun Equation gives pressure drop
for both laminar and turbulent flow in
fluidized bed.

AP 150V, (1—8)2+1.75pV02(1—8)
L ¢, D, &’ ¢ Dp €’

9.4.1 Minimum Fluidization Velocity

At the certain velocity, the force exerted by

fluid counter balance the weight of bed the

particles start to rise, this velocity is called

Minimum Fluidization Velocity (V).
Pressure

Drop vs
Bed height

Fluidized Bed

AP— L—

Packed
Bed Pressure Drop vs Superfical
velocity

|

|

|

1

me
Vs —

At incipient fluidization,
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AP

L

where, AP = Pressure Drop across Bed
L = Height of Bed

€ = Porosity of Bed

=(p,—p)(1-2¢)g

p, = Density of Particle
p = Density of Fluid
To find Minimum fluidization Velocity,
150 u V,,, (1-¢)’
4, 2 Dpz e
L1750 Vo' (1-€)
¢, D, &°

(p,—p)1-8)g=

9.4.2 Superficial fluid Velocity
It is hypothetical velocity in an empty
channel
V,=¢V
V = Average fluid Velocity
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GATE QUESTIONS

Q.1

Q.2

Q.3

A gas (density= 1.5 kg/m3,
viscosity= 2 x 10-> kg/m s) flowing
through a packed bed (particle size
0.5 cm, porosity= 0.5) at a
superficial velocity of 2 m/s causes
apressure drop of 8400 Pa / m. The
pressure drop for another gas, with
density of 1.5 kg/m3 and viscosity
of 3 x 10> kg/m s, flowing at 3 m/s
will be

[GATE-2002]

(A) 8400 Pa/m

(B) 18900 Pa/m
(C) 12600 Pa/m
(D) 16800 Pa/m

Under fully turbulent flow
conditions, the frictional pressure
drop across a packed bed varies
with the superficial velocity (V) of
the fluid as

[GATE -2009]

(A vt (B)V
(C) V372 (D) V2

The height of a fluidized bed at
incipient fluidization is 0.075 m,
and the Corresponding voidage is
0.38. If the voidage of the bed
increases to 0.5, then the height of
the bed would be

[GATE -2010]

(A)0.058m (B)0.061m
(C)0.075m (D) 0.093 m

Common Data for Q.4 and Q.5

For a liquid flowing through a packed bed
the pressure drop per unit length of the

bed A—P is
L

AP _ 150 uV, (1-g)® LL75 PV, (1—¢)
L () #d, &

Where V, is the Superficial Velocity, ¢ is

the porosity, d, is the average particle
size, ¢ is the particle sphericity, p, is the
liquid density, u is the liquid viscosity.
Given data:

d, =1x10° m, ¢=0.8, p, =1000 kg/m®,
n=1x10"kgm™s™

Particle Density p,= 2500 kg / m®

and acceleration due to gravity = 9.8 m/ s

Q.4 When V,is 0.005 m/s and &€= 0.5,

which ONE of the following is the
CORRECT value for the ratio of the
viscous loss to the kinetic energy

loss?

[GATE-2011]
(A) 0.09 (B) 1.07
(©)10.71 (D) 93
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Q.5

Q.6

Q.7

On further increasing V,, incipient

fluidization is achieved. Assuming
that the porosity of the bed remains
unaltered, the pressure drop per
unit length (in Pa/m) under
incipient fluidization condition is

[GATE -2011]
(A) 3675 (B) 7350

(C) 14700 (D) 73501

A bed of spherical glass beads
(density 3000 kg/m3, diameter 1
mm, bed porosity 0.5) is to be
fluidized by a liquid of density 1000
kg/m3 and viscosity 0.1 Pa s.
Assume that the Reynolds number
based on particle diameter is very
small compared to one. If g = 10
m/s?, then the minimum velocity
(in m/s) required to fluidize the
bed is

[GATE-2012]

(A) 3.33 x 10
(B) 3.33 x 10™
@3

(D) 30

A cylindrical packed bed of height 1
m is filled with equal sized
spherical particles. The particles
are nonporous and have a density
of 1500 kg/m3. The void fraction of
the bed is 0.45. The bed is fluidized
using air (density 1 kg/m3). If the
acceleration due to gravity is 9.8
m/s?, the pressure drop (in Pa)
across the bed at incipient

fluidization (up to one decimal place)

is

[GATE-2015]




GAIEHIX

(=)}

8080




GAIEHIX

EXPLANATIONS

Q1 (B)

Case-I

AP, =8400 Pa/m
pi, =1.5kg/m’

w, =2x10° kg/ms
Vo, =2m/s

pp =0.005 kg / m®
£=0.5
Case-II
AP, =

p=15kg/m
u, =3x10° kg/ms
Vo, =3m/s

Re =_PVd :(1.5)(2)(0.005)
Fu(l-e)  (2x10°)(0.5)
=1500 >1000

_ pvd (1.5)(3)(0.005)
Re,= = _
n(l-¢) (3x10°)(0.5)
=1500 >1000
So, Burke Plummer Equation is used
AP 175p,V,’(1-¢)
L ¢d €

2
AP, (Voo _(zjz_g
APl V0,1 2 4
9
APZ = ZX84OO

AP, —18900 2

m

So Option (b) is correct

Q2 (D)

In turbulent flow

_ 1.75pV?AL 1-¢
- D, g’
AP oc V?

So Option (d) is correct

AP

Q3 (D)
At Incipient Fluidization

T = (p-p)(1-0)e

(1-¢)
i . (1—82)
L )
L,=0.093 m
So Option (d) is correct

Q4 (O
150 u Vv, (1-g)?
. 2 3
Viscous Loss (pd,) e
K.E.Loss  1.75p,V,*(1-¢)
$d, g

_ 150 (1-9)
1.75p,V, ¢ d,
150 (1x10°)x (1-0.5)
- 1.75x1000x0.005x0.8x (1x10°%)

=10.71

So Option (c) is correct
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Q5 (B)
At Incipient fluidization V,,

AP
T = (pe-pi)(-0)g
= (2500-1000)(1-0.5) 9.8
= 7350 Pa
m
So Option (b) is correct

Q6 (A)

Incipient fluidization for low Re number s
given by

AP 150 pV,, (1-¢)?

— = (p=pi)1-0)g=

(¢ dp)2 g
_ (2000)(10)(20°)(0.5°)

™ (0.5)(150)(0.1)
=3.33x10" m/s

So Option (a) is correct

Q.7 (8080 Pa)

Given

L=1m

p»=1500 kg / m®

e=0.5

p, =1kg/m®

AP at Incipient Fluidization

LA (Po—p¢)(1-¢) g

L
=(1500-1)(1-0.45)9.8
=38080 Pa
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TRANSPORTATION OF FLUIDS

10.1 FLOW METERS

Flow meters are the equipment used for
measuring flow in a channel

(a) Venturimeter

After applying Bernoulli Equation at point
‘a’and ‘b’ we get
1 2(P, -R)
Vv, =
\/aa -, B4 P

where, pB= %

a

S0,Q=V, (%Dszcv

T
& (4 Dsz 2 AP
V& — & B’ P
Where, C, = Venturi Coefficient
=0.910 0.95

Q:

(b) Orifice Meter

a b
After applying Bernoulli Equation at point
‘a’and ‘b’ we get

T
Co (4 Dsz 2 AP
V& — &, BN P
Where, C, = Orifice Coefficient
(c) Pitot tube

Q:

] Pitot tube
VA HAN

~b- Stagnaion
Point

l : |
\_ng

Static pressure

After applying Bernoulli Equation at point
‘a’and ‘b’ we get
2 AP

1
V =—=— [ ———
a \/;a ,0
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(d) Rotameter

Outlet

T

Fol

Pressure Drop
across rotor

Buoyant
Force of
Liquid

Rotor

Weight
of rotor ||

L

Inlet

Fo :CDAP[pUZ]

Metering .
tube

2
Where, u = Relative Velocity

10.2 CAVITATION AND SUCTION LIFT IN
PUMP

From energy consideration, whether the
suction pressure is below atmospheric
pressure or well above it as long as the
fluid remains liquid. If the suction
pressure is slightly greater than the
vapour pressure, some liquid may flash to
vapour inside the pump. The process is
called cavitation.

If the suction pressure is actually less than
the vapour pressure, there will be
vapourization in the suction line and no
liquid can be drawn into the pump.

10.3 NPSH

To avoid cavitation, the pressure must
exceed the vapor pressure by a certain
value is called NPSH (Net Positive Suction
Head).

a

P9 g
Where, P, = Vapour pressure,

— h
NPSH = {u}_i_z

hfs H H
——z, =Suction lift
g

10.4 POWER CONSUMPTION

An Important consideration in design of an
agitated vessel is the power required to
drive the impeller

It is given by

p= k2m?

NoXxp n°D®
where, D=Impeller Diameter
N, = Flow number

-9
N. =
Q nD3
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GATE QUESTIONS

Q.1

Q.2

Q.3

Q.4

The operation of a rotameter is
based on

[GATE-2001]
(A) Variable flow area
(B) Rotation of a turbine
(C) Pressure drop across a nozzle
(D) Pressure at a stagnation point

With increasing flow rate, the
hydraulic efficiency of a centrifugal

pump

[GATE-2002]
(A) Monotonically decreases
(B) Decreases and then increases
(C) remains constant
(D) Increases and then decreases

The equivalent diameter for flow
through a rectangular duct of width
B and height H is

[GATE -2004]

HB
2(H+B)

HB
(H+B)
2HB
(H+B)

4HB
(H+B)

(A)

(B)

@

(D)

Match the following for a
centrifugal pump with impeller
speed n.

(P) Capacity

(1) proportional to n

(Q) Head

(2) proportional to n?

(3) proportional to n3

Q5 A

[GATE -2006]
(A)P-2,Q-1 (B)P-1,Q-3

(C)P-2,Q-3 (D) P-1,Q-2

storage vessel exposed to
atmosphere (absolute pressure:
10.3 m of water) has a diameter of
3 m and is initially filled with water
to a height of 2 m. The pump draws
water from the vessel and is located
at an elevation of 5 m above the
bottom of the vessel. The frictional
head loss in the suction pipe is 2 m
of water. If the vapour pressure of
the liquid at the temperature of
operation is 3 m of water, then the
available NPSH is

R

P=10.3m| 5.0m
RN
2.0m
[GATE -2010]
(A)2.3m (B)5.3m
(C)6.3m (D)8.3m
Q.6  Match the pumps in Group [ with

the corresponding fluids in Group
11.
[GATE-2011]
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Q.7

Q.8 Slurries are

GROUP 1 GROUP 11
(P) Gear Pump (1) Highly
viscous liquid
(Q) Peristatic Pump | (2) Aqueous
Sterile liquid
(3) Slurry
(A) P-1IL; Q-1 (B) P-1I; Q-1
(C) P-1I; Q-1 (D) P-I; Q-II

The local velocity of a fluid along a

streamline can be measured by
[GATE-2012]

(A) Pitot tube
(B) Orifice

(C) Venturi meter

(D) Rotameter
most conveniently
pumped by a

[GATE-2014]
(A) Syringe pump
(B) Vacuum pump
(C) Diaphragm pump
(D) Gear pump

Q.9 Match the following
GROUP I GROUP II
(P) Turbulence (1) Reciprocating
Pump
(Q) NPSH (2) packed Bed
(R) Ergun (3) fluctuating
Equation Velocity
(S) Rotameter (4) Impeller
(T) power (5) Vena
Number Contracta

[GATE-2014]

(A) P-III, R-II, T-IV
(B) Q-V, R-1I, S-11I
(C) P-III, R-1V, T-II
(D) Q-I11, S-V, T-IV

Q.10

The characteristics curve (Head-
Capacity  relationship) of a
centrifugal pump is represented by
the equation

AH,,»» =43.8-0.19 Q,
AH, 4 1s the head developed by

where

the pump (in m) and Q is the
flowrate (in m3/h) through the
pump. The pump is to be used for
pumping through a
horizontal pipeline. The frictional
head loss AH
to the water flowrate Qv (in m3/h)
by the equation
AH =0.0135Q,*+ 0.045 Q, .

The flowrate (in m3/h, rounded off
to the first decimal place) of water

pumped through the
pipeline is

water

pining (i M) is related

Piping

above

[GATE-2016]

Q.11 In a venture meter, AP, and AP,

Q.12

are the pressure drops
corresponding to  volumetric
flowrates Q1 and Q2. If Q2/ Q1 =2
,then AP, /AP, equals
[GATE-2017]
(A)2

(C) 0.5

(B) 4
(D) 0.25

Pitot tube is used to measure
[GATE-2018]

(A) Liquid level in a tank

(B) Flow velocity at a point

(C) Angular deformation

(D) Vorticity
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Q.13 A venturimeter is installed to
measure the flow rate of water in a
178 mm diameter (ID) pipe. The
throat diameter is 102 mm. The
differential pressure measured
using a manometer is 154.3 kN /m?2.
The data given are: discharge
coefficient 0.98; water density
1000 kg/m3.

The volumetric flow rate of water
(inm/s)is_____

[GATE-2018]

A D C D A D A C A | 489 | 4 B 0.148
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EXPLANATIONS

Q1 (A)
Q2 (D)
A
Eff.
>
Discharge
Q3 (O

Equivalent Diameter = 4 x Hydraulic Radius

_ Ax c/s Area
Wetted Parameter

:4{ BH }
2(B+H)

_ 2BH
(B+H)

So Option (c) is correct

Q4 (D)
Capacity is proportional to n

Head is proportional to n?

Q5 (A)
Given:h,, =103 m
h, =3 m
h, =2 m
h, =5-2=3m
NPSH=h_, —h,—h; —h,
=10.3-3-2-3
=2.3m
So Option (a) is correct

Q6 (D)
Q7 (4)
Q8 (0)
Q9 (W)
Q.10 (48.92)

AH e =43.8-0.19 Q

AH, ., =0.0135Q,*+ 0.045 Q_
The pump head to compensate for
head loss due to friction

43.8-0.19 Q=0.0135Q* + 0.045Q
0.0135 Q% +0.235 Q —43.8=0

, 0235 438 _
O 00135 O 00135
o —(17.407) +\/(17.407)" —4(1)(~3244.44)

2(1)

=48.92 m*/ h

o ~(17:407)£115.24
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Leta, :%(0.178)2 —0.02488 m?’

11 4
Q11 (4) a, =2 (0.102) =0.00817 m?

v 4
Now, P=pgh
@ ® (154.3x103)
h="———2=1572m
10°%9.81

V= 1 2 AP _Coa,a,4/2gh
A\ p Vol. Flow rate(Q)=——=22—— ———
D, o 0.98(0.02488)(0.00817)x~/2x9.81x15.72
Q=AV - 10°x9.81
3
Q=0148 T
S
T 1 2 AP
Q= ZDZZ

ro\/E

2
APZ = (&J :22 =4
AP\ Q

Q.12 (B)

Q.13 (0.148)
Given: Cp=0.98
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	(A) 1  (B) 0
	(C) < 1  (D) > 1
	(A)   (B)
	(C)   (D)
	(C)1 m/s (D)2 m/s
	(A)  (B)
	(C)  (D)
	(A)  (B)
	(C)  (D)
	Q.9  Given a pipe of diameter D, the  entrance length necessary to  achieve fully developed laminar  flow is proportional to (NRe is  Reynolds Number)
	(A)  (B)
	(C)  (D)
	(A) 2  (B) 4
	(C) 8  (D) 16
	(A) Constant
	(B) Cubic
	(C) Parabolic
	(D) Linear
	(A) 16  (B) 8
	(C) 2  (D) 1
	(A) Decreases 2 times
	(C) Increases 2 times
	(A)  (B)
	(C)  (D)
	(A)
	(B)
	(C)
	(D)
	Q.16  In case of a pressure driven  laminar flow of a Newtonian fluid  of viscosity () through a  horizontal circular pipe, the  velocity of the fluid is proportional  to
	[GATE–2014]
	(A)   (B)
	(C)  (D)
	(A)
	(B)
	(C)
	(D)
	(A) R, S, T (B) P, Q, S
	(C) P, R, S  (D) P, Q, S, T
	(A) 11.5 (B) 20
	(C) 34.8 (D) 40

	chapter 6 solution
	Q.1 (D)
	In laminar flow, Hagen Poiseulle Equation is used
	Q.2 (C)
	Pressure drop is given by
	So Option (c) is correct
	Q.3 (C)
	Pressure Drop in pipe is given by
	So Option (b) is correct
	Q.4 (B)
	In laminar flow, Hagen poiseuille equation
	Q.5 (D)
	Q.6 (B)
	CASE-1
	CASE – 2
	So Option (b) is correct
	Q.7 (B)
	Fraction of fluid flowing through a circular cross section of radius
	So, Option (b) is correct
	Q.8 (B)
	Q.9 (A)
	Transition Length for laminar flow is given by
	So Option (a) is correct
	Q.10 (A)
	For laminar flow Pressure drop is given by Hagen Poiseulle Equation
	So option (a) is correct
	Q.11 (D)
	So Option (d) is correct
	Q.12 (A)
	In laminar flow, Hagen Poiseulle Equation is used
	Q.13 (B)
	In laminar flow, Hagen Poiseulle Equation is used
	Q.14 (C)
	For Boundary layer thickness across flat plate
	Q.15 (C)
	Q.16 (C)
	In laminar flow, Hagen Poiseulle Equation is used
	Q.17 (1.64)
	For Laminar Flow
	For Turbulent Flow
	For same Flow rate
	Q.18 (C)
	Blasius Equation
	So option (c) is correct
	Q.19 (C)
	Q.20 (C)
	Given: f =mRe-0.2
	So option (c) is correct

	7.Chapter
	Chapter-7
	(A)   (B)
	(C)   (D)
	Which of the above set of friction  factor data is correct
	(A) Set I (B) Set II
	(C) Set III (D) Set IV

	chapter 7 solution
	Q.1 (A)
	So Option (a) is correct
	Q.2 (C)
	Laminar
	Turbulent

	8.Chapter
	Chapter-8
	(A)
	(B)
	(C)
	(D)
	(A) 24000 (B) 24
	(C) 0.24 (D) 0.44

	chapter 8 solution
	Q.1 (C)
	By Stokes Law
	So Option (c) is correct
	Q.2 (A)
	dp = 10-6 m
	v = 10-6 m2 /s
	x = 10-3 m /s

	9.Chapter
	Chapter-9
	(A) 8400 Pa/m
	(B) 18900 Pa/m
	(C) 12600 Pa/m
	(D) 16800 Pa/m
	Q.2  Under fully turbulent flow  conditions, the frictional pressure  drop across a packed bed varies  with the superficial velocity (V) of  the fluid as
	[GATE –2009]
	(A) V-1   (B) V
	(C) V3/2  (D) V2
	(A) 0.058 m (B) 0.061 m
	(C) 0.075 m (D) 0.093 m
	Common Data for Q.4 and Q.5
	(A) 0.09 (B) 1.07
	(C) 10.71 (D) 93
	(A) 3675 (B) 7350
	(C) 14700 (D) 73501
	(A)
	(B)
	(C) 3
	(D) 30
	Q.7  A cylindrical packed bed of height 1  m is filled with equal sized  spherical particles. The particles  are nonporous and have a density  of 1500 kg/m3. The void fraction of  the bed is 0.45. The bed is fluidized  using air (density 1 kg/m3). If ...
	fluidization (up to one decimal  place) is_____

	chapter 9 solution
	Q.1 (B)
	Case-I
	Case-II
	So Option (b) is correct
	Q.2 (D)
	In turbulent flow
	So Option (d) is correct
	Q.3 (D)
	At Incipient Fluidization
	So Option (d) is correct
	Q.4 (C)
	So Option (c) is correct
	Q.5 (B)
	At Incipient fluidization,
	So Option (b) is correct
	Q.6 (A)
	Incipient fluidization for low Re number s given by
	So Option (a) is correct
	Q.7 (8080 Pa)
	Given
	at Incipient Fluidization

	10.Chapter
	Chapter-10
	(A)
	(B)
	(C)
	(D)
	(A) P-2, Q-1   (B) P-1, Q-3
	(C) P-2, Q-3 (D) P-1, Q-2
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	(D) Vorticity
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